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Abstract: Contact metamorphism in the Shahindezh Metamorphic Core
(SMC), which is occurred due to intrusion of Pichaghchi granodiorite during
Laramian orogeny (Upper Cretaceous), is studied here. The well developed
mineral parageneses at the aureole is quatz + plagioclase + biotite +
cordierite + chlorite = K-feldspar + muscovite = andalusite + sillimanite £
garnet. Pressure and temperature of the contact metamorphism at the SMC
for andalusite + cordierite —bearing assemblages (the most common
paragencsis at the aureole) are estimated ~3.5 = 1.5 kbar and 500 £ 50 °C
using THERMOCALC computer program. Also the exact position of the
muscovite + biotite breakdown reaction at the PT space, is calculated.
Temperature for muscovite-biotite breakdown was about 650 + 40 °C at 3.5
kbar. The calculated position of the reaction curve, is in good agreement
with published experimental data. The metapelites at the north-eastern part
of the SMC contain high-temperature assemblage quartz + biotite + gamnet +
sillimanite + plagioclase % cordierite + K-feldspar. The mineral assemblages
and reaction textures in the aureole rocks record temperature about <750 °C
at the sillimanite -cordierite zone and pressure ~ 4 kbar, determined using
petrogenetic grids. In the partially molten rocks garnet porphyroblasts are
associated with coarse-grained quartz. Cordierites occurred both at the rims
of residual garnets crystallized during regional metamorphism and in the
matrix. All cordierites are altered to pennite. Fibrolite inclusions in the
matrix cordierites are common.

Keywords: Metapelites; THERMOCALC,; Muscovite-biotite breakdown;
Microstructure; Partial melting; Shahindezh Metamorphic Core, Iran
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1. Introduction

The best tools to estimate pressure (P) and temperature (T) of metamorphism
in thermal aureoles is stability of aluminosilicates and mineral chemistry of
ferromagnesian minerals. Using thermodynamic data for each mineral such
as enthalpy, entropy, molar volume and heat capacity at the standard
conditions [1], and by using the thermodynamic master equation based on
Gibbs free energy, it is possible to calculate the exact position of mineral
reaction curves on a PT diagram. Pressure is usually constant during contact
metamorphism, therefore crystallization temperature of a new phase can be
calculated at constant pressure.

The process of dehydration melting in which water is transferred from
hydrous minerals to melt, without direct participation of an. aqueous fluid
phase, is a potentially important agent for dehydration of high-grade terrains
[2]. Prograde metamorphism is a dehydration process, so water generated by
the reactions can controls solidus and melting reactions rates [3]. The
hypothesis is that water is in excess during the prograde metamorphic path.
It can leave the system by melt extraction in dchydrating rocks [4]. ;

Dehydration melting reactions for typical crustal lithologies have a
positive slope in P-T diagram. Therefore partial melting may occur either by
an increase in temperature or decrease in pressure [5-8].

However, the degree of melt extraction, the fate of dissolved water and
the possibilities for retrograde reaction have been much debated. Some of the
questions raised, can be illuminated by studies of the prograde
microstructures of partially melted rocks.

Recently, prograde and retrograde microstructires that are common in
low-pressure migmatitic rocks have been well documented (e.g. in the
Proterozoic Namaqualand Metamorphic Complex, South Africa [9];
Shuswape metamorphic core complex, Canadian Cordillera [6] and Pointe
Geologie migmatitic complex [3]).

In east of Shahindezh and west of Takab in western Iran, a variety of
igneous, sedimentary and metamorphic rocks are exposed. Young granite
and granodiorite, older alkali granite and gabbro are igneous rocks of the
area. Old pelitic sedimentary rocks (Precambrian) are metamorphosed to
porphyroblast-bearing metamorphic rocks during Catangaian orogeny [10,
11]. These rocks have experienced several phases of regional poly-
metamorphism and a final contact metamorphism. This contribution
concentrates on nature of contact metamorphism, while regional
metamorphism and deformation will be discussed in another paper. Apart
from the geological map of the Shahindezh area [12] there is no published
account on mechanism of metamorphism in this area.

We try to estimate PT condition of contact metamorphism here, using
textural relations, mineral composition and thermodynamic data. Also the
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lemperature of breakdown of muscovite and biotite in the contact aureole of
SMC will be discussed. At the east of the SMC, well known microstructures
confirming partial melting of metapelites, are observed. Also, the probable
melting reactions and maximum temperature of partial melting at the SMC
aureole, using petrogenetic grid, are addressed.

2. Geological setting

Shahindezh area is located in the central Iran geological zone [13, 14] and is
bounded with Sanadaj-Sirjan zone in the south and Sahand-Bazman zone in
the east. The pelitic rocks of the area are probably equivalent to the old rocks
of the central Iran which are metamorphosed up to amphibolite facies
(Chapdony formation, [15 - 18]). The fossil-bearing Palacozoic rocks of the
arca, covering the metapelites, are not metamorphosed. Therefore a
Precambrian age for regional metamorphism is likely. Sediments of Kahar
Formation, fossil-bearing dolomites of Soltanieh Formation and micaceous
sandstones of Lalun Formation cover the metapelites continuously. Apart
from Kahar Formation which shows very low grade metamorphism, the
other rocks are not metamorphosed. Granitoid rocks have vast outcrops
around Pichaghchi, Mahmoudabad and Khazaiibala villages (Fig. 1). There
are numerous small outcrops of granitoid rocks which are very similar to the
main granitoid bodies in terms of mincralogy and field relations. Age
determination based on K-Ar method on Pichaghchi granitoid gives an
Upper Cretaceous age [19].

Ctz, Ms, B, Crd, And == —
Ctz, Kis, Bt Crd, And, Fib

EE Arenicite

20

.....

4°45° o
Fig. 1 Simplified geological map of the SMC, showing the main lithological units,
modified afier Geological Map of Shahindezh [12]. Representative mineral
assemblages in the metapelites are shown.
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The intrusion of this granitoid has caused contact metamorphism overprinted
the older regional metamorphism (Fig. 1). It seems that intrusion of this
pluton has been contemporaneous to or after closure of Neo-Thetys ocean
due to Laramid Orogeny. A part of the granitoid rocks in the eastern part of
the area show deformational patterns due to intrusion contemporaneous to

orogeny. Cretaceous limestones show recrystallisation in contact with
lates This sl s Uil UF HIC Branitord after deposition of Cretaceous

limestones,

3. Petrography

3. 1.Granitoid pluton

These rocks occupy vast parts of the studied area, The main outcrop is
around Pichaghchi and Gharehzagh villages. In fact the northern part of the
study area is made from these rocks. Also outcrops in the central part of the
area around Dolungir, Qalae Qurineh, south and west of Khazai-e-Bala and
Zeyd kandi can be found (Fig. 1). Limited outcrops are seen along the main
Shahindezh-Takab road near Mahmoudabad village. These rocks can be
divided into two main groups, amphibole-bearing rocks and amphibole-free
pegmatites. The most rocks of the first group contain quartz, plagioclase, K-
feldspar, amphibole, biotite and titanite. The rocks are pale grey in hand
specimen with relatively large mafic minerals. These rocks have 10-35
modal% mafic minerals, mainly amphibole (5-25 modal%) and biotite (3-
<10 modal%). Accessory phases such as apatite, zircon and oxide minerals
are present. Sericite and chlorite are alteration products. Usually the modal
percentage of plagioclase is higher than that of K-feldspar. Plagioclase
shows alteration in some samples but it shows idiomorphic crystals with
optical zoning in most of the samples. Myrmekite texture is developed either
at the margins of K-feldspar and plagioclase or at boundary between quartz
and K-feldspar. K-feldspar and plagioclase reach up to 5 mm in size while
amphiboles are up to 2.5 mm in size. They are prismatic idiomophic and pale
to dark green in colour.

There are some mafic enclaves within the granitoids (maximum 80 cm in
length). Biotite is higher than amphibole in these enclaves. These enclaves
are abundant and show an approximate N40E orientation.

The second group of granitoids lack amphibole and appear as pegmatites,
The mafic minerals in these rocks are biotite and chlorite after biotite. There
is no white mica in the studied samples of granitoids.

3. 2. Metapelites

Metapelites contain porphyroblasts of cordierite, andalusite, garnet and
fibrolite in a finer groundmass of quartz, biotite, muscovite, K-feldspar,
plagioclase (albite) and chlorite (Fig 2). Cordierite porphyroblasts (with a
diameter of ca. 0.5¢m) are visible in the hand specimens. Oxides, tourmaline,
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apatite, zircon and graphite are minor phases in these rocks. Cordierite is the
main contact metamorphic mineral crystallized in the rocks. Contact
metamorphic garnet is not very common in the studied samples and occurs
as 0.2 mm sized crystals, only in samples from the vicinity of Soliemanabad
village (SW of the area). Sillimanite is fibrolitic in most of the samples.
Prismatic sillimanite was found in a few samples.

The main mineral parageneses in the rocks are:

Qtz + Pl + Bt + Kfs + Ms + Crd + And + Sil [pl]

Qtz + Pl + Bt + Kfs + Grt + Fib [p2]

Partially melted rocks appear at the north-eastern part of the area. There will
be discussed in more details later. Chlorite and muscovite are crystallized
during contact metamorphism and cross-cut the former foliation. The high
number of chlorite and muscovite shows high degree of overstepping due to
intrusion of the pluton. There are some fibrolite in the hornfelses as a
common feature, which are retrograde metamorphic products after biotite
(20].

Fig. 2 a) Microphotographs showing post-deformational growth of cordierite during
contact metamorphism (PPL). Trend of inclusions in the cordierite is continuing of
the latest matrix foliation (S n), formed during regional metamorphism. b) cordierite
in hornfelsic merapelites. In this sample rock foliation is obscured due to contact
metamorphism. Small amounts of fine grained fibrolite are grown after biotite. ¢)
Andalusite within cordierite porphyroblast from metapelites. d) Andalusite partly
replaced by fibrolite.
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4. Mineral Chemistry

Minerals in representative samples of contact metamorphic rocks of the
SMC were analysed. A Cameca SX100 electron microprope in the
GeoForschungsZentrum (GFZ) in Potsdam, Germany was used under
standard condition (15 kV, 10-20 nA, PAP correction procedure) for
analyses. Natural and synthetic standard minerals (Fe,O; [Fe], rhodonite
[Mn], rutile [Ti], MgO [Mg], wollastonite [Si, Ca], flucrite [F], orthoclase
[Al, K] and albite [Na]) were used for calibration. The analytical spot
diameter was set between 3 and 5 um, keeping the same current conditions.
Formula of biotite was calculated on the basis of 22 oxygens, cordierite on
the basis of 18 oxygens and feldspar on the basis of 8 oxygens. Fe*'/Fe**
ratio was calculated using stoichiometry and activity of end members were
calculated by AX computer program (ftp://www.esc.cam.ac.uk /pub/minps/
AX). The activity of cordierile end members were calculated on the
anhydrous basis with R,.=0.2 and Margules interaction parameters of
Weemg=1.5 and Wyg,=1.5 (KJ). For feldspar activities the model of Holland
and Powell (1992) and for biotite ordered non-ideal mixing in two sites
model was used. The total of cations in octahedral and tetrahedral sites of
biotites was about 6.9 for |1 oxygens. Ry of 0.15 was considered for
biotite. The mineral names abbreviations are from Kretz [21].

4. 1. Biotite
Analyses of biotite are provided in Table 1. The Xwmg in the analysed biotites
is 0.45-0.56 clustering around 0.52. Al" content is 1,083-1.387 and AI"
content is 0.38-0.66. TiO, varies from 1.21 to 1.68. Figure 3 illustrates the
analysed biotites in Al" versus Xy, diagram. There is a positive relation
between thes two factors. This is more clear from Fig, 4a which is
compatible with reverse relation between X , and SiO, in the biotites
(Table 1).

&

sydrophilite castonite

3
2F

e

= @7
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annite .2 phiogopite
Mg/(Mg+Fe ~ )

Fig. 3 Compositional variability of biotite due to-the Tschermak (Al in tetrahedral
site) and Fe-Mg substitutions.
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Table 1 Representative microprobe analyses of biotite.
Biotite
Si0; | 36.10 | 35.57 | 35.23 | 36.11 | 35.75 [ 36.38 [ 39.38 | 35.29 | 36.29 | 38.12
TiO, | 159 | 168 | 146 | 1.60 | 1.40 | 1.47 | 1.21 | 1.50 | 1.62 | 1.54
ALO, | 20,07 | 20.55 | 20.20 | 20.51 | 20.03 | 20.07 | 18.69 | 19.42 | 19.94 | 20.38
Cr,0, | 0.00 | 003 | 005 | 003 | 0.04 | 0.05 | 0.05 | 0.02 | 0.03 | 0.03
Fe,0, | 084 | 0.17 | 3.10 | 000 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.68 | 0.00
FcO | 17.56 | 17.39 | 15.83 | 17.61 | 17.63 | 17.68 | 18.86 | 1823 | 18.12 | 16.00
~MnO | 007 | 005 | 0.3 | 007 | 0.08 | 0.12 | 0.05 | 0.06 | 0.09 [ 0.09
MgO | 10.78 | 10.68 | 11.53 | 10.68 | 10.62 | 1054 | B.80 | 10.10 | 10.58 8.69
CaO | 000 | 0,00 | 000 | 003 | 000 | 0.04 | 0.48 | 0.07 | 0.02 | 0.09
N&,O | 023 | 010 | 079 | 043 | 022 | 012 | 1.13 | 0.17 | 0.12 | 0.72
K,0 | 821 | 843 | 790 | 828 | 850 [ 827 | 671 | B.14 | 835 | 749
Total | 95.45 | 94.66 | 96.23 | 95.38 | 94.28 | 94.75 | 95.37 | 93.01 | 95.85 | 93.16
Cations per 22 (O)
Si | 2.69 | 2676 | 2613 | 2.695 | 2.705 | 2.731 | 2.917 | 2.715 | 2.706 | 2.860
Ti | 0.089 | 0.095 | 0.081 | 0.090 | 0.080 | 0.083 | 0.067 | 0.087 | 0.091 | 0.087
Al | 1767 | 1823 | 1.767 | 1.805 | 1,787 | 1.776 | 1.632 | 1.761 | 1.753 | 1.803
Cr | 0.000 | 0,002 | 0.003 | 0.002 | 0.002 | 0.003 | 0.003 | 0.001 | 0.002 | 0.002
Fer | 0.047 | 0.009 | 0.173 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.038 | 0.000
For | 1.096 | 1.094 | 0082 | 1.009 | 1.116 | 1.110 | 1.168 | 1.173 | 1,130 | 1.004
Mn | 0.004 | 0.003 | 0.008 | 0.004 | 0.005 | 0.008 | 0.003 | 0.004 | 0.006 | 0.006
Mg | 1.200 | 1.197 | 1275 | 1.188 | 1.198 [ 1.179 [ 0.971 | 1.158 | 1.176 | 0.972
Ca | 0.000 | 0.000 | 0.000 | 0.002 | 0.000 | 0.003 | 0.038 | 0.006 | 0.002 | 0.007
Na | 0033 | 0.015 | 0,114 | 0.065 | 0.032 | 0.017 | 0.162 | 0.025 | 0.017 | 0.105
K | 0.783 | 0810 | 0.748 | 0.789 | 0.821 | 0.793 [ 0.635 | 0.800 | 0.795 | 0.718
Al | 1304 | 1324 | 1387 | 1305 | 1.295 | 1.269 | 1.083 | 1.285 | 1.294 | 1.14
AT [ 0463 | 0499 | 0.38 | 0.50 | 0.492 | 0.507 | 0.549 | 0.476 | 0.459 | 0.663
X | 052 | 052 | 0565 | 052 | 052 | 0.52 | 045 | 050 | 051 | 0.49
al b)
1.45 o8
13; a 014 °g
2 13 ‘,gon“ E a:: o,
s & oo .
Epith 5 Adlgrophiol £ - :
1.08 o0z <
‘o o o P us - W
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Fig. 4. a) The positive relationship between Al in tetrahedral site of biotite and Xy,
in the analysed biotite from sample S90D. b) Increasing of Xy in cordierite by
increasing of Fe™" .
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4. 2. Cordierite

The chemical composition of contact metamorphic cordierites in the
Shahindezh samples is sumlar with 66-72% Mg-cordierite and 1-1.5% Mn-
cordierite (Table 2). The Fe*" content is 0.511-0.641 atoms per formula unit
on the basis of 18 oxygens. There is a negative relation between Mg number
and SiO, in the stud;ed cordierites (similar to biotite) and a positive relation
between Xy, and Fe®* content (Fig. 4b).

4. 3. Plagioclase
The analysed plagioclase are made of 91-95% albite and 5-9.5% anorthite
end members with a composition close to oligoclase (Table 3).

Table 2 Representative microprobe analyses of cordieritc.

Cordierite

Si0, | 48.88 | 48.80(49.27 |48.61 [48.4G| 48.54 | 48.68 | 48.77[49.10[48.70] 49.30

TiO, | 0.01 o001 [ 0.01 [ 001 [0.04 | 001 | 0,00 | 0.02]0.00 | 0.00 | 0.02

Al,O; | 33.55 | 33.57 | 32.8133.55[34.72| 34.47 | 34,54 [32.83(33.12|33.24] 33.72

Cr;0y | 0.00 | 0.01 | 0.00 [ 0.01 | 0.00 | 0.01 [ 0.03 [ 0.00 [ 0.02 | 0.00 | 0.00

Fe;O; | 0.89 | 1.40 | 0.71 [ 1.70 | 1.71 | 1.69 | 1.75 [ 028 [ 0.00 | 1.13 | 1.34

FeO | 6.61 | 6.52 [ 6.91 | 6.14 [ 6.14 | 607 | 629 | 739 | 7.50 | 6.63 | 6.45

MnO | 0.29 | 0.24 | 0.33 | 028 [ 0.19 | 031 | 0.28 [0.029[ 023 [ 027 [ 0.29

MgO | 8.74 | 866 | 8.55 | 8.74 | 7.32 | 8.79 | 8.73 | 8.77 | 8.67 | 8.80 | 8.67

CaO | 0.01 | 0.03 | 0.02 | 0.00 | 0.12 | 0.02 | 0.01 [ 0.02 | 0.05 [ 0.01 | 0.04

Na,O | 0.14 | 017 [ 0.17 [ 0.1G [ Q.11 [ 0.24 | 1.14 | 0.00 [ 0.00 | 0.10 | 0.19

K0 | 0.01 | 0,00 | 0.15 | 0.00 | 1.04 | 0.20 | 0.00 [ 0.01 | 0.00 | 0.00 | 0.08

Total | 99.13 [99.41 | 98.93 [ 99.23 | 99.85 [ 100.35 | 101.45 [ 98.38 | 98.69 | 98.88 [ 100.10

Cations per 18 (O)

Si 4.969 |4.953 | 5.026 | 4.941 [4.917 | 4.887 | 4.866 | 5.003 | 5.015[4.968 | 4.968

Ti 0.001 [0.001 | 0.001 {0.001 [0.003 | 0.001 | 0.000 |0.002] 0.000[0.000] 0.002

Al 14.021 [ 4.017 |3.946 | 4.021 [4.153 | 4.091 | 4.070 [3.970| 3.988 [3.997 | 4.006

Cr | 0.000 | 0.001 | 0.0000.001 [0.000 | 0.001 | 0.002 [0.000 [ 0.002]0.000] 0.000

Fe™ |0.068 [0.107 [0.054[0.130[0.130 | 0.128 | 0.131 |0.022 | 0.000 | 0.087 | 0.102

Fe |0.562[0.553[0.590[0.522 [0.521] 0.511 | 0.526 | 0.634 | 0.641 0.566 | 0.544

Mn | 0025 |0.021 {0.0290.024 |0.016 | 0.026 | 0.024 [0.025 | 0.020 | 0.023 | 0.025

Mg | 1.324 [1.310] 1300 1.324 [1.107 | 1.319 | 1.301 [ 1.341 | 1.320| 1.338 1.302

Ca | 0.001 |0.003 [0.002[0.000|0.013 | 0.002 | 0.001 [0.0020.0050.001 | 0.004

Na 10.028 [0.033]0.034{0.037 [0.022 | 0.047 | 0.221 [0.000 | 0.000 0.020 | 0.037

K 0.001 [ 0.000 {0.020  0.000 | 0.135 | 0.026 | 0.000 [0.001 | 0.000 [ 0.000 | 0.010

MgCrd | 0.70 | 0.70 | 0.69 | 0.72 | 0.68 | 0.72 | 0.71 | 0.68 [ 0.67 [ 0.70 | 0.71

MnCrd | 0.013 | 0.011 {0.015]0.013 [ 0.01 | 0.014 | 0.013 [0.013 | 0.01 [0.012 0.013
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Table 3 Representative microprobe analyses of plagioclase.

Plagioclase
§i0, 71.71 66.23 | 6640 | 67.70 | €6.55 | 65.99 | 67.24
TiO, 0.00 0.00 0.00 0.03 0.00 0.01 0.01

Al203 18.87 | 22.38 | 22.15 | 21.13 | 2134 | 2137 | 21.54
Cr203 0.00 0.00 | 0.00 | 000 | 0.00 | 0.00 | 0.00
Fe203 031 017 | 024 | 023 | 030 | 0.20 | 017
FeO 0.00 0.00 | 0.00 | 000 | 0.00 | 0.00 | 0.00
“MnO 0.00 003 | 000 | 002 | 000 | 001 | 000 |
MgO 0.00 0.02 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Ca0 1.38 T 2.0 [ 30 = LiA8: | Ll dimt—L 55
Na20 8.63 10.86 | 1082 | 11.38 | 1094 | 1085 | 11.29
K20 0.14 0.06 | 0.07 | 007 | 0.09 | 0.08 | 0.06
Total 101.04 | 101.65 | 101.72 | 101.86 | 100.70 | 99.98 | 101.86

Cations per 8 (0)
: T 3.067 2866 | 2.872 | 2919 | 2903 | 2.898 | 2.901
Ti 0.000 0.000 | 0.000 | 0.0O1 | 0.000 | 0.000 | 0.000
Al 0.951 1.142 1.129 | 1.074 | 1.097 | 1.106 | 1.096
Cr 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000

Fe3+ 0.010 0.005 | 0.008 | 0.008 | 0.010 | 0.007 | 0.005
Fel+ 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000

Mn 0.000 0.001 | 0.000 [ 0.001 | 0.000 | 0.000 | 0.000
Mg 0.000 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Ca 0.063 0.088 | 0.095 | 0.060 | 0.069 | 0.069 | 0.072
Na 0.716 0911 | 0.907 | 0951 | 0.925 | 0.924 | 0.945

K 0.008 0.003 | 0.004 | 0.004 | 0.005 | 0.004 | 0.003
XAn 0.08 0.09 0.095 0.06 0.07 007 | 0.07

XAb 0.92 091 0.91 0.94 D93~ 0:934] 093

5. Metamorphic reactions

Since the width of the contact aureole is not considerable, it is not possible to
separate the mineralogical zones on map. In spite of this problem, it is
possible to conclude the metamorphic reactions using an upgrade (i.e. toward
the igneous contact) collection of pelitic samples. The appearance of
chlorite, muscovite and fibrolite has a widespread, whereas the appearance
of cordierite, garnet, K-feldspar and sillimanite porphyroblasts all occur in
the biotite zone of the former regional metamorphism. Compatibility
diagrams (AFM diagrams) are constructed to infer the contact metamorphic
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reactions (Fig. 5). Fine grain garnets in the hornfelses are formed by the
following reaction:

Chl + Qtz = Grt + Bt + H,0 [r1]
A
And
Qiz |
b) $90d s
a)
o

g 4 88

2|2 2\2

i 3

o
F M
T=500°C
P=3.5 kbar
d)
<)
| |
| |
UI i
| | T=360°C
i P=3.5 kbar
b

Fig. 5 Compatibility diagrams (KFMASH system) for mineral assemblages of the
SMC aureole. All diagrams are plotted schematically, except for diagram 5b, which
is plotted using real mincral compositions. Probable responsible reactions and
estimation of PT of stability of parageneses, using petrogenetic grid after [22] are
shown.
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These hornfelses contain either andalusite or cordierite (Fig. 2b) or both [e.g.
23]. Individual occurrences of these two minerals in the studied rocks show
the operation of the following reactions:

Chl + Ms + Qtz = And + Bt + H;O [r2]

Chl + Ms + Qtz = Crd + Bt + H,0 [r3]

The occurrence of each of these reactions depend on bulk chemistry of the
protolith rocks. Cordierite appears in some samples in which andalusite is
already crystallized. This textural relation can be explained by the following
reaction (Fig. 2c):

And + Chl + Ms + Qtz= Crd + Bt + H;0 (r4]

K-feldspar is formed due to breakdown of muscovite and biotite, close to the
igneous contact. The responsible reaction is:

Bt + Ms + Qtz = Crd + And + Kfs + H,0 [r5]

There are a few samples with And + Crd + Kfs + Qtz paragenesis.

Prismatic sillimanite was found in three samples of the Shahindezh area.
Since all muscovites are consumed in the previous reactions, the reaction
responsible for generation of prismatic or fibrolitic sillimanite can be
considered as polymorphic reaction (Fig. 2d):

And = Sil [r6]

6. Pressure and temperature (PT) of contact metamorphism
Multi-equilibria method and thermodynamic data of Powell and Holland [1]
by the means of THERMOCALC (v.2.4) were used to estimate the PT
condition of metamorphism. Necessary criteria were considered in order to
choose minerals in textural equilibrium [e.g. 24].

6. 1. PT condition of western and central part of the SMC

Running THERMOCALC in the mean PT calculation mode for paragenesis
Qtz + Ms + Bt + And + Crd gives a temperature of 500 + 44 °C and a
pressure of 3.5 £ 1.5 kbar (Table 4). Also plotting the reaction curves
calculated by THERMOCALC on the PT grids, a temperature of 500 + 20 °C
and a pressure of 3.8 £ | kbar can be considered for contact metamorphism
in the Shahindezh area (Fig. 6). This pressure shows a burial depth of ca. 14
km considering an average density of the upper crustal rocks of 2700kg/m’.
According to Spear [25], this type of metamorphism can be considered as a
LP/MT metamorphism.

Using THERMOCALC in phase diagram mode, the most possible
position of the invariant point for a sample with paragenesis "c¢" (defined in
Fig. 5) is calculated. Considering the low standard deviations in P and T, this
point can be considered as invariant point for the multiple equilibria
reactions discussed above (Fig. 7).
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Table 4 Average end-member activities in the sample S90D which is used as
THERMOCALC inputs. Activity of quartz, muscovite, chlorite, andalusite and H,O
is supposed to be 1.Pressure and temperature are calculated both by average mode
and multi-equilibrium method of program.

Biotite Cordierite Flagioclase
n=10 n=12 n=7
PhI Ann_ East  Crd__ ford  MnCrd An___Ab
Av. activity 0.053 0.03 0.05 049 0.113 0.00021 0.12 0.93
Av. PT Multi-equation PT
Qtz+Chl +Bt+Ms+And+Crd
T=493+44 °C T=500+20 °C
P=3.5+1.5 kbar P=3.8+1 kbar
ar Ann-East+Qtz+Ames And+Clin
Phi+Crd+ H20 “H ~— "Crd+Ames+H20
§ °F
g
o 4
2 -
| ] ]
200 400 600
T(°C)

Fig. 6 Two reaction curves calculated by THERMOCALC on PT diagram 1o
cstimate the PT of contact metamorphism at the vast area of the SMC aureole.

dand + 2ciin = ord + g + 2ames [H20) %
28and + 12clin = Berd + 4H20 + 11ames ol oz
i+ 2and + amas = Jere + 4H20 e b ,;"','OI
13q + dames = ferd + BH20 + 2oin fand] Cd

8q+ Sames = 4H20) + Rand + delin [erd] /ami_

Bq + Zanc + clin = 2erd 4 4H2O [armes] ;__uh\a“

® invariant point

* PELB KON (MIEL4)

P Tasi1 C faawit)
comD.916

T ot
Fig. 7 Possible position of the invariant point for the paragenesis ¢ (Fig. 6)
caleulated by phase diagram mode of THERMOCALC. Schreinemakers [26] and
Zen [27] rules are applied and the stability fields of six different parageneses are
characterized.
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6. 2. Muscovite+Biotite breakdown temperature

Reaction [r5] is used to place constraints on temperature of breakdown of
muscovite and biotite in the Pichaghchi aureole of the Shahindezh area. The
master equation in petrological thermodynamics and relative enthalpy,
entropy, molar volumes and heat capacity data at standard condition are used
for calculating the temperature of breakdown of muscovite and biotite. The
position of the reaction on PT grid is shown in Fig. 8. P-T position of this
curve is calculated by the means of conventional thermodynamic
calculations using the following master equation.

0=AGY, ; +(P-1)[AV + A(aV)(T —298) — A(BV)P/2]+ RTInK
aG([:-]L'J o AH::]I.Z&IB +M - T(A'Sg-p,zu + N)

M= ]-aCPdT
208

T
N= J' ACP/TdT
298

ACP = Aa+ AbT + AcT™? + AdT™**

where AG is the Gibbs energy changes for the reaction, AV is the volume
change, AH and AS refer to enthalpy (heat of reaction) and entropy changes,
AC» changes in the heat capacity and a, b, ¢ and d are polynomial
parameters. « is thermal expansion and B is pressure compressibility.

The equilibrium coefficient for reaction [r5] is calculated as below:

x - (aMg ~Crd)’ x (aKs)" x (aff,0)"
(aPhl)? % (aQtz)" x (aMs)®

a shows the activity of mineral end-members which are calculated by AX
program.

Since the AS of this reaction is positive, it is very likely for this reaction to
occur in the thermal aureole. Also considering the larger AS than AV and
regarding the Clausius-Clapeyron relation (% = §S_V) , this reaction should
have a positive slope on the PT diagram. Using the pressure for the aureole
discussed above and by constructing the reaction curve for [r5], the
temperature of breakdown of muscovite + biotite is 650 + 50°C. The
temperature of breakdown for Mg end- members (phlogopite and Mg-
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cordierite) is ~8 °C higher than breakdown temperature for Fe end- members
(annite and Fe-cordierite). This temperature is in good agreement with
temperature for crystallization of prismatic sillimanite in the aureole [c.g.
22].

According to some experimental data from Pattison [28], occurrence of
this reaction at the pressure higher than 3.8 kbar, is impossible. Pattison [28]
has suggested that at this pressure (which is close to calculated pressure for
the SMC aureole) and with pure water content (2 g0 = 1), temperature of the
reaction is ~ 660 °C. This is in excellent agreement with our finding (Fig. 8).

7. Partial Melting of metapelites

7. 1. Microstructure evidence for partial melting

The typical mineral assemblage in the migmatitic rocks at the NE-SMC is
quartz + biotite + garnet + plagioclase + cordierite + K — feldspar +
sillimanite (fibrous and/or prismatic) + apatite + ilmenite = chlorite
(alteration product). Garnet occurs as porphyroblasts which is commonly
free of inclusions (Fig. 9a). In the rare cases garnet hosts irregular shaped
quartz inclusions (Fig. 9b). Cordierite hosts fibrolite mats (Fig. 9¢) and has
replaced garnet rims in some samples (Fig. 9a). Commonly, it is also found
as polygonal grains at the matrix with inclusions of fibrolite and ilmenite
(Fig. 9c).

The partial melting related microstructures at the SMC aureole have been
divided into 3 groups. At the first group garnet porphyroblasts have some
irregular shaped quartz inclusions (Fig. 9b) or new crystals of quartz arc
formed around garnet (Fig.9d). Second group, in the sillimanite-rich rocks,
consists of coarse, randomly oriented biotite and prismatic sillimanite (Fig.
9e), but in the biotite-rich hornfelses, sillimanite occurs only as trails of
inclusions in cordierite or plagioclase (Fig. 9f). Prismatic sillimanite is
commonly surrounded by a narrow channel of quartz (Fig. 9d). In third
group cordierite is formed around garnet porphyroblasts and altered to
pennite (Fig. 9a). Also cordierite in the matrix, without relationship with
garnet, is observed which has fibrolite inclusions and is altered to pennite,
too (Fig. 9¢). In some samples, the partial replacement of cordierite with
long flakes of biotite is happened.

Most of the above microstructures are well developed at the Proterozoic
Namaqualand Metamorphic Complex, South Africa [9]; Shuswape
metamorphic core complex, Canadian Cordillera [6] and Pointe Geologie
migmatitic complex [3]. The microstructures explained above for the SMC
aureole have the general features of partially molten metapelitic rocks.
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P kbar

450 500 550 600 650 700 750
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Fig. 8 Position of the reaction muscovite-+biotite breakdown at the PT space. The heavy solid
line shows the curve calculated in this study. The grey thick line is from experimental data of
[28]. The thin solid line shows the position of the reaction on the petrogenetic grid suggested
by [22]. The dashed heavy line is the reaction curve of muscovite breakdown on the [29]
petrogenetic grid. There is a good agreement between the position of calculated curve in this
study and Pattison's experimental based suggested curve.

Fig. 9 Microphotographs of observed partial melting microstructures. a) Garnet porphyroblast
without quartz inclusion, is surrounded by pennitizied cordierite. b) Garnet- quartz
association. New cordicrite (partial melting product) is crystallized at the garnet rim. c)
Ccrdierite in the matrix without any relation with garnet, Fibrolite inclusions can be seen. d)
A quartz channel between garnet porphyroblast and prismatic sillimanite. €) Biotite and
prismatic sillimanite in the sillimanite-rich rock samples. f) Fibrolite has grown in the biotite-
rich rocks as inclusion in the plagioclase and/or quartz.
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7. 2. possible melting reactions
Anhydrous ferromagnesian porphyroblasts, which are the solid products of
the dehydration melting of biotite, are formed in the partially melted rocks.

Bt + Sil + Pl + Qtz= Grt + Kfs + Melt [x7]
Bt + Sil + Pl + Qtz= Grt + Crd + Kfs + Melt [r8]
[30-33].

The reaction [r7] was responsible for generation of cordierite free
assemblages and the reaction [r8] may explain the occurrence of cordierite
around garnet porphyroblasts. It is possible that Dbiotite-sillimanite
associations are produced by reaction [r7] and [r8] operating at retrograde
direction.

The followed reaction [34] could have been happened in the samples with
cordierite:

Grt + Sil + Qiz=Crd [r9]

Decompression to some extent is necessary for the dehydration melting of
metapelites to proceed by the following reaction:

Bt + Sil = Grt + Crd + melt [r10]

[33, 36].

No orthopyroxene was found at the SMC aurcole, therefore, the
orthopyroxene producing melting reaction may be used for estimating the
upper limit of the temperature at the studied aureole (Fig. 10).

Bt + Pl + Qtz= Opx + Kfs + melt [r11]

7. 3. Interpretation

The processes that control the microstructure of migmatitic rocks during
their prograde development and subsequent cooling, include both melt-
present and subsolidus reactions. The latter may take place either in the
absence or in the presence of aqueous fluid [9]. Ideally, microstructural
criteria should be sought that allow these different processes to be
distinguished [e.g. 9, 37]. Intergrowth textures reflect low diffusional
mobility of major species, such as Al and Si [38 - 40]. Therefore, it is
possible that, garnet-quartz association at the SMC, has been formed owing
to low diffusional mobility of Al and Si. It has been argued that pre-existing
gamet is a favorable location for the initiation of melting [30, 31]. Powell
and Downes [41] inferred that all the garnets in leucosomes represented new
garnet formed by the melting reaction. The irregular shape of quartz around
garnet and intergrowth with it in the SMC aureole, suggests that the garnet
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and quartz grew together [e.g. 9]. Coarse, clustered aggregates of sillimanite
and biotite probably represent the products of direct back-reaction with melt.
The estimated temperature for the SMC aureole is similar to that of the
Pointe Geologiec migmatitic complex obtained by Monnier [42]. The
assemblage is biotite + cordierite + sillimanite + garnet in this arca and the
calculated temperature using THERMOCALC is 700 + 50 °C at pressure ~ 4
kbar,

Also temperature at the sillimanite-cordierite zone of Shuswap
metamorphic core in Canadian Cordillera have been calculated about 750 °C
at the pressure less than 5 kbar [6]. Both of the Pointe Geologic and
Shuswap metamorphic rocks are formed at the LP regional metamorphism.
The SMC aureole is comparable to facies series 2 (2a) of Pattison [28]. High
grade assemblages typically contain bictite + garnet + sillimanite + K -
feldspar + cordierite (without staurolite) at this type of metamorphic terrains.
Notable examples of this sub-facies series include the Cupsuptic aureole,
Maine [43] and the Kiglapait aureole, Labrador [44]. According to the
Pattison's category [45], the mineral assemblage of type 2a, is formed at the
pressure about 3-4 kbar. We estimated this value of pressure for the SMC
aureole using the thermodynamic data sets (Fig. 10).

P kbar

450 500 550 600 650 Too 750 800

TG
Fig. 10 The upper limit of temperature at the SMC partially melted rocks, using the
petrogenetic grid afler [29].The dark box shows the estimated T for partial melting
in the studied rocks. The lighter box is the muscovite + biotite breakdown PT. The
lightest box shows the PT, which the vast area of the SMC aureole has experienced.
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8. Conclusions

The intrusion of the Pichaghchi batholith in the regional metamorphic rocks
of the SMC has caused contact metamorphic overprint on these rocks.
Pressure and temperature of contact metamorphism was estimated using
microprobe analyses of the minerals and THERMOCALC. The obtained
pressure is 3.8 + | by multi-equilibria calculation.

The metapelites at vast part of SMC aureole have the assemblage quartz+
plagioclase + biotite +~ muscovite + chlorite + cordierite + andalusite +
fibrolite. This paragenesis is formed at temperature about 500 °C.

Temperature for breakdown of muscovite+biotite is calculated by
conventional thermodynamic method, which is 650 + 40 °C. This is in the
stability field of sillimanite and can be confirmed by crystallization of
prismatic sillimanite in the rocks close to the igneous contact. A few samples
have experienced muscovite+biotite breakdown temperature, while the rest
of area is metamorphosed at lower temperatures.

Only at the north-eastern part of the SMC, metapelites have experienced
partial melting. Evidence for high-T metamorphism is partial replacement of
old garnets by melting product cordierite, intergrowth of new garnet-quartz
and prismatic sillimanite-biotite-quartz association, In the SMC rocks
cordierite occurs around garnet, sillimanite and also in the matrix. Previous
investigators have suggested that fine grained reaction products, coronas,
partial replacement along the rim of grains and symplectitic textures are
indicative of incomplete reactions. Since the SMC rocks lack orthopyroxene,
the orthopyroxene formation dehydration melting reaction puts an upper
limit on the temperature reached by the rocks. The present assemblage in the
migmatitic rocks have remained stable during the retrograde history,
meaning that very little water was introduced into the system.

Two main reasons can be considered for partial melting in the upper
crust, (i) relatively isothermal decrease in pressurc (e.g. decompression as a
result of unroofing) and (ii) isobaric increase in temperature (e.g. heating
during burial). Regarding the thermal influence of the Pichaghchi bathoilth,
it seems that the concluded reaction for contact metamorphism and partial
melting of pelites have taken place due to isobaric increase in temperature,
more likely in a short time span. Distribution of metamorphic mineral
parageneses and partially melted rocks on field (Fig. 1) shows that, at the
north-eastern part of the SMC, granodioritic magma, has emplaced at the
upper levels of the crust in comparison with central and western parts.
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