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Introduction

Geographically, the granitoid intrusion under investigation is located in
Ardestan, in the northeastern part of Isfahan Province and to the north of the
Nain ophiolitic complex, between longitudes 52°50' to 53°03' E and latitudes
33°09'N to 33°13'N. With a general northwest-southeast trend, this body is
considered part of the Urumieh—Dokhtar magmatic arc. Previous studies
conducted in or around the area include: Akbari (1999) conducted a
petrographic and petrological study of the Sohail Pakouh and Golshaknan
intrusive bodies and, based on the regional lithology, classified the intrusion as
an I-type granite. Yeganehfar (2007) investigated the petrogenesis of the
Tertiary rocks south of Ardestan and argued that these volcanic rocks display
the characteristics of island-arc magmatism, exhibiting indications of evolution
toward an active continental margin setting Rahmani (2018), studied the
petrology, geochemistry, and tectonomagmatic setting of the Qah Sareh
granitoids located in southeastern Ardestan. Babazadeh (2017), who also
worked on the petrogenesis of the Tertiary rocks south of Ardestan. In this
study, the similarities in major and trace elements as well as Sr—Nd isotopic
characteristics of the plutonic and volcanic rocks of Ardestan indicate
derivation from a common magma source. The author proposed a subduction
model involving the Neo-Tethyan slab beneath the Central Iran mantle.

Tourmaline has proven to be a highly useful mineral geochemical investigation on the tourmalines of this
for petrological studies (Manning, 1982; London, 1999) area, this study aims to conduct petrographic analysis,
due to its ability to crystallize under diverse pressure- determine the chemical composition, and elucidate the
temperature regimes and geological environments, and origin and formation conditions of the tourmalines
its stability across a wide range of metamorphic present in the regional granitoids.

conditions and weathering. Given the lack of detailed
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The studied intrusive body lies within the western
segment of the Central Iranian Zone and the central part
of the Urumieh-Dokhtar magmatic arc, trending NW-
SE (Fig. 1). Based on geographical distribution, it can be
divided into the Sohil Pakouh, Goleshkanan, and
Hajiabad subareas. These intrusive bodies, as part of the
Urumieh—Dokhtar magmatic belt, have intruded into
Eocene volcanic and volcaniclastic rocks in the
northwestern part of the Nain ophiolite zone. Their
emplacement has been dated to the Oligocene—Miocene
(Amidi, 1975). The thermal impact of these intrusions
has caused low- to very low-grade contact
metamorphism in the host rocks.

Analytical Methods

After sampling the granitoid rocks, 25 thin sections
were prepared for mineralogical and textural analysis
using an Olympus BH, polarizing microscope.
Following  petrographic  investigations,  selected
tourmaline grains were analyzed by electron microprobe
at the University of Oklahoma, USA, to determine their
elemental composition

Petrography

The studied intrusions mainly consist of
granodiorite, tonalite, diorite, and monzodiorite,
appearing both as veins and dikes, as well as larger
plutonic bodies. Dominant minerals include quartz,
plagioclase, alkali feldspar, amphibole, biotite, and
tourmaline. The average crystal size ranges from 4 to 9
mm. The rocks exhibit a granular texture, with
subordinate poikilitic, perthitic, and granophyric
textures. Late-stage intrusive activity after the Eocene
led to thermal alteration of the regional Eocene volcanic
rocks, forming siliceous—argillic breccias with white,
yellow, to pink coloration. Petrographic evidence of
metasomatism includes late-stage feldspar veinlets
within quartz grains, brecciated textures in quartz, and
partial replacement of plagioclase by potassium feldspar
at grain margins. Electron microprobe analysis of
adularia confirms the composition of the potassium
feldspar. Adularia appears to have formed at the final
crystallization stage of the granitoid as vein fillings,
indicating pervasive potassium metasomatism driven by
hydrothermal fluids.

Discussion

The rocks are primarily granodioritic, with
occurrences of diorite, monzodiorite, and tonalite. The
igneous rocks in southeastern Ardestan are mainly calc-
alkaline in character, with metaluminous to
peraluminous compositions, and are geochemically
consistent with subduction-related tectonic settings. The
chemical composition of tourmaline provides valuable
insights into the physicochemical conditions of the host
rock’s formation (Manning, 1982; Henry and Guidotti,
1985; London, 1999). To determine the structural

formulae of the tourmalines, multiple grains from the
granitoid samples were analyzed via electron
microprobe. The calculated formulae are presented in
Table 1. Analyses were conducted from the rim to the
core of the tourmaline grains. The core and rim
compositions are as follows:
Core composition: (Na, K) o72 (Fe*", Mn, Ti) 284 MQ15
Alsgs B3 Sig O27 (OH, F)4
Rim composition: (Na, K)o72 (Fe*", Mn, Ti) 165 Mg173
A|5,7 Bs Sis 027 (OH, F)4

The tourmalines are thus members of the schorl-
dravite solid solution series. Based on substitutions at the
X site, tourmalines are classified into calcic, alkali, and
X-site-vacant types depending on the relative
proportions of Na+(K), Ca, and site vacancies
(Hawthorne and Henry, 1999). According to this
classification and as shown in Figure 7, most of the
analyzed tourmalines fall within the alkali group,
indicating high K and Na contents relative to Ca and
minimal X-site vacancies. Alkali tourmalines typically
form under acidic and lower-temperature conditions
(Collins, 2010). In the Fe vs. Mg diagram, all samples
plot above the Y (Fe+Mg) = 3 line within the schorl-
dravite field, indicating a deficiency of Al in the Z-site
and its absence from the Y-site. The R1+R2 vs. R3
diagram [(Ca+Na)+(Fe+Mg+Mn) vs. Al+1.33Ti] of
Manning (1982) (Fig. 11) reveals Al-involved
substitutions, suggesting the presence of aluminous
tourmaline, foitite, X-site vacancies, and olenite. In this
diagram, the samples trend from the schorl-dravite
composition toward uvite, indicating substitutions
involving Ca, Mg, and Fe [(Ca (Fe, Mg) <> NaAl)].

Based on the Fe-Mg-Ca ternary diagram (Henry
and Guidotti, 1985), which is used to infer the nature of
the fluids involved in tourmaline crystallization, most
samples plot within the field of low-Ca metapelites and
meta psammites and quartz-tourmaline rocks, while a
few are positioned within the compositional field of
lithium-deficient granitoids. (Fig. 12). In diagram 13, the
tourmalines lie within fields B to C, indicating
crystallization from environments ranging from
proximal to intermediate, and even distal relative to the
granitoid body. The FeO/(FeO + MgO) ratio is a key
indicator of system openness and source characteristics.
A ratio of 0.8-1 suggests a closed magmatic system with
minimal external fluid involvement. Ratios <0.6 imply
formation in distal, hydrothermal systems with external
fluid input. Intermediate ratios (0.6-0.8) indicate mixed
magmatic-hydrothermal  environments with  both
internal and external fluid contributions (Pirajno and
Smithies, 1992). In the studied granitoids, this ratio
ranges from 0.60 to 0.75 (mean: 0.69), suggesting
formation of tourmaline in an environment transitional
between magmatic and hydrothermal regimes, likely
reflecting  fluid mixing involving  magmatic-
hydrothermal fluids and meteoric water during the final
stages of crystallization.
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Figure 1. Satellite image of the study area in the north of
Nain Ophiolite.
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Table 1. SEM analytical results of adularia from a late-stage vein within the host granitoid.

Element Weight%o Atomic% Net Int Error% Kratio z A F
Ok 29.59 4411 937.99 951 0.0822 1.06 0.26 1
NaK 0.28 0.29 17.87 43.75 0.0015 0.96 0.55 1.003
AIK 12.44 11 1412.59 3.84 0.098 0.94 0.82 1.007
SiK 39.34 3341 4330.74 35 0.305 0.97 0.8 1.003
KK 18.35 11.2 1226.68 3.35 0.1515 0.9 091 1.004
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Table 1. SEM analytical results of epidote within the adularia matrix.

Element Weight% Atomic% Net Int Error% Kratio z A
CK 10.86 20.32 154.46 13.1 0.02 1.09 0.208 1
ok 2731 38.37 970.67 9.98 0.06 1.05 0.23 1
AIK 129 10.74 1676.59 4.73 0.09 0.94 0.739 1
SiK 19.17 15.34 2506.67 448 0.14 0.96 0.744 1
Cak 2048 11.49 1591.96 2.76 0.18 0.91 0.964 1
FeK 9.28 3.74 389.2 511 0.08 0.82 0.99 1
0 guy p dilate Glad 913l S (9,0 Cedleg (sl (95U g5, slaosls Y Jgur

Table 3. Results of electron microprobe analyses of tourmaline in granitoids from the study area.
Sample No. 1C 2 3 4 5 6 7R 8
SiO: 35.16 35.1 34.32 34.8 35.1 35.05 35.97 36.12
TiO, 0.33 0.88 0.98 0.27 0.28 1.02 0.46 0.47
AlOs 23.46 24.39 24,68 22.86 23.77 23.85 29.02 28.44
FeO 19.82 16.89 16.6 20.63 19.63 17.93 12.23 12.31
MgO 5.62 6.7 6.61 5.54 5.72 6.11 6.54 6.86
CaO 0.97 1.94 1.93 0.77 0.78 1.83 1.24 1.19
MnO 0.02 0.005 0.01 0.03 0.01 0.005 0.015 0.005
Na20 2.27 1.81 18 2.45 244 1.91 217 2.25
K20 0.04 0.035 0.04 0.045 0.035 0.045 0.035 0.03
H.0 343 3.44 3.38 34 342 3.39 3.59 356
B20s 9.97 10.12 10.1 9.87 9.99 10.06 10.45 10.44
Total 101 101 101 100 101 101 101 101
B 3 3 3 3 3 3 3 3
Si 6.12 6.02 5.99 6.12 6.1 6.05 5.59 5.97
Ti 0.04 0.11 0.12 0.03 0.03 0.13 0.05 0.06
Al 47 4,93 5 47 48 4.85 5.66 5.55
Fe? 3 242 2.38 3 28 2.58 17 17
Mn 0.003 0.005 0.001 0.004 0.002 0 0.003 0.001
Mg 1.45 171 1.69 1.44 1.49 16 161 1.69
Ca 0.18 0.35 0.35 0.14 0.14 0.34 0.22 0.21
Na 0.76 06 0.59 0.83 0.83 0.69 0.7 0.72
K 0.01 0.008 0.007 0.01 0.008 0.01 0.008 0.006
Total 19.26 19.15 19.13 19.27 19.20 18.62 18.54 18.91
Xvac 0.05 0.04 0.05 0.02 0.02 0.59 0.07 0.06
Xvao (Kvac+Na) 0.06 0.07 0.08 0.02 0.03 0.48 0.09 0.08
Fe*+Mg 445 413 4,07 4.44 4.29 418 331 3.39
Mg/Fe+Mg 0.33 041 042 0.32 0.35 0.38 0.49 0.50
Fe/lFe+Mg 0.67 0.59 0.58 0.68 0.65 0.62 0.51 0.50
Ca/Ca+Na 0.19 0.37 0.37 0.14 0.14 0.35 0.24 0.23
Ro*=Fe(tot)+Mg+Mn+Al in R, 3.33 3.23 3.22 3.30 3.23 3.25 2.63 2.99
Ri=Na+Ca 0.94 0.95 0.94 0.97 0.97 0.98 0.92 0.93
Rs=Al+1.33Ti 475 5.08 5.16 474 484 5.02 5.73 5.63
R:=Fe+Mg+Mn 445 414 4,07 4.44 4.29 418 331 3.39
Ri+R2 5.39 5.09 5.01 541 5.26 458 4.23 4.32
FeO/FeO+MgO 0.78 0.72 072 079 0.77 0.75 0.65 0.64
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Table 3. Continued.
Sample No. 9 10 11 12
SiO: 36.64 36.32 36.4 36.24
TiO2 0.26 0.26 0.28 0.32
AlO3 29.84 30.6 29.33 27.16
FeO 10.91 10.49 11.27 13.93
MgO 7.09 711 7.22 6.99
CaO 0.92 0.78 0.89 1.09
MnO 0.01 0.01 0.015  0.005
Na:O 2.19 2.19 2.32 2.28
K20 0.03 0.02 0.034 0.02
H20 361 3.64 36 3.58
B20s 10.59 10.6 10.51 10.39
Total 102 102 101 102
B 3 3 3 3
Si 6.01 6.94 6.03 6.06
Ti 0.04 0.03 0.03 0.04
Al 5.8 5.84 5.6 53
Fe* 14 14 17 1.94
Mn 0.002 0002  0.002 0
Mg 17 16 1.75 1.74
Ca 02 0.15 0.17 0.19
Na 0.7 0.69 0.74 0.75
K 0.007 0005 0006  0.005
Total 18.86 19.66 19.03 18.35
Xvac 0.09 0.16 0.08 0.74
Kvaol (XvactNa) 0.12 0.18 0.10 0.50
Fe*+Mg 3.10 3.00 3.45 3.68
Mg/Fe+Mg 0.55 0.53 051 0.47
Fe/Fe+Mg 0.45 0.47 0.49 0.53
Ca/Ca+Na 0.22 0.18 0.19 0.73
Bz*=Fe(t0t)+Mg+Mn+AI 297 382 312 309
inR2
Ri;=Na+Ca 0.90 0.84 091 0.94
Rs=Al+1.33Ti 5.85 5.88 5.64 5.35
R.=Fe+Mg+Mn 3.10 3.00 345 3.68
R1+R> 4.00 3.84 4.36 4.62
FeO/FeO+MgO 0.61 0.60 0.61 0.67
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Figure 2. Geological map of the intrusive body in north of Nain ophiolite (adapted from the 1:100,000 scale geological
maps of Ashin and Shahre-Ab, modified after Kananian et al. (2015)).
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Figure 3. Field photographs from the southeastern region of Ardestan. A) Tonalitic dike (NW view); B) Granitoid

intrusions in the form of batholiths (northward view).
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Figure 4. A) Replacement of secondary epidotes along twinning or cleavage planes of plagioclase; B) Cross-cutting of
primary plagioclase by discontinuous alkali feldspar veinlets; C) Association of quartz and orthoclase; D) Intergrowth of
primary and secondary hornblendes; E) Overgrowth of sphene on the amphibole; F) Overgrowth of sphene on the epidote;
G) Zoning in part of tourmaline associated with quartz and feldspar; H) Relict unaltered chlorite surrounded by tourmaling;
1) Growth of tourmaline in open spaces among quartz crystals with a porous texture; J) Parallel fractures in anhedral
tourmaline crystal showing pleochroism from green to brown in granodiorite (PPL light); K) Unstable boundary and
overgrowth of tourmaline on biotite crystals undergoing chloritization (mineral abbreviations after \Warr, 2021). Images A
to F and | were taken in XPL, and the other images in PPL.

5 relict
6 interstitial
" Pull apart




\@| ul)ls.o..bsoobé.e 519\.\4.2.4 c.ul.: @J,ﬁ‘ ic,m ,JL».J) ‘sig)a LJ")')T 5&93)& OT c’w‘».\»g' Ja)b.»a &s"‘))"’&)‘dl")?&s‘*‘i’

Figure 4. Continued.
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Figure 5. A) A) BSE image of adularia within part of a late (hydrothermal) vein in a granitoid matrix; B) BSE image of an
epidote-rich section within an adularia matrix.
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Figure 6. A) Fractures filled with pull apart texture; B) Partial replacement of quartz along plagioclase twinning; C) Partial
replacement of plagioclase by potassium feldspar from the margin; D) Filling of open space with fine-grained quartz; E)
Corroded margin around feldspar; F) Intergrowth of tourmaline (center) with altered feldspar (margin) and presence of
fine-grained sphene; G) Intergrowth of tourmaline (center) with altered feldspar (margin) and presence of fine-grained
sphene (mineral abbreviations after Warr, 2021; Images A to F were taken in XPL, and image G in PPL).
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Table 4. Paragenetic relationship in granitoids (North of Nain ophiolitic zone).

Stage Magmatic stage

Mlineral

Boron

Epithermal
metasomatism 1

(Low sulphide)

Quartz

Amphibole

Feldspar

Touwrmaline

Adularia

Epidote

Chlorite -

Titanite
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London et al., 1996; London, ) aas ¢, (lle,s
! (1999; Wilke et al., 2002; Dini et al., 2007
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X=Ca, Na, K, [o vacancy]

Y= Li, Mg, Fe*, Mn?, Al, Cr¥*, V¥, Fe*" (Ti*),
Z= Mg, Al, Fe*, V¥ cr**

T=Si, Al, (B)

B=B, (ovacancy)

V=0H, O

W=0H, F, O
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Figure 13. The spatial distribution of tourmalines in the studied granitoids on the MgO versus

FeO/(FeO+MgO) diagram (after Pirajno and Smithies, 1992) (A: Zone from andogranitic areas to proximity of
the granitoid body; B: Transitional zone near the granitoid intrusion; C: Tourmalines located distal from the

granitoid body).
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