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1-Introduction

Silicate minerals, the most abundant constituents of Earth’s crust and mantle, retain valuable records of
magmatic processes. Their chemical compositions, meticulously preserved during crystallization, serve as
robust proxies for decoding the complex evolution of magmas, from their genesis in the mantle to their
emplacement and final differentiation within the crust. Variations in the concentrations of major and trace
elements in silicate phases (e.g., olivine, pyroxene, plagioclase, biotite, and quartz) are highly sensitive to
changes in melt composition, temperature, pressure, and oxygen fugacity. These variations impose critical
constraints on the physicochemical conditions that govern magma differentiation.

Among ferromagnesian silicates, biotite is a particularly important phase in unraveling the linkage
between magma evolution and metallogenesis. The elemental composition of biotite, especially in terms of
Fe, Mg, Al, Ti, F, and Cl, is strongly influenced by the volatile content and oxidation state of the hosting
magma. Concurrently, biotite preserves essential information about the petrogenetic history and tectonic
setting of its host rocks. Hence, the geochemical analysis of biotite can aid in distinguishing between fertile
and barren intrusive bodies, as well as in evaluating the role of hydrothermal fluids in the formation of ores.

The Bam region, located in southeastern Iran (Fig. 1), lies within the Cenozoic Kerman magmatic copper
belt (KMCB) and has been the subject of numerous mineral exploration efforts. North of the area, a suite
of volcanic and subvolcanic rocks occurs, which are considered prospective for porphyry copper
mineralization. In this context, the geochemical composition of biotite from volcanic rocks has been
investigated to assess the mineralization potential of their parental magmas. Given the genetic association
between these volcanic rocks and subvolcanic intrusions responsible for copper mineralization, the
outcomes of this study can provide valuable guidance for future exploration efforts in the region.

2-Regional Geology

The Bam area is situated in the southern part of the Urumieh-Dokhtar magmatic zone (Fig. 1), a key
metallogenic zone within the broader Zagros orogenic system. This magmatic belt resulted from the
opening of the Neotethys Ocean during the Late Paleozoic, the subduction of the Neotethyan lithosphere
beneath the Iranian microplate during the Mesozoic, and the subsequent collision between the Afro-Arabian
and Iranian plates in the Tertiary (Stocklin, 1968; Alavi, 1994; Hassanzadeh & Wernicke, 2016). The
Urumieh-Dokhtar arc is characterized by subduction-related calc-alkaline magmatism spanning from the
Eocene to the Quaternary, with its magmatic climax occurring during the Middle Eocene. This belt hosts
most of Iran’s known porphyry Cu = Mo deposits, especially in the KMCB.
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The Bam region, in the northern KMCB, comprises volcanic rocks, ash-flow tuffs, volcaniclastic, and
sedimentary strata (Fig. 1b). The oldest lithologies in the area include gray Cretaceous and Paleocene
limestones, which are overlain by Tertiary volcanic sequences. The Eocene volcanic succession forms the
main topographic features. It is stratigraphically divided into (1) a lower unit composed of well-bedded
pyroclastic sediments—conglomerates, volcanic breccias, sandstones, and siltstones interlayered with
dacitic lavas and ash flows, and (2) a middle unit characterized by alternating flows and pyroclastic layers
of dacite, rhyolite, and andesite. Exploration drill cores from the area reveal granitoid subvolcanic bodies
at depth (Miri et al., 2024). Hydrothermal alteration zones, including potassic, phyllic, argillic, and
propylitic assemblages, are widely developed, indicative of a porphyry-style copper mineralization system.
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Fig. 1. (a) Geology map of Iran (Ghasemi & Talbot, 2006) and the location of the Kerman magmatic copper belt
(KMCB), and (b) Geology map of the Bam area (Aghanabati et al., 1993).
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3-Methods

A total of 50 representative samples of volcanic rocks were collected during detailed fieldwork. The thin
sections were studied using a polarizing microscope. Four andesite samples containing well-preserved
biotite phenocrysts suitable for the objectives of the study were selected. The chemical composition of
biotite was determined using electron probe microanalysis (EPMA) at the University of Leoben, Austria.
Analyses were performed using a JEOL JXA 8200 electron microprobe, operated at an accelerating voltage
of 15 kV, a beam current of 10 nA, and counting times ranging from 20 to 100 seconds, depending on the
element being analyzed.

4-Petrography

The analyzed andesitic rocks exhibit a range of volcanic textures, including glomeroporphyritic, sieve,
microlitic porphyritic, and vesicular fabrics. The main mineral constituents are plagioclase (50-60 vol%),
biotite (20-30 vol%), and hornblende (10—15 vol%). Magnetite and pyrite are the main accessory phases,
whereas sericite and chlorite occur as secondary alteration products. Plagioclase dominates the modal
mineralogy, occurring both as phenocrysts and microlites in the groundmass. The phenocrysts frequently
display sieve textures, well-developed chemical zoning, and corroded and embayed rims. Biotite is the
principal ferromagnesian mineral in these samples, appearing as subhedral to anhedral grains ranging in
size from 0.2 to 1 mm, typically distributed within the groundmass. Larger biotite grains often host
inclusions of opaque phases. Some biotite crystals show partial chloritization. Hornblende is the second
most abundant ferromagnesian mineral and occurs as subhedral to anhedral crystals, with colors ranging
from green to brown.

5-Results

5-1-Biotite Chemistry

The chemical compositions of biotite crystals are presented in Table 1. The structural formulae were
calculated based on 11 oxygen atoms using the method proposed by Li et al. (2020). To classify the biotite
compositions, diagrams of octahedral aluminum (A1"") versus Fe/(Fe + Mg) (Rieder et al., 1999) and the
ternary diagram (AlY! + Fe?* + Ti) — (Fe*" + Mn) — Mg (Foster et al., 1960) were employed (Fig. 2). The
volcanic biotites exhibit high Mg contents, ranging from 1.7 to 2 atoms per formula unit (apfu), and plot in
the high-Mg biotite field on both diagrams. The ternary FeO + MnO — 10xTiO. — MgO diagram (Nachit et
al., 2005) was utilized to distinguish between primary (magmatic) biotite, re-equilibrated primary biotite,
and secondary biotite. According to this diagram, the analyzed biotites exhibit moderate TiO: enrichment
and plot predominantly in the field of re-equilibrated biotite (Fig. 2).

6-Magmatic Series and Tectonic Setting

Because the composition of biotite is closely tied to the chemical and physicochemical characteristics of
the parental magma (Abdel-Rahman, 1994), it serves as a useful indicator of the tectonomagmatic setting
of volcanic rocks. The concentrations of Al.Os, MgO, and FeO in biotite are particularly diagnostic of
magmatic series and tectonic environments. These parameters were evaluated using classification diagrams
shown in Fig. 3. Based on these diagrams, the biotites fall within the compositional fields associated with
alkaline, calc-alkaline, and peraluminous magmas. Although originally developed for granitic biotites,
these diagrams have also been applied to mafic to intermediate compositions in several recent studies (e.g.,
Faridazad and Ashrafi, 2025). The majority of the analyzed biotite samples plot within the calc-alkaline
field, consistent with formation in a subduction-related magmatic arc setting.
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Fig. 2. Chemical classification of the biotites from the north Bam volcanic rocks. (a) AlV! vs. Fe/(Fet+tMg) diagram
(Rieder et al., 1999), (b) (AIV'+Fe**+Ti) - (Fe**+Mn) — Mg ternary diagram (Foster et al., 1960), and (c¢) 10xTiO; -
FeO+MnO — MgO ternary diagram (Nachit et al., 2005).
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Fig. 3. Diagrams discriminating tectonic setting and magma series of the parent magmas based on the biotite
compositions (Abdel-Rahman, 1994).
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7-Mineralization Potential
Volcanic rocks are genetically linked to their plutonic counterparts—stocks and batholiths—which
originate from a common parental magma but crystallize at different crustal levels. Stocks typically solidify
at shallow to intermediate depths, while lavas erupt and crystallize at the surface. Therefore, the
geochemical features of accessible volcanic rocks may serve as proxies for the characteristics of concealed
intrusive bodies at depth. Given the occurrence of porphyry copper mineralization in the region and the
genetic relationship between the volcanic and subvolcanic intrusive rocks (Miri et al., 2024), the chemical
composition of biotite in the andesitic lavas was evaluated as an indicator of magmatic fertility.

To assess the potential relationship between the biotite chemistry and porphyry copper fertility, the
analyzed biotites were compared with those from mineralized and barren granitoid intrusions (Fig. 4). This
comparison utilized indices such as the magnesium number (Mg# = Mg/Mg + Fe?*), Ti content, and Al"!
(Taghavi et al., 2022). In all classification plots, the studied biotites fall within the compositional field of
biotite from nljneralized granitoid systems.
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Fig. 4. Comparison of the andesite biotites with those of barren and productive granitoid bodies (Taghavi et al., 2022)

In addition to compositional trends indicative of magmatic fertility, biotite can also serve as a proxy for
magmatic redox conditions. The ternary Fe**—Fe?*’~Mg diagram (Wonse & Eugster, 1965) was employed
to estimate the oxygen fugacity of the magma based on biotite chemistry (Fig. 5). In this diagram, the
studied biotites plot within the Ni-NiO buffer range and overlap with the field of biotite from fertile
granitoid intrusions.
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Fig. 5. Fe’*-Fe?'-Mg diagram to determine oxygen fugacity of the biotite parent magma (Wones and Eugster, 1965)

8-Conclusion

The andesitic rocks of the northern Bam region host biotite crystals characterized by high magnesium
contents, classifying them as Mg-rich biotites. These biotites predominantly exhibit re-equilibrated
compositions, indicative of post-crystallization alteration and interaction with hydrothermal fluids. The
parental magma of these biotites is calc-alkaline in nature and formed within a subduction-related tectonic
setting. The geochemical characteristics of the biotites, particularly their position within the Ni—-NiO buffer
field, reflect the redox conditions prevailing during the hydrothermal alteration processes. The
compositional similarity between the studied biotites and those from known fertile granitoid intrusions
suggests a shared magmatic lineage. Given the genetic connection commonly observed between volcanic
rocks and their subvolcanic equivalents, these findings strongly imply that the granodioritic intrusions in
the region are also prospective for porphyry copper mineralization. This study underscores the utility of
biotite geochemistry as a reliable tool in assessing the mineralization potential of volcanic terranes. The
consistency of the present results with prior regional geochemical investigations supports the application
of this approach in guiding future porphyry copper exploration efforts in the northern segment of the
KMCB.
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Fig. 1. (a) Geology map of Iran (Ghasemei and Talbot, 2006) and the location of the Kerman magmatic copper belt
(KMCB) and (b) Geology map of the Bam area (Aghanabati et al., 1993).
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Fig. 2. Microphotographs from the studied samples. (a and b) sieved plagioclase phenocryst, (¢) hornblende

phenocryst, and (d) plagioclase phenocryst with chemical zoning. Mineral abbreviations are Bi: biotite, Cpx:
clinopyroxene, Hbl: hornblende and PI: plagioclase (Whitney and Evans, 2010).
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Fig. 3. Chemical classification of the biotites from the north Bam volcanic rocks. (a) AIVI vs. Fe/(Fe+Mg) diagram
(Rieder et al., 1999), (b) (AIVI+Fe3++Ti) - (Fe2++Mn) — Mg ternary diagram (Foster et al., 1960), and (c) 10xTiO2
- FeO+MnO — MgO ternary diagram (Nachit et al., 2005).
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Table 1. Chemical compositions of biotite in andesites and balsalts from the north Bam area.

o adbie Jlod by juil glacssn oloond oS 5 =) Jooxr

Nu A-1 A2 A3 A4 A5 B1 B2 B3 B4 BS B-o6
SiO; 3935 38.58 38.85 39.19 36.71 36.68 37.25 3732 37.30 37.01 37.30
TiO, 338 338 292 292 423 413 435 424 414 416 4.14
ALOs; 1476 14778 14.23 14.89 14.69 14.47 1433 1433 1442 1439 14.59
FeO 13.00 12.55 12.26 12.05 14.90 1530 1523 1535 1520 1520 15.08
MnO 0.13  0.14 0.15 0.15 027 020 0.18 021 020 0.19 0.21
MgO 16.69 1546 1659 18.81 15.76 15.04 14.57 14.79 14.81 1495 15.24
CaO 002 0.01 0.04 0.06 0.04 006 005 002 0.04 0.04 0.03
Na,O 030 031 034 033 060 056 055 058 057  0.61 @ 061
K20 9.09 885 936 866 819 827 854 856 842 853 832
total 96.72  94.06 94.74 97.05 9539 94.71 95.05 95.38 95.08 95.06 95.49
T.Si 288 289 289 283 276 278 282 282 282 280 280
T.A1 104 103 101 110 117 114 1.10 1.09 1.10 1.11 1.12
T.Fe¢ 008 008 0.10 0.07 006 008 0.08 0.09 009 0.09 0.08
sum 4.00 4.00 4.00 4.00 400 400 4.00 4.00 4.00 4.00 4.00
M.Al 023 027 024 0.17 0.13  0.16 0.18 0.19 0.19 0.17 0.18
MMg 179 171 182 199 174 167 162 164 164 166 1.68
M.Fe* 0.54 0.57 053 040 0.60 0.65 068 066 0.65 0.66 0.63
M.Fe* 0.18 0.13 013 026 027 024 020 021 022 022 024
M.Ti 019 020 0.17 016 024 023 025 024 023 024 023
M.Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M.Mn 0.01 0.01 0.01 0.01 0.02 001 001 0.01 0.01 0.01 0.01
M.Ni  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M.Li 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00
sum 294 289 290 298 3.00 296 294 296 295 296 @297
Vac 006 0.11 0.10 0.02 0.00 004 0.06 004 0.05 0.04 0.03
AK 08 08 090 081 081 082 084 083 0.83 0.84 0.81
ANa 004 004 005 005 0.09 008 0.08 008 0.08 0.09 0.09
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Fig. 4. Diagrams discriminating tectonic setting and magma series of the parent magmas based on the
biotite compositions (Abdel-Rahman, 1994).
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Fig. 6. Comparison of the composition of biotites from the study area with biotites from ore-bearing and barren
granitoids using (a) Mg vs. TiO2 plot and (b) Mg vs. MnO diagrams. The dotted area indicates the median or 50%,
and the shaded area indicates the range between 15 and 85% confidence (Tischendorf et al., 2001).
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