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1. Introduction

Estimating the crystallization temperature, pressure, and oxygen
fugacity (fO:) from mineral chemistry provides a powerful tool
for reconstructing the petrogenetic and geodynamic evolution of
magmatic systems, particularly in convergent margins. Among

ferromagnesian minerals, amphibole and biotite play a key role

ABSTRACT

The Ghohroud granitoid complex, located southwest of Kashan in the central part of the Urumieh—
Dokhtar Magmatic Arc (UDMA), mainly consists of granodiorite—tonalite rocks hosting mafic
microgranular enclaves (MMESs) with compositions ranging from gabbrodiorite to tonalite. The main
mineral assemblage includes amphibole, biotite, plagioclase, and alkali feldspar. Mineral chemistry
indicates that plagioclase is andesine, amphiboles are Mg-rich hornblende, and biotites are also
magnesium-rich. Amphiboles show relatively high Fe*'/(Fe** + Fe?") ratios, while magmatic ones are
characterized by low total Al and Fe/(Fe + Mg) ratios, suggesting crystallization under moderately
oxidizing conditions. Oxygen fugacity (fO:), calculated relative to the nickel-nickel oxide (NNO)
buffer, ranges from 107'? to 107'* bar (ANNO +1.23) in tonalitic samples, and from 10"*to 107" bar
(ANNO +0.34) in granodioritic rocks and their associated enclaves. Thermobarometric calculations
based on calcic amphiboles yield maximum pressures of about 4.39 kbar at 800 °C for tonalites,
and around 3.89 kbar at 750 °C for granodiorites and their enclaves, corresponding to amphibole
crystallization depths around ~12-16 km. Primary biotites in the Ghohroud granitoids crystallized
slightly later, at 690—784 °C (average ~712 °C).

in recording the physicochemical conditions of magma evolution,
especially in calc-alkaline granitoids. The Early Miocene (~17-19
Ma) Ghohroud granitoid, located in the central part of the Urumieh—
Dokhtar Magmatic Arc (UDMA), represents a metaluminous, calc-

alkaline intrusion emplaced during post-collisional magmatism.
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Investigating the thermobarometric and redox conditions of its
crystallization provides important insights into magma evolution,
crustal processes, and the tectonomagmatic environment of the

central Iranian plateau following the Arabia—Eurasia collision.

2. Research methodology

Eleven representative samples from the tonalitic and granodioritic
units, along with associated mafic microgranular enclaves (MMEs),
were selected for detailed petrographic and mineral chemical
analyses. Electron microprobe analyses (EPMA) were performed
at Peking University using a JEOL JXA-8100 instrument operating
at 15 kV and 20 nA. Amphibole and biotite compositions were
used to apply various thermobarometric calibrations, including
the amphibole thermobarometer of Ridolfi and Renzulli (2012)
and Ridolfi (2021), the hornblende—plagioclase thermometer of
Holland and Blundy (1994), and the Ti-in-biotite thermometer of
Henry et al. (2005). Oxygen fugacity (fO:) was estimated from

Fe**—Fe*" equilibria.

3. Results

Plagioclase in all units corresponds to andesine (Anss—ss) and
exhibits normal, reverse, and oscillatory zoning reflecting complex
crystallization dynamics. Amphiboles are calcic, ranging from
magnesio-hornblende to edenite, and commonly show euhedral
forms with normal zoning. Estimated crystallization temperatures
derived from amphibole thermometry vary between 771-845 °C
in tonalite, 693—750 °C in granodiorite, and 722-812 °C in mafic
microgranular enclaves (MMEs). Calculated pressures range
from 3.34 to 4.71 kbar, corresponding to crystallization depths of
approximately 12—16 km.

Biotites are Mg-rich and crystallized later than amphibole,
at temperatures between 627 and 646°C. Amphiboles display
relatively high Fe*"/(Fe** + Fe®") ratios, whereas biotites are
characterized by low total Al and restricted Fe/(Fe + Mg) values.
These features indicate relatively oxidizing conditions during
crystallization. The calculated oxygen fugacity (fO:) ranges from
~107"" to 107 bar, equivalent to ANNO values of +1.23 to +0.34.
In classification and discrimination diagrams, both amphibole and
biotite compositions fall within the calc- alkaline magma series,
consistent with mineral assemblages typical of subduction-related

magmatic systems

4. Discussions

The chemical composition of amphiboles provides valuable
constraints not only on pressure—temperature conditions but also on
the composition of the parental magma and the tectonomagmatic
environment (Leake, 1971; Molina et al., 2009). Thermobarometric

calculations using the updated single-phase model of Ridolfi

(2021), based on an expanded experimental database, indicate
crystallization pressures of 3.34-4.71 MPa and temperatures
of 693-845 °C. These conditions correspond to amphibole
crystallization depths of approximately 12—16 km.

In the AIY-KA (Ridolfi and Renzulli, 2012) and SiO>-TiO:
(Droop, 1987) diagrams (Figure 9-a, b), the studied amphiboles
plot within the calc-alkaline field. The observed positive correlation
between Al'Y and total Al (Figure 9-c) suggests a magmatic rather
than metamorphic origin (Hammarstrom and Zen, 1986). According
to the classification of Coltorti et al. (2007), the relatively low
TiO: and Na:O contents of these amphiboles are consistent
with subduction-related magmatism (S-Amph field; Figure
9d). Similarly, biotite compositions (FeO-MgO-AlL:Os; Abdel-
Rahman, 1994) fall within the calc-alkaline field (Figure 10-a, b),
supporting their crystallization from an evolved arc magma under
oxidizing conditions (ANNO = +1.6 to +2.2). Mineral chemistry
and thermobarometric results of the Ghohroud granitoid rocks,
consistent with Khaksar et al. (2020), indicate that this complex has

a calc-alkaline nature and was emplaced in a continental arc setting.

5. Conclusion

This study provides valuable mineral chemical and thermobarometric
data on Early Miocene granitoids of the Ghohroud pluton in the
central UDMA:

- The primary minerals include Mg-rich hornblende, Mg-rich
biotite, and andesine plagioclase.

- The magnesium-rich hornblendes in the tonalites crystallized
at temperatures ranging from 771 to 845 °C, with a predominant
temperature of about 800 °C, under lithostatic pressures of 4.18—
4.39 kbar. The hornblendes in the granodiorites crystallized at 693—
750 °C (dominant at ~750 °C) and pressures of 3.34-3.89 kbar,
while those in the associated enclaves formed at 722-812 °C and
3.84-4.71 kbar. Biotite crystals in these rocks crystallized at lower
temperatures, with an average range of 627-646 °C.

- Analytical results indicate that magmatic amphiboles have high
Fe*'/(Fe*" + Fe?') ratios, and biotites show low total Al contents
with a narrow range of Fe/(Fe + Mg) ratios, suggesting relatively
oxidizing conditions during the late stages of crystallization. The
oxygen fugacity (fO:) varies from 107" to 107'* bar (ANNO +
1.23) in tonalites and from 107 to 107! bar (ANNO + 0.34) in
granodiorites, indicating relatively oxidizing conditions during
mineral crystallization. The crystallization depth of amphiboles
during magma evolution ranged from approximately 12 to 16 km,

reflecting dynamic conditions during magma crystallization.
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Table 1. Selections from the results of point analysis of feldspar minerals in samples of the region. Calculation of cations based on

8 oxygen atoms (oxides of main elements based on %wt weight percentage and cations based on atoms per formula units (apfu)).

Rock type tonalite granodiorie enclave
e JV-2-one- JV-2-one- JV-2-one- JV-4-one- JV-4-one- JV-4-one- GH.49.A.- GH.49.A.-
pl-2 Kfs-2 Kfs-4 pl-1 pl-2 pl-3 plgé plg7
Major oxides (Wt.%)
Sio, 57.75 64.66 65.25 57.89 5791 65.19 55.28 56.11
Tio, 0.03 0 0.09 0.07 0.04 0 0.04 0.01
ALO, 26.57 17.93 18.18 26.32 26.52 18.26 27.79 27.54
Cr,0, 0 0 0 0.06 0 0 0 0
FeO tot 0.16 0.08 0.09 0.17 0.15 0.11 0.24 0.32
MnO 0 0 0 0 0.07 0.07 0.04 0
NiO 0 0.04 0 0.01 0 0 0 0.02
MgO 0.01 0 0 0.03 0 0.01 0 0.04
CaO 9 0.03 0.02 8.36 8.71 0.01 10.49 11.04
Na,O 6.31 1.07 1.08 6.51 6.6 1 5.51 5.68
K,0 0.25 14.29 14.14 0.25 0.21 14.49 0.16 0.11
Total 100.08 98.1 98.85 99.67 100.21 99.14 99.55 100.87
Calculated mineral formulae (apfu)
Si 2.59 3.02 3.02 2.60 2.59 3.01 2.50 2.51
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.40 0.99 0.99 1.39 1.40 0.99 1.48 1.45
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe tot 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.43 0.00 0.00 0.40 0.42 0.00 0.51 0.53
Na 0.55 0.10 0.10 0.57 0.57 0.09 0.48 0.49
K 0.01 0.85 0.87 0.01 0.01 0.86 0.01 0.01
Sum 4.99 4.96 4.98 4.99 5.00 4.97 5.00 5.01
XOr 2.26 92.94 92.84 2.29 1.88 93.51 1.47 0.97
XAb 57.05 6.96 7.09 59.51 59.11 6.45 50.48 50.22
XAn 40.69 0.10 0.07 38.21 39.01 0.03 48.05 48.81
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Table 2. Selections from the results of spot analysis of amphibole minerals in the studied samples. Calculation of cations based on 23

oxygen atoms (oxides of main elements based on %wt and cations based on apfu (atoms per formula units)).

type Rock tonalite granodiorite enclave
sample am(:)I(;II.?i?l-e 1 am(:)I;I.?i?l-e 2 am(:)I;i?i?l-e 3 JV:‘;?; “ JV:I'I:T “ JV:I‘I:)SH © | cnavas02 GHA9.AS03
Major oxides (Wt.%)
Sio, 46.73 47.57 46.72 42.93 4431 44.18 42.97 44.09
TiO, 1.05 1.18 1.08 0.97 0.70 0.83 0.94 0.86
ALO, 10.31 11.16 9.83 11.33 11.23 10.74 11.26 11.20
Cr,0, 0.00 0.00 0.06 0.10 0.00 0.00 0.03 0.03
FeO 14.43 15.08 17.19 20.20 19.35 19.56 18.87 18.91
MnO 0.62 0.64 0.57 0.19 0.25 0.17 0.26 0.21
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
MgO 10.86 10.91 10.02 8.82 8.68 9.64 9.06 9.27
CaO 11.67 9.85 10.36 10.69 10.88 10.92 11.00 11.09
Na20 1.31 1.45 1.41 1.40 1.31 1.33 1.43 1.44
K,0 0.22 0.15 0.34 0.54 0.54 0.47 0.48 0.48
Total 97.20 97.99 97.58 97.17 97.25 97.85 96.32 97.58
Calculated mineral formulae (apfu)

Si 6.78 6.96 6.91 7.33 7.43 7.25 8.10 7.82
AlY 1.22 1.04 1.09 0.67 0.57 0.75 0.54 0.42
AV 0.04 0.16 0.19 0.11 0.06 0.06 0.20 0.28

Ti 0.11 0.13 0.12 0.04 0.05 0.08 0.02 0.02

Cr 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3 0.67 0.60 0.60 0.25 0.37 0.44 0.08 1.18
Fe2 1.10 1.00 1.37 1.79 1.55 1.49 2.55 1.39
Mn 0.08 0.08 0.07 0.08 0.05 0.07 0.20 0.16

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 3.00 3.03 2.65 2.70 2.92 2.86 1.85 1.78

Ca 1.82 1.54 1.64 1.89 1.80 1.84 1.79 1.79
Na 0.30 0.20 0.20 0.22 0.08 0.14 0.21 0.21

K 0.04 0.03 0.06 0.12 0.05 0.07 0.01 0.00
Total 15.17 14.77 14.91 15.20 14.93 15.05 15.54 15.05
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Table 3. Selections of the results of point analysis of biotite minerals in the studied samples. Calculation of cations based on 22 oxygen

atoms (oxides of main elements based on %wt weight percentage and cations based on atoms per formula units (apfu)).

Rock type tonalite granodiorite
sample GH.39-bil GH.39-bi2 GH.39-bi3 JV-2-one-4 JV-4-one-1 JV-4-one-2 JV-4-one-3 GH.49-bi4
Major oxides (wt%)
SiO, 36.18 36.47 36.08 36.09 36.03 35.92 36.21 36.3
Tio, 4.65 4.34 4.33 3.82 4.39 4.39 4.35 4.29
Al20, 12.65 13.41 13.51 13.48 13.25 13 13.48 12.61
Cr,0, 0 0.02 0.01 0 0 0 0 0
FeO tot 19.12 19.13 19.4 20.09 21 20.69 19.29 20.1
MnO 0.18 0.3 0.3 0.31 0.33 0.32 0.33 0.27
NiO 0 0.06 0 0 0 0.13 0.06 0.05
MgO 11.22 10.64 10.63 11.08 10.44 10.84 10.67 11.26
CaO 0.06 0.09 0.17 0.05 0 0 0.13 0.01
Na,O 0.14 0.19 0.12 0.1 0.08 0.07 0.11 0.13
K,0 8.88 8.53 8.49 8.87 8.84 8.72 8.46 8.61
Total 93.99 93.67 93.12 92.36 92.53 92.53 92.53 92.53
Calculated mineral formulae (apfu)
Si 2.81 2.83 2.80 2.79 2.79 2.79 2.81 2.81
Ti 0.27 0.25 0.25 0.22 0.26 0.26 0.25 0.25
Al 1.16 1.22 1.24 1.23 1.21 1.19 1.23 1.15
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2 1.10 1.09 1.12 1.14 1.21 1.19 1.11 1.13
Fe3 0.14 0.15 0.15 0.16 0.15 0.16 0.14 0.17
Mn 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Ni 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Mg 1.30 1.23 1.23 1.28 1.20 1.25 1.24 1.30
Ca 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00
Na 0.01 0.01 0.01 0.05 0.03 0.03 0.02 0.02
K 0.90 0.88 0.89 0.82 0.87 0.83 0.87 0.89
Sum 7.75 7.75 7.76 7.76 7.78 7.74 7.78 7.79
AI(LV) 1.16 1.17 1.20 1.21 1.21 1.19 1.19 1.15
AL(VI) 0.36 0.05 0.04 0.02 0.00 0.00 0.04 0.03
XMg** 0.54 0.53 0.52 0.53 0.50 0.51 0.53 0.53

*The XMg [XMg = Mg/(Mg + Fe)] value is mole fractions of Mg (Zhu and Sverjensky, 1992).
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Figure 6-a) Biotite positions in the Fe**/(Fe?*+Mg) vs. Sidiagram (Riederetal., 1998);
b) Biotite positions in the Si vs. F¢**/(Fe**+Mg)diagram (Speer, 1984); ¢) Biotite
positions in the Mg—(Fe**+Mn)—(AlV'+Fe**+Ti) ternary diagram (Foster, 1960);
d) Biotite positions in the TiO,~FeO-MgO ternary diagram (Nachit et al., 2005).
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Table 4. The results of thermobarometric calculations of amphibole in the granitoid rocks of Ghohroud.

Note: (T (°C)): temperature calculated using amphibole geothermometer; (P (kbar)): pressure calculated based on the Al present in the amphibole (P = 19.209 x
e(1.438 x Altot); NNO = relative oxygen fugacity ((NNO = 1.644 x (Mg + Si/47 — [6]Al/9 —1.3 x [6]Ti + Fe**/3.7 + Fe?"/5.2 — BCa/20 — ANa/2.8 + A/9.5]); logf
0,= oxygen fugacity ([logf O, = —25018.7/(T +273.15) + 12.981 + (0.046 x P x (Ridolfi, 2021)(10 —1)/(T + 273.15) + (—0.5117 x In(T + 273.15)) + NNOJ);

T1 = temperature calculated for each hornblende-plagioclase pair P1(kbar) using the plagioclase-hornblende geothermometer (Blundy and Holland, 1990).

Rock type tonalite
Sample GH.39- GH.39- GH.39- GH.39- JV-2-one- JV-2-one- JV-2-one- JV-2-one- JV-2-one- JV-2-one- JV-2-one-
number amp6Line1 amp6Line2 amp6Line4 amp6Line 5 am-2 am-3 am-4 am-5 am-6 am-7 am-8
Parameter
T (°C) 816.82 837.28 809.66 800.68 788.47 816.82 801.99 771.31 831.82 845.88 833.90
P(kbar) 4.29 423 4.28 4.18 432 4.19 4.29 421 4.18 4.30 4.39
ANNO 1.57 1.65 1.24 1.04 1.21 1.57 1.05 0.93 1.33 1.23 1.51
logfO, -12.80 -12.74 -13.99 -14.66 -14.12 -12.80 -14.08 -14.58 -14.27 -13.50 -12.90
T1 722.84 720.13 754.65 728.85 794.40 737.14 747.87 761.11 756.21 742.02 722.47
P1(kbar) 5.34 5.46 5.12 5.14 4.48 4.15 4.95 4.86 4.83 5.10 5.24
Rock type granodiorite
Sample JV-4-one- JV-4-one- JV-4-one- JV-4-one- GH.49- GH.49- GH.49- GH.49- GH.13- GH.13-
number am-3 am-4 am-5 am-6 am-1 am-2 am-3 am-4 amp3-01 amp3-02
Parameter
T (°C) 695.47 698.60 719.85 811.14 693.22 706.01 711.91 745.16 696.94 75091
P(kbar) 3.34 3.84 3.69 3.86 3.69 3.89 3.83 3.83 3.87 3.80
ANNO 0.34 0.93 -0.30 0.87 2.87 0.48 -0.14 0.44 0.61 0.08
logfO, -16.00 -15.76 -16.01 -12.77 -14.52 -15.58 -16.05 -14.66 -15.69 -14.88
T1 654.82 606.87 643.14 682.30 695.16 692.21 530.48 686.37 717.97 683.59
P1(kbar) 5.24 6.27 6.70 5.39 6.31 6.25 6.14 6.62 5.11 5.88
Rock type enclave
Sample | GH.49.A5-02 GH.49.A503 GH49.A5-04 GH49.AS-05 GH.49.A5-07 GH.49.A5-08
T (°C) 812.15 752.52 803.65 740.75 692.87 733.25
P(kbar) 3.84 4.59 4.54 4.60 4.65 4.71
ANNO 1.26 -0.37 2.53 -0.38 2.13 5.64
log/O, -12.31 -15.26 -15.48 -15.55 -14.43 -14.65
T1 685.94 692.77 710.32 696.48 695.47 704.16
P1(kbar) 5.81 6.20 5.12 5.03 5.63 6.12
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Figure 7- a) Temperature frequency diagrams; b) Pressure frequency diagram for

amphibole crystallization in Ghohroud granitoid rocks and associated enclaves;

¢) Amphibole stability/position in the log fO, vs. temperature diagram (Ridolfi,

2021).
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Figure 8- a) Biotites position in the Fe?**—Fe**—Mg ternary diagram and b) Biotites position in the log fO2 vs

temperature diagram (Wones and Eugster, 1965). Arrows indicate the crystallization trend of magma under
oxidizing and reducing conditions from De Albuquerque (1973).
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Figure 9- a) A" vs. KA diagram (Ridolfi and Renzulli, 2012) and b) SiO, vs. TiO, discrimination diagram (Droop, 1987) for amphiboles of

Ghohroud granitoids; c) Al vs. Al'Y diagram to determine the magmatic series of amphiboles (Hammarstrom and Zen, 1986); d) Position of
amphiboles in the SiO, vs. Na,O variation diagram (Coltorti et al., 2007) (I-amph: Interplate and S-amph: Subduction).
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Figure 10. Biotite discrimination diagrams for the Abdal Rahman magmatic series (Abdel-Rahman, 1994).
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