A Geochemistry Based Scenario For Tectonic Setting Of Mafic Bodies In Southern

Qorveh, Western Iran Section A-Research Paper

- A GEOCHEMISTRY BASED SCENARIO FOR
TECTONIC SETTING OF MAFIC BODIES IN
]E; SOUTHERN QORVEH, WESTERN IRAN
Mohsen Karami Hatamabadi® * Seyed Jamal Sheikhzakariaee® *?,
Mohammadhashem Emami' 2, Mehran Arian®*

Abstract

In the central part of the Sanandaj-Sirjan zone (C-SaSZ) in southern Ghorveh, western Iran two
different types of gabbroic rocks in terms of mineralogical characteristics and chemical
composition of the same age (late Jurassic) exists in the vicinity of each other including the olivine-
bearing gabbroic rocks (OGRs) and the amphibole-bearing gabbroic rocks (AGRs). The effective
process in magma’s evolution of OGRs is differentiation. In the second category, digestion and/or
mixing also occurred in addition to differentiation due to the geochemical positive anomalies of
Pb, Rb, Ba, Th, and U. The AGRs have a high content of LIL elements and a low content of HFSEs.
In particular, they have low Nb, Ti, and Ta contents. Zr depletion and low Zr/Sm and Zr/Ti ratios
in these rocks indicate that their magma formed at a shallow depth (upper parts of the mantle). The
melting of the mantle at a shallow depth, which produced the magma of the AGRs as a result of
the fluids released from a sub ducting slab (subduction of the Neo-Tethys Ocean under the Iranian
Plateau), is a step in the development of OGRs. Ascending magma has created a rift, which has
caused the pressure on the underlying rocks to decrease at a steady temperature, melting the mantle.
This mechanism leads to the creation of OGRs.

Keywords: Continental rift, depleted mantle, enriched mantle, magma mixing, Sanandaj Sirjan
zone.
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1. INTRODUCTION

Gabbroic rocks in a region usually have similar
characteristics, but in the south of Qorveh
(western Iran), gabbroic rocks of the same age
have different characteristics in terms of color,
mineralogy, and other lithological
characteristics.

The gabbroic rocks of this area can be divided
into two general categories, first, olivine-
bearing gabbroic rocks (OGRs) with a lighter
color, and second, amphibole-bearing gabbroic
rocks (AGRs) with a darker color
(Ghalamghash et al., 2018; Azizi and Stern,
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2019; Azizi et al., 2020).

Several origins have been proposed for the gabbro
rocks worldwide, such as enriched mantle
(Willbold et al., 2010), depleted mantle (Salters,
2004), and fractionation of ultramafic complexes
(McCallum, 1996; Cawthorn et al.,, 1998;
Mungall et al., 2016). Based on the size of the
gabbroic bodies, only the first and second origins
can be considered probable for them. According
to the age measurements, these gabbroic rocks
and the adjacent acidic rocks are almost in the
same age range (late Jurassic) (Ghalamghash et
al., 2018; Azizi and Stern, 2019; Azizi et al.,
2020;).
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The gabbroic bodies are located in the central
part of the Sanandaj-Sirjan zone (SaSZ). This
zone is located between the Zagros zone in the
west and the Urmiah Dokhtar magmatic arc
(UDMA) in the east and is known for numerous
intrusions and metamorphisms caused by the
subduction of the Tethys and Neo-Tethys
oceans under the Iranian plateau (Nabavi, 1976;
Bird, 1978; Alavi, 1980; Berberian et al., 1981;
Sengor, 1990; Alavi, 1994; Berberian, 1995;
Bushara, 1995; Sabzai et al., 1997; Babaie et al.,
2000; Mohajjel et al., 2000; Agard et al., 2005;
Agard et al., 2011; Verdel et al., 2011); and
contains a wide range of intrusive bodies and
metamorphic rocks (Ahadnejad et al., 2011;
Mahmoudi et al., 2011; Azizi et al., 2013; Azizi
etal., 2015; Deevsalar et al., 2017; Deevsalar et
al., 2018; Mahmoudi et al., 2019).

These gabbroic bodies are not far from each
other (a few kilometers away), and their names
are usually similar to those of the nearest village
(Ahadnejad et al., 2011; Mahmoudi et al., 2011;
Azizi et al., 2013; Azizi et al., 2015; Deevsalar
et al., 2017; Deevsalar et al., 2018; Mahmoudi
etal., 2019).

We clarify the geodynamics and tectonic setting
of late Jurassic gabbroic rocks in the central part
of C-SaSZ in this study and based on our
findings and the findings of previous studies,
we propose a scenario about the evolution of
mafic magma and the formation of gabbro
bodies in southern Ghorveh.

2. GEOLOGICAL SETTING AND FIELD
OBSERVATIONS

The Iranian Plateau is a part of the Alpine-
Himalayan orogenic belt and is mainly formed
by joining several sub-continents separated by
deep faults. The sub-continents are connected
by the closure of the Tethys Ocean (Stocklin et
al., 1973; Alavi, 1994; Saki, 1994; Agard et al.,
2005; Allen et al., 2008; Ghalamghash et al.,
2009; Mazhari et al., 2009; Agard et al., 2011;
Ballato et al., 2011; Chiu et al., 2013;
Mohammadi et al., 2013; Lehmann et al., 2018;
Azizi etal., 2019a, 2019b).

Between the Zagros and UDMA structural
zones, which are in the west and east,
respectively, is where the SaSZ is situated (Fig.
1). In the SaSZ, intrusive bodies are highly
common, and this zone is typically renowned
for having a large number of intrusive bodies
(Ahmadi-Khalaji et al., 2007; Ahadnejad et al.,
2011; Alirezaei et al., 2012; Esna-Ashari et al.,
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2012; Sabeti et al., 2012; Azizi et al., 2015; Bayati
et al, 2017; Shabanian et al., 2020;
Shakerardakani et al., 2020). Most of the intrusive
bodies were injected in four main stages, each
stage is associated with an important tectonic
event.

Figure 1 is about here

The first stage is related to 650-450 million years
ago, happened in the central and northern parts of
the SaSZ, and was related to the subduction of
Proto-Tethys under Gondwana. The rocks left
over from this period are known as the bedrock of
Cadomian in the north and northwest of Iran
(Shafaii Moghadam et al., 2017; Daneshvar et al.,
2019; Moradi et al., 2020;).

The second stage is mainly related to 350-330
million years ago and is often seen in the northern
parts of SaSZ (Moghadam et al., 2015;
Abdulzahra et al., 2016; Azizi et al.,, 2017;
Mohammadi et al., 2019).

The Jurassic period was the site of the third stage
of magma intrusion (early Cretaceous is also
mentioned in some cases). These plutons are
mostly seen in the central part of SaSZ (Azizi and
Stern, 2019).

The fourth part of the intrusive bodies is mostly
seen in the northern part of SaSZ and its age is
estimated to be 55 to 40 million years ago (Bea et
al., 2011; Mazhari et al., 2011; Sepahi et al., 2014;
Azizi et al., 2019a, 2019b).

The gabbroic bodies of southern Qorveh are from
the third phase and cut the Jurassic metamorphic
complex in the region (Fig. 2).

The outcropping rock units in the region mainly
include magmatic (gabbro and, to a lesser amount
granite, diorite, and syenite) and metamorphic
(regional, thermal, and dynamic) rocks (Fig. 2).

The following is the procedure for placing bodies
made of gabbro, diorite, syenite, and granite:
Magma that was gabbroic and dioritic initially
penetrated. Although granitic magma has been
replaced in the subsequent stage, acidic and mafic
magmatism in the area can be thought of virtually
concurrently based on the evidence of mixing,
mingling, and syn-plutonic brecciated mafic
dykes in the area. In the final phase of magmatic
processes, syenitic magma has entered
(Ghalamghash et al., 2018).

Gabbroic bodies have formed some low hills in
the vicinity of Galali village (Fig. 3a—d), but in
other areas, they are seen in mountainous parts.

The gabbroic rocks are invaded by white color
granites. In some parts (areas around the villages
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of Zarineh, Meihem, etc.) Magma mixing and
mingling can be seen in the interference zone
(Mollaei et al., 2017).

Figure 2 is about here

3. PETROGRAPHY

The gabbroic samples from the Galali intrusive
body have a granular texture and were mainly
composed of pyroxene and plagioclase from
labradorite to anorthite  (Fig. 4a-—p)
(Petrographic data of other gabbroic rocks in
the region are reported by Mollaei et al., 2017
and Azizi et al., 2020).

Figure 3 is about here

Pyroxenes have an average size of 1.1 mm and
can be automorphic to amorphous (in certain
cases with twining) (Fig. 4c—p). The pyroxenes
are augite based on their optical characteristics.
While ophitic textures are occasionally seen,
single crystals of these minerals are frequently
seen too. Pyroxenes are altered to become
amphibole, Dbiotite, allanite, chlorite, and
opaque minerals.

The pyroxenes are frequently transformed into
biotite, opaque minerals, and chlorite in the
middle, and allanite and amphibole at the rims.
Amphibole and opaque minerals have totally
replaced some pyroxenes (Fig. 4e—p).

Plagioclases are found in the form of auto-
morph to amorphous with different sizes
(medium to coarse crystal) and in some cases
with albite-pericline twins, Carlsbad twins, and
normal zoning (Fig. 4a-l). Based on optical
properties and refractive index, plagioclases in
samples range from labradorite to anorthite.
Some of the plagioclases have been altered; the
alteration products of these plagioclases include
sericite and rarely calcite. In plagioclases with
normal zoning, alteration to sericite can be seen
in their central parts (Fig. 4i—j).

Figure 4 is about here

4. ANALYTICAL TECHNIQUE

After conducting petrographic studies, 29
samples were selected for chemical analysis.
Major oxides were measured by X-ray
fluorescence analysis using a Philips PW1480
spectrometer at Binaloud Mines Company
(Iran). Concentrations of trace elements,
including rare earth elements (REES), were
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obtained using an inductively coupled plasma
mass spectrometer (ICP-MS, PERKIN ELMER
ELAN9000) at Binaloud Mines Company, too.

5. WHOLE ROCK GEOCHEMISTRY AND
ELEMENTS PATTERN

The data obtained from XRF (10 samples) and
ICP_MS (29 samples) analyses from the Galali
intrusive body are presented in Table 1
(Geochemical data of other gabbroic rocks in the
region are reported by Mollaei Yeganeh et al.,
2017 and Azizi et al., 2020).

The TAS diagram (Cox et al., 1979) was used for
rock chemical classification. This diagram shows
all samples in the gabbro field and
subalkaline/tholeiitic section (Fig. 5).

Harker diagrams illustrate a decrease in TiOs,,
MgO, Fe203', CaO, and K:O; an increase in
Na,O for the major oxides; and a decrease in the
transitional elements (e.g., Ni, Cr, and Co) with
increasing SiO; content (Wt.%) (Fig. 6a—i).

La, Ho, and Yb were selected as representatives
of LREE, MREE, and HREE, respectively. The
Harker diagram for La shows a positive trend,
while Ho and Yb, show a flat and negative trend,
respectively (Fig. 6j-1).

Figure 5 is about here

The samples have a minimum amount of mg-
number [MgO/ (MgO+FeOt) x 100]. The average
magnesium number of the samples is 42.67, the
lowest number is 40.83 and the highest number is
44.4. The samples also have low Nb (2.1 to 3.2
ppm) contents.

To better understand magma formation and
evolution processes, normalized spider diagrams
with chondrite (Thompson, 1982), primitive
mantle (McDonough and Sun, 1995), MORB
(Pearce, 1983), and lower crust (Weaver and
Tarney, 1984) were used (Fig. 7a—d).

Table 1 is about here

Figure 6 is about here

All incompatible trace elements are enriched
compared to the primitive mantle and chondrite,
and LIL elements are more enriched than HFSEs
(Fig. 7a-b). For example, the concentration of La
changes between 20 to 30 times compared to the
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chondrite. The rare earth elements normalized
to the chondrite define two different patterns.
Light REEs have an almost flat trend, whereas
HREEs show a concave downward trend. A
positive anomaly of Eu can be seen in the
samples due to the presence of amphibole in the
samples (Claeson et al., 2004) (Fig. 7b).

Normalized diagrams with MORB show the
depletion of some elements and the enrichment
of others. Strong enrichment of U, Rb, and Th
elements, positive anomalies of Sr, K, Pb, Ba,
Ta, P, La, Ce, Hf, and Sm, and negative
anomalies of Ti, Zr, Y, Yb, elements are
common among samples (Fig. 7c).

Rb, Th, and U elements are enriched in the
normalized diagram of the lower crust, whereas
Ba and Zr elements are depleted. However,
other trace elements are largely consistent with
the composition of the lower crust as a whole
(Fig. 7d).

Figure 7 is about here
6. DISCUSSION

There are two primary divisions among the
gabbroic rocks in the south of Qorveh. The first
category can sometimes be referred to as
"olivine gabbro" even without microscopic
examinations since it is lighter in color, contains
no amphibole at all, and contains coarse
olivines. The second group has amphibole, is
darker, and does not contain olivine crystals.

By determining the age of these rocks
(Ghalamghash et al., 2018; Azizi et al., 2020),
it has been established that these rocks were
formed at almost the same time (late Jurassic).

According to the results of Azizi et al.’s (2020)
research, the OGRs in the region were formed
in an extensional tectonic regime such as a
continental rift.

But the AGRs show very different
characteristics and features. These rocks are
calc-alkaline and have a high content of LIL
elements and a low content of HFSEs (Fig. 7a—
d). Considering that some elements, like large-
ion lithophile elements (LILES) such as K, Rb,
Cs, Sr, Ba, Pb, U, and light rare earth elements
(LREEs) are transported by subduction
solutions (Stern, 2002; Kelemen et al., 2014;),
while others, like high field strength elements
(HFSEs), such as Y, Zr, Hf, Nb, Ta, Ti, and
heavy rare earth elements (HREEs), are
relatively immobile (Stolz et al., 1996; Klemme
et al., 2005; Plank et al., 2013;), It can be
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suggested that the rocks were formed in an active
continental margin (subduction) environment.

The oceanic plate dehydrates and discharges
fluids in these conditions. These fluids are either
produced by the dehydration of hydrous minerals
in the subducting plate or by the dehydration of
sediments that accompany the subducting sheet
(Saunders et al., 1980; Gill, 1981; Tatsumi et al.,
1986). The wedge of the metasomatized mantle
and some portions of the slab partially melt under
these conditions (increasing the amount of fluid
phase at constant temperature and pressure)
(Stern, 2002). The high partial melting of the
source rocks caused by the release of a significant
amount of fluid is what causes the samples' high
Si02 content.
The amount and chemical composition of
released fluids depends on the subduction angle,
thickness of the subduction slab, and bending
curvature (Jarrard, 1986; Lallemand et al., 2005).
The authors suggested the existence of a high
subduction angle and/or bending curvature.

Depletion of Zr in spider diagrams and low
amounts of Zr/Sm and Zr/Ti ratios indicate the
formation of magma at a shallow depth (upper
parts of the mantle) (Wolde et al., 1996).

Interaction between hydrous basaltic melts and
crustal felsic partial melts in the continental arc
(CA) occurred via a melting-assimilation-storage-
homogenization (MASH) process, as described
by Clemens and Stevens (2016).

In the next two sections, we will discuss the
magmatic  evolution, tectonic setting, and
geodynamics of gabbro bodies in the C-SaSZ.

6.1. Magmatic Evolution

Based on the previous works by Azizi et al.’s
(2020) differentiation was the only effective
process for the magmatic evolution of OGRs.

But to describe the magma evolution of the
AGRs, we discuss some factors, including
differentiation, fractional crystallization,
contamination, magma mixing, and mingling.

The Harker diagrams of major and trace elements
show that the source magma has been affected by
differentiation (Fig. 6a1).

Due to the insignificant amount of mg-number of
samples, we used the diagrams of La/Sm vs. La
(Minster, 1978 and Aldanmaz et al., 2000;
Allegre) and Ce/Yb vs. Ce (Davis et al. 2008) to
check the presence of fractional crystallization in
the process of magma formation. These diagrams
determine partial melting as the major factor in
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the formation of AGRs (Fig. 8a-b). It seems
that at this time, in addition to a compressive
regime caused by subduction, an extensional
environment behind the arc was also created,
which helped magma to rise. The evidence of
this extensional environment, including pillow-
lava from a back-arc basin at the same age, was
reported by Azizi (2018) in the vicinity of the
gabbroic bodies. This situation has formed a
suitable condition for the partial melting of the
mantle.

Figure 8 is about here

The K20/P205 ratio is an index to determine
the crustal contamination of basaltic magmas.
This is based on the fact that the concentration
of potassium is high and that of phosphorus is
low in the upper continental crust. As a result,
if the continental crust is an important
contaminant of basaltic magma, the ratio of
these two elements increases.

Mostly, basaltic magmas originating from the
mantle have a K20/P205 ratio > 2. Crust
contamination or apatite fractionation increases
this ratio (Hooper, 1982; Carlson & Hart, 1988).
The range of changes in the K20/P205 ratio in
the AGRs is 4.06-20.2, which suggests magma
contamination with the upper crust. In addition,
the positive anomaly of Pb, Rb, Ba, Th, and Nd
is also common among samples that are
relevant to crustal contamination of magma
(Rollinson, 1993; Roy et al., 2002; Onwualu-
John, 2016; Chen et al., 2021) (Fig. 7a—d).

The coherent behavior of trace elements also
suggests that magma mixing and mingling did
not play an important role in the formation of
rocks. In addition, there is no clear microscopic
evidence of magma mixing and mingling (Fig.
6a-1).

6.2. Tectonic Setting and Geodynamics

Based on the geochemical properties of the
rocks, such as their high content of LIL
elements, low content of HFSEs, insignificant
amounts of MgO, FeO, Ni, Cr, Co, and
depletion of Zr, it can be concluded that the
source magma of the AGRs belongs to a low-
depth compressive environment (enriched
mantle).

We also employed diagrams of Co vs. Th
(Hastie et al., 2007), Ta/Yb vs. Th/Yb and
Ta/Yb vs. K20/Yb (Pearce, 1982), and La/10-
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Y/15 - Nb/8 (Cabanis et al., 1989) to pinpoint the
source of the magma. The samples are all in the
calc-alkaline range in the diagrams (Fig. 9a—d).
The rocks had an affinity with the active margins
field in the Cabanis et al. (1989) diagram, which
validates the subduction-related origin of magma.
The diagrams also highlight a crucial point: how
crustal contamination contributed to the rise in Th
concentration in the rocks.

Despite the fact that the back-arc zones share
characteristics with the subduction zones,
including depletion of heavy trace elements, Ti,
Ta, and Nb, and an enrichment of large ion
lithophile elements (LILE) and Sr (Pearce et al.,
1984), There are differences between these two
forms of magma. Contrary to back-arc zones,
subduction-related magmas have high Ba/Nb,
Ce/Th (Chenetal., 2021), and Ba/la (Escrig et al.,
2009; Chen et al., 2021) ratio values, which is
consistent with our observations.

Figure 9 is about here

Some researchers like Berberian and King, 1981;
Moine-Vaziri, 1985; Verdel et al., 2011; Mohajjel
et al., 2014;; believe that the Neo-Tethys Ocean
subducted under the Arabian Plate and the Iranian
Plateau, which caused the process of partial
melting of the mantle, the formation of magma,
and consequently the rises and storage of magma,
which is the source of AGRs and other igneous
rocks in the region (except OGRS).

Figure 10 is about here

In this area, a rift and consequently a back-arc
basin were formed almost simultaneously with
this process. This rifting has reduced the pressure
on the underlying rocks and caused partial
melting of the mantle (depleted mantle). The
resulting alkaline magma rises and goes through
the assimilation-storage-homogenization process
(ASH) to form alkaline gabbroic bodies (OGRs)
in the region (Fig. 10a-b).

7. CONCLUSIONS

Two kinds of mafic rocks of various origins can
be found in southern Ghorveh. Due to the
discharge of fluids from the subducting slab, the
magma that creates the AGRs originated from an
enriched mantle at a shallow depth (upper
sections of the mantle). The closure of the Neo-
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Tethys Ocean (late Jurassic) was the cause of complex of Boroujerd, Sanandaj-Sirjan zone,
this process. western Iran. Journal of Asian Earth Sciences, 29,

A rift and a back-arc basin parallel to the Neo- 859-877.
Tethys Ocean were produced by ascending https://doi.org/10.1016/j.jseaes.2006.06.005

magma. This fracture has relieved pressure on Alavi, M., 1980, Tectonostratigraphic evolution
the (_jeeper portions, which has led to partial of Zagrosides of Iran. Geology, 8, 144-149,
melting of the mantle (depleted mantle). The

ensuing alkaline magma rose and created https://doi.org/10.1130/0091-
gabbroic rocks with high Mg# that have no 7613(1980)8%3(:144ZTEOTZO%3E2.0.CO;Z
signs of subduction features (OGRS). Alavi, M., 1994, Tectonics of Zagros orogenic

belt of Iran, new data and interpretation.
Tectonophysics, 229, 211-238.
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Table 1. Whole rocks chemical compositions of ABGs intrusive bodies in the southern Ghorveh

Fig. 1. Geological map of Iran (Alavi, 1994; Stocklin and Nabavi, 1973) showing the location of sanandaj
- sirjan structural zone.

Fig. 2. Geological map of southern Ghorveh (Eshraghi et al., 1996) and sample locations. ABGs (right)
and OBGs (left) in the bottom and show an almost linear structure. The main host rock is the Ghorveh-
Songhor metamorphic complex of a Jurassic age. Some contact metamorphism overprints on the Jurassic
metamorphic complex are due to the injection of intrusive bodies during the Late Jurassic.

Fig. 3. (a—d) Field outcrops of ABGs in southern Ghorveh. The ABGs formed some low hills with a
mound shape morphology.

Fig. 4. Micrographic photos of ABGs in southern Ghorveh. (a—p) ABGs with granular textures as well as
main minerals (e.g., plagioclase, clinopyroxene) and minor minerals (hornblende and biotite). (a—d)
Different sizes plagioclases in some cases with albite-pericline and Carlsbad twins. (4e—p) Automorphic
to amorphous pyroxenes (in certain cases with twining and ophitic textures), and the alteration products
include amphibole, biotite, opaque minerals, and chlorite. (g—p) Plagioclases whit albite-pericline twins,
Carlsbad twins, and normal zoning; and the alteration products include sericite and calcite. In plagioclases
with zoning, alteration to sericite can be seen in the central parts.

Fig. 5. Whole-rock compositions of the intrusive bodies in southern Ghorveh. In the diagram of Cox et al
(1979), the samples are plotted in the gabbroic field.

Fig. 6. Harker diagrams for major and trace elements. See the text for more details.
Fig. 7. Chemical compositions normalized by chondrite (Thompson, 1982), primitive mantle
(McDonough and Sun, 1995), MORB (Pearce, 1983), and lower crust (Weaver and Tarney, 1984).

Fig. 8. (a) La/Sm vs. La diagram for the ABGs. (b) Ce/Yb versus Ce abundance shows trends compatible
with varying degrees of partial melting.

Fig. 9. Discrimination diagrams for the tectonic setting of the Jurassic intrusive bodies in southern
Ghorveh. Co vs. Th (Hastie et al., 2007), Ta/Yb vs. Th/Yb and Ta/Yb vs. K20/YDb (Pearce, 1982), and
La/10- Y/15 - Nb/8 (Cabanis et al., 1989), show that the ABGs group has some affinity for active margins
type magmatism.

Fig. 10. A schematic model for the development of magma in intrusive bodies in southern Ghorveh. The
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model shows subcontinental lithospheric mantle (SCLM) as the source of mafic bodies. (a) During the
first stage, calc-alkaline magma was injected into the upper continent, near the surface which causes the
formation of a rift. (b) During the second stage, alkaline magma rises and goes through the assimilation-
storage-homogenization process (ASH) and was injected into the upper continent, near the surface to form
alkaline gabbroic bodies (OGRs) in the region (The image modified and used from Wikimedia Commons
by K. D. Schroeder, CC-BY-SA 4.0. The original file is available as Subduction-en.svg). Table 1. Whole
rocks chemical compositions of ABGs intrusive bodies in the southern Ghorveh.

Sam Uni Gbs Gbs Gbs Gbs Gbs Gbs Gbs Gbs Gbs Gbs Gbs Gbs KH KH KH

ple te 1 2 6 14 16 23 29 35 39 44 50 53 Gl G2 G3

Major oxide ABGs

Si02 % 52,2 523 520 — - - -— -— 52,1 — -— - 52,2 52,5 52,5

5 7 1 1 7 4

TiO % 097 099 1,03 — - - -— -— 099 — -— - 0,98 094 091

2 6 3 8 4 6 1 8

Al2 % 153 154 148 — - - - - 154 — - - 15,9 15,9 16,3

03 7 3 4 2 4 6 7

Fe2 % 889 879 907 — - - -— - 895 — - - 8,8 8,55 8,75

03

Mn % 011 013 012 — - - - - 011 — - - 0,12 0,12 0,10

(@) 9 6 7 7 7

Mg % 6,76 6,79 657 — - - -— - 659 — - - 6,14 6,62 6,04

O

CaO % 937 936 102 — - - - - 9,48 — - - 9,51 9,27 9,07

Na2 % 1,03 111 093 — - - - - 1,06 — - - 0,97 1,39 1,31

O

K20 % 148 136 156 — - - - - 154 — - - 1,51 1,19 1,26

P20 % 017 013 015 — - - - - 0,17 — - - 0,16 0,18 0,14

5 9 8 9 8 1

LOI % 189 18 215 — - - —-— - 263 — - - 2,19 1,33 2,03

Tota % 983 983 986 — - - —-— - 990 — - - 98,5 98,1 98,5

| 14 57 54 44 36 36 36

Trace

elements

Sc pp 244 255 245 258 239 241 24 25,7 249 222 243 24 25,5 42,2 29,7
m

\Y pp 356 384 345 368 348 339 389 346 356 333 375 359 374 351 360
m

Cr pp 153 162 170 174 158 119 154 260 193 219 189 177 183 69 231
m

Co pp 192 174 176 184 152 179 154 17,7 164 153 178 166 155 20,4 18,3
m 1 3 6 3 8 2 1 7 6 9 6 7

Ni pp 211 203 241 233 208 239 221 257 217 222 214 254 275 245 263
m

Cu pp 9,3 206 316 198 224 192 364 351 224 317 784 213 123 18 16,6
m

Zn pp 41,7 448 409 421 383 371 381 342 421 556 42 449 66,9 93,5 257,
m 6

Rb pp 56,6 653 756 544 621 582 912 582 842 892 652 675 901 824 731
m 6 1 7 5 1 9 8 2 4 9

Sr pp 253, 265, 278, 255, 309, 311, 319, 303, 311 301, 269, 322, 246, 272, 322,
m 7 3 3 4 9 1 8 1 5 3 7 8 3 6

Zr pp 13 15 15 16 12 13 13 12 15 18 16 13 19 25 22
m

Nb pp 281 32 283 317 313 28 3,2 265 28 254 269 241 256 2,56 2,37
m

Cs pp 368 364 26 3,6 3,2 3,2 3,3 3 3,1 367 35 2,4 4,1 3,6 3,73
m

Ba pp 116, 140, 122 130 112, 130, 125, 105, 119, 157, 136, 104, 132, 78,4 64,8
m 7 9 8 3 3 6 7 2 9 1 8

Pb pp 464 429 366 411 38 301 452 628 42 617 515 664 226 579 4,12
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m
Th pp 39 43 4 38 32 38 38 3 4 32 44 41 34 357 366
m
U pp 103 114 114 103 103 1,03 103 1,03 103 114 103 09 09 064 07
m
Hf pp 634 635 522 743 652 464 674 289 447 5 48 5 53 53 58
m
Ta pp 093 093 08 08 08 071 093 055 065 061 08 08 093 097 087
m
Y pp 145 149 153 175 153 163 169 163 169 154 162 157 159 156 154
m
Rare earth
elements
La pp 128 11,3 108 118 108 124 11,7 11,7 11,7 123 130 124 126 11,7 114
m 3 7 7 1 4 7 5 1 3 3
Ce pp 298 225 229 256 195 259 285 183 31,3 282 271 25 261 128 191
m 3 1 7 2 1 4 2 7 8 5
Pr pp 787 692 697 724 622 735 73 621 789 721 73 7 728 551 56
m
Nd pp 135 131 128 139 131 14 141 137 146 132 14 133 136 137 14
m 9 6 3 7 5 5 7
Sm pp 617 571 563 578 46 56 574 455 6 539 58 522 561 43 4,17
m
Eu pp 261 269 254 257 22 263 247 22 259 253 25 244 255 212 219
m
Gd pp 417 398 383 291 3 386 399 292 411 365 3 354 286 3 2,7
m
Th pp 141 117 131 1,79 214 193 167 142 164 191 175 154 148 122 1,83
m
Dy pp 263 275 281 289 2 276 282 243 221 266 292 297 274 276 213
m
Ho pp 08 08 08 08 08 08 08 08 08 08 08 08 08 08 079
m
Er pp 456 48 419 492 459 398 467 328 392 3 3 34 33 33 3,6
m
Tm pp 071 061 052 089 076 064 072 056 067 073 071 074 069 051 068
m
Yb pp 127 129 128 13 13 129 128 1,33 129 132 135 131 134 131 13
m
Lu pp 07 073 063 079 073 06 075 046 057 05 05 06 06 0,6 0,6
m
Mg# 431 435 42 _ _ _ B _ 424 _ _ 410 436 408
9 8 9 3 3
Table 1. Continue.
Sam Uni KH KH KH KH KH KH KH KH KH KH KH KH KH KH
ple te G4 G5 G6 G7 G8 G9 G0 G11 Gl2 G133 G14 GI15  Gl6  GI7
Major oxide ABGs
sio2 % oM %23 - 53 — - - -
7 5
TiO 105 o094 _ _ _ _ . _ .
) % g 3 0,925
Al2 148 153 _ _ _ _ _ _ _
03 % g 8 15,61
ggz % 929 86 ~— @~— @ o~ o~ o~ 879 ~— o~ o~
Mn 0 010 012
o % e 1 0,145
Mg % 68 688 ~— @— @ — - - -— -— 6,72 — -— -— -—
Eur. Chem. Bull. 2022,11(12), 2615-2639 2627
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(@)
CaO %
gaZ %
K20 %
EZO %
LOlI %
;I'ota %
Trace
elements
Sc pp
m
Vv pp
m
Cr pp
m
Co pp
m
Ni pp
m
pp
Cu m
Zn pp
m
Rb pp
m
Sr pp
m
Zr PP
m
pp
Nb m
Cs pp
m
Ba pp
m
b PP
m
Th PP
m
pp
U m
He PP
m
pp
Ta m
v pp
m
Rare earth
elements
La pp
m
Ce pp
m
Pr pp
m
Nnd PP
m
sm pp
m

10,6
0,88

1,59
0,12

2,28

99,5
75

24,7

376

203

20,7

243

22,2

482,

65,3

337

18

2,28

3,31

68

6,02

3,21

0,7

55

0,96

15,3

5,93

13,6

4,1

9,22
11

1,47
0,16

2,04

98,2
71

215

349

176

19,4

256

21,9

36,2

72,3

314,

18

2,22

3,84

83,1

4,24

42

0,59

54

0,84

15,7

11,2

19,7
4

5,6

13,1
8

3,76

20,2

439

180

18,2

291

12,8

53,7

71,1

256,

18

2,7

4,5

140,

4,11

3,2

51

0,87

16,3

13,1

26,4
6

7,27

13,9

5,62

22,6

411

138

17,1

251

20,5

38,8

69,2

325,

12

2,9

3,6

130

6,34

3,3

1,03

0,95

15

12,1
2

255

6,94

12,5

531

289

22

53,8

59,1

266,

19

2,51

33

137,

33

1,03

091

16

11,4

24

6,96

12,5
3

55
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20,9

476

178

19,4

278

16,6

46,6

82,1

316,

17

2,39

44

155,

42

4,5

1,15

0,85

17,4

11,3

24,9

71

13,8

5,67

21,59

499

122

20,1

264

16,9

66,4

68,1

2555

28

2,24

31

72,6

417

34

0,77

0,94

151

12,2

19,9

5,93

13

44

22,26

412

173

19,33

243

22,5

51,8

95,29

2814

17

2,1

3,45

129,7

3,85

34

1,03

0,93

14,9

13,28

26,48

71

13,47

5,54

21,22

524

175

17,8

239

15,8

52,8

791

291,1

17

2,3

3,61

136,2

6,96

35

1,03

0,9

15

13,22

26,7

7,11

13,3

5,49

9,17
0,95
1,37
0,147

2,57
98,75

20,92

527

154

19,72

287

46,4

69,3

280,8

17

2,36

2,94

158,8

5,42

4.8

1,03

0,9

17

14,49

32,47

14,89

6,1
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24,63

425

133

18,6

254

12,1

36,3

75,2

291,4

13

2,43

2,96

117,2

3,99

3,6

1,03

0,8

16,5

12,78

25,92

71

14

5,63

20,61

399

218

20,4

264

50,2

42,6

75,23

338,4

23

2,57

3,39

84,7

4,27

39

1,03

0,9

15,2

11,57

13,59

5,52

13,5

23,73

385

205

20,71

271

12

39,5

55,6

303

12

2,51

31

96,3

6,73

34

0,62

0,9

15,3

11,5

20,12

6,3

13,71

4,67

21,57

325

251

26,13

265

17,5

38,4

59,41

354,5

13

2,3

3,52

80,6

4,61

3,8

0,54

0,99

151

12,3

20,17

5,94

13,14

3,49
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Eu &p 223 217 251 267 25 25 228 255 251 26 256 21 224 229
Gd pmp 28 243 381 356 38 38 313 374 376 421 38 261 312 22
Tb pmp 14 176 149 161 123 194 138 211 156 162 179 165 182 12
Dy %p 264 247 277 251 274 271 21 263 269 3 271 254 233 24
Ho pmp 082 08 079 08L 08 079 08 08 083 079 081 079 076 079
Er %p 3 3 31 32 33 32 3 2.9 31 3 2.9 29 3 3
™ pmp 063 06 054 06l 079 074 052 064 079 066 061 064 069 05
Yb %p 127 139 132 134 13 133 136 134 124 135 136 135 136 1,32
Lu ﬂ]p 05 05 05 05 05 05 05 05 05 05 05 05 05 05
422 444
Mgt 6 M S — — — 4332 ~— - - -
Mg#=100*[MgO]/([MgO]
+[FeOt])
FeOt=0.9*Fe203
®
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Fig. 1. Geological map of Iran (Alavi, 1994; Stocklin and Nabavi, 1973) showing the location of sanandaj
- sirjan structural zone.
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Fig. 2. Geological map of southern Ghorveh (Eshraghi et al., 1996) and sample locations. ABGs (right)
and OBGs (left) in the bottom and show an almost linear structure. The main host rock is the Ghorveh-
Songhor metamorphic complex of a Jurassic age. Some contact metamorphism overprints on the Jurassic
metamorphic complex are due to the injection of intrusive bodies during the Late Jurassic.
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Fig. 3. (a—d) Field outcrops of ABGs in southern Ghorveh. The ABGs formed some low hills with a
mound shape morphology.
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Fig. 4. Micrographic photos of ABGs in southern Ghorveh. (a—p) ABGs with granular textures as well as
main minerals (e.g., plagioclase, clinopyroxene) and minor minerals (hornblende and biotite). (a—d)
Different sizes plagioclases in some cases with albite-pericline and Carlsbad twins. (4e—p) Automorphic
to amorphous pyroxenes (in certain cases with twining and ophitic textures), and the alteration products
include amphibole, biotite, opaque minerals, and chlorite. (g—p) Plagioclases whit albite-pericline twins,
Carlsbad twins, and normal zoning; and the alteration products include sericite and calcite. In plagioclases
with zoning, alteration to sericite can be seen in the central parts.
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Fig. 5. Whole-rock compositions of the intrusive bodies in southern Ghorveh. In the diagram of Cox et al
(1979), the samples are plotted in the gabbroic field.
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Fig. 6. Harker diagrams for major and trace elements. See the text for more details.
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Fig. 7. Chemical compositions normalized by chondrite (Thompson, 1982), primitive mantle
(McDonough and Sun, 1995), MORB (Pearce, 1983), and lower crust (Weaver and Tarney, 1984).
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Fig. 8. (a) La/Sm vs. La diagram for the ABGs. (b) Ce/Yb versus Ce abundance shows trends compatible
with varying degrees of partial melting.
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Fig. 9. Discrimination diagrams for the tectonic setting of the Jurassic intrusive bodies in southern
Ghorveh. Co vs. Th (Hastie et al., 2007), Ta/Yb vs. Th/Yb and Ta/Yb vs. K20/Yb (Pearce, 1982), and
La/10- Y/15 - Nb/8 (Cabanis et al., 1989), show that the ABGs group has some affinity for active margins
type magmatism.
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Fig. 10. A schematic model for the development of magma in intrusive bodies in southern Ghorveh. The
model shows subcontinental lithospheric mantle (SCLM) as the source of mafic bodies. (a) During the
first stage, calc-alkaline magma was injected into the upper continent, near the surface which causes the
formation of a rift. (b) During the second stage, alkaline magma rises and goes through the assimilation-
storage-homogenization process (ASH) and was injected into the upper continent, near the surface to form
alkaline gabbroic bodies (OGRs) in the region (The image modified and used from Wikimedia Commons
by K. D. Schroeder, CC-BY-SA 4.0. The original file is available as Subduction-en.svg).
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