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Abstract: Investigation of variations in the micro-texture and chemical composition of plagioclases (core to
rim) allows the sequencing of the magma chamber processes and helps interprete and associate textures to
specific processes. In this contribution, the micro-textures and chemical zoning of the plagioclases, significant
recorder of magma chamber processes, from the west of Torbat-e-Heydariyeh andesitic rocks (WTHAR) are
considered to decipher the physical and chemical parameters of magma evolution. The rocks are cropped out
in the northern branch of Neotethyan magmatic belt and considered as the products of Eocene magmatic
activities of the Sabzevar zone (N-NE Iran). The rocks show vitrorphyric and vitroglomeroporphyric textures
with main phenocrysts, plagioclase (andesine, labradorite, and bytownite), clinopyroxene (augite),
orthopyroxene and magnetite scattered in a glassy matrix. The recognized micro-textures of the WTHA
plagioclases can be divided into two categories: (i) growth- related textures in the form of coarse-sieved (CS),
fine-sieved (FS), core sieved and intact margin (CSIM), core intact and sieved margin (CISM) and entirely
sieved (ES) morphologies, oscillatory zoning (OZ), rounded zone corner (RZC) and resorption surfaces (RS)
formed due to the changes in temperature, melt H,O content, pressure, composition of the melt, equilibrium
at the crystal-melt interface and (ii) morphological textures such as glomerocrysts (GLO), synneusis (SY),
swallow-tail (ST) crystals, broken crystals (BC), formed by the effect of dynamic behavior of the crystallizing
magma (convection, degassing, etc.) and magmatic differentiation. Also, the occurrence of these changes can
be related to the self-mixing process in the magma chamber. The self-mixing with recharge event can be the
reason for the dynamic activities in the magma chamber.
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1. INTRODUCTION

The study of chemical changes in calc-alkaline
magmatic rocks related to a subduction zone is very
important because these changes are the result of factors
such as crystal separation, digestion, magma mixing, or
contamination (Lindh et al., 2006). Plagioclase
commonly shows a variety of disequilibrium textures in
volcanic rocks, particularly in andesites (Nelson &
Montana, 1992). The mineral assemblages and mineral
chemistry are related to the composition of the host
magma and the physico-chemical conditions of the melt

during crystallization (Helmy et al., 2004; Molina et al.,
2009; Yousefi et al., 2017 a). Therefore, the evaluation
of crystallization conditions and the processes
influencing mineral crystallization could explain the
magmatic evolution of the host rocks accurately.
(Mobashergarmi et al., 2018). As minerals can be highly
susceptible to modifications in the magmatic system and
able to record the changes in thermodynamic equilibria
in their compositional zoning patterns, resorption and
dissolution textures are commonly utilized to define the
magma chamber processes (Korkmaz & Kurt, 2021). In
particular, texture and chemical zoning in plagioclase
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may be a powerful tool for the identification of the
dynamics and Kinetics of the magmatic process, due to
being an abundant phase in lavas from a wide range of
geotectonic settings (Bennett et al., 2019; Nelson &
Montana, 1992; Renjith, 2014). The evolution of
magma chamber processes is of major petrologic
interest and has been studied widely (Hoshide & Obata,
2009). This study presents various textures in
plagioclase of the WTHAR (NE lIran) for the first time
and based on their various textures, their growth history
is interpreted carefully. These andesitic rocks have not
been subjected to detailed studies of mineral chemistry
and magma chamber processes, therefore, a detailed and
systematic approach of the evaluation of crystallization
conditions is necessary. The results of this article
provide useful information on the sequence of events
and temporal change of physico-chemical conditions in
the magmatic system. After a geological outline,
petrography and whole-rock geochemistry, analytical
data on plagioclase texture and zoning are presented,
showing that the textures and zoning patterns correlate
well with host rock types, providing good information
on the evolution of magma chamber processes.

2. GEOLOGICAL SETTING

Igneous activity in Iran commenced in the early
Paleocene, and is still continuing to the present (e.g.,
Alaminia et al., 2013; Pang et al., 2013; Ghasemi &
Rezaei, 2015; Shafaii Moghadam et al., 2015, 2016;

Alizadeh et al., 2017; Almasi et al., 2019; Kazemi et al.,
2019; Sepidbar et al., 2021; Shahbazi et al., 2021). It is
manifested in the form of a triangular loop around the
Central Iran structural zone, including the Urumieh
Dokhtar magmatic belt in the northwest-southeast,
Alborz zone in the north, which continues to the study
area, the west of Torbat-e-Heydariyeh and Lut block in
the east (Figure. 1). Cenozoic extensive magmatism is
irregularly distributed throughout Central Iran. The
most intense magmatic activity in the early Tertiary,
especially in the Eocene, occurred in two forms
(volcanism and plutonism). The magmatic activities of
the Miocene, or to be more precise, the late Miocene to
the present , are mainly volcanic and have basaltic and
andesitic composition. In Iran, they have scattered
outcrops, are less widespread. It seems that most of this
group of volcanic activities were formed in tectonic
environments within the continent and often erupted or
flowed in dry or shallow water environments such as
lakes. This group of magmatic activities are often
attributed to the Quaternary, but field and stratigraphic
evidence contradicts this.

The Cenozoic magmatic events associated with
the closure of the Neo-Tethys were important in
depicting the face of present-day Iran. There are two
prominent stages of magmatic activity during the
Cenozoic, especially in the Eocene and Plio-Quaternary
(Yousefi et al., 2017 b). The volcanic activity
culminated in the Middle-Upper Eocene and
continued in the Neogene and Quaternary (Ghasemi &

-Sanandaj-Sirjan Zone

Makran Zone

-Alborz Zone

-Eastern Iranian Suture Zone
-Kopeh-Dagh Zone

-Eocene magmatic rocks

‘ Pphiolitic Zone

* Study area

Figure 1. Simplified geological structural zones of Iran, distribution of Eocene magmatic rocks and study area location
(modified after Shafaii Moghadam et al., 2015).
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Rezaei Kahkhaei, 2015; Yousefi et al., 2017 b). The
subduction of Sabzevar (opened in the Late Triassic-
Early Jurassic and closed at the Late Cretaceous,
(Baluchi, 2019; Kazemi et al., 2019) Oceanic
lithosphere (eastern branch of Neotethys) controls
volcanic activities in northeastern and central Iran.
Major fault systems such as the Doruneh Fault have
played an important role in the generation and
emplacement of the magmas in this zone (Berberian &
King, 1981). At the west and northwest of the Torbat-
e-Heydariyeh area, a small part of the Sabzevar zone
occurs which extends to the west of Torbat-e-
Heydariyeh city in Khorasan Razavi province (NE
Iran). This zone is a large magmatic belt developed
during the early Paleocene to Plio-Quaternary (Shafaii
Moghadam et al., 2015) along the northern edge of
Central Iran and the southern margin of Alborz (Figure
1). The Torbat-e-Heydariyeh andesitic rocks overlie
the Paleocene-Eocene pyroclastic rocks and have
Middle Eocene age.

3. MATERIALS AND ANALYTICAL
METHODS

The rocks are characterized by their dark grey
color in outcrop, but black on fresh surfaces. Columnar
jointing is a characteristic cooling feature of this
eruptive unit (Figure 2). According to field evidence
and petrographic research, the studied samples are very
similar to basaltic rocks due to their dark color and and
columnar joints. One hundred samples were collected
from the volcanic rocks of Torbat-e-Heydarieh area
and then 90 thin sections were prepared.

3.1. Whole-rock geochemistry

Twenty andesite samples were selected for
whole-rock analyses. Whole-rock major and trace
elements were analyzed by X-Ray Fluorescence
Spectrometry (XRF, Primus II, Rigaku) and Agilent

Figure 2. A) Field photograph of spectacular colu

i ] §*
mnar joints

7700e ICP-MS at the Wuhan sample solution
analytical laboratory Co., Ltd.,, Wuhan, China.
Details of the analytical method and geochemical
compositions of the samples are presented in
supplementary files.

3.2. Mineral-chemical analysis

We selected six fresh samples of andesitic rocks
for microanalysis. Mineral compositions were
determined by a scanning electron microscope (JEOL
JSM-6390LV) equipped with an energy dispersive
spectrometer (EDS) (INCA 300, Oxford) with 20kV
accelerating voltage and 0.4mA probe current and a
wavelength  dispersive  spectrometer  (WDS)
(INCAWave, Oxford) at the Laboratory of Electron
Microscopy, Aristotle University of Thessaloniki,
Greece. The results of plagioclase analysis are presented
in Table 1.

4. RESULTS

4.1. Petrography and micro-textures in
plagioclase

In order to determine their textures, mineral
contents and rock types. Clinopyroxene, orthopyroxene,
plagioclase and opaque minerals are recognized as
microphenocrysts (Figure 3). These microphenocrysts
are fresh and almost euhedral to subhedral scattered in a
glassy groundmass; therefore, vitrophyric and vitro-
glomerophyric are considered as the main textural types
(Figure 3). Micro-textures of plagioclases in the study
area are presented in Table 2 and Figure 4.

4.2. Whole-rock geochemistry

Geochemically, the samples exhibit a narrow
range of values for SiO; (59.95-61.45 wt%), Fe20s(t)

.

i Ty " . Fug RO
of andesitic rock in quarry in the western part of Torbat-e-

Heydarieh (X:680720; Y: 3917833); B) close view of the andesitic sample.
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Table 1 Results of some analysis of core to rim compositional profiles of plagioclase in WTHAR.

An
Sample Location SiO; Al,O; | FeO | MgO | CaO | NaO | KO | Or(K) | Ab(Na) (Ca+Mn+Mg)

ST5-2C1 Rim 46.34 3413 | 0.67 | 0.04 | 1765 | 1.38 0.04 0.24 12.34 87.42
47.37 3350 | 0.33 | 0.00 | 16.49 | 1.93 0.23 1.35 17.22 81.43

46.92 3384 | 051 | 0.00 | 1748 | 1.45 0.18 1.08 12.87 86.05

46.40 33.72 | 0.82 | 0.15 | 17.05 | 1.65 0.00 0.00 14.77 85.23

Core 48.35 3299 | 043 | 0.18 | 15.61 | 2.52 0.04 0.24 22.28 77.48

54.16 28.78 0.57 | 012 | 11.48 4.72 0.39 2.25 41.34 56.41

47.10 3382 | 011 | 0.07 | 1657 | 1.82 0.23 1.35 16.29 82.36

Rim 49.07 31.78 | 0.67 | 0.00 | 15.06 | 2.83 0.17 1.01 25.12 73.88

ST1-5 Rim 53.82 2840 | 0.79 | 0.00 | 11.12 | 4.47 0.94 5.49 39.67 54.47
56.00 2764 | 042 | 0.00 9.74 5.62 0.72 411 48.94 46.89

50.30 3159 | 0.30 | 0.00 | 14.24 | 3.30 0.19 1.10 29.15 69.49

54.10 2850 | 0.66 | 021 | 10.71 | 4.84 0.71 411 42.47 53.27

Core 53.72 29.07 | 0.34 | 0.06 | 1152 | 4.68 0.47 2.70 41.08 56.22

55.54 28.11 | 0.23 | 0.00 | 10.15 | 5.48 0.61 3.51 47.71 48.78

50.96 3110 | 044 | 0.12 | 1358 | 3.75 0.00 0.00 32.95 66.70

53.90 2841 | 0.67 | 0.02 | 11.03 | 4.82 0.60 3.49 42.54 53.97

Rim 53.84 2847 | 094 | 037 | 1097 | 443 0.92 5.33 38.80 55.67

ST3-2 Rim 48.44 3229 | 058 | 014 | 1569 | 231 0.21 1.22 20.61 78.17
48.27 3183 | 0.14 | 036 | 14.70 | 254 0.18 1.06 22.98 75.95

48.77 3254 | 061 | 0.29 | 1537 | 255 0.02 0.12 22.59 77.28

Core 48.91 3268 | 031 | 015 | 1516 | 2.75 0.12 0.67 24.30 75.03

49.05 32.75 | 0.34 | 0.00 | 15.63 | 2.49 0.28 1.66 22.00 76.34

Rim 47.95 3268 | 055 | 0.18 | 16.16 | 2.08 0.05 0.32 18.59 81.09

ST5-2-C2 | Rim 54.54 2824 | 0.77 | 0.17 | 10.87 | 4.68 0.80 5.00 41.09 53.92
49.51 3233 | 017 | 0.20 | 1475 | 2.92 0.12 0.69 25.86 73.46

50.84 3154 | 011 | 0.00 | 14.22 | 355 0.00 0.00 31.10 68.90

Core 48.90 3218 | 098 | 0.22 | 15.07 | 2.64 0.23 1.33 23.40 75.27

50.96 30.80 | 0.42 | -0.03 | 13.84 | 3.34 0.49 2.88 29.59 67.52

Rim 49.42 3185 | 0.83 | 045 | 1472 | 253 0.50 2.90 22.33 74.77

(6.25-7.94 wt%), Na,O (3.21-3.66 wt%), K,O (1.24- 5. DISCUSSION

2.76 wt%), Al,05 (15.33-15.73 wt%), and Mg# (51.3—-
55.1). MnO, P;0s, and TiO; are <1 wt%. All the
studied rocks are located in the andesite compositional
domain on the TAS diagram (Figure 5a) (Le Bas et al.,
1986), and also plot in the medium to high-K calc-
alkaline fields of Gill (1981) diagram (Figure 5b). The
primitive mantle-normalized spider diagram (Sun &
McDonough, 1989; Figure 6) shows significant
negative anomalies of HFSE (high field strength
elements) such as Ti, Nb and P, and positive anomalies
of large ion lithophile elements (LILE), such as K, Cs,
U and Rb. The patterns exhibit similar distribution to
volcanic arc (Figure 7) rocks (Yan et al., 2019; Zhang
et al., 2019; Sivell & Waterhouse, 1988), typical
convergent margin and subduction setting.

4.3. Mineral chemistry

The most abundant phenocrysts in WTHA
rocks are plagioclase characterized in most cases by
sieve texture (Figure 4), and oscillatory zoning
(Figures 4F and E). The compositional spectrum of
plagioclase in this suite ranges from andesine to
bytownite (Figure 8; Deer et al., 1992); i.e, their An
contents vary from 44.3to 85.1.

5.1. Interpretation of micro-textures

5.1.1. Sieve textures

The composition of magmatic plagioclases
depends upon physicochemical parameters such as
temperature (T), total pressure (P) and water content
of the melt (wt% H,0). Changes in these intensive
parameters lead to the formation of different micro-
textures (Renjith, 2014). Sieve texture in plagioclase
is one of the most prominent in the microscopic thin
sections of WTHA rocks. It is a non-equilibrium
texture and is formed following the physical and
chemical changes in the magma chamber (Shelley,
1993). Therefore, careful examination can reveal
information concerning the conditions governing the
magma chamber. The sieve texture in coarse and fine
sizes is a result of glass and iron oxide inclusions,
which gives a spongy appearance to the crystals. The
size of the sieves can depend on the increase of
magma ascent speed or the increase in magma water
content during ascent (Viccaro et al., 2010). The
relationship and size of the sieves indicate severe or
long-term dissolution.

There are two main causes for the formation of
sieve textures: 1- pressure reduction (Nelson &
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Figure 3. Potomicrographs of WTHA samples with variable euhedral to subhedral phenocrysts of plagioclase, clinopyroxene,
orthopyroxene and opaque minerals, and rare orthopyroxene in a quenched groundmass. A, B) Vitrophyric and C, D) vitro-

glomerophyric textures. (A,C: PPL; B, D: XPL).

Abbreviations: plg: plagioclase; cpx: clinopyroxene; opx: orthopyroxene; opg: opaque.

Montana, 1992; Shelley, 1993), 2- magma mixing,
reaction with hotter Ca-rich melt (Tsuchiyama, 1985).
In the first case, during decompression, when a H-O
undersaturated magma rises fast, the P0) of the system
increases, therefore, reducing the stability of plagioclase
and crystal dissolution occurs (Nelson & Montana,
1992). Plagioclase crystals become unstable during
ascent and melt partially. Depending on whether the
temperature drop is fast or slow, these partial melts
crystallize in the form of glass or new plagioclase crystal
and lead to the creation of a sieve texture (Blundy &
Cashman, 2005; Renjith, 2014; Jamshidibadr et al.,
2020). The coarse-sieve micro-texture is the result of
this process (Nelson & Montana 1992).

In the second case, plagioclase crystals tolerate
dissolution when magma interacts with a hotter Ca-
rich magma (Tsuchiyama, 1985). The fine-sieve
micro-textures are produced by this process. The
sieve textures are usually interpreted as resulting from
magma mixing, but they may also occur by rapid
decompression, where heat loss is minor relative to
the ascent rate (Nelson & Montana, 1992).

Coarse-sieve (CS) texture is seen in different
forms in the studied plagioclases (Figure 4). In

general, cavities in the CS micro-texture can be
divided into two categories, separate sieves and those
connected to each other.
In the first category, CS cavities do not follow

a specific pattern and occur in the core of the crystal.
In the second category two forms are noticed:

A) Elongated and parallel to the plagioclase

cleavages. In this case, the cavities or pores

intersect and connect.

B) The CS forms a ring in the core of the crystal,

with the cavities connected to each other.

Plagioclase sieve cores may be produced by

rapid decompression and degassing of plagioclase-
saturated magma rising from deep to shallow depth
(Landi et al., 2004). The mineral chemistry of WTHA
with CS texture ranges between labradorite and
bytownite. The trend of plagioclase An% composition
from rim-to-rim shows oscillatory zoning (Figure 9).
This variation in the chemistry of plagioclase
demonstrates the changes in the chemical composition
of magma during crystallization. According to Renijith
(2014), absence of growth zoning shows that the
phenocryst’s cores have grown in a static equilibrium
magmatic environment followed by an ascent related
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decompression driven dissolution. They are mainly found in the core and margins

The fine-sieve (FS) texture consists of very of small to medium grains or in the margins of large
small inclusions made of glass, giving the crystal a plagioclase crystals.
dusty appearance.

Table 2. Different types of plagioclase micro-textures in WTHA. Schematic representation of the
illustrated microstructures considered and their interpretations presented in the text.

Texture Description (abbreviation) Figure(s) Relative frequency
+ (rare), ++ (moderate),
+++ (frequent)
Coarse-sieve (CS): 4a,¢c,dg,h +++
1-separate sieves
2-connected sieves
Fine-sieve (FS): 4a,b,cdgh +++
entirely sieved (ES)
intact core and sieved margin (CISM)
sieved core an intact margins (CSIM)
Core sieved and intact margin 4a, c ++
(CSIM)
Broken crystal (BC) 4b, d, e, h +
Core intact and sieved margin (CISM) 4d ++
Oscillatory zoning (0Z) de, f ++
g Resorption surface (RS) 4b,d, h +++
>
h I l Glomerocrysts (GLO) 4g ++
i : Rounded zone corner (RZC) 4i +
E i  M— Synneusis morphology (SY) 4i,4a, b, h ++
 E—
"E Swallow-tail (ST) 4b, h +
& Entirely sieve (ES) 4h +++
Intact crystals (IC) 4j,4c, g +++
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Types of observed FS in the studied samples: composition of the plagioclase that with changing
A: Plagioclase crystals that are entirely sieved (ES) conditions, the whole crystal begins to corrode
This texture can be due to the uniform (Shelley, 1993).
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B: Plagioclase crystals, with an intact core
surrounded by a sieved margin (CISM).

Shelley (1993) believes that in many cases, in
the core of plagioclase phenocrysts, a sieve ring of
plagioclase grows that has a higher calcium content
than the nucleus of these crystals. The existence of
unbalanced conditions is the main cause of the
creation of these rings, which are formed by rapid
growth due to mixing with a hotter magma richer in
H,O and Ca (Tsuchiyama, 1985).

2roaCOX X TR0 N
Albite Oligoclase Andesine Labradorite Bytownite Anorthite
Ab An

Figure 8. Plot of plagioclase analyses on Ab-An-Or
ternary diagram from Deer et al. (1992).

C: Plagioclase crystals with a sieved core but
intact margins (CSIM).

This form of sieve texture may occur under
H,O-saturated conditions following a sudden
pressure drop during magma ascent from depth to the
surface (Nielson & Montana, 1992; Renijith, 2013).

The FS micro-textures occur in the core, rim or
even in entire crystals as observed in WTHAR.
Mineral chemistry of the plagioclases with FS texture
ranges from andesine to labradorite. Rim-to-rim trend
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of anorthite content shows oscillatory zoning (Figure
10). In some samples An% content increases from
core to rim. This variation depicts changes in the
chemical composition of magma  during
crystallization, which caused the formation of FS
micro-texture. In the studied plagioclases, FS micro-
texture is formed by increase of magma temperature
and partial melting. Finally, we can briefly conclude
that FS in the samples seems to be developed when
the plagioclases have undergone partial dissolution
by interacting with a hotter Ca-rich melt.

5.1.2. Resorption surface (RS)

As seen in Figure 4b, d, h, and Table 2g
resorption surfaces (RS) are observed in many of the
studied plagioclase crystals. RS can occur through
multiple processes such as a change in the

composition of the system and magma mixing. The
processe(s) must occur repetitively to explain the
presence of multiple resorption interfaces within
individual plagioclases (Bennett et al., 2019).

In the plagioclases of WTHAR, magma mixing

could occur multiple times within the system based
on changes in Ab% and An% in the RS section
(Figure 11).

5.1.3. Rounded zone corner (RZC)

The rounded zone corner (RZC) (Table 2,
Figure 4i) is another micro-texture seen in some
plagioclase crystals. According to Ginibre et al.,
(2002a) this phenomenon indicates that during their
growth dissolution has occurred.

Due to the heating of plagioclase at a
temperature higher than its freezing temperature or
due to factors such as magma recharging (Davidson
& Tepley (1997), the crystals undergo a process of
dissolution and melting.

5.1.4. Synneusis texture (SY)

The synneusis texture (SY) is observed in the rim
of some plagioclase crystals of WTHA rocks (Figures
4a, b, and h). Synneusis formation needs a mechanism
like shear flow or turbulent mixing to rotate the crystals
into alignment (Schwindinger, 1999). This micro-

cs
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— Or%— Ab%— An% A

Figure 9. A) Plagloclase with CS micro- textures in XPL; B) BSE image; C) Rim-to-rim profiles of An, Ab, Or %
in WTHA rocks.
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Figure 10. A) Plagioclase with FS micro-textures in XPL; B) BSE image; C) Rim-to-rim profiles of An, Ab, Or %.
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Figure 11 A) Plagloclase with RS micro- textures in XPL; B) BSE image; C) Rim-to-rim profiles of An, Ab, Or %.
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texture formed in the magma chamber before
crystallization due to the motion of crystals in a liquid-
rich magma (Renjith, 2014; Jamshidibadr et al., 2019).

5.1.5. Zoning

Zoning patterns are one of the most spectacular
features in crystals, consisting of fine concentric zones
of contrasting compositions. Zoning in plagioclase
occurs in two forms (Browne et al., 2006):

(i) Repeated changes in the crystallization
conditions within crystal growth in a convecting
magma chamber.

(i) Repeated magma refill took after
compositional changes, in the event that mechanical

10

_l—__.__________—_‘_'-‘—-
0

1 2 3 4 5 6 7 8
D —Or%—Ab%— An% D'

and chemical mixing is enough.

In normal zoning, plagioclase cores are
relatively enriched in Ca, and outer zones are
progressively becoming richer in Na. Reverse zoning
indicates disequilibrium conditions that can be caused
by a volcanic eruption, rapid movement of magma in
a chamber or conduit, rapid release of volatiles in a
water-saturated magma, or magma mixing.

Oscillatory zoning in plagioclase, involving
alternating calcic and sodic zones with small
compositional differences, has been explained by
diffusion-controlled, recurrent supersaturation of the
melt in anorthite and then albite components adjacent
to the growing crystal (Vernon, 2004).

C

1 2 3 4 5 6 7 8 9
c — Or%— Ab%— An% c
E
70
60
50
40
30
20
10
4 1 2 3 4 5 6
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Figure 12. A) Plagioclase with oscillatory zoning in XPL; B) BSE image; C, D and E) Rim-to-rim profiles of An, Ab, Or %.
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Figure 13. A) Plagioclase with glomerocrystic texture in XPL; B) BSE image; C, D, E and F) Rim-to-rim profiles of

An, Ab, Or % from phenocrysts 1, 2, 3 and 4.
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Normal, reverse and oscillatory zoning (small-
and large-scale oscillations) have been observed in
plagioclases of WTHA rocks. In normal zoning of the
plagioclases, from core to rim, the amount of anorthite
decreases. In reverse zoning, plagioclase cores have an
andesine composition and their margins have a
labradorite composition, i.e., the amount of anorthite
increases from core to rim. In the studied samples most
of the crystals have oscillatory zoning (Figure 12). As
seen in Figure 10c, d, e the number of anorthite
changes from core to rim in an oscillatory manner.

5.1.6. Glomerocrysts (GLO)

Glomerocrysts are the aggregates of two or
more plagioclase phenocrysts formed when the
partially resorbed crystals get spatially closer (Renjith,
2014). The association of CS and FS with
glomerocrysts in the studied samples suggest that
before they get sutured phenocrysts have undergone
partial dissolution (Figure 4g).

According to the chemical analysis of four
phenocrysts of plagioclase in the WTHAR with GLO
morphology, their compositions fall in the range of
andesine to labradorite. The enrichment of anorthite
(rim) and Ab (core) in crystal A represents the
abnormal crystallization process. Crystal B represents
the normal crystallization process with An% content in
the core higher than that in the rim (Figure 13d). In
phenocrysts C and D the trend of An % content occurs
in an oscillatory form (Figure 13 E and F). From the

2-2-Syn- eruption decompress

1-2- Convective
movement

SY,

latter, it can be deduced that the phenocrysts
crystallized after the recharge of basic magma resulting
in the change of the magma chemical composition.

5.1.7. Swallow-tail (ST) and broken crystals (BS)
In some samples, plagioclase crystals with H-
shaped outer skeletal envelopes (swallow-tail) are
seen, which are not numerous. The frequency of
broken crystals in the studied samples (Table 2d,
Figure 4b, d, e, and h) indicates that during an
explosive eruption, gas-rich vesicles, trapped under
high pressure in the plagioclases, escape abruptly from
their hosts (Miwa & Geshi, 2012; Renjith, 2014).

5.1.8. Intact crystals (IC)

The intact crystals do not have any micro-
texture; however, in the rim of some intact crystals,
synneusis textures are observed. The compositional
spectrum of plagioclase in this suite ranges from
andesine to labradorite and bytownite. In these
plagioclases, the amount of An% content decreases
from core to rim.

5.2. Magma chamber processes and
plumbing model

As mentioned before, various micro-textures
were identified in plagioclases of WTHA rocks. The
micro-textures are caused by different processes and
can be divided into two categories: (i) growth related

2-1- Under cooling

2- Shallow magma chamber

1- Deep magma chamber

Figure 14. Schematic model of crystallization dynamics and magma plumbing system (modified after Renjith 2014).
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textures in the form of coarse-sieved, fine-sieved, core
sieved and intact margin, entirely sieved, textures,
oscillatory zoning, rounded zone corner and resorption
surfaces due to the change in temperature, H,O
content, pressure or composition of the crystallizing
melt and results in disequilibrium at the crystal-melt
interface; and (ii) morphological textures, such as
glomerocrysts, synneusis, swallow-tail crystals and
broken crystals, formed by the dynamic behavior of the
crystallizing magma such as degassing, eruption and
convection. Based on textural observations a
simplified magma plumbing model is suggested for the
samples studied. In the first stage, hot and silica and
volatile saturated magma in the deep magma chamber
was crystallizing in a stable magmatic environment.
The An-rich intact crystals are produced in this stage.
When this crystal-rich magma rises into the upper
shallower chamber, the crystals undergo various
degrees of dissolution and develop coarse-sieve
textures with different shapes and sizes (Figure 4a, c,
d, and h). The reason for this variety can be due to the
variation in the rate of decompression or H-O content
dissolved in the magma (Renjith, 2014). After the
formation of CS micro-textures, some crystals get
united as glomerocrysts. The GLO micro-texture that
has CS (Figure 4g) indicates that after the development
of the CS these crystals aggregatedtogether. This
shallow magma chamber was dynamically active by
convection or by the input of new magma pulses or a
combination of both. As a result, pre-existing and
newly brought crystals have further re-grown and
developed multiple micro-textures such as fine-sieve,
core sieved and intact margin, core intact and sieved
margin, entirely sieve, rounded zone corner,
oscillatory zoning and resorption surfaces. It is worth
noting that the growth of the crystals at this time was
constrained by the heterogeneous superheating and
convection processes (Viccaro et al., 2012). The
frequent presence of FS micro-texture in the crystals
can indicate that multiple events of superheating by
recharge events have occurred. Crystals with CS
micro-texture in their core surrounded by FS and SY
micro-textures (Figure 4 a and), indicate that repeated
magma processes occurred in the shallow chamber
after the formation of CS texture and before the
eruption. Recharge brought new pulses of primitive
magma which interacted with the pre-existing
plagioclases in the shallow chamber causing partial
dissolution in the form of FS micro-texture (Renjith,
2014). After partial dissolution process, plagioclases
re-equilibrated with the new magma that was rich in
Ca and were re-grown as An-rich plagioclase. Based
on observed OZ, some plagioclase crystals in the
shallow magma chamber have undergone repeated
dissolution-regrowth in a convective environment.

Another important point to be considered is the
temperature changes in the magma chamber. This
phenomenon can occur due to self-mixing (recharge
of hotter magma at the base of the magma chamber
(Couch et al., 2001). During this process, the magma
chamber probably has experienced undercooling.
Swallow-tail and broken crystal micro-textures are
the late stage crystallization products of
undercooling-associated syn-eruption or just pre-
eruption (Jamshidibadr et al., 2020). Figure 14 shows
the schematic model for crystallization dynamics and
the magma plumbing system.

6. CONCLUSION

The compositional spectrum of plagioclase
phenocrysts in this suite ranges from andesine to
labradorite, and even bytownite. Micro-textures and
characteristics of these plagioclases reflect the events
that took place during crystallizing of these rocks and
are as follows: coarse- and fine-sieve textures,
oscillatory zoning, resorption surfaces and rounded
zone corner, glomerocrysts, synneusis, swallow-tail
crystals and broken crystals. These characteristics are
due to the changes in temperature, H-O content or
pressure of the crystallizing melt leading to
disequilibrium at the crystal-melt interface and
effects of the dynamic behavior of the crystallizing
magma such as degassing, eruption and convection.
The occurrence of these changes can also be related
to the self-mixing process in the magma chamber,
which combined with a recharge event, can be the
reason for the dynamic activities in the magma
chamber.
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