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Abstract

The study area is located in the N-NE Bafq and the central Iran structural zone. The Rizu-Desu volcano-
sedimentary sequence is crosscut by bimodal (basic and felsic) intrusions and dikes, with compositions
ranging from monzogabbro to leucogranite. In the monzogabbro-monzodiorite intrusions (540 to 520
Ma) of the investigated region, plagioclase (with a dominant albite-oligoclase composition), pyroxene
(diopside and augite), Ca-Fe-Ti-rich amphiboles (magnesiohornblende, tschermakite, Kaersutite, and
ferrokaersutite), and biotite (Fe-biotite, Mg-biotite, and also Ti-rich (0.38-1)) are the essential minerals.
Apatite, monazite, magnetite, titanomagnetite, titanite (sphene), and zircon are also accessory minerals.
Geothermobarometry investigations based on the mineral chemistry of pyroxene, amphibole, and biotite
indicate the temperatures of cessation of exchange and final equilibrium of the minerals, mainly
covering a temperature range of 1270 to 1140 °C (pyroxenes), 890-790 °C (amphiboles) and 780-745
°C (biotites) (in respectively) and the pressure mainly cover range of 12.33 to 0.5 kbar. Petrological
features of the studied rocks are very similar to those of appinite rocks. The parental magmas of
monzogabbro-monzodiorite intrusions have been mostly alkaline nature and originated from partial
melting of the metasomatized mantle source in an intracontinental rift tectonic setting. The resulting
magmas evolved by fractional crystallization, and possibly crustal contamination, then emplaced in the
continental crust around Ediacaran-Cambrian boundary.

Keywords: Monzogabbro-Monzodiorite, Mineral Chemistry, Geothermobarometry, Intracontinental
Rift, Bafq.

Introduction

The geological history of Iran records many events, from the Precambrian to the present, which
demonstrate a sequence of processes that have taken place in different geological environments.
One of the most notable occurrences is intracontinental rifting, which took place at the boundary
Ediacaran - Cambrian. The evidence of rifting is preserved in certain regions of Central Iran
and the Zagros structural zones. Rizu, Desu (Dezu), Ravar, and Hormuz series are well-
documented intracontinental rift-related sequences. Across an area exceeding one thousand
square kilometers in the N-NE Bafq, the Rizu-Desu series consists of volcano-sedimentary
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sequences. These sequences include multiple small-scale igneous bodies up to stock-sized
intrusions. Those are distinguished by bimodal lithological compositions. This area includes
world-class substantial reserves of iron, iron-apatite, lead, zinc, manganese, uranium, and rare
earth minerals. This research focuses on a specific subset consisting of gabbro, monzogabbro,
monzodiorite and gabbro-diorite, collectively referred to as monzogabbro-monzodiorite. An
examination of the petrography, mineral chemistry, and geothermobarometry of these
monzogabbro-monzodiorite rocks is conducted to provide a greater understanding of the rifting
processes associated with their formation.

Geothermobarometry of igneous rocks is a fundamental aspect of petrological studies,
relying principally on the chemical composition of key minerals such as pyroxene, amphibole,
and biotite. Amphibole and pyroxene are some of the most common mafic minerals in igneous
rocks, such as gabbro, diorite, and granodiorite, and play a crucial role in the understanding of
geobarometry conditions. A significant amount of research has been conducted by numerous
investigators into the use of these minerals in geothermobarometric studies, leading to a
considerable collection of published studies. Specialized software tools have been developed
and further refined to improve the efficiency and accuracy of these analyses (Morimoto, 1988;
Soesoo, 1997; Berger et al., 2005; Putirka, 2008; Putirka, 2016; Ridolfi et al., 2018; Ridolfi,
2021; etc.).

The majority of geological research conducted in the N-NE Bafq area, focused on the igneous
rocks and mineral deposits, has been primarily based on geochemical and isotopic analyses of
the whole rock samples (e.g., Poshtkoohi et al., 2018; Majidi et al., 2021; Mehdipour-Ghazi,
2021). Investigations focusing on mineral chemistry were typically limited to examining only
ore minerals within mineralized zones. Consequently, no prior study has systematically
investigated the mineral chemistry of the N-NE Bafq intrusions. This article represents the first
comprehensive research to examine these rocks from a geothermobarometric point of view,
utilizing detailed mineral chemical analyses. Notable studies that have explored mineral
chemistry in the context of mineralization or ore minerals include Sepidbar et al., 2021; Torab
and Lehmann, 2007; Teymouri et al., 2022; Hafezian & Jamali, 2015; Sepehri-Rad et al., 2018;
Salami et al., 2021; and Zolala et al., 2025.

Geological setting

The study area is located within the Central Iran structural zone (Aghanabati, 2004), where the
oldest exposed rocks belong to the Precambrian metamorphic basement, including the Sarhad,
Neden, and Natk complexes (Ramezani & Tucker, 2003; Masoudi et al., 2008) (figure 1). These
basement rocks, in various geological maps (Soheili & Mahdavi, 1991; Amini et al., 2004;
Majidi & Babakhani, 2000; Ghaemi & Saeedi, 2006), consist of metapelites (phyllite,
micaschist, garnet-mica schists, staurolite-garnet-mica schists, garnet-andalusite schist, garnet-
Kyanite schist, graphite schist), metasandstones (metapsammites), metacarbonates (marbles),
and metabasites (greenschists, amphibole schists, amphibolites, garnet-amphibolites), along
with migmatites and granitoids (Majidi & Babakhani, 2000; Ghaemi & Saeedi, 2006,
Mehdipour-Ghazi et al., 2021). This region hosts significant iron mineralization occurrences,
including layered and massive deposits associated with the metamorphic rocks (Lotfi et al.,
1998). Notable examples include the Gelmandeh iron deposit northeast of Saghand (associated
with garnet amphibolite), southwest of Robat-e-Posht-e-Badam (the Robat iron mine), and iron
ore indications in the Zaman Abad area. Similar iron mineralization has been reported from the
south-southeast of the Shahrood (Khartouran area), iron ore indications associated with the
Majerad and Do Chah metamorphic complexes (Veiskarami, 2018; Rezaei, 2020), as well as
the Narm and Tengal Sefid deposits southwest of Bardaskan (Parvaresh-Darbandi, 2020).
Recent researches include iron-manganese occurrences south of Damghan and northwest of
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Moalleman (Hassanzadeh & Ghorbani, personal communication). Zarshouran (North of Takab)
and Muteh (northeast of Golpayegan) gold deposits, and also the Angouran lead and zinc
deposit (west of Zanjan or northwestof Takab), can be added to this collection (see figure 2 and

table 1).
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Table 1. Some of the late Neoproterozoic ore deposits or ore indications of Iran
Nearest city or

No Location or name of the ore deposit . X Y
village
Chah-Farakh Copper deposit
1 (In the exploration stage, to start mining South of Damghan 249169 3923202
operations)
Chah-Farakh Copper deposit
2 (In the exploration stage, to start mining South of Damghan 251146 3923773
operations)
3 Halalan Mn mine (No I) South of Damghan 261598 3907059
(semi-active mine)
4 . Halalan Mn mine (No IT) South of Damghan 262809 3907266
(semi-active mine or not fully operational)
5 Sorkhtool iron ore indication Southeast of Shahrood 384364 3954528
6 Par O Bal iron ore indication Southeast of Shahrood 394105 3955252
7 Majerad iron ore indications Southeast of Shahrood 415102 3964624
8 Narm iron ore deposits southwest of 534495 3858723
Bardaskan
9 Tengel Sefid iron ore deposits (mine in southwest of 573612 3872502
operation) Bardaskan
10 Robat iron ore deposits (mine in operation) southwest of Robat - ¢ 366776 3646507
- Posht Badam
11 Zaman Abad iron ore deposit (in the southwest of Robat — e 369561 3638355
exploration stage) - Posht Badam
12 Gelmandeh iron deposits (new mine in northeast of Saghand 355802 3616062
operation)
13 Gol-Gohar iron deposit southwest of Sirjan 336908 329598
(mine in operation)
14 Zarshouran gold deposit (mine in operation) North of Takab 691154 4065924
15 Angouran lead and zinc deposit (mine in northwest of Zanjan 715202 4055884
operation)
16 Muteh gold deposit (mine in operation) northeast of 478659 3728974

Golpayegan

The metamorphic basement is overlain by the Kharangan series, a thick sequence of
alternating shale, sandstone, limestone, and basic volcanic rocks (Sabzehei, 2017). Equivalent
units include the Morad series in northwest Kerman (Vahdati-e-Daneshmand et al., 1992;
Djokovic et al., 1972) and the Kalmard series in the west of Robat-e-Kalmard village
(Aghanbati, 2002; Sheikholeslami & Zamani, 1999). These are discontinuously overlain by
Ordovician-Silurian carbonates and Permian dolomitic limestones of the Jamal Formation
(Griffis et al., 1981).

In the Bafq area, the Kharangan series is overlain by the Precambrian-Lower Cambrian Rizu
volcano-sedimentary series (Soheili & Mahdavi, 1991; Sabzehei, 2017). This series include
basaltic to rhyolitic lavas, iron-apatite mineralization, and fossiliferous limestones (Vaziri et
al., 2019). Similar sequences are known as the Rizu, Desu, Ravar, and Hormuz series in
different locations (Pilgrim, 1908; Huckriede et al., 1962; Stocklin, 1968). These represent an
Ediacaran-Lower Cambrian rift association related to northern Gondwana, extending from Iran
to Oman (Faramarzi et al., 2015). The Rizu series is intruded by bimodal igneous rocks (granite
to gabbro) and cut by diabasic dikes (Sadeghian et al., 2017). The Zarigan, Narigan, and
Bahabad plutons are notable examples, with Zarigan and Narigan showing extensive dike
swarms (e.g., see figures 3, 4, and 5). Unlike the older basement, which underwent Barrovian-
type metamorphism (greenschist to amphibolite facies) and intense deformation (Sadeghian et
al., 2017), the Rizu-Desu series is not metamorphosed.

Stratigraphic relationships are often faulted, though in NE Zarand this series is overlain clearly
by Cambrian Soltaniyeh, Zaygun, and Lalun Formations, followed by Ordovician-Jurassic strata
(Sadeghian, field observations). In the Bafq area, the Rizu series is discontinuously covered by
Triassic-Cretaceous sediments and Cenozoic deposits (Aghanbati, 2002).
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Figure 2. Distribution map of the ore deposits associated with late Neoproterozoic metamorphic rocks

of Iran. Detailed information is given in table 1

No. Ore deposit No. Ore deposit
1 Chah-Farakh Copper deposit 9 Tengal Sefid iron ore deposits
2 Chah-Farakh Copper deposit 10 Robat iron ore deposits
3 Halalan Mn mine (No I) 11 Zaman Abad iron ore deposit
4 Halalan Mn mine (No II) 12 Gelmandeh iron deposits
5 Sorkhtool iron ore indication 13 Gol-Gohar iron deposit
6 Par O Bal iron ore indication 14 Zarshouran gold deposit
7 Majerad iron ore indications 15 Angouran lead and zinc deposit
8 Narm iron ore deposits 16 Muteh gold deposit

Detailed information is given in table 1.

The equivalent Hormuz series in the north of the Persian Gulf contains similar salt-bearing
volcano-sedimentary rocks (Ahmadi-Moghadam, 2019; Shahri, 2022). Both Rizu and Hormuz
series have Ediacaran-Cambrian ages and bimodal igneous compositions (Pirooj et al., 2019;
Asadi-Sarshar, 2020). Despite numerous studies (Heidari, 1996; Sharifi, 1997; Bonyadi, 2011),
detailed petrological work on the Rizu-Desu intrusions remains limited. Recent researches, such
as Bonyadi., 2005; Bonyadi et al., 2011; Sepehrirad et al., 2018; Sepehri-Rad., 2019 and
Sepehrirad & Alirezaei., 2020; Sepidbar et al., 2022 and other researchers, focused on mineral
chemistry of mineral assemblages of alteration zones and also determined salinity and
homogenization temperatures of the fluids concerning ore deposits, which had an important
role in mineralization procedures.
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Figure 3. Satellite images of diabasic dike swarms cutting the Zarigan granitoid

Figure 4. Field photos of diabasic dike swarms cutting the Zarigan granitoid (northwest part)
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The Central structural Iran zone thus preserves a wide spectrum of records from Precambrian
magmatism and metamorphism to Phanerozoic sedimentation. The Rizu-Desu series and
associated intrusions provide critical insights into Gondwana-related tectonics and iron
mineralization events. Further petrological and geochemical studies are needed to fully
understand the petrogenesis and tectonic evolution of these complexes.

Research methods

To investigate the rock units in the north-northeast Bafq region, over 200 field stations were
surveyed, and more than 450 rock samples were collected. These samples were gathered for a
range of analytical purposes, including petrographic studies, microprobe and whole rock
geochemical analysis, isotopic analysis, and geochronological dating. More than three hundred
samples of igneous rocks were collected from the N-NE Bafq region.

Figure 5. See the caption in the next page. Also, continued in the next page
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Figure 5. (a) Field photo of the gabbroic dike cut the Narigan granitic pluton (southwest of Narigan
village, looking to the west), (b) Hand sample of Narigan biotite-rich monzogabbro, and (c, d & e)
Photomicrographs of the investigated monzogabbro-monzodiorites (in XPL & PPL). (f) Large green
and pink apatite crystals. (g) Photomicrographs of the investigated monzogabbro-monzodiorites with
emphasis on the presence of apatites (in XPL & PPL) plus chloritization. (h) Secondary alteration
processes, including sericitization and calcitization

From this collection, three monzogabbro-monzodiorite samples were selected for detailed
mineralogical analysis from Narigan (NG-01.2), Dehnow (ZB-15.2) and Esfordi (Esf-gb).
Polished thin sections of the selected samples were prepared, marked, and analyzed using by
electron microprobe at the scanning electron microscopy laboratory of the Aristotle University
of Thessaloniki, Greece. The analyses were conducted using a SEM (JEOL JSM-840A)
equipped with an energy dispersive spectrometer (EDS, Oxford INCA 250), operating at an
accelerating voltage of 20 kV and a probe current of 0.4 mA. A pure Co standard was employed
for EDS calibration. Before SEM observations, the samples were coated with a 200 A carbon
layer using a JEOL-4 X vacuum evaporator. The detection limits ranged between 0.2 and 0.6
wt.%, and the obtained data were processed using various software programs allocated for
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specific analytical needs. The results, along with the graphs generated from them, were
subsequently utilized for interpretation and analysis. It should be noted that the
thermobarometric calculations of amphiboles were performed using an Excel spreadsheet,
which was designed by Ridolfi (2021).

Results
Field studies and petrography

In the northern and northeastern Bafq region, encompassing the Esfordi, Narigan, and Dehnow
areas, basic to intermediate rocks are exposed predominantly as lava flows, dikes, and small-
scale intrusions (including plugs and rarely stocks) (figure 1). The surface exposure of these
intrusions ranges from a few square meters to approximately 2 km? The 1:25,000 scale
geological maps of Aliabad (Sabzehei, 2017), Herisk (Nogol-Sadat, 2012), and Esfeng
(Sadeghian, 2018) illustrate the outcrops of numerous mafic to intermediate intrusions.
Examples include: monzogabbro-monzodiorites of the north of Esfordi Iron-Apatite mine
(covering several tens of square meters), east of Dehnow village (spanning several hundred
square meters), and the north of Narigan village (extending over several tens of square meters).

Rocks of these intrusions are medium- to coarse-grained in hand samples or specimens and
display black to dark green colors. In most samples, iron- and magnesium-rich silicate minerals
(mafic), particularly amphiboles and micas, are distinctly visible in the macroscopic scale. At
the microscopic scale, these rocks vary from coarse- to fine-grained (with finer grains typically
observed in marginal samples) and exhibit euhedral to subhedral crystal forms. They display
granular to intergranular, ophitic, and sub-ophitic textures. The main minerals include
clinopyroxene, amphibole (green and brown hornblende), biotite, plagioclase, and a little K-
feldspar. Accessory minerals in these rocks include zircon, apatite, sphene (titanite), magnetite,
and titanomagnetite (opaque minerals), as well as rare earth element-rich minerals such as
monazite and bastnésite, along with ore minerals of pyrite and chalcopyrite (Zolala et al., 2025).
Secondary alteration processes, including sericitization, chloritization, and calcitization, are
also evident and represent the visible alterations in these rock samples (figure 5g to h).

Essential minerals

Plagioclase is one of the essential minerals in the investigated monzogabbro-monzodiorite,
making up a significant proportion of their volume. Plagioclase crystals are euhedral to
subhedral and display polysynthetic twinning and compositional zoning. In some instances,
they contain apatite inclusions. Additionally, plagioclase grains are partially altered to sericite,
epidote, and calcite in some cases.

Pyroxene is present as scattered, isolated grains or as cores within amphiboles and micas.
These pyroxenes are mostly subhedral to anhedral and primarily belong to the clinopyroxene
group. The occurrence of pyroxene cores within amphiboles and micas suggests that, through
the process of fractional crystallization and increasing water content, amphiboles and micas are
crystallized in the late stages.

Amphiboles (green and brown hornblende) are abundant in monzogabbro-monzodiorite
samples, appearing in euhedral to subhedral forms. The ubiquitous presence of amphibole and
mica in these rocks suggests that the parent magma was enriched in water (1.6 to 4.3 wt.%,
based on 16 whole rock geochemical analyses). As the magma cools and crystallizes, the
presence of water profoundly influences the stability, nucleation, and growth of mineral
products (e.g., Foden & Green, 1992; Moore & Carmichael, 1998). Therefore, concerning high-
water content in the studied rocks, iron- and magnesium-rich amphiboles and micas
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crystallized, rather than pyroxene or olivine.

Detailed petrographic observations and backscatter image analysis reveal that some biotites
contain cores of amphibole (green or brown hornblende). This indicates that during the
magmatic fractionation process, the concentration of potassium (K:0O) in the melt gradually
increased. Additionally, the water content in the magmatic system also rose, creating favorable
conditions for the formation of mica (biotite). Some biotites crystallized as independent
minerals, while others host inclusions of zircon, apatite, and opaque minerals (magnetite,
titanomagnetite and ilmenite) (see figure 5).

Accessory minerals

Apatite occurs as elongated needles, scattered grains, and inclusions within mafic minerals and
plagioclase, making it one of the key accessory minerals in these rock samples. In some cases,
apatite is associated just with opaque minerals. The presence of massive iron-apatite ore
deposits highlights the high phosphate content in the magma that formed these rocks, explaining
the abundance of apatite in the region. Representative back-scatter electron scanning (BSE)
images of the pyroxenes, amphiboles, and biotite are presented in figure 6.

Opaque minerals of these rocks have occurred in both magmatic (primary) and hydrothermal
(crystallized from late-stage fluids) forms. These minerals are predominantly magnetite,
titanomagnetite, ilmenite, and, in some cases, specularite or hematite. They are present in the
rock as dispersed, fine-grained, euhedral to subhedral, and even anhedral forms. Some of these
minerals have undergone alteration, transforming into hematite and sphene. Fe and Ti-bearing
minerals, such as titanomagnetite, were altered to sphene or titanite. In these cases, opaque
minerals are altered into secondary sphene along their margins, cleavages, and fractures. The
resulting sphene (or titanite) often appears in anhedral forms. This phenomenon indicates that
Ca and Si-rich fluids have interacted with opaque minerals (see Tyler & Marsden, 1938; Miicke
& Bhadra Chaudhuri, 1990). Overall, sphene (CaTiSiOs) was formed during these alteration
processes. Typically, the calcium and silicon required for these reactions are derived from the
alteration or breakdown of plagioclase or other Ca and Si-bearing minerals. Titanomagnetites
that have been partially or incompletely altered into sphene often exhibit skeletal and lamellar
structure (see figures 7 & 8).

Mineral chemistry
Pyroxene

Pyroxene is one of the essential iron- and magnesium-bearing minerals in monzogabbros.
Microscopic examination, along with their oblique extinction, confirms that the pyroxenes in the
samples are clinopyroxenes. In general, the structural formula for pyroxenes is calculated based
on six oxygen atoms and four cations. A selection of obtained of microprobe results is given in
Table 2. The Q-J diagram of Morimoto (1988), which is calculated and plotted based on the
formulas Q =Ca+ Mg + Fe** and J=2Na+R (R: Al, Fe**, Cr**, Sc**), the clinopyroxenes from the
study area are classified within the calcium-magnesium-iron-bearing pyroxene group (figure 9a).

Additionally, based on Morimoto (1988) triangular diagram with the primary endmembers of
clinoenstatite (En), clinoferrosilite (Fs), and wollastonite (Wo), the studied pyroxenes fall within
the diopside, salite, and augite fields (figure 9b). In the Si vs. Al diagram (Berger et al., 2005), all
analyzed pyroxenes plot above the saturation line for the aluminum and silica tetrahedral site (Si
+ Al =2), indicating that this site in the pyroxene structure is predominantly occupied by Si and
Al cations (figure 9c). By plotting the values of Ti + Cr + Na against Al, the studied pyroxenes
are classified within the range of pyroxenes with igneous origin (Figure 9d).
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Table 2. Selected EPMA analytical data of clinopyroxenes were calculated based on 23 oxygen atoms
in the structural formula

Pyroxene NG-01.2 1:1(;2- IJIG 2' NG-01.2 ZB15-2 ZB15-2 ZB15-2 ZB15-2
SiO, 48.78 48.67 52.44 52.76 52.66 51.40 48.83 49.59
TiO, 2.24 2.34 0.28 0.31 0.78 0.66 2.75 2.31
AlLO; 7.22 7.02 2.04 1.97 1.84 3.82 7.65 4.85
FeOT 6.51 6.98 10.85 9.93 10.30 14.17 8.09 8.58
MnO 0.04 0.58 0.27 0.16 0.50
MgO 12.70 12.04 11.76 11.76 12.25 15.64 12.84 13.32
CaO 21.93 21.70 20.96 21.89 21.44 12.90 18.32 20.69
Na,O 0.63 0.80 0.81 0.74 0.58 0.60 1.26 0.61
K,O 0.05 0.10 0.01 0.24 0.12 0.35

Cr,0; 0.03 0.11 0.08 0.01 0.05 0.21 0.13 0.11
Total 100.09 99.79 99.82 99.87 100.06 100.01 100.22 100.06
T spaces
Si 1.804 1.810 1.974 1.980 1.970 1.916 1.801 1.845
Al 0.196 0.190 0.026 0.020 0.030 0.084 0.199 0.155
Fe* 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
M1spaces
Al 0.119 0.118 0.064 0.067 0.051 0.084 0.134 0.058
Fe* 0.000 0.000 0.003 0.000 0.000 0.005 0.015 0.009
Ti 0.062 0.065 0.008 0.009 0.022 0.019 0.076 0.065
Cr 0.001 0.003 0.002 0.000 0.001 0.006 0.004 0.003
Mg 0.700 0.668 0.660 0.658 0.683 0.869 0.706 0.739
Fe?* 0.118 0.145 0.262 0.266 0.242 0.017 0.065 0.127
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Total M1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

M2 spaces
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe?* 0.083 0.071 0.076 0.046 0.081 0.420 0.169 0.132
Mn 0.000 0.001 0.019 0.009 0.005 0.016 0.000 0.000

Ca 0.869 0.865 0.845 0.880 0.860 0.515 0.724 0.825
Na 0.045 0.058 0.059 0.054 0.042 0.044 0.090 0.044
K 0.002 0.005 0.000 0.011 0.000 0.005 0.016 0.000
Total M2 1.000 1.000 1.000 1.000 0.987 1.000 1.000 1.000
En 39.5 38.1 354 354 36.5 47.2 42.0 40.4
Fs 11.4 12.5 19.3 17.2 17.5 24.8 14.9 14.6
Wo 49.1 49.4 45.3 47.4 46.0 28.0 43.1 45.0
100Mg/
(Mg+Fe?"+Fe*"+Mn) 71.7 75.4 64.7 67.3 67.6 65.5 73.9 73.5
Fex0; 0.00 0.01 0.10 0.00 0.00 0.19 0.55 0.30
FeO 6.51 6.97 10.75 9.93 10.30 14.00 7.59 8.31
Amphibole

Amphibole is one of the most significant ferromagnesian minerals in the studied monzogabbro-
monzodiorites. Their structural formula follows the standard amphibole formula
(AB2CsIVTsO2(OH).) (Leake et al., 1997), based on 23 oxygens and 13 cations occupying
tetrahedral and octahedral positions. Various factors, including pressure, temperature, the
presence of volatiles, water content, and oxygen fugacity, influence the mineral diversity and
formation of amphiboles (Anderson & Smith, 1995; Scaillet & Macdonald, 2003; Martin, 2007,
Ridolfi et al., 2010; Molina et al., 2015; Mutch et al., 2016; Ridolfi, 2021). Approximately 110
points were analyzed on amphiboles from the monzogabbro-monzodiorites of the mentioned
areas. Based on data analysis in table 3, the sodium content in the B position of the amphibole
formula for the samples ranges from 0.05 to 0.48 BNa, while the calcium content in this position
varies between 1.52 and 1.95 BCa. When plotted on the diagrams of Leake et al., 1997 and
Hawthorne et al., 2012, the studied amphiboles are classified as calcic amphiboles (figure 10a)
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and indicate their formation from a water-rich magma. The abundant presence of biotite, an iron
and magnesium silicate minerals, in the monzogabbro-monzodiorites of northeastern Bafq,
further supports this evidence. In another classification by Leake et al., 1997, based on the Si vs.
Mg/(Mg + Fe**) diagram, these minerals plot within the hornblende-tschermakite to hornblende-
ferro-tschermakite category (figure 10b). Based on the Ti content (Ti > 0.5), Fe/(Fe+Mg) > 0.5,
Cap > 1.5, (Na+K)a > 0.5, and Si (apfu) between 5.5-6.5 (Leake, 1997), most of the analyzed
amphiboles can also be considered as kaersutite and ferrokearsutite (figure 10c).

00pim

Figure 6. a) Selected BSE image of biotite with inclusions of Fe-Ti Oxides such as magnetite and
ilmenite (white colour grains) from Dehnow monzogabbro. b) BSE image of amphibole, from Esfordi
monzogabbro, ¢) BSE image of pyroxene with inclusions of Fe-Ti Oxides such as magnetite and ilmenite
(white colour grains) from Dehnow monzogabbro
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Figure 7. Photomicrographs (in PPL) of the alteration of Ti-bearing minerals to titanite or sphene. You
can see some of the opaque minerals, whose isotropy features were changed. Dark, cloudy, or dusty

parts are Ti-bearing minerals which altered to titanite or sphene
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Figure 8. This is one of the BSE images from the studied monzogabbro-monzodiorites sample of the NE
Bafq, showing that some of the narrow bands in magnetite are rich in Titanium, and some of them have
ilmenite composition. In some of the Ti-rich zones, lamella or bands, TiO- contents reach to 46.32 percent,
which accommodates to ilmenite composition. But, TiO, contents of the opaque minerals vary between
11% to 31 %
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Amphibole classification based on Si atoms per formula unit (a.p.f.u.) from point analysis
can help differentiate between igneous and metamorphic amphiboles. According to Agemar et
al., 1999, amphiboles with Si atoms per formula unit less than 7.3 are typically of magmatic
(igneous) origin, while those with Si values greater than 7.3 are likely formed through
metamorphic processes. Accordingly, the amphiboles of the studied rocks have a Si range in
formula units between 5.68 and 6.59, indicating that they are all in the range of amphiboles of
igneous origin. Additionally, based on the Na+Ca+K vs. Si diagram (Sial et al., 1998) (figure
10d), all of the amphiboles of the studied rocks have an igneous origin. For instance, the
presence of water and volatiles plays a critical role in controlling the crystallization of
amphiboles.

Table 3. Selected EPMA analytical data for amphiboles were calculated based on 23 oxygen atoms in
the structural formula

Amphibole ESF-gb ESF-gb ESF-gb I(;IIG 2_ I(;IIG ,; I(;IIG 5_ IZSB é IZSB ;‘ 1Z5B %
SiO; 43.7 44.0 42.9 41.5 39.1 40.5 422 432 449
TiO, 5.0 43 54 53 6.4 5.0 53 5.7 3.9
ALO; 11.5 11.1 12.4 17.0 14.3 12.9 12.1 12.7 12.2
Cr,05 0.0 0.0 0.1 0.0 0.0 0.2 0.4 0.1 0.2
Fe,03 0.0 0.0 0.0 0.5 1.5 0.2 0.0 0.0 0.0
FeO 10.6 12.8 10.4 3.8 11.8 133 11.0 9.9 10.3
MnO 0.1 0.0 0.2 0.0 0.0 0.0 0.0 0.2 0.1
MgO 12.3 11.5 12.2 15.2 10.7 11.0 11.7 11.5 11.8
CaO 10.8 10.5 10.6 10.0 10.5 10.9 10.9 10.6 11.7
Na,O 2.9 2.7 3.1 34 2.4 2.7 2.9 2.7 2.1
K>O 1.2 1.2 1.0 1.3 1.4 1.4 1.4 1.5 0.9
H,O* 2.1 2.0 2.1 2.1 2.0 2.0 2.0 2.1 2.1
Total 100.0 100.1 100.2 100.1 100.1 100.2 99.9 100.2 100.1

T Spaces

Si 6.4 6.5 6.3 59 5.8 6.0 6.2 6.3 6.5
ALY 1.6 1.5 1.7 2.1 22 2.0 1.8 1.7 1.5
Sum 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0

M1-M2 Spaces
Al 0.4 0.4 0.4 0.7 0.3 0.3 0.3 0.5 0.6
Ti 0.5 0.5 0.6 0.6 0.7 0.6 0.6 0.6 0.4
Fe’* 0.0 0.0 0.0 0.1 0.2 0.0 0.0 0.0 0.0
Fe?* 1.3 1.6 1.3 0.4 1.5 1.6 1.4 1.2 1.2
Mg 2.7 2.5 2.6 32 24 2.4 2.6 2.5 2.6
Sum 4.9 5.0 4.9 5.0 5.0 5.0 4.8 4.8 4.8

A Spaces

Ca 1.7 1.6 1.6 1.5 1.7 1.7 1.7 1.7 1.8
Na 0.8 0.8 0.9 0.9 0.7 0.8 0.8 0.8 0.6
K 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.2
OH* 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Sum 4.7 4.6 4.7 4.7 4.6 4.8 4.8 4.7 4.6
Sum cations 17.6 17.6 17.6 17.7 17.6 17.8 17.7 17.5 17.4
(Ca+Na) (B) 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Na (B) 0.3 0.4 0.4 0.5 0.3 0.3 0.3 0.3 0.2
(Nat+K) (A) 0.7 0.6 0.7 0.7 0.6 0.8 0.8 0.7 0.6
Mg/(Mg+Fe?") 0.7 0.6 0.7 0.9 0.6 0.6 0.7 0.7 0.7
Fe3/(Fe*+AlYY) 0.0 0.0 0.0 0.1 04 0.1 0.0 0.0 0.0

Sum 12.9 13.0 12.9 13.0 13.0 13.0 12.9 12.8 12.8
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The higher the water content of the magma, the more calcic the amphiboles formed, whereas
lower water content leads to the formation of more sodic amphiboles (Ridolfi et al., 2010;
Scaillet & Mcdonald, 2003). Since aluminum plays a fundamental role in all amphibole-
forming processes, it is compared with other elements. Additionally, an increase in silicon (Si)
content in the mineral correlates with a decrease in A1'Y (figure. 10e). In the plot of AI'Y versus
Ti, all the studied amphiboles have Ti values below 0.8 (figure. 10f). This is because, silicon
and aluminum can substitute for each other in the amphibole structure. The electric charge
imbalance, which is caused by the four-coordinated Al'Y-substitution of Si in the tetrahedral
position, may be compensated by the isomorphism replacement of Al'Y, Fe**, and Ti in the
octahedral position (Niu et al., 2005). Also decrease in Al" is consistent with decreasing

pressure.
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Figure 9. (a) Morimoto's Q-J diagram (1988). (b) Polderwaart and Hess' (1951) ternary diagram
with three main vertices or poles of clinoenstatite (En), clinoferrosilite (Fs), and wollastonite
(Wo), to distinguish the composition of pyroxenes. (c) Si vs. Al distribution diagram and
determination of saturation. (d) Berger et al.'s (2005) diagram with Ti+Cr+Na vs. Al
components that distinguish igneous from metamorphic pyroxenes
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Figure 10. (a) BCa + BNa vs. BNa diagram (Leake et al., 1997), b) Si vs. Mg/(Mg + Fe?") diagram
(Leake et al., 1997), ¢) Fe/Fe+Mg versus Si for classification of kaersutites (Leake et al., 1997), d)
Na+Ca+K vs. Si diagram (Sial et al., 1998) for chemical discrimination between metamorphic and
igneous amphiboles. €) A"V vs. Si diagram, and (f) Cationic Ti vs. Al"Y diagram

Biotite

Accordingly, based on table 4, the triangular diagram (Al'V+Fe*'+Ti—Mg—Fe**+Mn)
presented in figure 11a (Spear, 1984) classifies the biotites of the investigated rocks as
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magnesium-rich and slightly iron-bearing biotites. To distinguish primary from secondary
biotites, the ternary diagram of MgO - TiO2x10 - FeO (Nachit et al., 2005) (figure 11b) has
been employed. This diagram effectively distinguishes primary (magmatic) biotites from
secondary biotites, as well as primary biotites that have undergone re-equilibration.
Accordingly, the biotites of the monzogabbro-monzodiorites of northeastern Bafq are within
the range of primary or magmatic biotites (figure 11b). Additionally, they observed that the
enrichment of iron and magnesium in biotites largely depends on the oxidation conditions
(favoring magnesium enrichment) and reduction conditions (favoring iron enrichment).
Lalonde and Bernard., 1993 also highlighted a relationship between the concentrations of Fe**,
Ti, and Mg and the color of biotite. Biotites of the studied rocks exhibit a distinct and prominent
brown color. The widespread presence of minerals such as magnetite, ilmenite, and titanite in
these samples indicates high oxygen fugacity and oxidizing conditions of the magma-forming
of the studied rocks.

Table 4. Selected EPMA analytical data of biotites were calculated based on 22 oxygen atoms
in the structural formula

Biotite ESF- ESF- ESF- NG- NG- NG- 7B- 7B- 7B-
gb gb gb 01.2 01.3 01.5 15.2 15.4 15.5
SiO» 38.83 39.10 37.16 37.90 36.31 35.79 37.52 36.83 35.89
TiO, 4.51 4.24 5.63 6.14 5.93 7.17 7.23 8.41 8.03
ALO; 13.67 14.89 14.71 13.65 14.57 14.64 13.32 14.24 14.13
FeOT 19.31 16.54 16.55 19.39 18.71 17.79 17.77 16.83 19.09
MnO 0.12 0.21 0.02 0.16 0.20 0.23 0.24 0.10
MgO 10.82 11.47 11.31 10.64 10.74 10.45 10.34 9.96 8.65
CaO 0.06 0.01 0.03 0.02
Na,O 0.38 0.77 0.79 0.43 0.33 0.70 0.78 0.81 0.89
K>O 8.61 8.49 8.13 8.44 8.57 8.04 8.57 8.32 7.99
Cr205 0.02 0.31 0.19 0.03 0.17
Total 96.14 95.68 94.82 96.63 95.33 94.97 95.81 95.64 94.95
Z spaces
Si 5.82 5.81 5.60 5.67 5.51 543 5.65 5.52 5.49
AlY 2.18 2.19 2.40 2.33 2.49 2.57 2.35 2.48 2.51
Sum z 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
AV 2.18 2.19 2.40 2.33 2.49 2.57 2.35 2.48 2.51
AV 0.24 0.41 0.21 0.07 0.12 0.05 0.01 0.04 0.03
Ti 0.51 0.47 0.64 0.69 0.68 0.82 0.82 0.95 0.92
Fe?* 2.42 2.05 2.08 2.43 2.38 2.26 2.24 2.11 2.44
Mn 0.00 0.01 0.03 0.00 0.02 0.03 0.03 0.03 0.01
Mg 2.42 2.54 2.54 2.37 2.43 2.37 2.32 2.23 1.97
Cr 0.00 0.00 0.04 0.00 0.00 0.02 0.00 0.00 0.02
Y 5.58 5.49 5.54 5.57 5.63 5.54 541 5.36 5.40
Ca 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.11 0.22 0.23 0.12 0.10 0.21 0.23 0.24 0.26
K 1.65 1.61 1.56 1.61 1.66 1.56 1.65 1.59 1.56
Total 15.10 15.02 15.28 15.20 15.50 15.42 15.06 15.02 15.13
Fe/Fet+tMg 0.50 0.45 0.45 0.51 0.49 0.49 0.49 0.49 0.55
Fe+Mg 4.84 4.59 4.63 4.80 4.81 4.62 4.56 4.34 4.41

Mg/(MgtFe2) 0.50 0.55 0.55 0.49 0.51 0.51 0.51 0.51 0.45
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Feldspars

The feldspars from the monzogabbro-monzodiorites were analyzed at a total of 84 points, with
a selection of the data presented in Table 5. Selected BSE images of plagioclases are presented
in figure 12 (a & b). Variation of albite contents (Ab %) of one of the plagioclase crystals along
a rim-core-rim profile or section illustrated in figure 12c. There is a little variation in Albite
content in this plagioclase crystal, and a general increase in Ab% towards the rims. Figure 12d
illustrates the compositional position of these feldspars in the Ab-Or-An triangular diagram
(Deer et al., 1992).

Table 5. Selected EPMA analytical data of feldspars were calculated based on 8 oxygen atoms in the
structural formula

ESF- ESF- ESF- NG- NG- NG- 7B- 7B- 7B-

Feldspar gb gb gb 012 012 012 153 154  15.12
Si0, 683 679 676 680 677 679 664 654 668
AlLO; 193 196 198 193 193 196 193 187 198
FeO 02 0.3 0.2 0.6 0.6 0.4 0.1 0.6
Ca0 0.1 04 0.5 0.3 0.4 0.3 02 0.0 0.9
Na;0 1.5 115 11 116 114 116 67 2.9 10.1
K,0 0.4 0.2 0.6 0.1 0.2 0.0 7.1 12.7 1.6
Total 998 998 998 999 995 999 997 998 999
Si 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0

Ti 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Al 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Ca 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Na 1.0 1.0 0.9 1.0 1.0 1.0 0.6 0.3 0.9

K 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.7 0.1
Total 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Or (K) 2.1 0.9 3.3 0.4 0.9 0.1 404 739 93
Ab (Na) 975 974 944 982 972 986 586 258 863
An (Ca+Mn+Mg) 0.4 1.7 22 1.5 1.9 1.3 1.0 0.2 4.5

10*TiO,

Primery J
Biotite .’

Reequilibrium
Primery Biotite

™ FAY

AlVI+Fet3+Ti FetZ+Mn Fe0* MgO

Figure 11. (a) Spear's (1984) triangular diagram to distinguish different types of biotite. (b)
Nachit et al.'s (2005) triangular diagram of MgO and TiO>*10, FeO+MnO
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Figure 12. a and b) BSE image of plagioclase. The dark gray part of this image is plagioclase (1 to 9
points). ¢) Variation of Ab contents (%) in the same plagioclase that is shown in part b. d) An-Ab-Or
ternary diagram for determining the composition and naming of feldspars of the monzogabbro-
monzodioritic samples of the studied area (Deer et al., 1992)

The An (anorthite) content in plagioclases of basic rocks like gabbro and basalt is
generally more than 50%. However, very low contents of An in the studied monzogabbro-
monzodiorites is an unusual phenomenon. There are several ways to explain this subject, for
example, sodic metasomatism (albitization), alteration, highly fractional crystallization, and
crystallization the crystals from unusual magmas (e.g., Engvik et al., 2014; Kerwin, 2018). With
attention to the geological history of the N-NE Bafq rift-related magmatic rocks, the low An
content of plagioclase can be explained by metasomatism (sodic alteration (albitization)) and/or
fractional crystallization of the unusual magmas (rich in Na, K, and H>0O).

Accordingly, all samples are dominated by the albite component, with some plots within the
anorthoclase and oligoclase fields. Just three analyzed points have K-feldspar composition
(Or7s.88, Abo.2s, Ang.15.181).

Geothermobarometry

Based on the mineral chemistry of pyroxenes

The mineral chemistry of clinopyroxenes is influenced to some extent by changes in the
temperature of the magma from which they crystallize. As a result, it is possible to estimate the

crystallization temperature or the temperature at which chemical exchanges cease and the
mineral system closes, based on the abundance or concentration of Ca, Mg, and Fe?* cations in
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clinopyroxenes. P-T conditions formation of the studied clinopyroxenes can be calculated using
the Soesoo diagram (1997) and the following equation:
Xpr = 0.446 SiO, + 0.187 TiO; - 0.404 ALLOs + 0.346 FeO"" + 0.052 MnO +0.309 MgO +

0.431 CaO - 0.446 NaO (Equation 1)
Ypr = -0.369 Si0»+0.535 TiOz - 0.317 AlL,O3+ 0.323 FeO®@! + 0.235 MnO - 0.516 MgO -
0.167 CaO - 0.153 NaO (Equation 2)

Accordingly, the temperature formation for the studied clinopyroxenes has been estimated to
range between 1139 and 1270 °C (figure. 13a & b). Pressure range mostly covers 5 to 12.33
kbars (figure. 13¢c & d). Also, we used from MagMin_ PT spreadsheet designed by Giindiiz, &
Asan., 2023 for evaluating of obtained temperatures and pressures of the studied
clinopyroxenes. The results are consistent with P-T ranges, which were calculated by using the
Soesoo diagram (1997) (see figure. 13 b & d).
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Figure 13. Geothermobarometry results based on mineral chemistry of pyroxenes. a) Xpr versus Ypr
diagrams of clinopyroxene crystallization T conditions of the N-NE monzodiorite-monzogabbros
(Soesoo, 1997). b) Histogram of temperatures and pressures calculated based on clinopyroxenes
thermobarometry for N-NE monzogabbro-monzodiorites based on the spreadsheet MagMin PT
designed by Giindiiz & Asan (2023). ¢) Xpr versus Ypr diagrams of clinopyroxene crystallization P
conditions of the N-NE monzodiorite-monzogabbros (Soesoo, 1997). d) Histogram of temperatures
calculated based on clinopyroxenes thermometry of the N-NE monzodiorite-monzogabbros based on
the spreadsheet MagMin_PT (Giindiiz & Asan, 2023)
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Based on the mineral chemistry of amphiboles

Amphiboles are among the most valuable minerals for geothermobarometry of ferromagnesian
minerals in calc-alkaline igneous rocks, especially in the investigated monzogabbro-
monzodiorites. This is due to the widespread presence of amphibole in nearly all such rocks,
regardless of whether they are basic, intermediate, or acidic in composition (Stein & Dietl, 2001;
Leake et al., 1997). Amphibole remains stable across a wide range of pressures, from 23 to 1
kilobar, and temperatures, from 1150 to 400 °C, as well as in environments with water content
(weight percent H.0O) exceeding 2% (Blundy & Holland, 1990). It effectively reflects the
temperature, pressure, and oxygen fugacity conditions of the magmas that formed the rocks
containing this mineral (Anderson & Smith, 1995). Studies and experiments conducted by
researchers over the past two decades have shown that the total aluminum content in amphiboles
is directly related to their crystallization depth, making it a reliable parameter for
thermobarometric calculations (Simakin et al., 2012; Sarjoughian et al., 2015). As mentioned
earlier, barometry depends on oxygen fugacity as well as temperature. The oxygen fugacity in a
magma is influenced by the composition of its source materials and is also closely tied to the
tectonic setting in which the magma forms. One approach to estimating oxygen partial pressure
in intrusive rocks is to examine the composition of amphiboles, using the A" versus Fe/(Fe+Mg)
diagram. All samples plot within the region of relatively high oxygen fugacity (Anderson &
Smith, 1995) (figure 14), and the abundance of magnetite and titanomagnetite in the studied
monzogabbro-monzodiorites provides additional confirmation of this (figures 5 & 6).

Due to the strong relationship between the aluminum content in amphiboles and the pressure
at which they crystallized; amphiboles are extensively used to estimate the pressure conditions
during magma crystallization. Consequently, various barometric methods and associated
formulas have been proposed by researchers to calculate pressure based on the aluminum
content in amphiboles (e.g., Hammarstrom & Zen, 1986; Hollister et al., 1987; Johnson &
Rutherford, 1989; Schmidth, 1992). Considering the variation in the Al1°® content, which
ranges between 2 and 2.6, and applying the Schmidth (1992) formula, the approximate pressure
conditions for the formation and crystallization environment of the studied rocks were
estimated to be between 9.36 and 6.51 kilobars, equivalent to depths of approximately 25.33 to
17.58 kilometers.
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Figure 14. Determination of oxygen fugacity in the Al'Y vs. Fe/Fe+Mg plot (Anderson and Smith, 1995)
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P (£ 0.6 kbar) = -3.01+4.76A1°% (Equation 3)
The estimated pressure may be influenced by factors such as ion substitution in the amphibole
structure, the fugacity of ambient oxygen, the presence of volatiles, and the chemical
composition of the magma. The method of measuring pressure using the aluminum content of
amphibole (barometry) is only applicable when the rock contains an assemblage of minerals,
including plagioclase, potassium feldspar, biotite, amphibole, sphene, magnetite, or ilmenite.
These mineral assemblages significantly constrain the chemical composition of the rock (Helmi
et al,, 2004), which aligns with the minerals identified in the studied monzogabbro-
monzodiorites. The thermobarometric results are presented in figure 15a to e.
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Figure 15. Geothermobarometry of amphiboles of the N-NE Bafq monzogabbro-monzodiorites. a & b)
Histograms of temperatures and pressures calculated based on amphiboles geothermobarometry for N-
NE monzogabbro-monzodiorites based on the spreadsheet innovated by Ridolfi (2021). ¢) Barometric
range of amphiboles formation based on the A1™9 vs. Fe/Fe+Mg plot (Schmidt, 1992). d) Trend of
titanium and aluminum oxide content of calcic amphiboles based on weight percent as a function of
pressure and temperature (Ernst and Liu, 1998). e) P-T diagram for amphiboles of the N-NE Bafq
monzogabbro-monzodiorites



Geopersia 2026, 16(1): 33-68 55

The equilibrium crystallization temperature of the studied rocks, calculated using the
following equation (which is referenced by Vynhal et al., 1991, to Blundy & Holland, 1990)
and the pressure derived from the Schmidt formula (1992) (P (+ 0.6 kbar) = -3.01+4.76 A1),
mainly covers a range from 790 to 890 °C.

T =(25.3 * P(kbar)) + 654.9 (Equation 4)
Also, based on the amount of different amphibole cations, temperatures of 790 to 890 °C have
been obtained for the formation, cessation, and equilibrium of geochemical exchanges, based
on the formula presented below:

T (C°) =1781-132.74 [Si*™h] + 116.6 [Tiamph] - 69.41 [Fe! A™Ph] + 101.62 [Nar™Ph]
(Equation 5) (Putirka, 2016).

As amphiboles usually crystallize after pyroxene and during the increasing water content of
magma, it appears that the estimated pressure range for amphiboles (5.5 to 9 kbar) is more
reliable.

Based on the mineral chemistry of biotites

The titanium (Ti) content in biotites and the Ti/Fe?* ratio are sensitive to temperature, making
them reliable thermometers for determining the formation temperature or the equilibrium and
cessation temperatures of chemical exchanges. In this regard, Henry et al., 2005 have proposed
the following equation:

T = {[In(Ti)-a-c(Xmg)*]/b} 33 (Equation 6)
where T is temperature in °C, Ti is the apfu normalized to 22 O atoms, Xwmg is Mg/(Mg+Fe),
and the a, b, and c parameters are given in Table 6. Based on the equation “6” and using the
obtained data from the microprobe analysis of biotites of the investigated monzogabbro-
monzodiorites, the calculated temperatures cover mostly a range from approximately 745 to
780°C (figure. 16a, Table 6). Concerning the nature of the studied rocks, these temperatures
reflect the closure temperature of the mineral system for cation exchange, rather than the
crystallization temperature, as intrusive rocks undergo slow crystallization and cooling
processes. Similarly, as amphiboles, where a direct relationship exists between the total
aluminum content and the prevailing pressure, the total aluminum (Al") can also be utilized
for biotite barometry, following the theory of Uchida et al., (2007). Based on the equation “7”
(Uchida et al., 2007), the crystallization pressure of biotite in the rocks of the study area can
be estimated. Based on equation “7”, the closure pressure range for the studied biotites covers
0.3 to 2.2 kbar, but mostly falls in the range of 1.5-0.5 kbar (also see Table 7 and figure. 16
b & c).

P(kb) =3.03 x AlT-6.53 (£ 0.33) (Equation 7) (Uchida et al., 2007)
With attention to the results of P-T calculation based on the pyroxene, amphibole, and biotite
thermometry and geothermobarometry, summarized in figures 14 to 17. These results are
consistent with fractional crystallisation and crystallisation order. The decreasing trend of P and
T from pyroxene to biotite confirms this fact. Also, indicate P-T condition covers the following
range: T= 1270 to 730 °C, and P=12.33 to 0.5 kbar.

Determination of magma series

Based on the mineral chemistry of pyroxenes

According to the diagram by Nisbet and Pearce, (1977), which utilizes the AlOs and SiO:
content of pyroxenes, the magmatic series can be classified into peralkaline, subalkaline, and

alkaline types. As noted by Le Bas et al., (1962), the ratio of SiO: to Al2Os in pyroxenes is
significantly and directly related to its concentration in the host rock. For this reason, due to the
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high content of these two elements, particularly SiO:, the studied pyroxenes span a broader
range from subalkaline to alkaline (figure. 18a). In the diagrams by Le Bas (1962) and Le Maitre
et al., (1982), where Ti is plotted against Na+Ca, most of the studied pyroxenes fall within the
alkaline range (figure. 18b & c¢).

Table 6. Thermometry results for the studied biotites

No Ti Xmg T No Ti Xmg T
1 0.51 0.50 769 38 0.69 0.49 769
2 0.52 0.46 774 39 0.65 0.49 771
3 0.55 0.52 766 40 0.68 0.50 769
4 0.47 0.55 759 41 0.68 0.51 768
5 0.64 0.55 760 42 0.82 0.51 767
6 0.67 0.52 765 43 0.77 0.46 774
7 0.64 0.51 767 44 0.77 0.58 755
8 0.59 0.51 766 45 0.86 0.67 730
9 0.57 0.50 768 46 0.71 0.47 773
10 0.55 0.59 752 47 0.86 0.50 769
11 0.43 0.60 749 48 0.81 0.50 768
12 0.49 0.58 753 49 0.50 0.52 766
13 0.84 0.62 745 50 0.82 0.53 764
14 0.40 0.62 745 51 0.88 0.59 751
15 0.55 0.53 764 52 0.93 0.65 735
16 0.56 0.54 761 53 1.10 0.52 766
17 0.53 0.49 769 54 0.97 0.51 766
18 0.62 0.50 768 55 0.99 0.61 746
19 0.62 0.47 773 56 0.65 0.42 779
20 0.56 0.48 772 57 0.88 0.54 762
21 0.47 0.54 763 58 0.38 0.51 768
22 0.52 0.50 768 59 0.86 0.41 780
23 0.47 0.51 766 60 0.59 0.49 770
24 0.52 0.53 763 61 0.75 0.48 772
25 0.61 0.54 762 62 0.82 0.54 762
26 0.60 0.53 764 63 0.59 0.50 768
27 0.57 0.50 768 64 0.67 0.46 775
28 0.49 0.53 763 65 0.78 0.50 768
29 0.51 0.51 767 66 0.67 0.50 769
30 0.50 0.52 765 67 0.67 0.51 767
31 0.54 0.50 768 68 0.80 0.57 756
32 0.54 0.67 729 69 0.54 0.48 771
33 0.47 0.90 616 70 0.56 0.48 772
34 0.43 0.91 606 71 0.58 0.47 772
35 0.54 0.88 632 72 0.53 0.51 767
36 0.41 0.94 580 73 0.73 0.50 769
37 0.49 0.87 640 74 0.65 0.51 767
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Table 6. continued

No Ti Xmg T No Ti Xmg T
75 0.69 0.49 770 96 0.99 0.48 772
76 0.78 0.49 770 97 0.85 0.49 770
77 0.70 0.49 770 98 0.81 0.49 770
78 0.81 0.52 765 99 0.94 0.45 775
79 0.69 0.52 766 100 0.90 0.44 776
80 0.80 0.48 772 101 0.74 0.40 781
81 0.83 0.49 770 102 0.49 0.43 777
82 0.86 0.52 765 103 0.39 0.48 772
83 0.93 0.46 775 104 0.88 0.47 772
84 0.83 0.48 771 105 0.83 0.47 773
85 0.82 0.48 772 106 0.63 0.45 776
86 0.83 0.47 773 107 0.71 0.55 759
87 0.91 0.46 775 108 0.17 0.75 701
88 0.97 0.48 772 109 0.06 0.77 692
89 0.82 0.51 767 110 0.82 0.48 772
920 0.95 0.51 766 111 0.96 0.51 767
91 0.92 0.45 776 112 0.35 0.45 776
92 0.77 0.42 779 113 0.91 0.42 779
93 0.85 0.44 777 114 0.62 0.46 774
94 0.78 0.49 770 115 0.53 0.42 779
95 0.92 0.41 780 116 0.48 0.45 775
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Figure 16. Thermobarometry of biotites of the N-NE Bafq monzogabbro-monzodiorites. a & b)
Histograms of temperatures and pressures calculated based on biotites chemistry for N-NE
monzogabbro-monzodiorites (respectively based on the Henry et al., 2005; Uchida et al., 2007); ¢) P-T

diagram for biotites of the N-NE Bafq monzogabbro-monzodiorites



58 Zolala et al.

Table 7. Barometry results for the studied biotites

No Alt P No Alt P No Alt P
1 2.32 0.50 37 2.47 0.95 73 2.57 1.25
2 2.33 0.52 38 2.47 0.96 74 2.57 1.26
3 2.34 0.56 39 2.48 0.97 75 2.57 1.26
4 2.34 0.58 40 2.48 0.98 76 2.57 1.27
5 2.35 0.60 41 2.49 1.01 77 2.57 1.27
6 2.36 0.62 42 2.49 1.01 78 2.57 1.27
7 2.36 0.63 43 2.49 1.02 79 2.58 1.30
8 2.37 0.65 44 2.49 1.02 80 2.59 1.30
9 2.37 0.67 45 2.49 1.02 81 2.59 1.31
10 2.38 0.68 46 2.50 1.03 82 2.59 1.32
11 2.39 0.71 47 2.50 1.03 83 2.59 1.32
12 2.39 0.72 48 2.50 1.04 84 2.60 1.34
13 2.40 0.74 49 2.50 1.04 85 2.60 1.34
14 2.41 0.76 50 2.50 1.04 86 2.60 1.35
15 2.41 0.76 51 2.50 1.05 87 2.60 1.36
16 2.41 0.78 52 2.50 1.05 88 2.61 1.36
17 2.41 0.78 53 2.51 1.06 89 2.61 1.37
18 2.42 0.79 54 2.51 1.08 90 2.61 1.37
19 2.42 0.81 55 2.52 1.09 91 2.61 1.39
20 2.42 0.81 56 2.52 1.09 92 2.61 1.39
21 2.43 0.82 57 2.52 1.09 93 2.62 1.39
22 2.43 0.82 58 2.52 1.09 94 2.62 1.41
23 2.43 0.82 59 2.52 1.11 95 2.62 1.41
24 2.43 0.83 60 2.52 1.11 96 2.63 1.43
25 2.43 0.83 61 2.53 1.13 97 2.63 1.44
26 2.44 0.86 62 2.54 1.15 98 2.64 1.46
27 2.44 0.87 63 2.54 1.16 99 2.65 1.49
28 2.45 0.88 64 2.54 1.17 100 2.65 1.50
29 2.45 0.90 65 2.54 1.18 101 2.65 1.50
30 2.45 0.90 66 2.54 1.18 102 2.65 1.51
31 2.45 0.90 67 2.55 1.18 103 2.66 1.53
32 2.46 0.92 68 2.55 1.20 104 2.67 1.56
33 2.46 0.92 69 2.55 1.21 105 2.72 1.73
34 2.46 0.93 70 2.56 1.23 106 2.74 1.78
35 2.46 0.93 71 2.57 1.24 107 2.84 2.07
36 2.46 0.93 72 2.57 1.25 108 2.97 2.47
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Figure 17. Total perspective of the geothermobarometry results based on the mineral chemistry of
clinopyroxenes, amphiboles, and biotites of the N-NE Bafq monzogabbro-monzodiorites
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Figure 18. (a) ALOs vs. SiO: plot for pyroxenes (Nisbet and Pearce, 1977). (b) Ti vs. Ca + Na plot for
pyroxenes (Leterrier et al., 1982). (c¢) Ti vs. Ca + Na plot for pyroxenes (Le Bas, 1962). (d & e¢) ALOs
vs. TiO2 and MgO vs. TiO: plots (Molina et al., 2009) to determine the magmatic series of the studied
rocks, which contain amphiboles

Based on the mineral chemistry of amphiboles

By considering TiO: vs. Al.Os and MgO vs. Al-Os (Molina et al., 2009), the studied amphiboles
all plot within the alkaline field (figure 18 d & e). Additionally, the presence of such amphiboles
indicates that the magma forming these rocks contained a relatively significant amount of water
(7.7-5.2% wt.%) (Otten, 1984).
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Based on the mineral chemistry of Biotites

Based on the oxide content of major elements in biotites, such as MgO versus Al>Os, and FeO
versus Al2Os diagrams (Abdel-Rahman, 1994), can be used to determine the magmatic series
and tectonic environment of rocks containing biotites. A field corresponds to the non-orogenic
alkaline series, C field is associated with calc-alkaline rocks, and P field pertains to
peraluminous samples resulting from the melting of continental crust in collisional
environments. In these diagrams, the biotites from the monzogabbro-monzodiorites of N-NE
Bafq plot within the alkaline to calc-alkaline fields (figure 19a & b).

Tectonic setting
Based on the mineral chemistry of pyroxenes

Several methods and diagrams have been developed to investigate the tectonic settings of
pyroxenes. One of these diagrams is F1-F2, which that proposed by Nisbet et al., (1977). The F1
and F2 components are calculated based on the oxides of major and minor elements in pyroxenes,
enabling the distinction between five different tectonic environments. Based on the formula
provided for the F1 and F2 components, as outlined below, the studied pyroxenes plot in
environments analogous to intraplate alkaline basalts and intraplate tholeiitic basalts (figure 20a).
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Figure 19. (a & b) FeO-ALL O3 and MgO-AlL,O3 biotite discriminant diagrams (Abdel-Rahman, 1994)
for the determination of the tectonic setting and magma series of the studied rocks
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Figure 20. (a) F1-F2 diagram for pyroxenes (Nisbet et al., 1977). (b) Na,O versus SiO: diagram (Coltorti
et al., 2007) to distinguish the tectonic environments of the amphiboles of the studied rocks
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FI = - (0.012*Si0,) — (0.0807*TiO,) + (0.0026*AL,03) — (0.0012*FeO') — (0.0026 * MnO)

+(0.0087* Mg0O) —(0.0128*Ca0)—(0.0419*Na»0). (Equation 8)
F2 = (0.0469*Si02) — (0.0818*TiO2) + (0.0212*Al,03) — (0.0041*FeOt) — (0.1435*MnO) +
(0.0029* MgO) — (0.0085 *CaO) — (0.016*Na>0). (Equation 9)

Based on the mineral chemistry of amphiboles

One approach to determining geological settings and differentiating subduction environments
from intraplate environments involves analyzing the mineral chemistry of amphiboles.
Typically, amphiboles originating from intraplate environments have higher TiO: and Na.O
contents compared to those from subduction environments (Coltorti et al., 2007). As a result,
most amphiboles of the studied rocks are indicative of formation in intraplate environments
(figure. 20b).

Based on the mineral chemistry of Biotites

As discussed in the section on determining the magma series based on the chemical composition
of biotites from the monzogabbro-monzodiorites of N-NE Bafq, they plot within the alkaline
to calc-alkaline (as mentioned before) field or domain, consistent with rocks formed in an
intracontinental rift environment (Nisbet et al.,1977; Coltorti et al., 2007; Ashrafi et al., 2024)
(figure 19a & b). Additionally, the chemical composition of the pyroxenes and amphiboles in
these rocks also supports an intraplate and alkaline origin.

At this moment, it is also important to note that the petrological features of the studied rocks
are very similar to those of appinite rocks. Appinite rocks occur as hypabyssal intrusions and
have an ultramafic to felsic composition. The hornblende in appinitic rocks is distinctly
magnesian hornblende to tschermakite. Microprobe analysis and amphibole composition
determinations confirm this similarity. Appinite rocks are emplaced at various crustal levels
and occur in a wide range of tectonic settings. They are typically high in potassium, enriched
in light rare earth elements (LRREs) and exhibit shoshonitic characteristics. Magma-forming
these rocks originated from partial melting of a mantle source enriched with fluids derived from
subduction zones or hydrous metasomatized mantle and subcontinental lithospheric mantle
(SCLM) (Murphy, 2013). All of these criteria are consistence with the features of the N-NE
Bafq basic-intermediate intrusives and/or hypabyssal dikes.

The late Neoproterozoic (late Ediacaran) - early Paleozoic (early Cambrian) magmatic rocks
and their associated volcano-sedimentary rocks of central Iran, especially between Saghand,
Bafq, Bahabad, and Zarand, have been the focus points of a lot of research from 1970 up to
now. But until now, there are a lot of questions that should be answered for them. Those need
to be more detailed studies in the future.

Conclusions

Based on the mineral chemistry results, pyroxenes have mostly diopside and augite
compositions, amphiboles are calcic-amphiboles, magnesiohornblende, and tschermakite, with
igneous origin. Biotites are rich in Fe and Mg, and plot in the Fe-biotite and Mg-biotite fields;
they are also primary biotites. Feldspars mostly include Albite-rich or sodic plagioclase (Ab
contents are more than 80 percent), and plot in albite and oligoclase fields. Concerning the
presence of a variety of hydrous minerals, such as green and brown hornblende and biotite, in
the monzogabbro-monzodiorite rocks, it can be concluded that these rocks crystallized from
water-rich magmas. These mafic minerals frequently host opaque minerals, such as magnetite,
titanomagnetite, and ilmenite, which appear as euhedral to subhedral grains and as inclusions.
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Apatite, as an accessory mineral, appears as elongated needle-shaped crystals and is abundant
in monzogabbros. Chemical composition of the pyroxenes, amphiboles, and biotites of the
studied monzogabbro-monzodiorites supports an intraplate and alkaline to calc-alkaline origin.
The main ranges of calculated temperatures for the formation, cessation, and equilibrium of
geochemical exchanges of the pyroxenes, amphiboles, and biotites in respectively, are as
follows:

a) 1140-1270 °C, and 4.88-12.332 kbar for pyroxenes

b) 890 to 790 °C, and 5.61-9.42 kbar for amphiboles

c) 780 to 745 °C, and 0.2-2.2 kbar for biotites (but mostly covers range of 0.5-1.5 kbar)
(see figure 17).

Therefore, pressures cover a range mostly from 13.1 to 0.5 kbar, and temperatures cover a
range from 1270 to 745 °C. Biotite's chemical composition is highly sensitive to environmental
conditions like temperature, pressure, oxygen fugacity, and the composition of the surrounding
magma and fluids. Due to this sensitivity, pressure ranges determined using biotite
geobarometry should be interpreted with more caution (e.g., li & Zhang, 2022). These obtained
P-T ranges, and the presence of hydrous minerals such as hornblende and biotite, are
consistence with the progress of fractional crystallization during magma evolution. Based on
microprobe analysis results, apatite crystals often act as a favorable host for the concentration
of rare earth elements, including La, Ce, and Nd. Additionally, opaque minerals contain
inclusions of monazite, a phosphate mineral rich in rare earth elements, particularly La and Ce.
Collectively, these observations indicate that the studied rocks crystallized from magmas rich
in water (OH), large-ion lithophile elements (LILEs) such as Sr, Ba, Rb, and K, high-field-
strength elements (HFSEs) like P, Ce, La, and Zr, and light rare earth elements (LREEs)
including Nd, La, and Ce (Zolala et al., 2025).

Concerning all of the new findings in this research and earlier studies, monzogabbros and
monzodiorites of the N-NE Bafq belong to an extensional tectonic regime or intracontinental
rifting system. Also, these rocks originated from the partial melting of metasomatized
subcontinental lithospheric mantle or mantle source. The resulting magmas evolved by
fractional crystallization, and possibly crustal contamination, then emplaced in the continental
crust around Ediacaran-Cambrian boundary.
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