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A B S T R A C T

Torud-Ahmad Abad magmatic belt is located 175 km east and southeast of Shahrood in the northern part of the
Central Iran Structural Zone and includes a thick sequence of Paleocene to middle Eocene volcanic and volca-
nosedimentary rocks. This magmatic belt was formed by numerous hypabyssal igneous adakitic domes con-
stituting basaltic andesite, andesite, trachyandesite, dacite, trachydacite, and dacite. The investigated rocks are
mainly composed of pyroxene, amphibole, and plagioclase, with minor biotite and opaque minerals. Mineral
chemical analysis reveals that plagioclase composition varies from albite to labradorite, clinopyroxene varies
from diopside to augite, and amphibole varies from Mg-hastingsite to Mg-hornblende.

Amphibole geothermobarometry suggests crystallization temperatures of 850–1050 °C, at 2–6 kbar and the
temperature of 920–970 °C, at a pressure of 3–4.5 kbar, which are conditions in agreement with andesite and
dacite formation. Clinopyroxene crystallized at temperatures of 1020–1170 °C, at 2–10 kbar, indicating crys-
tallization at crustal depths of maximum 30 km for the studied intrusive rocks in the Torud-Ahmad Abad
magmatic belt.

1. Introduction

The mineral assemblages and the composition of minerals in mag-
matic rocks are related to the composition and evolving conditions of
the melt during crystallization (Abbott and Clarke, 1979; Helmy et al.,
2004). This is the reason for using the composition of minerals in de-
ciphering the physicochemical parameters of crystallization pressure
and temperature (Helmy et al., 2004). Amphibole and clinopyroxene
thermobarometry have been widely used to estimate the emplacement
pressure (P) and temperature (T) of calc-alkaline igneous rocks, thereby
providing a tool to determine the depth of emplacement of a rock
(Anderson and Smith, 1995; Putirka, 2008b; Ridolfi et al., 2010;
Jamshidi et al., 2015). The studied hypabyssal igneous rocks intruded
into Eocene volcanic and volcanosedimentary rocks. They are com-
posed of andesite, trachyandesite, basaltic trachyandesite, trachydacite
and dacite (Yousefi et al., 2017). Major minerals include amphibole,
pyroxene, and plagioclase. Amphibole and clinopyroxene also con-
stitute the most common phenocrysts in these rocks, and have thus been
used for estimating the pressure-temperature conditions, and the depth
of final emplacement of the magma. Mineral zoning has also been

investigated in this study. Zoning of minerals have received a great deal
of attention since it records physical and chemical changes in the
magmatic liquids from which the crystals grow (Blundy and Shimizu,
1991). This paper presents mineral chemistry obtained by scanning
electron microscope analysis, from the andesitic and dacitic rocks of
adakitic nature in the south and southeast of Shahrood in northeast
Iran. We investigate the depth of magma chambers through geother-
mobarometric calculations based on the mineral compositions.

1.1. Geological setting

The studied adakitic rocks are located to the south and southeast of
Shahrood city, in the northern part of the Central Iran Structural Zone
(Fig. 1). Remnants of Cenozoic magmatic activity can be observed in
most parts of Iran, except in the Zagros (west–southwest of Iran) and
Kopeh Dagh (northeast of Iran) areas (Nabavi, 1976; Moeinvaziri, 1996;
Darvishzadeh, 2004). During the Mesozoic and Cenozoic, the Central
Iran Structural Zone was a tectonically dynamic region. In addition to
several well-defined deformational events, magmatic activity can be
traced in the form of volcanic and subvolcanic rocks, and intrusive
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bodies, especially of Cenozoic age (Rahmati Ilkhchi, 2009). In this area,
volcanic and volcanosedimentary rocks of Late Paleocene to Middle
Eocene are intruded by numerous middle-late Eocene adakitic domes
and dikes (Fig. 2). Towards the east, these adakitic rocks have intruded
into the Sabzevar ophiolitic complex (Jamshidi et al., 2015). These
domes and dikes crop out in an extensive area to the south and
southeast of Shahrood, and are the subject of our detailed mineral
chemistry investigation. Various types of enclaves of different sizes and
shapes have been found in the mentioned rocks. These enclaves are
evidences of magma mixing and crustal contamination. Petrology,
geochemistry, and tectonic setting together with evidences for magma
mixing and crustal contamination of these rocks have previously been
studied by Yousefi et al. (2016, 2017). The geochemistry of the studied
rocks, e.g. the enrichment in LREE and LILE and depletion in HREE and
HSFE, as well as a silica content varying between 59 and 63 wt% and
5–59 wt%, a Na2O content of> 3 wt%, an Al2O3 content of> 16 wt%,
an Yb content of< 1.8 ppm, and an Y content of< 18 ppm, indicate
that they are adakite-like or adakitic rocks. The adakitic nature of these
rocks has previously been documented by Yousefi et al. (2016, 2017),
Jamali (2014) and Mansouri Moghaddam (2014). These rocks penetrate
a thick volcanosedimentary sequence of Late Paleocene to middle Eo-

cene age (Fig. 1) and are related to the subduction of the Neo-Tethyan
oceanic slab of the Sabzevar–Darouneh branch beneath the continental
crust of the northern part of the Central Iran Structural Zone (Ghasemi
and Rezaei Kahkhaei, 2015 and Yousefi et al., 2016).

1.2. Analytical methods

After determining the composition of the rocks in the Torud-Ahmad
Abad magmatic belt (see Yousefi et al., 2017 for details), twelve sam-
ples of dacitic and andesitic rocks were selected for analysis of mineral
phases. Thin section preparation and polishing for mineralogical ana-
lysis was done in the Grona Geology Laboratory in Tehran, Iran. Mi-
neral analysis was performed at Aristotle University of Thessaloniki and
comprises 245 analyses of amphibole, 370 analyses of feldspars and 51
analyses of pyroxenes. Analyses were carried out in the Scanning
Electron Microscope Laboratory, using a SEM (JEOL JSM-840A)
equipped with an energy dispersive spectrometer (EDS, Oxford INCA
250). The analytical setting was 20 kV accelerating voltage with a
0.4 mA probe current. A pure Co standard was used for calibrating the
EDS analysis. For SEM observations, the samples were coated with
carbon, with an average thickness of 200 Å, using a vacuum evaporator
JEOL-4×. At Luleå University of Technology, Sweden, a high-

Fig. 1. The study area is shown by a rectangle in
an image taken from Mrsid viewer pictures
(geographic coordinates: 35° 34′ to 35° 43′ north
latitude and 55° 11 to 56° 35′ eastern longitude)
(Nezafati, 2015).
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resolution FEG-SEM, Zeiss Merlin, fitted with EDS- and wavelength
dispersive spectrometry detectors, was used for backscattered electron
imaging (BSE) and complementary EDS element analysis. Analytical
settings were 20 kV with a beam current of 1.1 nA. Electron back-
scattered images were taken in order to investigate potential element
zonation in the analyzed minerals.

2. Results

2.1. Petrography

In the Torud-Ahmad Abad magmatic belt, there are different hy-
pabyssal rocks occurring as domes and dikes. The petrography and
geochemical signatures of these rocks have previously been studied
(Mansouri Moghaddam, 2014; Jamali, 2014; Yousefi et al., 2016). The
rocks include dacite, trachydacite, andesite, trachyandesite, and tra-
chybasaltic andesite, and show porphyritic and glomeroporphyritic
textures. Plagioclase, hornblende, and pyroxene (augite) constitute the
major minerals of these rocks (Fig. 3). Minor constituents are sericite,

chlorite, calcite, apatite and magnetite. The plagioclase crystals are
between 2 and 12 mm and show compositional zoning. Some horn-
blende grains are typically opacitized and some of them show typical
optical zoning under polarized light. Based on petrographic observa-
tion, the sequence of crystallization in the andesitic and dacitic rocks is
pyroxene, amphibole, and plagioclase.

2.2. Mineral chemistry

Under this section, results from the analysis by scanning electron
microscopy (SEM-EDS) are presented and the more interesting features
regarding amphibole, pyroxene, and plagioclase are highlighted.

2.2.1. Amphibole
Amphibole composition can be expressed by the general formula

A0–1B2C5T8O22 (OH, F, Cl) 2, where A]Na, K; B]Na, Zn, Li, Ca, Mn,
Fe2+, Mg; C]Mg, Fe2+, Mn, Al, Fe3+, Ti, Zn, Cr; and T]Si, Al, Ti.
Amphibole grains from andesitic and dacitic rocks were analyzed for
their composition. Fresh amphibole phenocrysts from andesitic and
dacitic dikes and domes were analyzed. Results of representative SEM-
EDS analyses are presented in Table 1.

To determine what types of amphibole that are present in the rocks
of the Torud-Ahmad Abad area, the chemical composition of the am-
phiboles in the andesitic and dacitic rocks were plotted in a Mg/(Mg
+ Fe2+) vs. Si diagram (Fig. 4a). The amphiboles of the dacitic and
andesitic samples plot in the Mg-hornblende field. Based on values of
AlVI and Fe3+ cations per formula unit, the amphiboles are in the range
of pargasite to magnesian-hastingsite (Fig. 4b). AlVI values are higher
than Fe3+ in pargasite whereas the opposite is observed in hastingsite
(AlVI < Fe+3). Based on their concentrations of Mg, Fe2+, and Si, the
studied amphiboles from the trachyandesite, trachydacite and mafic
clots plot in the magnesiohornblende to tschermakite fields (Fig. 4c).

The chemical composition of the rims and cores of the analyzed
amphibole grains exhibit compositional differences (Table 1). In these
rocks, some amphibole crystals display normal and others oscillatory
zoning (Fig. 5). Amphibole with normal zoning shows a decrease in
AlIV, (Na + K)A and Fe+2, and an increase in Mg from core to rim,
whereas amphiboles with oscillatory zoning show a rhythmic zonation
seen in variations among the element concentrations.

2.2.2. Plagioclase
Plagioclase is the most abundant mineral in the studied rocks. It

occurs as phenocrysts, micro-phenocrysts, and microlites. According to
the Ab-An-Or diagram by Deer et al. (1996) (Fig. 6), the plagioclase plot
mainly in the albite, andesine, and labradorite fields. The percentage of
Ab, An, and Or varies in the andesites and dacites (Ab29.15–98.67,
An0.58–69.26 and Or0–7.43). Plagioclase commonly displays normal
zoning, but reverse and oscillatory zoning are also observed (Fig. 7).
Table 2 shows the results of SEM-EDS analyses of plagioclase in the
andesites and dacites of the region.

2.2.3. Clinopyroxene
Clinopyroxene grains are< 4 mm in size and euhedral to subhedral.

Representative clinopyroxene analyses are provided in Table 3. Most of
them plot in the diopside field and some in the augite field in the En-
Wo-Fs diagram of Morimoto et al. (1988) (Fig. 8). According to the
data, the pyroxenes show only minor compositional variation in Mg, Si,
Fe and Al when analyzing from core to rim. In the andesite and basaltic
andesite, pyroxene grains show oscillatory zoning (Fig. 9), a phenom-
enon that will be further discussed below.

Fig. 2. Two intrusions of adakitic rocks. a: Allah Kom dacitic dome. b: Bazmin andesitic
dome.
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3. Discussion

Minerals record magma composition and temperature, formation
depth, nature of open system processes, and the rates at which magmas
ascend (Putirka, 2008a). Here, the focus will be on mineral chemistry
and pressure/temperature calculations of amphibole, pyroxene, and
plagioclase, to estimate the depth at which these minerals crystallized
and by inference the magma. Based on their chemistry, these minerals
have been classified as pargasite/Mg-hastingsite/tschermakite, diop-
side/augite, and albite/andesine/labradorite, respectively (Figs. 4, 6
and 8).

3.1. Mineral zoning

In petrographic studies, zoning is commonly observed in plagioclase
and amphibole, and occasionally in pyroxene. Zoning in crystals is in-
terpreted as progressively recording changes in the magmatic

environment (Wallace and Bergantz, 2002). Vernon (2008) suggests
that compositional zoning is due to local and fast changes of melt
composition. Also in andesitic and dacitic rocks, the existence of mi-
neral oscillatory zoning, sieve textures, and crystal dissolution margins
indicate changes in temperature, pressure, melt composition, and fH2O
parameters, which generally relate to feeding of the magma chamber
with new pulses of magma.

For example, mixing of a hot, mafic magma with more felsic magma
containing Na-plagioclase, causes instability of Na-plagioclase leading
to the production of Ca-plagioclase around the core (Tsuchiyama,
1985). The overgrowth texture is another interesting feature in the
studied minerals. This texture is formed by one mineral rimming an-
other one (Fig. 3e) and may be related to the P, T and compositional
change of a new pulse of magma. Lofgren (1974) demonstrated, by
using synthetically zoned plagioclase, that the variation in the style of
zonation records the physicochemical changes that silicate melts un-
dergo during crystallization. Normal zoning in the studied plagioclase

Fig. 3. Photomicrographs of the studied rocks (in
cross-polarized light). a: porphyritic texture;
amphibole and plagioclase phenocrysts within
trachydacite; b: plagioclase and amphibole
within andesite showing porphyritic texture; c:
trachybasaltic andesite with amphibole, pyr-
oxene and plagioclase. d: zoning in plagioclase
and amphibole minerals. e: overgrowth texture of
pyroxene on amphibole in andesitic rocks.
Mineral abbreviations are from Whitney and
Evans (2010).
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suggests a change from a high-temperature labradorite composition in
the core to a lower-temperature albite composition at the rim (Figs. 6,
7). Reverse zoning indicates disequilibrium conditions and a return to
less-evolved compositions. Oscillatory zoning is a repetitive, more or
less periodic variation in plagioclase composition. Pringle et al. (1974)
conclude that oscillatory growth is controlled by the changing com-
position of the melt at the crystal-melt interface.

Hewinz (1974) studying a rare and complex core and rim relation in
augite state that the differences in composition of pyroxene show a
pyroxene fractionation trend, where the cores are richer in Mg and Si
and poorer in Fe, Ti and Al than the rims and also suggest that the
changes were due to increase in Ca and possibly an increase in fO2, and
that may appear just due to evolution in the crystal pile. Claeson et al.
(2007) suggest that the sector zonation observed optically corresponds
most closely to variations in TiO2 and Al2O3. The cause of sector zoning
in clinopyroxene may be related to differences in atomic structure and/
or growth mechanisms. Most models for sector zoning in clinopyroxene
have invoked high crystal growth rates as the fundamental cause. Based
on mineral chemistry data, it can be seen that some of the presently
studied pyroxene grains show oscillatory zoning (Fig. 9). This zoning
shows that the crystallization environment was variable in terms of
composition, temperature, and pressure. Couch et al. (2001) believe
that the mixing of two magmatic pulses in a magma chamber causes a
change in the total magma composition (e.g. a change in the amount of
TiO2, MnO, CaO, and MgO). In the samples studied here, some pyrox-
enes, TiO2 and MnO show opposite trends while CaO and MgO show the
same trend. In some samples, the amount of Al2O3 increases from core
to rim, proposing evolution of the magma by crystallization. These
features can be attributed to for instance changes in parameters such as
temperature, pressure, fH2O, and the composition of the melt (Foley
et al., 2013). The change in major element composition from core to
rim indicates a magma mixing might have occurred during the

ascending of magma and intrusion of a new pulse of magma. The mafic
clots constitute evidence for mixing of two magmatic pulses (Yousefi
et al., 2017).

An interesting feature observed in some of the studied amphibole
grains is the opacity phenomenon (Fig. 3a). The opacity phenomenon is
the result of an imbalance of hydrous minerals in an anhydrous en-
vironment at high temperature under the influence of exothermic
processes (Middlemost, 1986). Rutherford and Devine (2003) attrib-
uted the opacity phenomenon to the rapid decrease of pressure. Fur-
thermore, the reaction rim of clinopyroxene seen on the igneous am-
phibole phenocryst in Fig. 3e is an indication that at some point the
magma temperature was brought above the hornblende stability field,
forming the clinopyroxene rim. Rutherford and Devine (2003) showed
that this texture may be reproduced experimentally and is developed in
a very short time span, in hours to days.

3.2. P-T conditions

3.2.1. Thermobarometry of amphibole
Pressure and temperature estimates of these rocks are based on

geothermobarometry of amphibole and clinopyroxene. For the esti-
mation of pressure, one of the most common geobarometers used is the
amount of aluminum in the structure of amphibole (e.g., Hammarstrom
and Zen, 1986; Hollister et al., 1987; Johnson and Rutherford, 1989;
Schmidt, 1992; Holland and Blundy, 1994; Anderson and Smith, 1995;
Ridolfi et al., 2010; Ridolfi and Renzulli, 2012). Accordingly, it is
possible to use this geobarometer to determine the depth of the magma
emplacement (e.g., Vyhnal et al., 1991). Using the formula of Ridolfi
and Renzulli (2012), it is possible to estimate the P-T conditions and fO2

for a wide range of physicochemical conditions for calc-alkaline and
alkaline magmas (e.g., 800–1130 °C, 1.3–22 kbar), with a low un-
certainty (T ± 23.5 °C, P ± 11.5%).

Table 1
Results of SEM-EDS analysis of amphiboles in the hypabyssal andesitic and dactic rocks of the Torud-Ahmadabad magmatic belt. For spot positions of core/rim, see Fig. 5.

Mineral Oscillatory-zoned amphibole

Host rock position FR 63 (andesite) FY 33 (dacite) FR 23 (andesite)

Rim Core Rim Core Rim Core

SiO2 43.2 43.35 40.76 43.66 46.32 45.6 47.76 43.76 44.5 44.45
TiO2 1.41 0.84 0.97 0.89 1.96 2.01 1.38 1.58 1.47 1.32
Al2O3 11.42 11.94 13.9 11.96 9.55 11.35 10.77 10.72 10.97 9.88
FeO 15.29 14.32 13.96 11.57 12.54 11.71 11.4 14.77 15.77 14.42
MnO 0.54 0.48 0.24 0.25 − − − 1.06 − 0.24
MgO 10.52 10.97 12.03 14.21 13.39 12.8 12.63 11.46 11.12 11.78
CaO 12.01 11.79 11.8 11.33 10.87 12.16 12.49 11.3 11.41 12.71
Na2O 1.31 2.48 1.24 1.76 1.98 1.94 1.58 1.24 1.52 1.70
K2O 1.89 1.49 1.85 1.38 0.08 0.42 0.22 0.99 0.88 1.19
Cr2O3 − − 0.26 0.21 0. 40 0.23 0.01 0.16 − 0.31
Total 97.59 97.66 97.01 97.22 97.07 98.22 98.24 97.04 97.64 98.00
Structural formula (Leake et al., 1997)
Si 6.48 6.48 6.02 6.34 6.70 6.61 6.68 6.45 6.55 6.61
Al iv 1.97 1.51 1.51 1.65 1.38 1.29 1.13 1.54 1.44 1.38
Al vi 0.49 0.58 0.45 0.39 0.33 0.55 0.68 0.32 0.45 0.34
Ti 0.15 0.09 0.10 0.09 0.21 0.21 0.14 0.17 0.16 0.14
Cr − − 0.03 0.02 0.04 0.02 0.01 0.01 − 0.03
Fe3+ 0.10 − 0.82 0.76 0.54 − − 0.72 0.54 −
Fe2+ 1.81 1.79 0.89 0.63 1.41 1.36 0.97 1.79 1.39 1.09
Mn 0.06 0.06 0.03 0.01 − − − 0.13 − 0.03
Mg 2.35 2.65 2.44 3.07 2.80 2.76 2.8 2.44 2.52 2.61
Ca 1.93 1.88 1.87 1.76 1.68 1.88 1.92 1.78 1.80 2.02
Na 0.38 0.71 0.35 0.49 0.55 0.54 0.44 0.35 0.35 0.49
K 0.35 0.28 0.34 0.24 0.01 0.07 0.04 0.18 0.16 0.22
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Calculations for the analyzed amphiboles show that the crystal-
lization of Mg-hastingsite and tschermakitic amphibole in andesites of
the Torud-Ahmad Abad magmatic belt took place at a temperature of
about 850–1030 °C, with the highest frequency at 1030 °C, under a li-
thostatic pressure of 2–6 kbar, with the highest frequency at 6 kbar
(Figs. 10, 11). Mg-hornblendes in dacite crystallized at temperatures of
920 to 970 °C, with most data gathering between 940 and 960 °C, at
pressure conditions of 3–4.5 kbar (Figs. 10, 11). The chemistry of am-
phibole in mafic clots (pyroxene and amphibole clots), suggests a
temperature range of 500–800 °C and a pressure of 4.2–8.2 kbar, with

highest frequency of data close to 680 °C and 6.2 kbar. Since the ther-
mometer used here provides reliable temperature estimates in the range
of 800 to 1130 °C (Ridolfi and Renzulli, 2012), the low temperatures for
the amphibole/pyroxene in the mafic clots may indicate reactions with
the enclosing magma composition and therefore not register any sig-
nificant igneous data.

The amphibole data combined indicate an upper pressure limit of c.
6 kbar, at c. 1030 °C. With regard to the relation between depth and
pressure (Putirka et al., 2003), the depth of magma crystallization in
the studied rocks occurred at a crustal depth of approximately< 30
km.

3.2.2. Thermobarometry of pyroxene
Two methods from Putirka et al. (2003) and Putirka (2008b) were

used for calculating the P-T conditions of clinopyroxene crystallization.
The first thermobarometer is based on equations in Putirka et al.
(2003), which suggests pyroxene crystallization temperatures at

Fig. 4. Classification diagrams for amphibole (Leake et al., 1997, 2004).a: amphiboles in
the high‑magnesium andesitic samples plot between pargasite and Mg-hastingsite field. b:
amphiboles in andesites and dacites with AlVI > Fe3+ and Al V1 < Fe3+ plot between
the pargasite and Mg-hastingsite field c: the range of amphibole compositions of tra-
chyandesite, trachydacite, and mafic clots in the Mg/(Mg + Fe2+) vs. Si diagram.

Fig. 5. Backscattered electron image of an amphibole crystal with normal zoning. SEM-
EDS spots are shown as red dots and the arrow direction shows the order in which the
spots were analyzed, which is also indicated in Table 1. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 6. Ab-An-Or ternary plot for plagioclase compositions.
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Fig. 7. Variations from core to rim in plagioclase
composition of andesitic rocks. a: normal-zoned
plagioclase. b: reverse-zoned plagioclase.

Table 2
Results of SEM-EDS analysis of plagioclase in the hypabyssal rocks of the Torud-Ahmad Abad magmatic belt. For spot positions of core/rim, see Fig. 6.

Mineral Normal-zoned plagioclase Oscillatory-zoned plagioclase Reverse zoned plagioclase

Host rock position FR 63 (Andesite) FR23 (Andesite) Fy33 (Dacite)

Core Rim Rim Core Core Rim

SiO2 53.92 54.19 54.89 56.33 54.08 58.98 52.43 56.05 55.98 55.46 63.36 62.23 59.95 58.27 57.23
Al2O3 28.22 28.99 28.46 27.09 28.48 25.59 30.03 27.11 27.6 27.74 22.7 23.6 23.6 25.6 26.3
FeO 0.56 0.36 – 0.46 0.18 0.05 0.26 0.56 – 0.4 0.6 0.3 1.68 0.8 0.5
CaO 10.95 11.34 10.48 9.27 10.65 7.31 12.44 9.78 9.65 10.46 4.5 6.2 6.6 8.3 9.6
Na2O 4.87 4.83 5.36 5.99 4.99 7.02 4.13 5.58 5.63 5.21 8.0 7.6 7.3 6.6 6.0
K2O 0.45 0.48 0.32 0.49 0.52 0.6 0.49 0.53 0.68 0.57 0.8 – 0.57 0.5 0.3
BaO 0.31 0.09 0.21 – 0.57 0.22 0.05 0.15 0.16 – 0.0 – 0.21 – 0.0
Total 99.27 100.28 99.72 99.63 99.48 99.76 99.82 99.76 99.71 99.84 100.0 99.9 100.1 100.0 100.0
Feldspar component
Or 3.14 2.92 2.22 2.79 4.05 3.8 2.91 3.34 4.18 3.29 4.5 – 3.69 2.64 1.65
Ab 43.19 42.23 46.98 52.4 44 61.06 36.4 49.09 49.19 45.82 72.7 68.9 64.46 57.5 52.2
An 53.56 54.83 50.79 44.8 51.9 35.12 60.7 47.56 46.61 50.88 22.7 31.1 31.8 39.9 46.1

Table 3
Compositional SEM-EDS data for clinopyroxenes in the hypabyssal rocks of the Torud-Ahmad Abad magmatic belt. For spot positions of core/rim, see Fig. 7.

Mineral FR32 (basaltic andesite) FR 11 (andesite) FR 11 (andesite)

Host rock position Oscillatory-zoned pyroxene

Rim Core Rim Core Rim Core

SiO2 51.73 51.54 51.74 51.3 51.39 52.06 51.75 52.48 51.92 52.01 52.08 52.48 51.46
TiO2 – 0.54 0.88 0.35 0.85 1.18 0.25 0.52 0.32 0.88 0.74 0.34 0.67
Al2O3 4.06 3.19 3.45 4.78 2.62 2.05 2.06 1.96 2.02 2.48 0.84 1.12 2.32
FeO 4.24 4.44 4.86 6.18 8.27 8.23 10.26 9.94 10.79 9.75 8.57 8.99 10.01
MnO – 0.4 0.32 0.28 0.49 – 0.19 0.32 0.76 0.47 0.6 0.63 0.67
MgO 14.88 14.97 14.5 13.79 14.16 14.23 11.84 13.33 13.09 12.84 15.32 13.99 12.9
CaO 23.98 23.06 23.84 23.62 21.61 21.64 23.57 21.07 20.33 20.83 21.13 21.87 21.76
Na2O 0.06 0.76 0.26 – 0.4 0.53 – 0.54 0.3 0.71 – 0.05 0.06
K2O 0.07 0.39 – 0.049 0.059 0.04 0.44 – 0.2 – 0.02 0.09 0.16
Cr2O3 0.82 – 0.32 – 0.01 0.091 – – 0.26 0.05 0.43 0.17 0.08
Total 99.88 99.34 100.2 100.39 99.92 100.07 100.4 100.2 100.03 100.08 99.82 99.76 100.13
Pyroxene component (%)
En 43.13 43.69 41.97 40.09 40.9 41.36 34.17 38.93 38.27 38.27 42.97 39.84 37.36
Fs 6.89 7.94 8.42 10.56 14.22 13.42 16.93 16.83 18.98 17.1 14.44 15.39 17.35
Wo 49.96 48.35 49.6 49.34 44.87 45.2 48.88 44.22 42.73 44.61 42.57 44.75 45.28
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989–1213 °C and a pressure range of 1–11 kbar. The second method
given by Putirka (2008b) generates a temperature estimate determined
without the involvement of liquid composition, and the standard error
of estimation for this method is± 1.5 kbar. This method indicate pyr-
oxene crystallization at about 1020 to 1170 °C, with the highest fre-
quency at 1050 °C, and a pressure of 2–10 kbar, with the highest fre-
quency at 9 kbar for basaltic andesite samples (Fig. 11). These P-T
settings are in agreement with data reported by e.g. Martin (2007) and
Sen (1985). It should be noted that the results of different geothermo-
barometers should be consistent with each other and with petrographic
evidence. Here, frequency histograms are used for illustrating the range
of variation and frequency of the temperature and pressure for crys-
tallization of pyroxene and amphibole. Some of the lower temperature
and pressure values likely suggest a re-equilibration during cooling and

ascent of the magma.
In addition to the P-T estimation, the mineral chemistry of amphi-

boles can be used to determine the tectonomagmatic environment
(Leake, 1971). Amphiboles with 6–7 values per formula Si (Table 1) are

Fig. 8. En–Wo–Fs ternary diagram for determination of clinopyroxene.

Fig. 9. Representative backscattered electron image of a clinopyroxene grain displaying
oscillatory zoning. SEM-EDS spots are shown as red dots and the arrow direction re-
presents the order the spots were analyzed, as indicated in Table 1. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 10. P-T data for amphibole in dacite and andesite. a): diagram for andesite, b):
diagram for dacite, c): P-T diagram for clinopyroxene (diopside-augite) of basaltic an-
desite (Ridolfi and Renzulli, 2012).
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characteristic of igneous amphiboles (Leake, 1978). As shown in
Fig. 12a, the analyzed amphiboles plot in the igneous amphibole field.
According to the diagram of Coltorti et al. (2007), these amphiboles are
related to a subduction environment (I-amph: Interplate and S-amph:
Subduction) (Fig. 12b).

Based on the thermobarometric data above, amphibole and pyr-
oxene mineral chemistry suggests a magmatic crystallization depth

of< 33 km. In Iran, the depth to Moho varies (Dehghani and Makris,
1983; Mooney, 1998; Jamshidi et al., 2015). Motaghi et al. (2012)
suggest a large variation of the Moho depth, from 35 km under central
Iran, to 55 km beneath the northeastern parts of the country. According
to Taghizadeh-Farahmand et al. (2014), the average Moho depth be-
neath central Iran, varies between 42 and 46 km.

Petrographic evidence and mineral chemical data from this study

Fig. 11. Frequency histograms of the tempera-
ture and pressure of crystallization of amphibole
(hornblende). a: Temperature of crystallization of
minerals in andesite and dacite. b: Pressure of
crystallization of minerals in andesite and dacite.
c: P-T of crystallization of minerals (pyroxene) in
basaltic andesites.
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corroborate the findings by Yousefi et al. (2016, 2017), and indicate
that the parent magma of the high-silica adakitic domes originated from
the melting of a subducted metamorphosed Neo-Tethyan oceanic slab
(Sabzevar–Darouneh branch). The low-silica adakite in Sahl-Razzeh
was formed by partial melting of a metasomatized or modified mantle
wedge above a subducted oceanic slab (Fig. 13).

4. Conclusion

The Torud-Ahmad Abad magmatic belt, Iran, formed in a subduc-
tion zone environment, in a volcanic arc tectonic setting. The hypa-
byssal rocks, or domes, are composed of basaltic trachyandesite, tra-
chyandesite, trachydacite and dacite with adakitic feature. Amphibole,
plagioclase and pyroxene are the main minerals in these rocks.
Geothermobarometric calculations show that the Mg-hastingsite and
tschermakitic amphibole in the andesite rocks crystallized at a tem-
perature range of about 850–1030 °C, with the highest data frequency
at ca. 1030 °C, under a lithostatic pressure of 2–6 kbar, with most data
at ca. 6 kbar. Magnesian-hornblende in dacitic rocks crystallized at
920–970 °C, at a pressure of 3–4.5 kbar. Geothermobarometry of pyr-
oxene in basaltic andesite show that the crystallization of magma in-
itiated at temperatures from 1020 to 1170 °C, at pressure conditions of
2.2–9.8 kbar.

Based on the results of pressure and temperature, the depth of
magma crystallization is estimated to be< 30 to 30 km. The studied
magmatic rocks are related to subduction of the Sabzevar–Darouneh
Neo-Tethyan oceanic slab beneath the continental crust of the northern
part of the Central Iran Structural Zone.
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Fig. 12. a. Diagram for determining amphibole magmatic series (Leake, 1971). b. Dia-
gram of Coltorti et al. (2007), indicating that the amphiboles are associated with sub-
duction.
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