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ABSTRACT

Bala Zard volcanic rocks are erupted in the Lut Block in Eastern Iran and exposed about
270 Km north east of Kerman city. The volcanic rocks mainly consist of basalt, andesite, dacite, and
rhyodacite. Petrographic studies show that several disequilibrium textures such as sieve texture and
oscillatory zoning in plagioclase phenocrysts are present in some of the minerals of BalaZard volcanic
rocks. Mineral chemistry studies revealed compositional changes along with the textural changes in
minerals from the study area. The observed oscillatory zoning profile for the anorthite content (An)
of plagioclase suggests repeated injections of mafic melts (replenishment) and mixing with pre-
exiting magma and forming rocks with basaltic-andesite composition. The chemical composition of
clinopyroxene phenocrysts exhibit calc-alkaline affinity and suggest that Bala Zard volcanic rocks

formed in a subduction related volcanic arc.

Key words: Lut Block, Bala Zard, Mineral Chemistry, Sieve Texture,
Oscillatory Zoning, Magma Mixing, Iran.

INTRODUCTION

Magmatic activities in Iran reached its
climax in the Cenozoic era, resulted in widespread
volcanic and pyroclastic eruptions all over the
country, particularly in the Urumia-Dokhtar magmatic
arc and Lut Block volcanic belt in the east of Iran
(Fig. 1 A & B).Bala Zard area is located in the Lut
desert in Eastern Iran and exposed about 270
Km north east of Kerman city. The study area is
situated within longitudes 58°, 43', 00" to 59°, 03/,
00" and latitudes 31°, 00', 00" to 31°, 15', 00" and
covers an area of 810 square kilometers (Fig. 2).In
this paper we study the magma mixing features

of the Bala Zard basic and intermediate volcanic
rocks. We present new data on the geochemistry
and mineral chemistry of the volcanic rocks and
their minerals to better determine their chemical
compositions and tectonic setting. Magma mixing
is an inevitable process during a volcanic arc build
up and its evolution. It usually occurs by repeated
injections of new and hotter mafic magma chambers
(replenishment) and mixing with pre-existing magma
in which is crystallizing continuously in a cooling
magma chamber (Feeley and Dungan., 1996 ; Geshi,
2000). Magma mixing in the subduction related calc-
alkaline rocks has been studied by many researchers
(e.g. Gerlach and Grove, 1982 ; best, 2001).
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Geological setting

The Bala Zard area is mainly consists of
Cenozoic volcanic series which are widespread in
the Lut Block and are known as Lut volcanics. In the
area volcanic activities commenced by subaerial
basalt and basaltic-andesite eruptions followed
by rhyodacite and rhyolite lavas and tuffs, and
finally extensive red and gray andesitic lavas and
tuffs erupted all over the area (Camp and Giriffis,
1982). The Jurassic-Cretaceous sedimentary and
metamorphic rock units are regionally covered by
volcanic rocks in the Lut block (Fig. 2), however, in
the Bala Zard area these older units are not exposed
except near Koh Sorkh in the northern part of the
study area.
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MATERIAL AND METHODS

A field trip was conducted and a suite of
200 samples were collected representing different
lithologies in the area, and 160 samples from the
least altered or deformed rocks were selected for
petrographic studies. After petrographic studies a
suite of 16 samples from the basic and intermediate
rocks were selected for X-Ray Probe Micro Analyser
(XPMA). In the present study the electron probe
microanalysis has been made to determine the
chemical compositions of plagioclase, pyroxene,
and glassy mesostasis both in the groundmass and
inside the sieved plagioclases. Quantitative mineral
and glass analyses were carried out using XPMA,
XGT-7200 Horiba model at the Kansaran Binaloud

Fig. 1: Basaltic unit that exposed along the minor E-W faults, and dacitic dome in the left (A),
basaltic-andesite unit in contact with Lut formation (looking south).
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Fig. 2: Simplified geological map of the Bala Zard volcanic rock modified after (Hoseini et al.,
1992).
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labopratori in Iran, performed with accelerating
voltage of 50kv at 1mA and a beam diameter of 10
micron and ran for 80 seconds. Then mineral and
glass chemical compositions results are plotted
using different diagrams to determine their tectonic
setting, alkalinity, mineral types, and geochemical
changes along the line-scan profiles from core to
rim of minerals.

DISCUSSION

Petrography

Detailed petrographical and textural studies
of the Bala Zard samples show that volcanic rocks
are mostly porphyritic, and mainly consist of basalt,
andesitic-basalt, and trachyandesite. The dominant
minerals are plagioclase phenocrysts, clinopyroxene,
and amphibole + olivine. The volcanic rocks contain
between 10 to 40 percent of phenocrysts that are
set in glassy and micro-crystalline groundmass
consisting of fine-grained plagioclase, pyroxene,
and opaque minerals (Fig. 3 & 4). The accessory
minerals such as apatite and zircon can be seen in
some of the volcanic rocks. Other than porphyritic
texture (the main texture in the samples), other
textures are present such as vitrophyric, hyalo-
microlitic porphyritic, hyalo-microcrystalline, and
finally amygdaloidal texture in which vesicles
have been filled in with secondary minerals such
as chalcedony, chlorite, and zeolite. Textures like
glomeroporphyritic, intergranular, sub-ophitic,
poikilitic, sieve and the others shch as normal and
oscillatory zoning are also present in the volcanic
rocks. Several disequilibrium textures are present in
Bala Zard volcanic rocks suggesting magma mixing
occurred during magmatic activities in the study area.
These disequilibrium textures include sieve textures,
oscillatory zoning, glomeroporphyritic, reaction rims,
embayed or corroded mineral which are discussed
below.

Sieve texture

Sieve texture is one of the disequilibrium
textures in magmatic rocks that occurs during
crystallization of magmas. This texture presents in
basaltic-andesite, andesite and trachyandesitic rocks
in the study area (Fig. 3 A, C, D, E), and may reflect
rapid decompression of magma chambers (Kuscu
and Floyd, 2001). However, sieve texture might forms
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by injections of mafic melts (replenishment) and
mixing with pre-exiting magma (Stimac and Pearce,
1992 ;Kuscu and Floyd, 2001 ; lzbecov et al., 2002
; Reubi et al., 2002 ; Karsli et al., 2004 ; Price et
al., 2005).The concurrent presence of sieved and
normal plagioclases in a sample and also sieved
plagioclases that are surrounded by oscillatory
plagioclase indicate the role of magma mixing during
their formation. The chemical composition of three
sieved plagioclase and their trapped glassy materials
were analyzed using XPMA method and results
show the glassy materials have a calcium content
similar to the average plagioclase calcium content.

Oscillatory zoning

Oscillatory zoning in plagioclase occurs
mostly in the Bala Zard andesitic and basaltic
andesite rocks (Fig. 3 B, C, D). Oscillatory zoning in
minerals represents disequilibrium in a magmatic
system, and expresses a specific condition of P, T,
X during crystallization. Magma replenishment by
new magma batches and their interaction with pre-
exiting magma, in a dynamic and convective magma
reservoir changes the thermodynamic conditions
of the magma chamber continuously, hence melt-
crystal ion-exchange during crystallization of
magmas seldom achieves equilibrium (Holten et
al., 1997; Holten et al., 2000). The ion-exchange of
Al, Si and Na between liquid and plagioclase during
crystallization is kinetically very slow, therefore
plagioclase composition is controlled primarily by
the amount of H,O in the melt, the magma ascent
rate, and residence time in the magma chamber.
The dominant zoning in the plagioclase phenocrysts
of Bala Zard volcanics is oscillatory zoning, thus
magma replenishment by new magma batches and
their interaction with pre-exiting magma, in a dynamic
and convective magma reservoir might formed the
oscillatory plagioclase phenocrysts (Gioncada et al.,
2005; Singer et al., 1993; Shelley, 1993).

Glomeroporphyritic texture

Glomeroporphyritic texture mainly occurs
in the Bala Zard basaltic samples (Fig. 3F). Sudden
injections of new magma batches (replenishment) into
a crystallizing magma is one of the most important
reasons that may forms glomeroporphyritic texture
via mixing different melts. However, concurrent
decreasing density and increasing viscosity of
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Fig. 3: Sieve texture in plagioclases of the first generation of and normal plagioclases of
second generation (A), Sericitization of the calcic cores of plagioclase with its zoned margin
(B), plagioclases with sieved core and zoned margin (C&D), Sericitization of the sieved cores of
first generation with polysynthetic twinning in the margin and second generation with traverse
twining and microlitic texture in the third generation (E), Glomeroporphyritic texture in the
basaltic-andesite (F).
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Fig. 4: Sieve texture and rounded pyroxene (A), Corroder margins of clinopyroxene and sieve
texture in plagioclase (B), blobs of mafic magma in the andesite (C&D), two different magma
interactions and corroded amphibole (E&F).
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residual melt could result in aggregation of dense
phenocrysts as mineral clots at the bottom of magma
chambers (Zhu et al., 2009)

Presence of blobs with different composition in
the intermediate magmas

During injection of new mafic magma
batches into an evolved magma chamber with
relatively intermediate-acidic composition,and due
to immiscibility some blobs of the mafic melts may
remain inside the acidic magmas (Fig 4 C & D).

Interaction of two magmas with different
composition

In the Bala Zard area there are volcanic
rocks with two different magmas with sharp
contrasting colors (Fig. 4 E&F). We performed
XMPA analyses for the groundmass and plagioclase
phenocrysts of the both rock types, and results show
that the mafic part is compositionally more basic
compared to the felsic part.

Sieve texture, embayment and rounding in
pyroxene phenocrysts (corroded and rounded
pyroxene)

Some of pyroxene phenocrysts in Bala Zard
volcanic are sieved, corroded, and rounded (Fig. 4 A
& B). These textures also represent disequilibrium in
magmas. In general, concurrent presence of normal
and sieved pyroxene phenocrysts in the study area
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samples represent magma mixing (Lofgern, 1980).
However, these textures might develop during rapid
compositional changes in the magma chambers. For
example,when the magma temperature increases
rapidly by repeated injections of new and hotter
magma batches, it may lead to corrosion of pre-
existing minerals such as pyroxene and amphibolein
the magma chamber (Tamura and Tatsumi, 2002).
Any interactions with the new and hotter magma
batches would consequently make the pyroxene
phenocrysts embayed and rounded(Shelly, 1993;
Gill, 2010).

Mineral Chemistry

Plagioclase and pyroxene phenocrysts are
the main constituents of the Bala Zard volcanic rocks,
and hold information on the chemical evolution of
magmas. The XPMA data are summarized in tables
1and 2:

Plagioclase
Basalt

According to XPMA data the range of
anorthite content (An) of plagioclase phenocrysts
of basaltic samples varies between An52 and An92
(Fig. 5 A), and these plagioclases mostly plot in the
field of anorthite to labradorite in Ab-An-Or diagram
(Deer et al., 1992). This problem could be explained
by presence of two plagioclase generations in the
basaltic rocks in the study area.
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Fig. 5: Ab-An-Or triangular diagram of Deer et al, (1992)
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Basaltic andesite

The anorthite content in the plagioclase
phenocrysts from the basaltic andesites is continues
(An53-An90) and samples plot in the field of bytownite
to labradorite (Fig. 5 B). The zoned plagioclases
mostly occur in this rock type in the study area.

Andesite and Trachyandesite

The range of anorthite content of plagioclase
in this rock type is continuous between labradorite
and andesine (An39-An67). However, most of the
plagioclases in these rocks are Ca-rich (labradorite).
In the samples with trachy andesitic composition,
anorthite content varies between bytownite and
andesine (An43-An75). Although the anorthite
content in these rocks shows a bimodal distribution,
suggesting two phases of magma differentiation in
the study area (Fig. 5 C).

NAMIN et al., Curr. World Environ., Vol. 10(Special Issue 1), 1194-1205 (2015)

The anorthite content of plagioclase
phenocrysts of the Bala Zard volcanic rocks is
relatively higher than the whole rock composition.
In general, Plagioclase composition is controlled
primarily by the amount of H,O in the melt. It is
therefore believed that higher anorthite content is
related to the higher H,O content in the magma
source and this suggests a subduction related
magmatic arc setting for the volcanic rocks (Gill,
2010).

Zoning in plagioclase

In Bala Zard volcanic rocks oscillatory
plagioclase occurs mostly in basaltic-andesite and
andesitic samples. In this study, core to rim in-situ
analyses were performed using XPMA to determine
the chemical variations and zoning in the plagioclase
phenocrysts. The anorthite content of a zoned
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Fig. 6: Anorthite content (An) of plagioclase phenocrysts, normal zoning in andesite (A),
oscillatory zoning in basaltic-andesite (B, C, and D).
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plagioclase in andesite varies between An39 and
An43, which define an andesine composition (Fig.
6A). Some investigations have shown that anorthite
content generally decreases with magma chamber
decompression during major volcanic explosion
and increases again with increasing pressure of the
magma chamber (Blundy et al., 2008). In Bala Zard
basaltic-andesites the anorthite content changes
suddenly. In these plagioclase phenocrysts a normal
zoning is observed at first in the mineral’s core with
an andesine composition and then anorthite content
suddenly increases to An88, and then the An values
of plagioclase fluctuate with maximum compositional
variation of 33%. This define an oscillatory zoning
in the basaltic-andesites, suggesting that magma
mixing occurred during injection of hot and Ca-

NAMIN et al., Curr. World Environ., Vol. 10(Special Issue 1), 1194-1205 (2015)

rich mafic magmas into the magma chamber. The
anorthite content shows the greatest variation in
the reverse zoning plagioclase phenocrysts, which
is considered as an indication for the noticeable
temperature differences between the two mixing
magmas (Gerebe and Thouret, 2004).

Pyroxene

Clinopyroxene is one of the main rock
forming minerals in the Bala Zard volcanic rocks.
Morimoto and coworkers (1988) have classified
pyroxenes into four group based on cations
substitutions in the M1 and M2 occupation sites. All of
the Bala Zard pyroxenes plot in the Quad except one
which is plotted in the Na-Ca field. Pyroxenes plot in
the Quad (Fig. 7 A), hence we plot the results on the

Cl%loli
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Fig. 7: Q versus J diagram of Morimoto et al, (1988) (A), clinopyroxene classification of the Bala
Zard volcanic rocks (Morimoto et al., 1988) (B).
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Wo-En-Fs triangular diagram which is widely used
for chemical classification of pyroxenes. Pyroxenes
from the volcanic rocks mostly plot in the field of
diopside-augite. However one of the samples plotted
in the pigeonite filed. Pyroxene in the basaltic rocks
is more Ca-enriched compared to the intermediate
andesitic rocks (Fig. 7 B).

The minor element contents of pyroxene
phenocrysts such as Ti, Al, Na, Cr and particularly
their Si content are an indicator for understanding
the host rocks geochemical evolution and tectonic
setting. Clinopyroxene is therefore used for defining
the magmatic series and also the geodynamic
settings of magmas (Le Bas, 1962; Leterrier et al.,
1982). In this regards, the chemical composition of
Bala Zard pyroxenes are enriched in Si and plot in the
field of sub-alkaline rocks (Fig. 8 A). Le Bas, (1962)
believes that the substitution of Al, Si, and Ti into the
pyroxene crystal lattice is highly dependent on the
alkalinity of magmas and therefore the pyroxenes of
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the study area are depleted in Ti content and plot in
the field of calc-alkaline suites (Fig. 8 B).

In order to define the tectonic setting of Bala
Zard volcanic rocks, we have also used bivariate
diagrams. One of these diagrams is based on the Ti
versus Ca+Na (Leterrier et al., 1982), in which most
of samples plot in the fields of tholeiitic and calc-
alkaline basalts (Fig. 9A). On a Ti versus Al diagram
(Fig 9 C), samples mostly show calc-alkaline affinity.
On a Ti versus Ca (Fig. 9 B), clinopyroxenes from
the study area plot in the island arc basalts.

There are other diagrams to discriminate
clinopyroxene compositions in order to define their
tectonic setting such as F1 versus F2 diagram
of Nisbet and Pearce, (1977). The study area
clinopyroxenes define a volcanic arc tectonic setting
for the rock samples from the Bala Zard vocanic
rocks (Fig. 9 D). F1 and F2 components are shown
below :

010 1= 006 po
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AXtotal)
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Fig. 9: Bivariate diagrams of Letterrier et al, (1982) (A, B, and C), and F1 versus F2 diagram of
Nisbet and pearce, (1977) (D) to discriminate tectonic setting of Bala Zard volcanic rocks based
on the chemical composition of clinopyroxene.



1204

NAMIN et al., Curr. World Environ., Vol. 10(Special Issue 1), 1194-1205 (2015)

F1=-(0.012 x SiO2) - (0.0807 x TiO2) + (0.0026 x
AI203) - (0.0012 x FeO*) - (0.0026 x

MnO) + (0.0087 x MgO) - (0.0128 x CaO) - (0.0419
x Na20)

F2 = - (0.0469 x SiO2) - (0.0818 x TiO2) - (0.0212 x
AI203) - (0.0041 x FeO*) - (0.1435 x

MnO) - (0.0029 x MgO) + (0.0085 x CaO) + (0.016
x Na20)

CONCLUSIONS

The presence of oscillatory zoning (with a
range of An content of 33%), occurrence
of sieve texture in the first plagioclase
generation in the basaltic-andesites and
other evidences for magma mixing, our study
suggests that these rocks were formed by
injection of new mafic and hotter magma
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