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The Kashan region is located in the central part of the Urumieh-Dokhtar magmatic Arc
(UDMA). In this area, Miocene adakitic rocks, including andesites and rhyodacites,
occur as lava flows and domes. The primary mineral assemblages consist of amphibole,
biotite and plagioclase, with minor alkali feldspar. Mineral chemistry analyses reveal
that plagioclase compositions from andesine to oligoclase, amphiboles vary from
Mg-hastingsite, tschermakite to Mg-hornblende, and biotites span from annite to
phlogopite. Amphiboles show high Fe**/(Fe**+Fe*") ratios, whereas magmatic biotites
in rhyodacites exhibit low total Al and narrow Fe/(Fe+Mg) ratios, indicative of relatively
oxidizing conditions. Oxygen fugacity (fO,) values range from 107194 bar (ANNO+0.75,
representing nickel-nickel oxide) in andesites to 107123 bar (ANNO+1.7) in rhyodacites.
Application of the calcic amphibole geothermobarometer indicates that amphiboles
crystallized at temperatures of 791-986 °C and pressures of 620-800 MPa in andesites,
and at 636-850 °C and 250-450 MPa in rhyodacitic rocks, corresponding to maximum
crustal depths of 28 km. Primary biotites in rhyodacites crystallized slightly later at
temperatures of 690-784 °C (average 712 °C).

Keywords: Mineral chemistry; geothermobarometry; adakite; Urumieh-Dokhtar
magmatic arc; Iran.

INTRODUCTION the physicochemical conditions, such as temperature,
Geothermobarometric techniques play a crucial pressure and oxygen fugacity, that prevailed during
role in better assessment of the tectonic processes that their formations (Helmy et al., 2004). Accurate pressure
shape the geological evolution of specific regions (e.g., and temperature estimations are crucial for interpreting
Szymanowski et al., 2017; Fanka et al., 2018). These geological evolution, and are typically integrated with field
techniques are based on the chemical potential of elements observations, petrographic analyses, geochemical data,
in rock-forming minerals, which are influenced by the structural studies, and geochronological investigations.
chemistry of the melt and the evolving thermodynamic Amphiboles are key minerals in a wide range of igneous
conditions during crystallization (e.g., Abbott and Clarke, and metamorphic rocks. Thermobarometric of amphibole
1979; Helmy et al., 2004). As a result, the mineralogical and clinopyroxene are commonly used to determine
characteristics of rocks provide valuable insights into the pressure- temperature (P-T) conditions during the
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emplacement of igneous rocks, providing insight into
the depth of their intrusion (e.g., Putirka, 2008b; Ridolfi
et al., 2010). Variations in the aluminum (Al) content of
calcic amphiboles, for instance, are closely associated
with the depth of pluton emplacement. Over the last three
decades, Al-in-hornblende geobarometry has been widely
applied to determine the emplacement depths of plutons
(e.g., Rutter et al., 1989; Anderson, 1996; Anderson
et al., 2008; Hossain et al., 2009). Such information
is crucial for understanding the spatial, temporal, and
chemical evolution of the orogenic systems (Rutter et
al., 1989). Biotite is another important ferromagnesian
mineral, commonly found in intermediate and felsic
rocks. Its composition is primarily influenced by magma
characteristics and the physicochemical conditions during
crystallization (e.g., Abdel-Rahman, 1994).

The Kashan adakitic rocks, comprising andesites and
rhyodacites, are characterized by major minerals such as
amphibole, plagioclase, and biotite. This study utilizes
mineral chemistry, with a focus on amphibole and biotite
compositions, to investigate the geological conditions
that influenced the formation of Miocene adakitic rocks
in the southern Kashan region. We have used mineral
compositions to evaluate the pressure-temperature (P-T)
conditions, the magmatic series, and the evolution of the
magmas that formed these rocks, as well as to investigate
the depth of the associated magma chambers.

GEOLOGICAL BACKGROUND

The Zagros orogen, a segment of the Alpine-
Himalayan orogenic system, formed by the closure of the
Neo-Tethyan oceanic basement subsequent continental
collision between the Arabian and Iranian blocks during
Cenozoic (e.g., Mohajjel and Fergusson, 2000; Agard
et al., 2005). Structurally, the Zagros orogen is divided
into three principal segments (e.g., Mohajjel et al., 2003;
Alavi, 2004): the Zagros Fold-Thrust Belt (ZFTB; e.g.,
Berberian and King, 1981), the Sanandaj-Sirjan Zone
(SaSZzZ; e.g., Stocklin, 1968), and the Urumieh-Dokhtar
Magmatic Arc (UDMA; e.g., McClusky et al., 2003)
(Figure la). The ZFTB and the SaSZ consist of folded
and faulted sequences: the ZFTB contains Paleozoic-
Mesozoic shelf deposits, whereas the SaSZ includes
significantly Precambrian- Paleozoic metamorphic rocks
(e.g., Stocklin, 1968; Davoudian et al., 2022) resulting
from continental intra-subduction before Neo-Tethyan
subduction (Shabanian and Neubauer, 2024).

The UDMA originated from the subduction of the
Neo-Tethyan oceanic slab, followed by the collision of
the Arabia and Eurasia continents, likely occurring from
the Late Cretaceous to the Pliocene (e.g., Berberian
and King, 1981; Agard et al., 2011; Chiu et al., 2013).
Magmatic activity in the UDMA decreased from the Late

Miocene to the Quaternary compared to the Paleogene.
However, during this time, various magma types erupted,
including ultrapotassic (Ahmadzadeh et al., 2010; Pang
et al., 2013Db), adakitic (e.g., Jahangiri, 2007; Khodami et
al., 2009), alkali basaltic magmas (e.g., Pang et al., 2012;
Allen et al., 2013), high-K calc-alkaline and shoshonitic
magmas (e.g., Khaksar et al., 2020, 2022; Moradi et al.,
2022; Dargahi et al., 2007). Several models have been
proposed to explain adakitic magmatism in continental
collision zones, including: (1) partial melting of a
detached oceanic slab (e.g., Omrani et al., 2008), (2) in-
situ melting of the thickened lower crust (e.g. Pang et
al., 2016), (3) magmatic reprocessing of subducted or
delaminated lower crust (e.g., Karsli et al., 2010), and (4)
garnet and/or amphibole fractionation affecting mantle
wedge-derived magmas (e.g., Song et al., 2014). Adakitic
rocks in the UDMA have been extensively studied across
a broad geographical area, ranging from the northern
(e.g., Azizi et al., 2024) to the central (Chiu et al., 2013;
Ghorbani et al., 2014; Pang et al., 2016) and extending to
the southern regions (e.g., Kheirkhah et al., 2020). The
timing of adakites formation in Iran varies significantly,
from Paleozoic in Central Iran (Torabi, 2012; Delavari et
al., 2014) to Pleistocene in the southern UDMA (Pang et
al., 2016). Most adakites in Iran are attributed to oceanic
slab melting (e.g., Jahangiri, 2007; Khodami et al., 2009),
or partial melting of the lower crust (e.g., Pang et al.,
2016; Azizi et al., 2024), in a post-collisional setting.

The Middle Miocene Kashan volcanic rocks are located
in southern Kashan in Central UDMA (Chiu et al., 2013).
They are composed of andesite and rhyodacite which are
characterized by adakitic geochemical affinities (Khaksar
et al, unpubl. data). Samples were collected from five
volcanic cones near the cities of Kamo, Choghan, Azran,
Joshaghan, and Kuh-e-Chehle-Dokhtaran (Figure 1b).
Field observations indicate that the exposed lithology
in the area could be summarized as follows: (1) Early to
Late Eocene effusive green tuff and pyroclastic rocks, (2)
Oligocene sedimentary rocks (Lower Red Formation),
and (3) Early to Middle Miocene volcanic rocks (as
documented here). The Kashan adakitic rocks are
predominantly found as small dome-shaped bodies with
light to dark gray, and exhibit a porphyritic texture. These
rocks commonly intrude Eocene pyroclastic units (Figure
2a) and occasionally intersect Early Miocene south
Kashan granitoid as domes (Figure 2b) or dykes (Figure
2c). Moreover, they exhibit characteristic columnar-
jointed structures at some locations (Figure 2d).

ANALYTICAL METHOD

Eleven samples of rhyodacitic and andesitic rocks were
selected for mineral phase analysis. Thin sections were
prepared and polished for mineralogical examination.
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Figure 2. a) Field images from Kashan adakitic rocks. (a) The sharp contact between andesitic lava and Eocene pyroclastic units; (b)
outcrops of a rhytodacitic dome and (c) a dyke, both cutting the Early Miocene Ghohroud granitoid; (d) columnar-jointed structures in

rhyodacite in the northern sector of the study area.

Representative samples were analyzed using an electron
probe micro-analyzer (EPMA) (JEOL JXA-8100), at
Peking University, operated at an acceleration voltage of
15 kV, with a beam current of 20 nA and a beam spot size
of 1-5 um. Routine analyses were involved counting for
20 s at the peak and 5 s in the background. Standards for
this analyses included synthetic silica for Si and synthetic
spessartine for Mn, and natural minerals including
such as sanidine for K, pyrope for Mg, andradite for Fe
and Ca, albite for Na and Al, and rutile for Ti. K-alpha
emissions were acquired for all elements except Ba, for
which the L-alpha emission was used. Ferric iron content
in the minerals was determined using the methodology
described by Droop (1987).

RESULTS
Petrography

The andesitic rocks exhibit a porphyritic texture
comprise of plagioclase (~50-60 vol%) and amphibole
(~20-30 vol%) phenocrysts as primary minerals, along
with plagioclase, biotite (~5-10 vol%), and Fe-Ti oxide

(~3-5 vol%) in the matrix (Figure 3a). Amphibole,
plagioclase, and opaque minerals in these rocks
occasionally display a glomeroporphyritic texture (Figure
3a). Plagioclase phenocrysts (0.5-3 mm) are subhedral
to euhedral and some of them exhibit sieve textures and
oscillatory zoning (Figure 3b). Plagioclase phenocrysts
show partial replacement by secondary minerals such as
sericite and chlorite rarely.

Elongated prismatic hornblende phenocrysts are euhedral
to subhedral, with smaller, lath-shaped grains, which some
of them enclose fine-grained minerals such as plagioclase
with twinning texture and minor opaque, (Figure 3 a,b).
Locally, amphibole grains have undergone alteration to
chlorite, epidote, actinolite, and titanite, particularly along
the rims. Accessory minerals present in these rocks include
apatite, Fe-Ti oxides, and rare alkali feldspar.

The rhyodacitic rocks exhibit porphyritic textures,
characterized by quartz (20-25 vol%), alkali-feldspar (4-
17 vol%), plagioclase (8-14 vol%), biotite (~10 vol%)
and rare amphibole phenocrysts within a microcrystalline
groundmass composed primarily of quartz, sodic
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Figure 3. Micro-photomicrographs of the Kashan adakites. (a-b) Porphyritic texture of the andesite with hornblende and plagioclase
phenocrysts (cross-polarized light); (c-d) plagioclase, K-feldspar and biotite phenocrysts in a groundmass of feldspar, biotite and
hornblende in the rhyodacite (cross-polarized light). Mineral abbreviations: Pl. Plagioclase; Hbl. Hornblende; Bt. Biotite; Kfs.
K-feldspar; Qz. Quartz; Opq. Opaque, (Whitney and Evans, 2010).

plagioclase and alkali-feldspar. They commonly undergo
alteration to epidote and calcite, whereas K-feldspars
phenocrysts altered to sericite. Feldspar phenocrysts are
typically euhedral, although some display partial resorption
and sieved textures (Figure 3c). Some plagioclase exhibits
not only oscillatory zoning but also normal and reversed
zoning (Figure 3d). Biotite occurs as brown flakes,

sometimes replaced by chlorite along their rims. Accessory
phases include titanite, zircon, apatite, and Fe-oxide.

Petrographic evidence indicates the following
crystallization sequence: amphibole and plagioclase —
plagioclase — biotite and Fe-Ti oxides — accessory
minerals. The main petrographic characteristics of the
samples are summarized in Table 1.

Table 1. Summarized petrographic characteristics of Kashan rocks in this study.

Rock type Texture Main minerals Accessory minerals Modal (%)
Plagioclase (50-60 vol%),
: B 0
. Porphyry, Plagioclase, Apatite, Fe-Ti oxides, Amphﬂ)ole (20-30 vol%),
Andesite Glomeroporphyr amphibole, biotite alkali feldspar Biotite (3-10 vol%),
porphyry p ’ P Fe-Ti oxides (3-5 vol%),
Accessory minerals (<3 vol%)
Quartz (20-25 vol%),
. T - ) 0
Rhyodacite Porphyry Plagioclase, quartz , Titanite, zircon, Alkali-feldspar (4-17 vol%),

K-feldspar, biotite

apatite, Fe-oxide Plagioclase (8-14 vol%),

Biotite (~10 vol%)

N
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Mineral chemistry
Feldspars

The chemical compositions of the representative
feldspar phenocrysts are presented in Table SI.
Plagioclase, occurring phenocrysts, microcrysts, and
microlites are the predominant rock-forming mineral in
the studied rocks. Based on the Ab-An-Or ternary diagram
developed by Deer et al. (1966) (Figure 4), plagioclases
in the andesitic samples is classified as andesine (Anz4-
43), along with K-feldspars with a composition of Org;_
95. In the rhyodacitic samples, plagioclase predominantly
plots in the andesine (Anjg¢43) to oligoclase (An3g4.43)
fields. K-feldspar composition in these rocks is Orgg_ g;.
As a result, plagioclase compositions predominantly fall
within the oligoclase to andesine range in the studied rock.
The normal, reverse, and oscillatory zoning observed
in plagioclase phenocrysts are closely associated with
chemical variations within these minerals. For instance,
normal zoning in plagioclase phenocrysts from andesite
rocks is characterized by a decrease in An content from
core to rim, whereas reverse zoning indicates an increase
in An content from core to rim. These chemical variations
highlight different mechanisms of magma evolution
during crystallization.

Amphibole

Amphibole phenocrysts measurements were carried out
on adakitic andesitic and rhyodacitic rocks. The chemical
compositions of these amphiboles are presented in Table
S2, with classification diagrams shown in Figure 5.

The amphiboles from the andesitic and rhyodacitic

Or

@ Andesite
@Rhyodacite

Andesine

Nz
LabradoritA Bytownltcx"%
Ab An

Figure 4. Ab-An-Or Classification diagram for plagioclase and
K-feldspar compositions from the Kasan adakites.

samples exhibit high CaO (9.67 wt%-11.46 wt%), high
MgO (11.79 wt%-15.70 wt%), and low Na,O (1.20 wt%-
2.54 wt%), consistent with chemical characteristics of
calcic amphiboles [CaB>1.5; (Na+K)A<0.5] (Figure 5).
Based on the Si versus Na+K diagram (Leak et al., 1997)
the amphiboles of the rhyodacitic and andesitic rocks
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Figure 5. Classification diagrams of (a) sodic and (b,c) calcic
amphiboles (Leakeetal., 1997). Abbreviations: Gln=Glaucophane,
Nyb=nybgite; Eck=Eckermannite; Wi/Ri=Winchite/Richterite,
Bar/Kat=Barroisite/Katophorite, Tar=Taramite, Act=Actinolite;
Hbl/Ed=Hornblende/Edenite, Ts/Parg=Tschermakite/Pargasite.
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are classified as hornblende/edenite and tschermakite/
pargasite, respectively (Figure 5a). In the Mg/(Mg+Fe?")
versus Si diagrams, amphiboles in rhyodacitic rocks
exhibit Mg-hornblende composition (Figure 5b).
According to the values of AIV! and Fe*" cations per
formula unit, amphiboles in andesitic samples range
from tschermakite/pargasite to magnesian-hastingsite, as
illustrated in Figure 5c.

Mica

The brown mica content in the both andesitic and
rhyodacitic rocks are significantly lower than that of
amphibole. The chemical compositions of these minerals
are summarized in Table S3. In the classification diagram
presented by Leake et al. (1997), which categorizes
micas based on the Mg/(Mg+Fe?") ratio and Al'Y -1
contents, all samples are located within the biotite range,

although some micas in the rhyodacitic samples straddle
the biotite and phlogopite fields (Figure 6a). In the
biotite classification diagram (Figure 6b), biotite from
the andesitic samples categorized as Fe-biotite, while the
biotite from the rhyodacite samples is identified as Mg-
biotite. Figure 6¢ (10 TiO,-FeO-MgO diagram) shows the
biotite compositions plotted on the Nachit et al. (2005)
diagram, which is primarily used for intrusive rocks to
distinguish primary, re-equilibrated, and neoformed
biotites. In this study, we apply it to volcanic samples
to assess potential hydrothermal alteration. The results
indicate that biotites from rhyodacitic samples fall within
the primary biotite field, whereas those from andesites
plot in the re-equilibration field, suggesting possible
post-magmatic modification. The composition of biotite
varies depending on the granite type such as Al-rich in
peraluminous (S-type) granites, Mg-rich in calc-alkaline

phlczgoopite 0.5 eastonite
- a) @Andesite | |
o= E @Rhyodacite|
ND - =]

LL
+ = =
—had
= m e &l
2 o i
- 0.5 1.0
annite siderophyllite

Fe'+Al" Ti
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Fé*+Mn FeO+MnO

10 TiO2

Primary
Biotites

Re-equilibrated Biotites

Epigenetic Biotites

MgO

Figure 6. a) Mg/(Mg+Fe?") versus Al IV-1 classification diagram for biotites (Leake et al., 1997); b) 10.TiO,-FeO*-MgO ternary
discrimination diagram of primary, re-equilibrated, and epigenetic biotite (Nachit et al. 2005); ¢) Ternary Mg—(Fe*™+Mn)-(AlV'+Fe>*+Ti)
classification diagram of biotite (Foster, 1960). (Elements are in atom per formula unit (a.p.f.u) and oxides in wt%). (FeO*=FeO+MnO).
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(I-type) granites, and Fe-rich in alkaline (A-type) granites.
In andesites, biotite is distinguished by an exceptionally
high Fe content (Fe0=20.81 wt%-26.28 wt%), reflecting
characteristics typical of A-type granites. In contrast,
biotite in rhyodacites shows lower Fe content (FeO=19.6
wt%-21.87 wt%) and higher Mg content (MgO=10.13
wt%-12.25 wt%), similar to amphibole compositions,
which indicates comparable crystallization conditions.

DISCUSSION
General remarks

Amphibole, biotite, pyroxene, and plagioclase are
valuable indicators for estimating crystallization
conditions, including temperature, pressure, and oxidation
states, particularly in calcic amphiboles with elevated
calcium content (e.g., Ridolfi et al,, 2010, Molina et
al., 2015). In this study, both rock types contain calcic
amphiboles (Figure 5 b,c) that are euhedral and that exhibit
normal zoning indicating a magmatic origin. The absence
of reverse and oscillatory zoning in these amphiboles can
be considered as evidence of limited fractionation of the
parental magma during ascent (Pe-Piper and Piper, 2007).
Therefore, the focus of this study is on the quantitative
analysis of amphiboles, combined with biotite data from
rhyodacitic samples, to infer the geothermobarometric
characteristics and magmatic evolution of these rocks.

Amphibole thermobarometric and oxygen fugacity estimate

Pressure estimations derived from Al content in
amphiboles provide a reliable geobarometer for
determining magma emplacement depth (e.g., Vyhnal
et al., 1991; Holland and Blundy, 1994; Ridolfi et al.,
2010). The P-T conditions and oxygen fugacity (fO,)
for the alkaline and calc-alkaline rocks (800-1,130 °C,
130—- 200 MPa) were estimated with minimal uncertainty
(T#23.5 °C, P£11.5%) based on the final experimental
database of Ridolfi and Renzulli (2012), which includes
61 amphiboles synthesized in these ranges. For the
Kashan andesitic rocks, calculations for Mg-hastingsite
and tschermakite indicate that amphiboles crystallized
at temperatures of 917-986 °C, most frequently around
950 °C, under lithostatic pressures of 620-800 MPa,
peaking at 650 MPa (Figure 7 a,c,d). Similarly, Mg-
hornblendes in rhyodacitic rocks crystallized at 780-
850 °C, with most frequently around 800 °C, at pressures
of 250-450 MPa (Figure 7 a,c,d). Combined, these data
suggest a maximum pressure of approximately 650 MPa
at 986 °C for andesitic rocks and 400 MPa at 850 °C for
rhyodacites, corresponding to crystallization depth of
~28 km and ~16 km respectively, based on the pressure-
depth relationship (Putirka et al., 2003).

The magnesium content in amphiboles acts as a key
indicator for estimating both the relative fO, and NNO

(nickel-nickel oxide buffer) and provides insights into
the overall oxygen fugacity of calc-alkaline magmas
(Ridolfi et al., 2008, 2010). For two types of rocks in
this study, the relative fO, derived the amphiboles
composition, generally ranges from high-temperature
magnesiohastingsite (~986 °C and NNO+1.36) to lower-
temperature Mg-hornblende (~780 °C and NNO+1.0)
(Figure 7b, Table 2). This range aligns with the typical
oxygen fugacity range for calc-alkaline magmas, with fO,
values ranging from NNO -1 to NNO +3 (Ridolfi et al.,
2010). Using temperature and pressure estimates from
amphibole thermobarometry (Ridolfi et al., 2010), the
Kashan andesites and rhyodacitic rocks crystallized under
oxygen fugacities of 10 bar to 107! bar, and 107117
bar to 10°'2® bar, respectively (Table 2).

Hornblende-plagioclase thermometry

Blundy and Holland (1990) developed three calibrations
for the amphibole-plagioclase thermometer, focusing
specifically on the equilibria of calcic amphibole due to
its common coexistence of these minerals in calc-alkaline
magmatic rocks. They initially proposed an empirical
thermometer based on the edenite-tremolite reaction for
temperatures ranging from 500 °C to 1100 °C (Blundy
and Holland, 1990). Due to high-temperature estimates in
some lithologies, Holland and Blundy (1994) recalibrated
the amphibole-plagioclase thermometer, introducing two
geothermometers: one for quartz-bearing igneous rocks
based on the edenite-tremolite reaction and another for
both quartz-bearing and quartz-free igneous rocks based
on the edenite-richterite reaction.

Despite continued discussions regarding its accuracy,
the amphibole-plagioclase thermometer remains the most
applicable geothermometer for calc-alkaline igneous
rocks (Stein and Dietl, 2001). Anderson (1996) evaluated
various thermometers for hornblende in magmatic rocks
and the edenite-richterite thermometer proposed by
Holland and Blundy (1994), which provides the most
reliable temperature estimates. Nevertheless, in this study,
we used the edenite-tremolite thermometer to determine
the crystallization temperature of the adakitic andesite
and rhyodacitic rocks. This thermometer is specifically
calibrated for calc-alkaline magmas, where amphibole-
plagioclase equilibria are well-constrained. It also avoids
potential overestimation issues associated with the
edenite-richterite thermometer in hydrous, mid-crustal
systems, which aligns with our inferred crystallization
depths. Our preliminary tests showed that the edenite-
tremolite thermometer yielded more consistent results
with petrographic evidence (e.g., lack of breakdown
textures) compared to other calibrations. The results
presented in Table 2 (line 5) are for comparison with
other calibrations. The calculated temperatures for the
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from the Kashan adakites; ¢) and d) Frequency histograms of the temperature and, d) Pressure of crystallization of amphibole in

andesitic (red bars) and rhyodacitic (blue bars) rocks.

andesites range from 791 °C to 836 °C (mean=808+
12 °Cat95% confidence), whereas those for the rhyodacitic
rocks range from 636 °C to 797 °C (mean=763+33 °C at
95% confidence).

Féménias et al. (2006) developed a quantitative
thermometer for high-temperature (>700 °C) amphibole
crystallization in Ti-saturated calc-alkaline magma,
specifically for magmatic rocks exceeding 800 °C. This
thermometer is empirically calibrated to quantify the
relationship between Ti content in calcic amphiboles and
crystallization temperature, drawing on experimental data
from Helz (1979) and Ernst and Liu (1998). The proposed
equation is:

Ln[TiJAmphibole=2603/T-1.70

Using this thermometer, the estimated crystallization
temperatures for andesites range from 753 °C to 832 °C

(mean=798+28 °C) and for rhyodacitic rocks range from
656 °C to 745 °C (mean=706435 °C), respectively (Table
2, line 7). These temperature estimates closely match those
derived from the Blundy and Holland (1990) amphibole-
plagioclase thermometer, further supporting the reliability
of this method. This method is best suited for high-Ti
amphiboles that crystallized under Ti-saturated conditions,
where amphibole coexists with ilmenite, rutile, or titanite.
However, its applicability may be limited in systems
where Fe-Ti oxides regulate Ti availability or where
amphiboles have undergone secondary alteration. While
generally considered pressure-independent, high-pressure
conditions could affect Ti partitioning, introducing
minor uncertainties in temperature estimates. Since the
studied samples exhibit mineralogical and geochemical
characteristics consistent with these conditions, this
thermometer provides a reliable estimate of crystallization
temperatures in the Kashan rocks.
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Table 2. Calculated thermobarometric results for amphiboles in the Kashan rocks.

Andesite Rhyodacite

Parameter

93J9.11 | 93J9.12 | 93J9.13 | 93J9.14 | 93J9.15 | 93J9.16 | Gh.28.45 | Gh.28.47 | Gh.28.44 | Jv.an.68 | Jv.an.69 | Jv.an.70
T (°C) 934.0 942.4 923.3 917.5 941.3 986.3 946.5 944.8 963.7 816.4 826.7 780.9
P( Mpa) 308.7 391.8 3222 328.2 373.8 468.5 344.0 349.5 386.2 144.1 114.2 111.2
ANNO 0.855 0.786 0.903 0.950 0.753 1.360 1.509 0.836 1.408 1.292 1.571 1.010
logfO, -10.40 -10.30 -10.52 -10.57 -10.35 -9.00 -9.52 -10.22 -9.33 -12.20 -11.73 -12.72
Tl 824.3 817.2 810.8 805.1 805.4 791.3 791.2 836.9 815.2 802.8 782.1 784.5
Pl(kbar) 3.0 3.8 3.5 3.7 4.1 5.1 4.3 2.9 3.9 1.6 1.4 1.3
T2 829.5 764.3 760.6 753.0 773.3 781.6 815.3 807.7 793.8 699.0 684.8 656.5
H,Omelt (wt%) 5.879 6.749 6.581 6.628 6.686 6.205 5.602 5.513 5.618 6.141 5.699 5.756
Continental

11.6 14.7 12.1 12.3 14.1 17.6 12.9 13.2 14.5 5.4 43 42
depth (km)
Rhyodacite

Parameter

93k19.90 | 93k19.91 | 93k19.92 | 93k19.95 | 93k19.97 | 93k19.98 | .93k19.103 | cho.84 | cho.56 | cho.57
T (°C) 783.3 808.3 796.0 790.4 814.6 798.6 833.5 822.2 840.9 808.6
P( Mpa) 115.0 131.7 123.1 104.4 152.3 148.0 150.0 161.2 168.6 111.5
ANNO 1.052 1.234 1.509 1.651 1.236 1.035 0.702 1.331 1.119 1.339
logfO2 -12.88 -12.43 -12.42 -12.41 -12.29 -12.83 -12.44 -12.32 -11.87 -12.33
Tl 630.2 770.3 797.6 636.3 683.5 647.6 645.9 0 0 0
P1(kbar) 3.1 2.0 1.3 2.9 3.8 4.1 4.1 0 0 0
T2 710.9 745.5 680.4 701.3 671.5 689.1 693.9 0 0 0
H20melt (wt%) | 5.915 5.653 5.955 5.354 6.561 6.684 6.535 6.544 6.506 5.693
Continental 43 49 46 3.9 5.7 5.5 5.6 6.0 6.3 42
depth (km) . . . . . . . . . .

Note: T(°C)= Temperature calculated using amphibole geothemometer; P (MPa)= Confining pressure on the basis Al-in-amphibole
[P=19.209-¢(1.438-Altot), from Ridolfi et al., 2010]; NNO= relative oxygen fugacity [NNO= 1.644-(Mg+Si/47-[6]Al/91.3-[6]Ti+Fe**/3.7+Fe*"/5.2-
BCa/20-ANa/2.8+A/9.5), from Ridolfi et al. (2010)]; logfO,= oxygen fugacity [logfO,=-.7/(T+273.15)+12.981+(0.046-P-10-1)/(T+273.15)+
[-0.5117-In(T+273.15)]+NNO], from O’Neill and Pownceby (1993); T1 ("C)= temperatures for each P1 (kbar) pressures of hornblende-plagioclase
pairs are calculated using plagioclase-hornblende geothermometer by Blundy and Holland (1990); T2= Thermometer amphibole crystallization in
Ti-saturated calc-alkaline magma from Féménias et al. (2006); H,Omelt= Hygrometric equation from Ridolfi et al. (2010); Continental depth (km)=
(P/100)-3.7767), from Ridolfi et al. (2010).

Biotite thermometric and oxygen fugacity estimate (1988), the recrystallized biotites in intermediate rocks

Although the Ti concentration in biotite is often used as a lose primary thermobarometric signatures. These studies
geothermometer for metamorphic rocks, where it is closely collectively confirm that pervasive recrystallization
linked to temperature variations at high temperatures and biotites cannot reliably constrain magmatic conditions.
pressures, recent studies of igneous rocks reveal that We therefore restricted our thermobarometric analysis to
the Ti content can be influenced by magmatic processes fresh, unaltered amphibole and plagioclase, which better
(e.g., Henry et al., 2005). As demonstrated by Deer et preserve primary crystallization records. The biotites in
al. (1992), Grant (1986), and Duebendorfer and Frost andesitic samples were excluded from thermobarometric
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calculations due their re-equilibrated characteristics.

Biotite Ti levels tend to decrease during magmatic
fractionation due to the earlier stages crystallization of
Ti-bearing minerals (e.g., Zhang et al., 2016). Henry
et al. (2005) suggested a geothermometer for biotite in
metapelites based on the Ti content, which has since
been to igneous rocks. According to their method,
the crystallization temperature of primary biotite in
rhyodacitic samples range from 690 to 784 °C (average
712 °C), slightly lower than those of rhyodacitic
amphiboles, suggesting biotite crystallized later than
amphiboles. Based on the recent geothermobarometric
approach proposed by Li and Zhang (2022), the estimated
crystallization temperatures closely align with those
obtained using the geothermometer of Henry et al. (2005).
According to this method, the crystallization temperature
of primary biotite in rhyodacitic samples ranges from 750
to 800 °C, with an average of 782 °C, corresponds to a
pressure range of approximately 350 to 480 MPa.

Similar to amphiboles, the Fe**, Fe**, and Mg contents
in biotite can be used to estimate the oxygen fugacity of
magmas and associated fluids (Wones and Eugster, 1965).
In the ternary Fe**-Fe*"-Mg diagram (Figure 8a), biotite
from rhyodacites is situated close to the NNO buffer line,
indicating high oxygen fugacity and formation under
oxidizing conditions, consistent with the estimates from
amphibole. In the log fO,-T diagram at Py;,c=207.0 MPa
(Figure 8b), the samples plot close to the NNO buffer line
and near the hematite-magnetite (HM) buffer, suggesting
a relatively high oxidation state during the late stages of
biotite crystallization.

log fO2 (bar)

Fe? Mg

Magmatic series and evolution

The chemical composition of amphiboles, in addition
to estimating P-T conditions, can also be used to
determine the composition of their parent magma and the
tectonomagmatic environment (e.g., Molina et al., 2009;
Leake, 1971). The compositions of amphiboles from the
Kashan adakites are illustrated on Alvi versus KA (Ridolfi
and Renzulli, 2012) and SiO, versus TiO, (Droop, 1987)
discrimination diagrams (Figure 9 a,b), confirming their
association with the calc-alkaline magma series. Figure
9c illustrates a consistent and positive correlation between
Al and AI'@ in the amphiboles, and all values clearly
plot within the field of magmatic (igneous) compositions
(Hammarstrom and Zen, 1986). Amphiboles in intraplate
tectonomagmatic settings have more Na,O and TiO,
than those in subduction zone settings (Coltorti et al.,
2007); amphiboles from the Kashan adakites are related
to a subduction environment (I-amph: Interplate and
S-amph: Subduction) (Figure 9d). Additionally, Abdel-
Rahman (1994) proposed several magma series and
tectonic discrimination diagrams using the FeO, MgO,
and Al,O; concentrations in biotites from igneous rocks.
According to these diagrams, the biotites from the
rhyodacites, which have a magmatic origin, fall within
the calc-alkaline field (Figure 10 a,b).

Thermobarometric ~ results  indicate  that  the
crystallization depth of magma, as inferred from the
mineral chemistry of amphibole, is less than 28 km. In
Iran, the Moho depth ranging from approximately 35
km in central Iran to 55 km in the northeastern regions
(Motaghi et al.,, 2012). Taghizadeh-Farahmand et al.

I:Trend of crystallization Ro=2070 bars

Sanidine + Hematite + Ga

magmas in oxidizing
conditions

I:Trend of crystallization
magmas in reducing
conditions

50

Blelishes Kalsilite + Leucite + Olivine + Gas

500 700 900 1100

Temperature (C)

Figure 8. a) Ternary Fe*"- Fe*"- Mg and b) log fO,- Temperature diagram for biotite+sanidine+magnetite+gas equilibrium at P,=2070
bars (afterWones and Eugster, 1965). Arrows show trends of crystallization of magmas in oxidizing and reducing conditions (after de

Albuquerque, 1973).
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(2014) estimated the average Moho depth beneath central
Iran to be between 42 and 46 km.

Based on Shafaii Moghadam et al. (2016), the oblique
subduction of the Neo-Tethyan oceanic plate beneath Iran
is linked to crustal thickening of central UDMA. Omrani et
al. (2008) inferred that the Arabia-Eurasia collision began
during Oligocene to Early Miocene. They suggested that the
Neogene magmatism was linked to the slab-breakoff and
consequent thermal re-equilibration in a post-collisional
setting. According to Chiu et al. (2013), the majority of
Miocene calc-alkaline magmatic activity occurred in the
central and southern regions of the UDMA. A shift in the
geochemical characteristics from calc-alkaline to adakitic
signatures has been identified, coinciding with the collision
of the Arabian and Eurasian plates. They suggested that
the Middle Miocene adakitic magmatism, attributed to
the collision-related crustal thickening, marked the end of
arc activities in the Kashan area. Corroborate the findings
by Khaksar et al. (unpubl. data), imply that the Kashan
Miocene adakitic rocks were probably formed through
partial melting of a thickened, mafic lower continental
crust, with continuous magmatic underplating providing
the necessary heat for melting. Thermobarometric and
mineral chemical data from this study confirm that magma
crystallization occurred at crustal depths of approximately
28 km for andesites and 16 km for rhyodacites, respectively.

CONCLUSIONS

Comprehensive mineral chemistry and geothermo-
barometric studies of the Early to Middle Miocene
Kashan adakitic rocks (central UDMA), composed of
andesite and rhyodacite, provide valuable insights into
their formation as is presented in fallowing:

1) The primary minerals identified include amphibole,
which ranges from Mg-hastingsite/tschermakite to Mg-
hornblende, biotite spanning from annite to phlogopite,
and plagioclase that varies from andesine to oligoclase.

2) The crystallization of Mg-hastingsite/tschermakitic
amphiboles in andesites occurred at temperatures between
791 and 986 °C, with the most frequent crystallization
around 950 °C. These amphiboles formed under lithostatic
pressures of 620 to 800 MPa, with the majority of data
cluster around 650 MPa. Magnesian-hornblende in
the rhyodacites, crystallized at temperatures of 636 to
850 °C, under pressures ranging from 250 MPa to
450 MPa. Additionally, primary biotite in these rocks
crystallized at slightly lower temperatures of 690 to
784 °C, with an average of 712 °C.

3) The analysis reveal that magmatic amphiboles
exhibit high Fe*'/(Fe*™+Fe?") ratios, whereas biotites
from the rhyodacitic rocks are characterized by low total
Al contents and narrow Fe/(Fe+Mg) ratios, suggesting
relatively oxidizing conditions during the late stages

of crystallization. Oxygen fugacity (fO,) values range
from 107'%% bar (ANNO+0.75) in andesites to 1071%3
bar (ANNO+1.7) in rhyodacites, signifying relatively
high oxidizing conditions. The crystallization depth
of amphiboles during magma evolution in the magma
chamber varies from 28 km to 16 km, highlighting the
dynamic conditions governing their formation.
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