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ABSTRACT

This study investigates the mineral chemistry, thermobarometric conditions, and petrogenetic
evolution of Quaternary basaltic and olivine-basaltic lava flows exposed in the Negisan area,
located in the southeastern segment of the Urumieh—Dokhtar Magmatic Arc (UDMA) and within
the Dehaj—Sarduiyeh Magmatic Belt (DSMB). These volcanic units consist predominantly of
porphyritic to glomeroporphyritic basalts characterized by phenocrysts of plagioclase (bytownite—
labradorite), clinopyroxene (diopside—augite), and olivine (chrysolite), set within a microcrystalline
to hyalomicrolitic groundmass. Comprehensive petrographic analysis reveals the pervasive presence
of disequilibrium textures, including sieve-textured plagioclase and embayed olivine, indicative of
dynamic open-system magmatic evolution. Quantitative major-element data obtained by electron
probe microanalysis (EPMA) offer robust constraints on the physicochemical conditions of mineral
crystallization. Clinopyroxene compositions correspond to an alkaline magma affinity and plot within
the within-plate basalt tectonomagmatic field. Single-mineral thermobarometric calculations using
clinopyroxene chemistry yield crystallization temperatures of 1160—-1200 °C and pressures of 2—5 kbar,
corresponding to mid- to upper-crustal magma storage depths (~7—18 km), under oxidizing and water-
rich magmatic conditions. Systematic compositional contrasts between the olivine basalts (less evolved)
and basalts (more evolved) demonstrate that fractional crystallization was the dominant differentiation
mechanism. Nonetheless, petrographic evidence for magma mixing indicates that open-system recharge
and interaction were also essential in magma evolution. These findings collectively support a model
in which Negisan mafic volcanism represents late-stage, post-collisional magmatic activity associated
with extensional tectonics following the final closure of the Neo-Tethys Ocean beneath the Central
Iran microplate. The integration of petrography, mineral chemistry, and thermobarometry provides new
insights into the magmatic plumbing system and geodynamic evolution of the southeastern UDMA.

1. Introduction

The Urumieh—-Dokhtar Magmatic Arc (UDMA) constitutes one and represents a key segment of the Alpine-Himalayan orogenic

of the most prominent magmatic and tectonic features in Iran belt. This arc evolved primarily in response to long-lived
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convergence and subsequent subduction of the Neo-Tethyan
oceanic lithosphere beneath the Central Iranian microcontinent
from the Late Cretaceous onward. The geological evolution of
the UDMA is marked by several magmatic phases, including an
Early Cenozoic arc flare-up event during the Eocene, extensive
granitoid intrusions during the Oligocene—Miocene, and late
Miocene to Quaternary volcanism, which collectively record the
progressive transition from subduction-related magmatism to post-
collisional tectonics. Within this framework, the Dehaj—Sarduiyeh
Magmatic Belt represents one of the most mineralized and
tectonically active segments of the southeastern UDMA. It hosts
voluminous Eocene volcanic successions, Oligocene—Miocene
granitoid batholiths, and young volcanic units that locally include
basaltic lava flows associated with deep crustal or lithospheric
fractures. Previous studies in adjacent regions propose complex
petrogenetic  processes, including fractional crystallization,
crustal assimilation, mantle wedge metasomatism, and magma
mixing. However, significant uncertainties remain regarding
the precise pressure-temperature conditions of magma storage,
the differentiation pathways of mafic magmas, and the nature of
mantle source modifications. The Negisan region, located east of
Rudbar in Kerman Province, represents one of the youngest mafic
volcanic fields in the DSMB. Despite its geological significance,
the petrological and thermobarometric constraints on the genesis
and evolution of these basalts remain poorly characterized. This
study aims to address this gap by integrating petrography, mineral
chemistry, and quantitative thermobarometry to reconstruct the
magmatic evolution of the Negisan volcanic suite and elucidate its
tectonomagmatic significance within the post-collisional evolution

of the UDMA.

2. Research methodology

Field investigations were performed based on 1:100,000 geological
maps and previous regional studies to identify fresh outcrops of
young mafic volcanic rocks. During field investigations, structural
and textural characteristics of lava flows were documented, and
a total of 60 rock samples were collected, with freshness and the
absence of weathering considered as the primary selection criteria.
Following this stage, 30 of the freshest and most representative
samples were selected for thin-section preparation. Detailed
petrographic studies were conducted using a polarizing microscope
to identify mineral phases, determine textures, and classify the
rocks. These microscopic investigations provided the basis for
selecting six completely fresh and representative samples for
more detailed chemical analyses. Quantitative point analyses of
plagioclase, clinopyroxene, and olivine were performed using
an electron microprobe analyzer (XPMA; X-Ray Probe Micro
Analyzer) at the Kansaran Binaloud Laboratory, Tehran (HORIBA

XGT-7200 model). Analyses were carried out by irradiating spots
approximately 100 pm in diameter on the sample surface, under an
accelerating voltage of 50 kV and a beam current of ~1 mA (Tables
1-3). Finally, mineral chemistry data were used to reconstruct
petrogenetic conditions. In particular, single-clinopyroxene
thermobarometric models (Soesoo, 1997) were applied to estimate
the temperature and pressure conditions of the magma chamber,
while various discrimination diagrams were employed to infer

magma affinity, tectonic setting, and oxygen fugacity.

3. Results

3.1. Petrography

The studied mafic volcanic rocks, representing the youngest
magmatic activity in the region, were identified during field
investigations as laterally extensive, sheet-like lava flows with
variable thickness. These Quaternary units mark one of the latest
magmatic episodes in the Iranian Plate, whose development is
commonly associated with active and deep-seated fault systems
(Allen et al., 2013). In hand specimens, the rocks show dark
to black colors, compact textures, and relatively high specific
gravity. In some samples, particularly in the upper portions of the
flows, vesicular textures formed by the exsolution of magmatic
gases are well developed. The weathered surfaces display dark
gray to light brown colors. Macroscopic observations reveal a
characteristic porphyritic texture in which large phenocrysts are
embedded within a very fine-grained (aphanitic) groundmass. The
main identifiable phenocrysts include elongate white plagioclase
crystals and green olivine grains, the latter commonly exhibiting
reddish-brown alteration rims or patches due to iddingsitization. In
some samples, clustering of phenocrysts results in macroscopically
visible glomeroporphyritic texture. Based on detailed petrographic
observations in thin sections, the samples are divided into two main
groups: basalt and olivine basalt. A common feature of both groups
is their porphyritic texture, in which phenocrysts of various minerals
are embedded within a microlitic to hyalomicrolitic groundmass
composed of very fine crystals and volcanic glass. Mineralogically,
these rocks contain phenocrysts of plagioclase and clinopyroxene
set in a groundmass dominated by abundant plagioclase microlites.
Plagioclase, the most abundant mineral phase (75-80 vol%),
occurs both as euhedral to subhedral phenocrysts (0.3-2.5 mm)
and as slender, needle-like microlites within the groundmass.
The phenocrysts display well-developed polysynthetic (albite)
and Carlsbad twins. Based on extinction-angle measurements,
the plagioclase compositions range from labradorite to bytownite
(Ans>-Anss). The abundance of plagioclase microlites in the
groundmass indicates that the magma was within the plagioclase
liquidus field at the time of eruption, and that rapid crystallization

occurred shortly after lava emplacement (Middlemost, 1986). A
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significant number of plagioclase phenocrysts exhibit sieve texture,
manifested by numerous small glassy or crystalline inclusions,
especially toward the crystal cores (Fig. 2.D). This texture is a
key indicator of thermodynamic disequilibrium in the magmatic
crystallization history and may reflect processes such as rapid
decompression during magma ascent or the injection of a hotter,
more primitive magma into a pre-existing magma chamber, leading
to partial dissolution of earlier crystals (Reubi and Blundy, 2009;
Nelson and Montana, 1992). Clinopyroxene, the second most
abundant phenocryst phase (7-8 vol%), occurs as subhedral crystals
(0.5-2 mm) with high birefringence colors (yellow to second-order
orange) and inclined extinction angles of ~35-40°, characteristic
of augite (Fig. 2.A). Clinopyroxenes occur both as discrete
crystals and as clusters, either alone or associated with plagioclase
(Fig. 2.B). A distinguishing feature of the olivine basalts is the
presence of abundant olivine phenocrysts, occurring as euhedral
to subhedral grains (0.5-4 mm; 15-20 vol%). These crystals
display high relief, irregular fractures, and vivid interference colors
(Figs. 2.E-F). Most olivine phenocrysts exhibit embayed rims
and extensive iddingsitic alteration along grain boundaries and
fractures. This iddingsitization process—producing fine-grained
mixtures of clay minerals, iron oxides (hematite), and silica—
results from late-stage deuteric alteration under high temperatures
and oxidizing conditions during lava cooling (Deer et al., 1992). In
these rocks, the glomeroporphyritic texture produced by aggregates
of olivine, clinopyroxene, and plagioclase is common and indicates
co-crystallization of these phases within the magma chamber (Fig.
2.C).

3.2. Mineral chemistry

To determine the precise chemical composition of the major mineral
phases and to better understand the petrogenetic conditions, electron
microprobe (EPMA) spot analyses were performed on plagioclase,
pyroxene, olivine, and amphibole in thin sections. The results for

plagioclase are presented and interpreted below.

3.2.1. Plagioclase chemistry

Plagioclase, the most abundant silicate mineral in both basalt
and olivine basalt, occurs as both phenocrysts and microlites.
A total of 22 EPMA analyses were conducted on crystal cores
and rims to examine compositional ranges and potential zoning
patterns. Selected results are presented in Table 1. The chemical
compositions of plagioclase were recalculated into the endmembers
anorthite (An), albite (Ab), and orthoclase (Or) and plotted on the
feldspar classification diagram of Deer et al. (1992) (Fig. 3). All
analyses show very low orthoclase (Or) contents, confirming their
plagioclase nature. Plagioclase crystals in the basalts fall within

the compositional range of labradorite to bytownite (Anss—Ans).
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This compositional spread likely reflects fractional crystallization
in the magma chamber and/or chemical zoning within individual
crystals. Plagioclase in the olivine basalts plots consistently
within the bytownite field, displaying more calcic compositions
(An7i—Anso) compared to those in the basalts. The occurrence of these
Ca-rich plagioclases, together with abundant olivine, indicates that
the olivine basalts crystallized from a hotter, more primitive parental
magma. In contrast, the more sodic plagioclase compositions of the
basalts suggest a more evolved magma that experienced fractional
crystallization, wherein early removal of Mg-rich (olivine) and
Ca-rich (calcic plagioclase) phases progressively depleted the
remaining melt in these components, ultimately yielding more

sodic plagioclase compositions.

3.2.2. Clinopyroxene chemistry

Clinopyroxene is the principal ferromagnesian phase in both
basaltic groups, and its chemical characteristics provide robust
tools for reconstructing the petrogenesis, magma series, and
tectonomagmatic setting. Representative EPMA analyses are given
in Table 2. Based on structural formula calculations (normalized
to 6 oxygens), the clinopyroxenes are Ca-rich with low Ti and Al
contents. To classify these clinopyroxenes, the Wo—En—Fs ternary
diagram (Wollastonite—Enstatite—Ferrosilite) of Morimoto et al.
(1988) was used. As shown in Figure 4.A, all analyses plot in
the diopside—augite field, consistent with the mafic and alkaline
nature of the host rocks. In the Q-J diagram (Q = Cat+Mg+Fe*';
J = 2Na) (Morimoto and Kitamura, 1983), all samples fall within
the Quad (quadrilateral) field (Fig. 4.B), confirming their Ca-Mg—
Fe composition with sodic components. Several discrimination
diagrams were used to determine the magma series. In the SiO:
vs. Al:Os diagram (Le Bas, 1962), all samples plot clearly within
the alkaline basalt field (Fig. 5.A). This alkaline affinity is further
supported by the TiO: vs. AL.Os diagram, where the samples lie
above the tholeiitic—calc-alkaline discrimination line (Fig. 5.B).
The Ti vs. Ca+Na plot (Leterrier et al., 1982) corroborates the
alkaline nature of clinopyroxene in both rock groups (Fig. 5.C).
The relatively high TiO: contents (>1.0 wt%) are consistent with
derivation from an enriched mantle source (Beccaluva and Serri,
1988). Additionally, in the Al vs. Ti+Cr+Na diagram (Berger et al.,
2005), all samples plot within the igneous field (Fig. 5.D), ruling

out any metamorphic origin.

3.2.3. Tectonomagmatic setting

Relatively immobile trace elements incorporated into the
clinopyroxene crystal lattice provide robust constraints on
the tectonomagmatic setting. In the Mn/10-Ti—Fe/10 ternary
discrimination  diagram, clinopyroxene compositions plot

predominantly within the within-plate basalt field (Fig. 6.A). This
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interpretation is further corroborated by the SiO: versus Al:Os;
tectonic discrimination diagram, in which most analyses fall within
the alkaline within-plate basalt (WPA/WPB) domains (Fig. 6.B).
Collectively, these geochemical signatures indicate that the studied
magmatism was generated in an intracontinental extensional
setting, independent of subduction-related processes.

The partitioning of aluminum between tetrahedral (AI*IV)
and octahedral (A1"VI) sites in clinopyroxene is highly sensitive
to crystallization pressure and melt water content. In the AI"VI
versus AI"V diagram of Helz (1973), the analyzed clinopyroxenes
plot within the field corresponding to crystallization pressures of
approximately 5—10 kbar and elevated water contents (~10 wt.%
H20) (Fig. 6.C). These pressure estimates correspond to depths of
roughly 15-30 km, implying clinopyroxene crystallization within a

deep-seated, water-rich magma reservoir.

3.2.4. Olivine chemistry

Olivine, a key phenocryst phase, occurs exclusively in olivine
basalts. Its chemical composition is highly sensitive to parental
magma composition and temperature, providing valuable
information on melt evolution. Representative EPMA analyses are
shown in Table 3. Structural formulae were calculated based on 4
oxygens. The olivine compositions contain forsterite (Fo) contents
of 69.44-77.58 mol% and fayalite (Fa) contents of 20.19-24.20
mol%. The tephroite (Te) component is minor (0.50-0.53%),
consistent with mantle-derived magmatic olivine. On the Fo—Fa—
Te classification diagram (Deer et al., 1992), all analyses plot
within the chrysolite field (Fig. 7). Primitive mantle-derived melts
typically crystallize olivines with Fo > 88-90. The substantially
lower Fo values observed here (maximum 77.58) imply that the
parental magma was not a primitive melt. Instead, it experienced
fractional crystallization prior to olivine phenocryst formation,
during which early Mg-rich olivines were removed from the melt,
progressively enriching it in Fe. Thus, the chrysolitic olivines are
interpreted to represent crystallization from an evolved basaltic
melt. This interpretation is fully consistent with the alkaline,
within-plate nature of the magmatism inferred from clinopyroxene

chemistry.

3.3. Thermobarometry

To quantitatively constrain the physical conditions of the
magmatic system—including temperature (T), pressure (P),
and oxygen fugacity (fO.)—the chemical compositions of key
minerals (clinopyroxene and plagioclase) were applied to mineral

thermometers and barometers.

3.3.1. Clinopyroxene thermobarometry

Because the rocks lack orthopyroxene, two-pyroxene thermometry

could not be applied. Instead, single-phase clinopyroxene models
were used. The Soesoo (1997) clinopyroxene thermometer—
barometer, designed for systems lacking orthopyroxene and based
on Xpt and Ypt parameters, served as the primary method.Estimated
crystallization temperatures range from 1160-1175°C for basalts
and 1170-1200°C for olivine basalts (Fig. 8.A). The slightly higher
temperatures in the olivine basalts are consistent with their more
primitive magmatic character. These values represent conditions
close to the magma liquidus. Crystallization pressures for both
groups range from 2-5 kbar (Fig. 8.B), corresponding to depths
of approximately 7-18 km, indicative of crystallization in a mid-
to upper-crustal magma chamber. A supplementary thermometer
based on Al:Os content in clinopyroxene (France et al., 2010)
yielded lower temperatures: 1062—1103°C for basalts and 1101—
1148°C for olivine basalts. As this thermometer is calibrated for low
pressures, the lower values likely reflect late-stage re-equilibration

during magma ascent.

4. Discussions

The combined mineralogical and geochemical dataset confirms
that Negisan mafic volcanism is derived from an alkaline basaltic
magma with affinities to within-plate basalts. This suggests
partial melting of a variably metasomatized lithospheric mantle
source following the cessation of Neo-Tethyan subduction. The
presence of disequilibrium textures highlights episodic magma
recharge, rapid ascent, or mechanical mixing between diverse
magma batches. Fractional crystallization is recognized as the
dominant differentiation mechanism, particularly involving early-
plagioclase, clinopyroxene, and olivine. However, the widespread
occurrence of sieve-textured plagioclase and embayed olivine
clearly demonstrates that open-system processes, such as magma
mixing, also played a crucial role in magma evolution. The
thermobarometric results indicate mid-crustal magma storage,
consistent with shallow-level magma chambers characteristic of
post-collisional volcanic systems. The overall geochemical and
petrological features support a geodynamic scenario in which
Negisan basalts represent late-stage extensional volcanism triggered
by lithospheric relaxation, slab break-off, or delamination-related

upwelling in the southeastern UDMA.

5. Conclusion

This  integrated  petrographic,  mineral-chemical,  and
thermobarometric study demonstrates that the Negisan basalts
originated from a hydrous, moderately oxidized alkaline basaltic
magma emplaced at mid-crustal levels. Fractional crystallization
governed the primary differentiation trends, whereas open-
system processes, including magma mixing, significantly affected

mineral textures and compositions. The magmatism is interpreted
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as occurring within a post-collisional extensional regime, geodynamic evolution of southeastern Iran and elucidate the
corresponding to the final evolutionary stages of the UDMA. magmatic processes controlling young basaltic activity in the
These results provide important constraints on the late Cenozoic Dehaj—Sarduiyeh Belt.
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Figure 1- A) Location of the study area in the structural map of Iran (Nezafati, 2006). B) Geological map of the study area taken
from the geological map of Negisan Quadrangle (Eftekharnejad, 1987).
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Figure 2. Photomicrographs of thin sections from the studied basaltic rocks (Cross-polarized light, XPL). A) A subhedral clinopyroxene
(Cpx) phenocryst with high interference colors alongside plagioclase (P1) microlites in the groundmass of a basalt. B) A glomeroporphyritic
aggregate of clinopyroxene crystals, indicating clustered growth. C) A distinct glomeroporphyritic texture in an olivine-basalt, composed
of an aggregate of olivine (Ol), clinopyroxene, and plagioclase crystals. D) A plagioclase phenocryst with a well-developed sieve texture
in its core, providing evidence of thermodynamic disequilibrium. E) Olivine phenocrysts with bright interference colors, showing reddish-
orange rims due to iddingsite alteration. F) Euhedral plagioclase (with polysynthetic twinning) and subhedral olivine phenocrysts in an

olivine-basalt. (The scale bar in all images is 0.5 mm).
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Table 1. Results of microprobe analysis of Plagioclase minerals in study area rocks.
S;“g’.le M-25 M-2-6 M-2-8 M-2-9 M-21-1 M-21-3 M-21-6 M-21-7 M-21-8 M-21-9 M111-1 MI11- M111-4 M103-2 M103-3 M103-4 M103-5 M103-8 M103-11 M109-4 M109-7 M109-9
ok [ Bt Bl Bt s Bl Bt Bt Bt Bt i QA Qi Qi Qi Ol v v Qi Ol Qv O
Si0, [53.52 5328 50.94 53.41 50.66 50.75 51.3 5122 49.55 51.36 50.37 49.56 502 48.46 512 49.13 49.11 49.41 49.12 49.71 51.84 51.49
TiO, | 0 008 0 0 008 0 007 012 013 009 0 0 007 011 0 0 008 007 009 0 013 0
ALO, (2336 23.64 24.87 23.12 2546 24.89 2359 2445 2491 2445 2445 259 2471 261 2548 2548 2552 25.63 263 2643 2584 2476
Fe,0, [ 09 09 079 09 08 108 108 123 L19 L17 071 062 066 137 1.09 097 137 063 083 082 101 07
MnO | 0 0 0 021 0 0 0 0 0 0 0 0 0 0 0 0 0 0 004 O 0 0
MgO | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CaO |[18.63 194 1859 18.63 18.82 19.33 19.39 19.02 19.45 1825 21.17 21.54 2129 2381 2232 24.06 2389 2323 2299 2379 2231 21.79
Na,0 |3.05 253 437 329 297 322 387 234 32 319 284 285 0 0 0 0 0 0 0 0 0 0
K,0 |[021 028 024 028 035 031 031 036 031 036 0.1 009 014 015 0 0 01l 023 0I1 016 006 0.1
PO, | 0 0 0 0 0 0 0 08 09 092 0 0 0 0 0 0 0 0 0 0 0 0
Total [99.67 100.03 99.63 99.63 99.14 99.58 99.54 98.62 98.61 98.68 99.65 99.67 99.61 99.61 99.64 99.58 99.64 99.64 99.64 99.76 99.71 99.35
Si | 215 213 204 214 204 204 206 206 199 206 201 197 2 195 197 197 201 201 201 201 204 2.02
Ti 0 0 0 0 0 0 0 0 0 0 0 0 0004 0 0 0 0.001 0001 0001 0 0002 0
Al [ 125 126 134 12 137 133 126 131 133 131 132 139 132 139 136 133 137 138 1.8 141 135 132
Fe(Il) | 0.07 0.07 0.06 0.07 007 009 009 01 01 009 006 005 006 009 009 009 009 009 0.1 009 006 0.06
Mn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Mg 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ca | 15 155 149 149 152 155 156 153 156 147 171 173 181 18 193 19 19 19 185 183 185 182
Na |049 04 07 053 048 051 061 037 051 051 045 045 0 0 0 0 0 0 0 0 0 0
K |003 005 004 005 006 005 005 005 005 006 002 002 002 002 0 0 002 002 002 002 003 002
P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Total | 549 546 566 553 554 558 564 546 577 552 555 557 525 537 529 535 539 552 552 553 526 535
Or |1.67 221 143 217 235 223 223 295 234 284 083 081 083 124 0 0 0 0 0 0 0 0
Ab 2455 2022 3143 2513 2337 27.89 27.89 19.27 21.48 25.17 2098 21.22 20.84 20.76 0 0 0 0 0 0 0 0
An  |74.08 7754 6685 7229 73.92 69.87 69.87 77.89 74.83 71.99 7821 77.98 9878 98.76 100 99.09 97.99 99.14 99.04 98.64 98.65 99.13
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Figure 3. An-Ab-Or (Anorthite-Albite-Orthoclase) ternary classification

diagram for feldspars (after Deer et al., 1992). Point analyses of

plagioclases from the basalt samples (red circles) plot in the labradorite

to bytownite fields, while those from the olivine basalt samples (blue

triangles) fall within the bytownite field, indicating a more calcic nature

of plagioclase in the olivine basalts.

S 9 g8’ (oot —¥ Y-V
Aol 5 (AL K 53 Aol b1 5ns b 6 Olgie 4y S 3 5IS
Ll 5 (5Ll sl e B 5l K Olgie & OT (o 5 3503 > ailaie
S5 S o Jar s LSl s ol 5 LSl e 55 4
<3350 03 S (slalas SIUT 51 eslizal b S s 58 (slas sk (olasd
ol r ol ok B Y Sk 53 0T 0 B s o8 s 5 o (XPMA)
58 andlln 5y g0 (Gla S s o gilS (0 5anS1 8 (lie (gl b ge b Slnlons
il shie 4 dimes oo JT 5 0ols 51 ol polie Sl 5 edS S
Wollastonite-Enstatite—) Wo-En-Fs g5 aw 15505 3| cba 5uS 50 opl 385

anlllan 35 go adlaie (SR 55 S s S g5 Son IUT b Y s

Table 2. Results of microprobe analysis of clinopyroxene in study area rocks.

I\S;:gl:r M-21  M23 M24 M27 M212 M21-5 M21-6 M-21-10 M-103-11 M-103-12 M-111-5  M-111-7  M-111-8  M-109-10 M-109-11
Rock type Basalt Basalt Basalt Basalt Basalt Basalt Basalt Basalt (:’:::llte T;:::: T;:::te T;:::te T:;::f (:’l;:::te %l;:::te
Sio, 49.3 49.55 50 48.37 49.34 48.73 48.81 48.49 48.35 48.26 48.61 48.73 49.11 48.46 49.03
TiO, 0.56 0.47 0.58 0.92 0.51 0.77 0.69 0.85 0.84 0.88 0.66 0.57 0.55 0.72 0.51
ALO, 3.59 3.44 3.59 3.88 3.49 3.79 3.61 3.82 4.29 4.36 3.86 4.11 4.03 4.19 3.89
Cr,0, 0 0 0 0.03 0.01 0.01 0.01 0.03 0.05 0.07 0.07 0.04 0.05 0.12 0.03
Fe,O, 8.82 8.69 8.43 9.43 9.69 9.14 9.43 9.14 7.44 7.59 7.36 7.22 7.14 7.4 7.19
MnO 0.49 0.44 0.48 0.29 0.43 0.3 0.43 0.27 0.26 0.29 0.3 0.29 0.27 0.27 0.29
MgO 14.64 14.83 15.31 14.58 14.56 14.39 14.79 14.77 15.25 14.91 15.59 15.63 15.83 15.43 15.78
Ca0 2154 2168 2124 2222 2184 2207 2181 2237 2252 22.63 22.43 22.26 22.06 22.49 22.11
Na,0 0.5 0.48 0.49 0.37 0.47 0.41 0.5 0.31 0.29 0.27 0.29 0.35 0.3 0.34 0.32
K,0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Total 99.44 99.58 99.84 99.82 99.29 99.6 99.73 99.84 99.47 99.24 99.31 99.34 99.62 99.29 99.42
Si 1.83 1.84 1.85 1.8 1.84 1.81 1.81 1.8 1.79 1.8 1.79 1.81 1.81 1.79 1.81
Ti 0.02 0.02 0.02 0.03 0.01 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.01
Al 0.15 0.16 0.16 0.17 0.15 0.17 0.15 0.17 0.18 0.17 0.18 0.18 0.18 0.18 0.17
Cr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fe 0.27 0.27 0.26 0.29 0.27 0.28 0.28 0.29 0.23 0.24 0.23 0.22 0.22 0.22 0.23
Mn 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.81 0.82 0.83 0.79 0.81 0.8 0.82 0.8 0.84 0.83 0.86 0.86 0.87 0.85 0.87
Ca 0.86 0.86 0.84 0.88 0.87 0.88 0.87 0.89 0.89 0.9 0.89 0.88 0.87 0.89 0.87
Na 0.02 0.02 0.02 0.02 0.03 0.02 0.03 0.02 0.02 0.03 0.03 0.03 0.03 0.02 0.02
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Total 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
Fe(ii) 0.19 0.18 0.18 0.2 0.19 0.19 0.2 0.18 0.04 0.03 0.03 0.02 0.02 0.02 0.01
Fe(iii) 0.11 0.1 0.11 0.08 0.09 0.09 0.08 0.09 0.19 0.23 0.21 0.2 0.2 0.22 0.21
Wo 43.09 43.18 42.55 44.17 43.75 44.06 43.12 44.44 44.88 45.33 44.2 44.06 43.65 44.61 43.61
En 40.76 41.1 41.9 39.67 40.48 39.98 40.67 39.97 42.29 41.56 42.75 43.05 43.59 42.59 43.8
Fs 1434 139 1378  14.83 1434 1448 1443 1452 1179 12.13 11.62 11.63 11.47 12.68 11.59
Al(IV) 0.167 0.162 0.159 0.209 0.178 0.188 0.196 0.206 0.208 0.208 0.199 0.198 0.187 0.209 0.186
Al(VI) 0.010 0.012 0.003 0.040 0.026 0.022 0.039 0.039 0.021 0.017 0.030 0.018 0.011 0.026 0.016
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Figure 4. Classification diagrams for the studied clinopyroxenes. A) The Wo-En-Fs diagram (Morimoto

et al., 1988), showing that the pyroxene compositions fall within the Diopside-Augite field. B) The Q-J

diagram (Morimoto and Kitamura, 1983), confirming the calcic (Quad) nature of the pyroxenes.
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Figure 5. Magmatic affinity diagrams based on clinopyroxene chemistry. A) SiO: vs. Al-Os diagram (Le Bas, 1962). B) TiO- vs. Al:Os diagram.

C) Ti vs. Ca+Na diagram (Leterrier et al., 1982). All three diagrams indicate an alkali basalt affinity for the parent magma. D) Al vs. Ti+Cr+Na

discrimination diagram (Berger et al., 2005), confirming the igneous origin of the clinopyroxenes
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Figure 6. Tectonomagmatic and crystallization condition diagrams for clinopyroxene. A) The Mn/10-

Ti-Fe/10 diagram indicates a Within-Plate Basalt setting. B) The SiO: vs. Al.Os diagram with tectonic
fields, confirming a within-plate affinity (WPA & WPB). C) The Al"Y vs. AI"! diagram of Aoki and

Kushiro (1968). The lower crust and mantle lithospheric Cpx domains are from Jankovics et al. (2013).
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Table 3. Results of microprobe analysis of Olivine minerals in study area rocks.

Sample NO. M-103-1 M-103-6 M-103-7 M-103-9

M-103-10] M-109-3 M-109-5 M-109-6 M-109-10 M-111-3

Rock type Ol- Basalt Ol- Basalt Ol- Basalt Ol- Basalt Ol- Basalt Ol- Basalt Ol- Basalt Ol- Basalt Ol- Basalt Ol- Basalt

Sio, 4105 3916 3839 3912
TiO, 0 0 0 0
AbOs 0 0 0 0
Fe,0, 2109 2314 2183 2498
MnO 0.34 0.35 0.35 0.42
MgO 3531 3626 3477 3449
CaO 0.95 0.66 3.55 0.55
NaO 0 0 0 0
K,0 0 0 0 0
Total 9874  99.57 9889  99.56
Si 1027 0982 0976 0985
Ti 0 0 0 0
Al 0 0 0 0
Fe 0397 0437 0418 0473
Mn 0.007 0007 0008  0.009
Mg 1317 1356 1318 1295
Ca 0.025 0018 0097 0015
Na 0 0 0 0
K 0 0 0 0
Total 2774 2.8 2815 2778
Te 0.41 0.41 0.41 0.5
Fo 75.4 7459 7163 7226
Fa 2273 2403 22.7 26.42

38.68
0
0
23.42
0.33
36.46
0.54

99.43
0.973

0.443
0.007
1.367
0.015

2.805
0.38

74.63
24.2

38.31 39.99 39.66 42.48 41.71
0 0 0 0 0
0 0.78 0 0 0

21.67 23.08 21.47 18.91 19.78

0.34 0.36 0.36 0.44 0.35

37.39 32.21 37.23 36.68 36.79

2.29 323 0.85 1.12 0.89
0 0 0 0 0
0 0 0 0 0

100 98.87 99.57 99.63 99.52

0.96 1.005 0.99 1.045 1.031
0 0 0 0 0
0 0.023 0 0 0

0.409 0.436 0.403 0.350 0.368

0.007 0.008 0.008 0.009 0.007

1.397 1.207 1.385 1.346 1.356

0.062 0.087 0.023 0.030 0.024
0 0 0 0 0
0 0 0 0 0

2.835 2.765 2.809 2.78 2.785

0.39 0.44 0.42 0.53 0.42

74.53 69.44 76.16 71.58 71.27

21.8 25.12 22.17 20.19 20.97
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Figure 8. Geothermometry and geobarometry diagrams based on mineral chemistry.

A and B) Single-clinopyroxene thermometry and barometry using the method of

Soesoo (1997), indicating crystallization temperatures of 1160-1200 °C and pressures

of 2-5 kbar. C) Oxygen fugacity estimation diagram (Schweitzer et al., 1979),

suggesting high oxygen fugacity conditions during clinopyroxene crystallization.
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