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Fig. 1. a: Geological map with structural zones of Iran taken from (Stocklin, 1974), b: Geological map of the studied
area based on the 1:100000 geological map of Varcheh (Vaezi Pour, 1985)
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Fig. 2. a: View of the schists north of Azna. b: Mica hornfels rocks and schists in the vicinity of the siliceous vein north
of Azna, looking to north.
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Table 1. Diagram of the approximate phases of the progressive metamorphism of the first stage and the regressive

metamorphism of the second stage, including the fabric.
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Fig. 3. Microscopic images (XPL) of the regional and contact rocks from the north Tazran area. a : Phyllite with S2, S1
foliations; b,c: Andalusite porphyroblasts substituted by muscovite and sericite in the hornfelses; d: spotted schist containing
muscovite and sericite, biotite, quartz and graphite; e: micachist; f: Garnet mica schist, with the evidence of first phases of
metamorphism and deformation (M1, D1) around the garnet and staurolite porphyroblasts, and D2 and M2 in the compression
shadows; h: marble with recrystallized calcites. The mineral abbreviations are after Whitney and Evans (2010).
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Table 4. Microprobe analysis of biotite and chlorite minerals in metamorphic rocks of North of Azna, Tazran.

Garnet Schist Mica-Hornfels Mica-Hornfels Mica-Hornfels
Gr Gr St Mus
SiOx 36.883 | 36.923 36.857 36.643 | 36.974 | 39.522 | 39.983 | 28.839 | 27.133 | 28.056 | 48.436 | 48.408 | 48.018 | 48.050
TiOz 0.004 0.063 0.085 0.046 0.091 0.091 0.045 0.411 0.285 0.405 0.158 0.128 0.317 0.065
Al03 21.395 | 21.374 21.647 21.426 | 21.445 | 23.057 | 23.515 | 54.169 | 55.755 | 54.713 | 37.978 | 37.637 | 37.470 | 37.350
FeO 32.765 | 33.483 32.593 31.839 | 31.425 | 24.383 | 24.581 | 12.009 | 12.144 | 11.877 1.055 1.037 1.230 1.397
MnO 7.011 5.883 7.194 7.724 8.231 0.618 0.659 0.286 0.263 0.252 0.009 0.019 0.000 0.026
MgO 1.365 1.464 1.428 1.469 1.449 10.274 | 10391 | 0.908 0.921 0.896 0.346 0.488 0.533 0.694
CaO 1.084 1.446 1.382 1.181 1.154 4.272 4.307 0.018 0.006 0.0 0.020 0.035 0.036 0.018
Na;O 0.015 0.020 0.000 0.028 0.012 0.0 0.001 0.047 0.042 0.047 0.741 0.705 0.648 0.686
K20 0.003 0.000 0.006 0.000 0.000 0.0 0.0 0.004 0.0 0.011 9.361 9.354 9.341 9.267
Cl 0.003 0.000 0.002 0.000 0.003 0.001 0.002 0.0 0.0 0.004 0.000 0.003 0.013 0.011
Total 100.52 | 100.66 79.55 100.36 | 100.78 | 102.22 | 103.48 | 96.69 96.55 96.26 98.10 97.81 97.63 97.66
120 240 220
Si 2.980 2.978 2.960 2.967 2.977 11.310 | 11.295 | 8.001 7.560 7.821 6.182 6.197 6.170 6.180
Al 2.043 2.037 3.275 2.049 2.041 7.778 | 7.831 | 17.718 | 18.315 | 17.982 1.818 1.803 1.830 1.820
Alv 0.019 0.021 0.039 0.032 0.022 2.591 | 2.598 4.173 4.384 4.259 3.895 3.876 3.845 3.842
Alvi 2.022 2.015 2.014 2.016 2.017 1.128 1.147 4.301 4.375 4.340 5.437 5.405 5.407 5.393
Ti 0.00 0.003 0.005 0.002 0.005 0.020 0.010 0.086 0.060 0.085 0.015 0.012 0.031 0.006
Fe*™ 2.244 2.283 2.215 2.182 2.146 5.835 5.807 2.787 2.830 2.769 0.113 0.111 0.132 0.150
Mn 0.479 0.401 0.489 0.529 0.563 0.150 0.158 0.067 0.062 0.060 0.001 0.002 0.00 0.003
Mg 0.165 0.176 0.176 0.170 0.177 0.173 4.375 0.375 0.382 0.372 0.066 0.093 0.102 0.133
Ca 0.094 0.125 0.118 0.102 0.099 1.310 1.304 0.005 0.002 0.00 0.003 0.005 0.005 0.002
Na 0.00 0.00 0.00 0.00 0.00 0.0 0.001 0.025 0.023 0.025 0.183 0.175 0.161 0.171
K 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.001 0.0 0.00 1.524 1.527 1.531 1.520
Py 5.516 5.910 5.775 5.976 5.841 - - - - - - - - -
ar 3.149 4.196 4.017 3.453 3.344 - - - - - - - - -
alm 75.232 | 76.396 73.673 72.715 | 71.956 - - - - - - - - -
Spss 16.101 13.496 16.533 17.855 18.856 - - - - - - - - -
fst - - - - - 0.10 0.100 0.55 0.56 0.56 - - - -
mu - - - - - - - - - - 0.77 0.76 0.76 0.77
cel - - - - - - - - - - 0.00 0.00 0.00 0.00
feel - - - - - - - - - - 0.00 0.00 0.00 0.00
pa - - - - - - - - - - 0.261 0.253 0.210 0.197

Vsl placo 5 g lizle (glosd oS 5o ,l8
Wload dwlre loguliiyon 5 loiund (sln 5uS]
3,8 sl Clin, Daph, Ames &l s o3b (F Jgoz)
Ol el 00l o 5 0 IS o i 50 g e DS
203 ;0 8102-Fe0-ALO3 (guiuos ;) Jloged jo ladiges

(€0 JS8) S oo 13 il b IS 5ilS o

ol yg2 g ey 4O 00D ).JU g iewigm
(V5 F Glagaz) Wyl ;50080 b s, 8Tl wglis
g PUL Hl o e (slgiome o Sgldd (et

el oali byl 5o Sy sF9ls el gae jlade (28, UL
bowsn ool Mg# iy 0 Alvi jlogad jo oglas oyl
Loyl 0 Sglas saumoylis £ goge (ol sl ,IS0T Ll

a8l e a5 S IS




ao

1FeF lcnn 9 3wl YA 0Ll 3R 0,90 ¢(60 3135 ol ooy (w98 gLoaudl

Or

+* Garn
Q Mica

8

Ab An K,0 MgO+FeO
1,00 Phlogopite 0.5 E
i d
- GoQ0
LI 00 1
=
o ]
=
20. e 0.5
w® | ]
= *
1 1 1 1 1 1 0
Annite QI"S‘ Siderophyllite1.0 Al+Fe+Ti Fe+Mn

1,0,

lﬁr‘:

et mica-Schist

- Hornfels

Si0,

MgO+FeO

ALO,

:b (Yooo J)b': 9 J'N’) wa,f-.u,.o ‘5‘)4 MgO+FeO - ALOs - K

20 SUdw jloged 1A (cuwyyr 390 GBS gussosy Gl loges O Ko

e yiuigd) B g 5l Mg — Al+Fe+Ti — Fe+Mn  sUaw jlogei 1€ «(4Y )02 g yw3) b jluwald ¢l » Ab-AD-Or sUaw jlog0i
MgO+Fe0 - ALO3 - 6aw jlogei 1€ g VAAF (5395 1AAY ()50 g ;98) S g (6l p Mg/(Mg+Fe™) ol 10 Al jlogeszd (145+

Fig. 5. a: Classification diagrams for the studied minerals. a:

AFeoedily 9 Jlasg) el 21ks slas! gl 2 Si02
MgO+FeO - Al203 - K20 ternary diagram for the muscovites

(Vidal & Parra, 2000). b: Ab-An-Or ternary diagram for the feldspars (Deer et al., 1992). c: Mg — Al+Fe+Ti — Fe+Mn ternary

diagram for the biotites (Foster, 1960). d: Al'Y vs. Mg/(Mg+
MgO+FeO - Al20s - SiO2 ternary diagram of the chlorite end
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Table 3. Microprobe analysis of muscovite, plagioclase and biotite minerals in metamorphic rocks north of Azna,

Tazran.
Mica-Hornfels Garnet Schist Mica-Hornfels Garnet Schist M-HO
Mus Mus Plag Plag Bi
Mo 51.279 47.754 47.629 46.944 64.258 63.646 63413 62.282 65.404 62.207 67.931 65.649 63.033 39.983
TiO2 0.204 0.194 0.277 0.087 0.009 0.000 0.003 0.015 0.031 0.000 0.000 0.000 0.009 0.045
AlLOs 34.169 37.170 37.314 37.569 22.754 22.609 23.869 24.258 23.352 24.407 20.515 21.893 23.369 15.706
FeO 0.944 0978 1.083 0.978 0.262 0.150 0.165 0.199 0.209 0.268 0.113 0.105 0.284 10.680
MnO 0.001 0.005 0.000 0.000 0.000 0.023 0.013 0.000 0.011 0.000 0.020 0.000 0.000 0.156
MgO 0.574 0.623 0.397 0419 0.004 0.000 0.010 0.000 0.000 0.017 0.000 0.000 0.000 19.207
CaO 0.009 0.007 0.002 0.000 4.094 3.153 4.873 4.788 4.525 5.081 0.864 2.382 4.139 0.026
Na,O 0.614 0.699 1.121 1.123 8.765 9.207 8.563 8.565 8.580 8.664 11.036 10.032 8.948 0.099
KO 8.644 9.274 9.110 9.032 0.106 0.298 0.044 0.037 0.051 0.046 0.039 0.035 0.097 9.927
Cl 0.000 0.005 0.000 0.001 0.000 0.001 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.012
Total 96.44 96.72 96.933 96.153 100.28 99.10 100.97 100.17 102.19 100.72 100.518 100.096 99.879 96.01
220 80 110
Si 6.596 6.185 6.162 6.121 11.30 11.32 11.10 11.01 11.28 10.96 11.82 11.52 11.52 2.874
Al 1.404 19.228 19.258 19.222 0.925 0.908 1.029 1.074 0.949 1.101 0.670 0.817 0.996 1.00
Aly 3.776 1.815 1.838 1.879 2.028 2.062 2.063 2.105 2.019 2.089 1.939 2.006 2.065 2.355
Alvr 4.884 3.859 3.852 3.894 2.953 2.970 3.093 3.180 2.967 3.190 2.609 2.823 3.061 0.259
Ti 0.020 0.019 0.027 0.009 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.002
Fe*? 0.102 0.106 0.117 0.107 0.04 0.02 0.02 0.03 0.03 0.04 0.02 0.02 0.04 0.381
Mn 0.00 0.001 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.009
Mg 0.110 0.120 0.077 0.081 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.047
Ca 0.001 0.001 0.00 0.00 0.77 0.1502 0.2286 0.2266 0.2091 0.240 0.0403 0.1119 0.1962 0.002
Na 0.153 0.176 0.281 0.284 2.99 3.18 291 2.93 2.87 2.96 3.72 341 3.07 0.14
K 1418 1.532 1.503 1.502 0.02 0.07 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.911
mu 0.64 0.75 0.73 0.76 - - - - - - - - - -
cel 0.030 0.00 0.00 0.00 - - - - - - - - - -
feel 0.027 0.00 0.00 0.00 - - - - - - - - - -
pa 0.347 0.241 041 0.38 - - - - - - - - - -
An - - - - 20.39 15.63 23.86 23.55 22.50 2441 4.14 11.58 20.24 -
Ab - - - - 78.98 82.61 75.88 76.23 77.20 75.33 95.64 88.22 79.19 -
Or - - - - 0.63 1.76 0.26 0.22 0.30 0.26 0.22 0.20 0.56 -
phl - - - - - - - - - - - - - 0.787
ann - - - - - - - - - - - - - 0.209
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Table 4. Microprobe analysis of biotite and chlorite minerals in metamorphic rocks of North of Azna, Tazran.

Mica-Hornfels Garnet Schist Mica-Hornfels Garnet Schist
Bi Chl Chl
SiOx 38.484 | 38.562 39.741 39.522 38.795 32.081 | 25.378 | 24.536 | 24.076 | 24454 | 23.893 | 24.115 | 25.185 | 24.490
TiOz 1471 1.365 0.026 0.035 1.346 1.170 0.175 0.017 0.069 0.037 0.042 0.041 0.053 0.068
AlLO3 15.706 | 15.605 15.045 15.746 15.246 19.982 | 22.992 | 24.309 | 24394 | 24263 | 24.386 | 23.930 | 23.743 | 23.189
FeO 10.680 | 10.354 10.685 10.365 10.578 23.736 | 29.499 | 28.933 | 29.824 | 28.732 | 29.684 | 29.776 | 29.792 | 30.800
MnO 0.156 | 0.2356 0.126 0.145 0.137 0.099 0.160 0.460 0.502 0.423 0.439 0.196 0.142 0.157
MgO 19.207 | 19.542 19.035 19.035 19.451 8.860 11.219 11.471 11.133 11.117 11.002 11.468 | 11.522 | 11.305
CaO 0.026 0.023 0.026 0.027 0.028 0.684 0.149 0.028 0.013 0.045 0.028 0.016 0.024 0.080
Na;O 0.099 0.099 0.069 0.035 0.095 0.071 0.016 0.012 0.007 0.003 0.016 0.011 0.019 0.035
K20 9.927 9.653 9.215 9.012 9.845 2.967 0.279 0.055 0.009 0.036 0.015 0.111 0.067 0.057
Cl 0.012 0.011 0.012 0.013 0.011 0.089 0.032 0.008 0.004 0.014 0.000 0.018 0.015 0.021
Total 95.93 95.93 94.15 94.10 95.70 89.719 | 89.892 89.82 90.07 89.11 89.11 89.678 | 90.559 | 90.197
110 280

Si 2.804 2.805 2.887 2.863 2.825 2.486 2.018 5.119 5.046 5.135 5.036 5.074 5.218 5.149
Al 1.119 1.117 0.958 1.012 1.077 1.482 1.926 2.998 3.018 3.013 3.013 2.973 2.909 2.878
Alv 2.506 2.494 2.295 2.336 2.462 2.852 3.820 2.881 2.954 2.865 2.964 2.926 2.782 2.851
Alvi 0.137 0.132 0.251 0.324 0.103 0.928 0.645 3.113 3.082 3.160 3.105 3.017 3.033 2.904
Ti 0.078 0.074 0.005 0.005 0.072 0.074 0.00 0.003 0.011 0.006 0.007 0.006 0.008 0.011
Fe*? 0.55 0.382 0.345 0.340 0.401 0.973 1.024 4.925 5.147 4.879 5.153 5.194 5.023 5.384
Mn 0.10 0.015 0.008 0.009 0.008 0.006 0.011 0.081 0.089 0.075 0.078 0.035 0.025 0.028
Mg 2.076 2.111 2.050 2.045 2.102 0.919 1.259 3.568 3.478 3.480 3.457 3.597 3.558 3.543
Ca 0.002 0.002 0.002 0.002 0.002 0.057 0.013 0.006 0.003 0.010 0.006 0.004 0.005 0.018
Na 0.014 0.014 0.010 0.005 0.013 0.011 0.002 0.010 0.006 0.002 0.013 0.009 0.015 0.029

K 0.923 0.902 0.866 0.848 0.917 0.468 0.220 0.007 0.007 0.005 0.001 0.060 0.035 0.031
phl 0.724 0.921 0.786 0.791 0.770 0.425 0.440 - - - - - - -
ann 0.192 0.041 0.210 0.206 0.201 0.545 0.555 - - - - - - -
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Fig. 6. Calculated thermodynamic phase diagram for the garnet staurolite schist of the Tazran area.
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Abstract

North Azna (the Sanandaj-Sirjan zone) hosts metamorphic complex including slate, phyllite, andalsuite
staurolite schist, hornfels, marble and meta-sandstone formed by various metamorphism and
deformation phases during subduction of Neo-Tethys beneath in the Jurassic. Electron microprobe
analyses show that the garnets are almandine-rich, the biotites are high-Mg, the plagioclases are of sodic
plagioclase and the chlorites are Fe-Mg rich. Petrographic observations reveal that the mineral
assemblage garnet + staurolite + biotite + andalusite formed in the schists at peak of the regional
metamorphism in the middle amphibolite facies. After that and due to intrusion of the granitoid bodies,
the second metamorphism phase formed the garnet + biotite + andalusite hornfels. The rocks
subsequently endured retrograde metamorphism caused substitution of the staurolite and andalusite with
the biotite + muscovite + chlorite assemblage. The calculated thermodynamic phase diagram show that
the regional metamorphism reached 550 °C and 4 kbar at its peak condition. In the contact
metamorphism, increasing temperature caused formation of more andaluite in the hornfelses. Although,

Al203 content of the protolith was not sufficient to form high amounts of andalusite.

Keywords: Schist, Hornfelse, Staurolite, Andalusite, Phase diagram, Azna

Introduction

Investigating the temperature-pressure patterns
of metamorphic rocks provides valuable
insights for reconstructing the geological
history of an area. Changes in metamorphic
conditions lead to evolution in mineral
assemblages, until all phases equilibrate.
Studying these changes allows for a better
understanding of metamorphic processes.
These investigations can be carried out through
petrographic studies, chemical composition of
minerals, and thermodynamic phase diagram
calculations.

The study area in north Azna, as part of the
Sanandaj-Sirjan zone, includes a set of regional
and contact metamorphic rocks along with
granitoid intrusions. The regional metamorphic
rocks consist of low- to medium-grade
metapelites and metapsammites containing
minerals such as muscovite, biotite, chlorite,
potassium feldspar, aluminosilicates, and
garnet. The intrusion of granitic bodies led to
contact metamorphism and the formation of

hornfels. This study investigates the
transformations in the metamorphic rock
assemblages of northern Azna through the
chemical composition of the minerals and
calculation of thermodynamic phase diagrams
to provid new insights for reconstructing the
region's geological history.

Methodology

Following a detailed field observations and
petrorpahy study of about 70 samples, 2
samples were selected for EPMA analyzes.
The analyzes were conducted at the University
of Potsdam, Germany, using a JEOL JXA-
8200 instrument at 15 KV and 20 NA current
with a 2-10 mm beam. The results are
presented in Tables 2, 3 and 4. Additionally,
the whole-rock chemical composition of a
garnet-staurolite schist and a garnet-hornfels
sample was determined using XRF analysis
with a RIG AKU model 2500 RU
diffractometer under 40 KV and 80 MA with a
copper anode in the geochemistry laboratory of
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Zaragoza University, Spain. The average
accuracy of the XRF results is reported as
+0.25.

Results

Petrography

Garnet-Staurolite Schist: The main texture in
these rocks is porphyro-lepidoblastic. The
minerals mainly include quartz, muscovite,
chlorite, garnet, staurolite, andalusite, biotite,
and opaque minerals. The garnet + biotite +
staurolite + andalusite assemblage can be
considered as the peak metamorphic
assemblage (mid-amphibolite facie). The
minerals have subsequently undergone
retrograde metamorphism, resulting in the
replacement of staurolite and garnet by
muscovite and chloritization of biotite.
Deformation phases are observed as chevron
folds (S1) and microfold limbs (S2), inclusions
in the cores of the porphyroblasts (D2),
contrary to the external schistosity and shear
edges around the porphyroclasts (D1).
Garnet-Staurolite Hornfels: The hornfelses
occur near the plutonic bodies, but real contacts
are often absent or hidden. The texture of these
rocks is porphyrogranoblastic, although in
some areas pre-contact metamorphism
foliation is visible. Quartz, muscovite, chlorite,
biotite, andalusite, and staurolite are the main
minerals in these rocks.

Mineral Chemistry

Garnet: The end-member variations in garnets
from the schists range as follows: Pyss.5.9, Gr3.1-
41, Almgaz753, and Sp551349-1&85~ For the
hornfelses, the variations are Pys s s9, Gr3 34-34s,
Almyi957271, and Sp8817A75-18A85.

Staurolite: Staurolite end-member
compositionvaries between Fe-staurolite (Fst
0.10-0.56) and Mg-staurolite (Mst 0.037).
Muscovite: In all the analyzed crystals, the
muscovite end-member is dominant (0.64-
0.76) and they plot in the muscovite pole of the
Al,03-K>,0-(FeO+MgO) ternary diagram.
Plagioclase: The plagioclases generally have
sodic plagioclase composition. In the garnet
staurolite schist, the composition ranges from
Ab79.19-95.64 — Any 142024 — Oro20.0.56. In the
hornfelses, it ranges from Abys33.3261 — Anises-
2441 — Oro26-1.76.

Biotite: The analyzed biotites in schist and
hornfels differ significantly. The main
difference is the higher Mg content in hornfels

biotites, leading to an increased phlogopite
end-member.

Chlorite: These samples are rich in Fe and plot
near the clinochlore to daphnite pole in the
Si02-FeO-Al>0;s classification diagram.

Discussion

Phase Diagrams: To investigate the
metamorphic conditions, a phase diagram was
calculated based on the chemical composition
of the schist sample: SiO,: 50.65 wt%, Al>Os:
18.65 wt%, FeO: 6.012 wt%, MnO: 0.2 wt%,
MgO: 2.16 wt%, CaO: 1.01 wt%, Na,O: 1.12
wt%, K,O: 2.65 wt%. Assuming hornfelses
and schists had a common parent rock, the
results apply to both rock types. The chemical
system was considered as MnNCKFMASH
(MnO-Na,0-K,0-CaO-FeO-MgO-AlL,Os-
Si0,-H;0) to allow for the formation of the
maximum number of phases. The LOI was 3
wt%, considered as pure H>O in the
calculations. Solid solution models Gt(W) for
garnet, Bio(W) for biotite, Mica(W) for
muscovite, St(W) for staurolite, Crd(W) for
cordierite, Chl(W) for chlorite, Fsp(W) for
feldspar, and Melt(W) for melt were used.
Calculations were performed using GeoPs
software (Yang and Connolly, 2022) version
3.5.5.427 released in 2024. The garnet +
staurolite + biotite fields are stable at
amphibolite facies condition. According to the
diagram, increasing temperature  adds
andalusite to these assemblages. The final
stability limit of andalusite, replacing with
sillimanite, is indicated by a red dashed line, at
temperatures slightly above 550°C and P ~ 4
kbar. The presence of andalusite in regional
schists suggests pressures not exceeding 4 kbar
during regional metamorphism (M1). The
phase diagram also shows the garnet + biotite
+ muscovite + staurolite assemblage (without
chlorite) indicating peak metamorphism
condition is stable at around 550°C. Thus, the
schists experienced a minimum temperature of
550°C at least. After the regional
metamorphism, the intrusion of granitic bodies
caused contact metamorphism (M2), and
formed the hornfelses. During retrograde
metamorphism, ferro-magnesian  minerals
were replaced by muscovite and chlorite. The
diagram corroborates temperatures obtained
from titanium-in-biotite and muscovite
thermometry.

Chemical composition of protolith also
influences mineral formation. High Fe and Mg
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contents facilitates ferro-magnesian mineral
formation, while sufficient aluminum is
needed for aluminosilicates. To examine this in
the studied metapelitic rocks, a phase diagram
was calculated for AlbO3/(Al,O3+FeO+MgO)
versus temperature at constant 3.5 kbar
pressure. The horizontal axis ratio ranges from
0.5 to 1. Andalusite-bearing fields are marked
with red dashed lines. At 550°C, andalusite +
staurolite + garnet + biotite fields occur at
Al,05/(Al,03+FeO+MgO) ratios above 0.9,
indicating high Al to Fe and Mg ratios are
necessary for andalusite formation. Therefore,
limited andalusite amounts in hornfelses can be
attributed to both temperature-pressure
conditions and the protolith Al,O3 content. The
ratio in the studied sample is around 0.7,
insufficient for free andalusite formation
during metamorphic reactions.

Conclusion

Based on the field and petrography studies, the
regional metamorphic rock sequence includes
slate, phyllite, mica schist, staurolite garnet
schist, and metamorphosed sandstone. These
rocks locally transformed into hornfels due to
the intrusion of the Middle Jurassic plutonic
mass north of Azna.

The peak regional metamorphism assemblage
includes garnet + staurolite + biotite +
andalusite, and at the peak of contact
metamorphism, the garnet + andalusite +
biotite assemblage occurred. Additionally, the
biotite + muscovite + chlorite assemblage is
indicative of retrograde metamorphism in these
rocks.

The microstructures formed in these rocks
indicate the occurrence of at least two
deformation phases that have caused changes
in the mineral orientations.

Based on the thermodynamic phase diagrams,
it can be concluded that the peak of regional
metamorphism reached approximately 550 °C
and 4 kbar. As a result of the intrusion of
granitic bodies, the increase in temperature due
to contact metamorphism led to the formation
of hornfels and the development of additional
andalusite. Retrograde metamorphism can be
considered the last phase of metamorphism in
these rocks, resulting in the replacement of
ferromagnesian minerals with chlorite and
muscovite at low temperatures.

Based on the presented information, a model of
low-pressure, medium- to high-temperature
metamorphism (Abukuma-type) up to the
amphibolite-green schist facies in a clockwise
direction is proposed for the Tazran area.



