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The studied rock consists of mineral phases garnet–cordierite–gedrite–hypersthene–biotite–quartz and
lies nearly 14 km southwest of Daltonganj in the western part of Chhotanagpur granite–gneissic complex.
Textural relations of mineral phases, mineral chemistry and transmission electron microscopy (TEM)
analyses of the rock samples suggest the early (gedrite1), middle (gedrite2) and late stages (gedrite3)
formation of gedrite. Hypersthene appears through the metamorphic reaction gedrite + quartz =
orthopyroxene + garnet + cordierite + H2O due to the breakdown of gedrite3 at the thermal peak
of 869◦C/7.79 kbar. The bundles, prismatic and fibrous forms of three gedrites have been observed in the
TEM images. TEM images and selected area electron diffraction patterns show the distribution of metallic
element position at the different lattice site. The P–T estimates of the rock from garnet–orthopyroxene,
garnet–cordierite and garnet–biotite exchange geothermometers and garnet–sillimanite–cordierite–quartz
geobarometers vary from 775◦ to 869◦C, 642◦ to 703◦C, 480◦ to 617◦C and 6.76 to 7.79 kbar, respectively.
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1. Introduction

Gedrite-bearing assemblages have been reported
from regionally metamorphosed amphibolite to
granulite facies rocks with diverse mineral para-
geneses from different geological areas (Robinson
et al. 1982; Baker et al. 1987; Spear 1993; Dasgupta
et al. 1999 and references therein and Peck and
Smith 2005). The assemblages containing gedrite
and hypersthene are more significant in high-
grade granulite facies rocks because it preserves
the textural evidence of the appearance of gedrite
and hypersthene in the rocks. The occurrence of
gedrite-bearing rocks in regional metamorphism

from different granulite belts of India has attracted
the attention of petrologists (The Eastern Ghats,
Dasgupta et al. 1999; Southern Granulite, Lal et al.
1984; Rajasthan Granulite, Sharma and Mac Rae
1981). Cordierite- and gedrite-bearing rocks have
attracted considerable attention among petrolo-
gists due to their unusual bulk composition and
the complex texture they have preserved dur-
ing their formation (Arnold and Sandiford 1990
and references therein). Their interpretation has
wide application for the distribution and behaviour
of fluids in metamorphic evolution. The occur-
rence of multistage gedrite phases, in particular
assemblage, serves a better tool to understand
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the evolution of the rocks during regional
metamorphism. The purpose of this paper is first
to report the occurrences of gedrite–hypersthene-
bearing mineral parageneses from southwest of
Daltonganj with their detailed petrography, min-
eral chemistry and metamorphic evolution.

1.1 Geological setting of the area under
investigation

The studied area (latitude 23◦54′50′′–23◦58′30′′N
and longitude 84◦2′–84◦06′30′′E) belongs to the
western part of Chhotanagpur granite–gneiss com-
plex (CGGC) within Hazaribagh–Giridih belt. The
CGGC covers an area of about 80,000 km2 and
extends west to east across the states of Mad-
hya Pradesh, Jharkhand and West Bengal (Ghose
1983, 1992). The area lies nearly 14 km south-
west of Daltonganj and consists of the high-grade
regionally metamorphosed metapelites. This gneis-
sic complex is of composite character consisting
mainly of granitoid gneisses, migmatites and mas-
sive granite with enclaves of metasedimentary and
meta-igneous rocks and intrusive of basic and inter-
mediate rock types (Ghose 1983, 1992; Chatterjee
and Ghose 2011; Yadav et al. 2016 and reference
therein). The gedrite–hypersthene-bearing gneiss
occurs as enclaves within CGGC.

The study area comprises a variety of rocks,
viz., basic granulite, charnockite, gedrite–garnet–
biotite–gneiss, garnet–cordierite–sillimanite gneiss,
sillimanite–graphite–schist, amphibolite, dolerite
in the north-western extension of the CGGC in
the localities Sokra, Datam and MahawatMuria in
the SW direction of the Daltonganj (figure 1).

In the study area, general strike is found to
be NW–SE to N–S to NE–SW direction. But, on
region scale, a general E–W strike with northerly
dip (less commonly southerly) of the dominant
foliation is present in the CGGC (Sengupta and
Sarkar 1964, 1968; Ghose 1983; Mazumdar 1988;
Sarkar 1988; Baidya et al. 1989; Srivastava and
Ghose 1992; Goswami and Bhattacharyya 2010;
Karmakar et al. 2011).

2. Petrography and mineral chemistry

2.1 Megascopic characters

The garnet–cordierite–gedrite and garnet–
cordierite–gedrite–hypersthene gneisses are gener-
ally fresh having resinous and greasy appearance.
They are medium to coarse grained having garnet

as one of their main constituent minerals displaying
pinkish colour. The cordierite bands have grey to
light reddish brown colour. The presence of gar-
net in abundance in these rocks has imparted a
reddish tinge to the rock. In these gneisses coarse
biotite flakes are present. Grey to black colour of
very coarse-grained gedrite can be easily observed
in the hand-specimen (figure 2a).

2.2 Microscopic characters

Microscopic studies of the gneisses (garnet–
cordierite–gedrite gneiss and garnet–cordierite–
gedrite–hypersthene gneiss) show the three dis-
tinct types of mineral assemblages in which either
hypersthene is present or absent in the following
paragenesis:

(i) garnet–gedrite–cordierite–chlorite–biotite–
quartz,

(ii) garnet–cordierite–gedrite–biotite–albite–
quartz,

(iii) garnet–cordierite–gedrite–hypersthene–
biotite–quartz.

The mineral abbreviations used in this study are
from Whitney and Evans (2010).
Chlorite occurs in the form of medium to coarse

flakes and with an association of biotite or also
as individual laths. It occurs as inclusion within
gedrite and consumed to form garnet1 and gedrite1
due to the reaction (figure 2b)

chlorite + quartz = garnet1 + gedrite1 + H2O.
(1)

Biotite shows the characteristic pleochroism,
X = straw yellow, Y = Z = dark brown, where
X < Y = Z. It occurs in the form of coarse flakes
and as individual laths wrapping around garnet,
cordierite, gedrite. Majority of the biotite grains
are associated with chlorite and chlorite appears
similar to biotite. The inclusion of trail of Al-rich
biotite in gedrite grain (figure 2c), which is in con-
tact with cordierite, suggests the reaction

Al-rich biotite + quartz = gedrite1 + cordierite
+ K-feldspar + H2O. (2)

Garnet occurs as coarse xenoblast and poikilo-
blast and containing biotite, gedrite, cordierite and
quartz as inclusion (figure 2d). Garnet also con-
tains other heavy minerals as inclusion, i.e., zircon,
monazite, ilmenite, magnetite, etc. Some of the
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Figure 1. Geological map of the area around southwest of Daltonganj, District Palamau, Bihar.

garnet grains are completely rimmed by cordierite
and the further rimmed by gedrite (figure 2e). This
corona texture predicts the reaction

garnet1 + quartz + H2O = cordierite + gedrite2.
(3)

Garnet and quartz at places were completely
wrapped by gedrite coexisting with cordierite
(figure 2f). This textural relation suggests the
reaction

garnet1 + quartz = gedrite2 + cordierite + H2O.
(4)

A corona texture is observed in which corroded
garnet and boitite are partially wrapped by
cordierite and gedrite (figure 2g) provides the

evidence of reaction

garnet1 + biotite + quartz = gedrite2 + cordierite
+ K-feldspar + H2O. (5)

Garnet shows the two distinct stages as garnet1
which is the dominant garnet in the rocks coexist-
ing with gedrite, cordierite and biotite.
Cordierite occurs as coarse xenoblast or granular

aggregates rimming xenoblast of garnet and gedrite
(figure 2b–h). At some places cordierite rims the
xenoblasts of garnet (figure 2g) and biotite flakes.
The textural relation suggests that the cordierite
is formed due to the breakdown of garnet in the
presence of biotite and quartz by reaction (5).
Cordierite shows alteration along fractures and
grain boundaries.
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Figure 2. (a) Field photograph of garnet–cordierite–orthopyroxene–gedrite gneiss; photomicrographs illustrating the textu-
ral relations in garnet–cordierite–orthopyroxene–gedrite gneiss. (b) Chlorite completely rimmed by gedrite. (c) Al-rich biotite
partially rimmed by gedrite. (d) Inclusion of cordierite, gedrite, biotite, quartz and ilemanite in garnet. (e) Corona texture in
which garnet is rimmed by cordierite followed by gedrite. (f) Garnet rimmed by gedrite. (g) Garnet and biotite surrounded
by cordierite and gedrite. (h) Gedrite rimmed by orthopyroxene and garnet occurs as inclusion within orthopyroxene.
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Gedrite is coarse grained, idioblastic, prism and
commonly associated with biotite to define folia-
tion in the rocks. It is pleochroic, X = pale yellowish
green, Z = dark greenish brown, X>Y>Z. The
gedrite shows parallel extinction and in this rock,
we observed three morphological types of gedrite
crystals. The first one is the elongated fibrous grain
(2–3 mm) and the thickness is 0.15–0.20 mm, and
forms foliation in the rocks (figure 2b). The second
type of grain occurs as idioblastic, this type of grain
occurs in huge amount in this rock (figure 2c–e) and
third one is prismatic in nature (figure 2h). There-
fore, three types of gedrite1, gedrite2 and gedrite3
formed at different times during the crystallisation
process. Gedrite1 is formed after the consumption
of chlorite and biotite from reactions (1 and 2)
and contains the inclusion of chlorite and biotite
(figure 2b and c). Gedrite2 contains the inclusion
of garnet1 and cordierite and forms due to reaction
(3–5). Gedrite3 is corroded, prismatic and occurs
as inclusion in orthopyroxene.

Orthopyroxene is medium to coarse-grained (1–
3 mm) and idioblastic to xenoblastic in nature. It
is reddish pink in colour due to iron enrichment
with strong pleochroism X – yellow, Y – pink, Z –
green; X<Y<Z. At places, gedrite + quartz are
completely rimmed by orthopyroxene, garnet and
cordierite (figure 2h). This textural relation pro-
vides the evidence through which hypersthenes and
garnet2 appear in the rocks due to the reaction

gedrite3 + quartz = orthopyroxene + garnet2
+ cordierite + H2O. (6)

The second state of the garnet named as gar-
net2 coexists with orthopyroxene and formed due
to breakdown of gedrite.

2.3 Mineral chemistry

The analytical work was carried out on the elec-
tron probe microanalysis (EPMA) CAMECA SX
Five instrument at DST–SERB National Facil-
ity, Department of Geology, Centre of Advanced
Study, Institute of Science, Banaras Hindu Univer-
sity. Polished thin section was coated with 20 nm
thin layer of carbon for electron probe microanal-
yses using LEICA-EM ACE200 instrument. The
CAMECA SX Five instrument was operated at
a voltage of 15 kV and current 10 nA with a
LaB6 source in the electron gun for generation of
the electron beam. Natural silicate mineral andra-
dite as an internal standard was used to verify

positions of crystals (SP1-TAP, SP2-LiF,
SP3-LPET, SP4-TAP and SP5-PC1) concerning
the corresponding wavelength dispersive (WD)
spectrometers (SP#) in CAMECA SX Five instru-
ment. The following X-ray lines were used in the
analyses: F-Kα, Na-Kα, Mg-Kα, Al-Kα, Si-Kα,
P-Kα, K-Kα, Cl-Kα, Ca-Kα, Ti-Kα, Cr-Kα, Mn-
Kα, Fe-Kα, Ni-Kα and Sr-Lα. Natural mineral
standards: apatite, albite, halite, periclase, peri-
dotite, corundum, wollastonite, orthoclase, rutile,
chromite, rhodonite, celestite, barite, hematite and
synthetic Ni metal supplied by CAMECA-
AMETEK were used for routine calibration and
quantification. Routine calibration, acquisition,
quantification and data processing were carried out
using SxSAB version 6.1 and SX-Results software
of CAMECA. The electron microprobe analysis of
different minerals is presented in tables 1–6.

Table 1. Electron probe microanalysis (EPMA) and struc-
tural formula of orthopyroxene, from the garnet–cordierite–
hypersthene–gedrite gneiss of the study area.

Sample R-91-97

Domain 71/1 73/1 75/1 76/1 79/1

SiO2 49.14 48.79 48.93 49.07 48.63

TiO2 0.00 0.00 0.00 0.00 0.00

Al2O3 2.89 2.91 2.97 2.72 3.13

Cr2O3 0.00 0.00 0.00 0.00 0.00

FeO 28.78 28.45 28.70 30.32 28.54

MnO 0.00 0.00 0.00 0.00 0.00

MgO 17.94 17.97 17.53 17.75 17.94

CaO 0.02 0.05 0.03 0.00 0.02

Na2O 0.00 0.01 0.01 0.02 0.06

K2O 0.00 0.00 0.00 0.00 0.00

Total 99.21 98.41 98.54 100.04 98.38

6 oxygen

Si 1.91 1.91 1.91 1.90 1.90

AlIV 0.09 0.09 0.08 0.10 0.10

ΣZ 2 2 2 2 2

AlVI 0.04 0.04 0.05 0.03 0.04

Fe3+ 0.07 0.07 0.05 0.11 0.09

Cr 0 0 0 0 0

Ti 0 0 0 0 0

Fe2+ 0.86 0.85 0.89 0.87 0.84

Mn 0 0 0 0 0

Mg 1.04 1.05 1.02 1.03 1.05

Ca 0.0 0.00 0.00 0 0.00

Na 0 0.00 0.00 0.00 0.01

K 0 0 0 0 0

ΣY 2.02 2.02 2.01 2.04 2.02

XMg 0.53 0.53 0.52 0.51 0.53

XMg = Mg/(Mg + Fe).
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The microprobe analyses data of pyroxenes are
plotted in the CaSiO3–MgSiO3–FeSiO3 endmem-
ber diagram (figure 3). The plots of the orthopy-
roxenes from the granulites of the study area lie
close to the hypersthene composition on enstatite–
ferrosilite line. The XMg orthopyroxene varies
between 0.51 and 0.53 (table 1).

Garnets show the solid solution dominantly
between almandine (65.9–77.1 mol%), pyrope
(20.9–32.0 mol%), with minor amounts of grossu-
lar (0.7–1.7 mol%) and spessartine (0.3–1.0 mol%)
(figure 4). Garnet1 contains low pyrope which
varies from 20.9 to 26.4 mol% and garnet2 con-
tains the pyrope which ranges from 31.1 to 32.0
mol%.

Assignments and stoichiometric constraints of
amphiboles are according to the International Min-
eral Association (IMA) recommendations (Leake

Table 2. EPMA and structural formula of garnet, from the
garnet–cordierite–hypersthene–gedrite gneiss of the study
area.

Sample R-91-97

Domain 122/142 122/143 69/1 70/1 123/1

SiO2 37.45 38.22 37.82 37.73 37.34

TiO2 0.05 0 0 0 0.01

Al2O3 20.51 20.68 20.49 20.61 20.29

Cr2O3 0 0 0 0 0

FeO 35.13 35.79 31.66 31.58 34.67

MnO 0.36 0.38 0.36 0.23 0.2

MgO 5.8 5.34 8.1 7.89 6.6

CaO 0.27 0.41 0.51 0.58 0.26

Total 99.88 100.93 99.14 98.82 99.38

12 oxygen

Si 2.99 3.02 2.98 2.99 2.97

AlIV 0 0 0 0 0

ΣZ 2.99 3.02 2.98 2.99 2.97

AlVI 1.93 1.93 1.91 1.92 1.9

Ti 0 0 0 0 0

Cr 0 0 0 0 0

Fe3+ 0.09 0.03 0.13 0.10 0.15

ΣY 2.02 1.96 2.04 2.02 2.05

Fe2+ 2.26 2.33 1.96 1.99 2.15

Mn 0.02 0.03 0.02 0.02 0.01

Mg 0.69 0.63 0.95 0.93 0.78

Ca 0.02 0.03 0.04 0.05 0.02

ΣX 2.99 3.02 2.97 2.99 2.96

XMg 0.23 0.21 0.33 0.32 0.26

Pyrope 23.1 20.9 32.0 31.1 26.4

Almandine 75.5 77.1 65.9 66.5 72.6

Grossularite 0.7 1.0 1.4 1.7 0.7

Spessartite 0.7 1.0 0.7 0.7 0.3

XMg = Mg/(Mg + Fe).

Table 3. EPMA and structural formula of gedrite, from the
garnet–cordierite–hypersthene–gedrite gneiss of the study
area.

Sample R-91-97

Domain 133/1 134/1 171/1 175/1 176/1

SiO2 44.49 45.15 44.7 44.43 44.91

TiO2 0.22 0.22 0.39 0.32 0.26

Al2O3 12.3 11.36 11.65 12.01 11.83

FeO 21.59 22.41 22.39 21.81 22.53

MnO 0 0 0 0 0

MgO 15.51 15.57 14.9 14.73 14.98

CaO 0.09 0.1 0.13 0.11 0.09

Na2O 1.5 1.47 1.6 1.67 1.61

K2O 0 0 0 0 0

BaO 0.24 0.37 0.2 0.41 0.34

SrO 0 0 0 0 0

PbO 0 0 0 0 0

ZnO 0 0 0 0 0

F 0.4 0.43 0.34 0.46 0.22

Total 96.49 97.14 96.33 96.08 96.88

23 oxygen

Si 6.65 6.72 6.71 6.69 6.7

AlIV 1.35 1.28 1.29 1.31 1.3

ΣZ 8 8 8 8 8

AlVI 0.81 0.71 0.77 0.83 0.78

Ti 0.02 0.02 0.04 0.04 0.03

Cr 0 0 0 0 0

Fe3+ 0.03 0.05 0 0 0

Fe2+ 2.66 2.74 2.81 2.75 2.81

Mn 0 0 0 0 0

Mg 3.45 3.46 3.33 3.31 3.33

ΣX 6.99 6.98 6.95 6.92 6.96

Ca 0.01 0.02 0.02 0.02 0.02

Na 0.43 0.42 0.47 0.49 0.47

K 0 0 0 0 0

Ba 0.01 0.02 0.01 0.02 0.02

ΣY 0.46 0.46 0.5 0.53 0.5

F 0.19 0.2 0.16 0.22 0.11

OH* 1.81 1.8 1.84 1.78 1.89

XMg 0.56 0.55 0.54 0.55 0.54

XMg = Mg/(Mg + Fe).
*Calculated values.

et al. 1997). The analysed amphiboles have (Ca +
Na) < 1.0; (Mg, Fe2+, Mn, Li) ≥1.0 and Li-poor
and therefore, these are Mg–Fe–Mn–Li amphi-
boles according to Leake et al. (1997) classification.
When this analysis is plotted on leaks classifica-
tion diagram (figure 5) then all the plots fall in the
gedrite field. In this granulitic rock, amphibole has
fluorine content which varies from 0.22 to 0.46 pfu.
AlIV and AlVI both are present in sufficient amount
1.27–1.35 and 0.71–0.82 pfu, respectively. The XMg

ranges from 0.54 to 0.56.
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Table 4. EPMA and structural formula of cordierite, from
the garnet–cordierite–hypersthene–gedrite gneiss of the
study area.

Sample R-91-97

Domain 20/1(C) 21/1(C) 136/1(R) 140/1(R) 139/1(R)

SiO2 49.69 49.19 48.62 48.76 48.33

Al2O3 29.82 29.24 30.62 30.38 30.38

FeO 4.54 5.17 6.02 5.68 5.33

MnO 0.00 0.00 0.00 0.00 0.00

MgO 10.61 10.61 10.16 10.30 10.17

Na2O 0.11 0.31 0.13 0.13 0.10

Total 94.83 94.55 95.77 95.39 94.31

18 oxygen

Si 5.18 5.19 5.10 5.12 5.11

Al 3.68 3.64 3.78 3.76 3.79

ΣZ 8.86 8.8 8.88 8.88 8.90

Fe2+ 0.44 0.46 0.53 0.50 0.47

Mn 0 0 0 0 0

Mg 1.66 1.67 1.59 1.61 1.60

ΣX 2.10 2.13 2.12 2.1 2.08

Na 0.02 0.06 0.03 0.03 0.02

XMg 0.79 0.78 0.75 0.76 0.77

XMg = Mg/(Mg + Fe). (C) = Core, (R) = Rim.

Biotite contains 1.6–2.08 wt% TiO2 (table 4).
Biotite compositions are magnesian and the XMg

(Mg/Fe+Mg) of biotite ranges from 0.71 to 0.74.
Cordierite is magnesian and XMg ranges from

0.75 to 0.79. In cordierite the presence of Na2O
is less than 1 wt% and larger cations are almost
absent.

Chlorite contains Fe2+ as well as Fe3+, and in
some of the chlorite grains, Fe3+ exceeds than Fe2+.
Also, AlIV and AlVI found in these rocks, which lie
between 0 and 0.39 and 4.59 and 5.27 pfu, respec-
tively. BaO is found in trace amount and XMg

varies from 0.37 to 0.45.

3. Transmission electron microscopy
(TEM) analysis

TEM was done at the Central Instrumental Facility
of the Indian Institute of Technology
(BHU) at Varanasi with an FEI-Philips (Type:
TECNAI G1 20 TWIN) operating at 210–240 V.

3.1 Gedrite

The microstructures observed in the rock sam-
ple are the results of the petrological conditions.
TEM images and selected area electron
diffraction (SAED) patterns of the gedrite

Table 5. EPMA and structural formula of biotite, from
the garnet–cordierite–hypersthene–gedrite gneiss of the study
area.

Sample R-91-97

Domain 157/1 160/1 161/1 162/1 122/146

SiO2 39.73 39.22 38.27 38.77 40.42

TiO2 1.64 1.83 2.08 1.87 1.98

Al2O3 14.07 13.71 14.38 14.61 15.38

FeO 12.21 12.86 12.02 12.38 12.10

MnO 0 0 0 0 0.00

MgO 18.49 18.15 18.05 17.78 17.66

CaO 0.05 0.01 0.01 0.02 0.00

BaO 0.21 0.10 0.21 0.10 0.42

Na2O 0.72 0.56 0.59 0.65 0.71

K2O 9.01 9.11 8.85 8.94 8.82

Cl 0.09 0.04 0.04 0.06 0.05

F 1.68 2.24 2.22 2.02 0.51

Total 97.91 97.82 96.70 97.20 98.05

22 oxygen

Si 5.78 5.76 5.67 5.71 5.66

AlIV 2.22 2.24 2.33 2.29 2.34

ΣZ 8 8 8 8 8

AlVI 0.19 0.14 0.19 0.24 0.28

Ti 0.18 0.20 0.23 0.21 0.20

Fe2+ 1.49 1.58 1.49 1.52 1.42

Mn 0 0 0 0 0

Ba 0.01 0.01 0.01 0.01 0.02

Mg 4.01 3.98 3.99 3.90 4

ΣX 5.88 5.91 5.91 5.88 5.92

Ca 0.01 0.01 0.00 0.01 0

Na 0.20 0.16 0.17 0.19 0.19

K 1.67 1.71 1.67 1.68 1.57

ΣY 1.88 1.87 1.84 1.87 1.77

Cl 0.02 0.0 0.01 0.01 0.01

F 0.77 1.04 1.04 0.94 0.22

XMg 0.73 0.72 0.73 0.72 0.74

XMg = Mg/(Mg + Fe).

containing sample are shown in figure 6(a–f). Here
three types, i.e., bundles, prismatic and fibrous
forms of gedrite have been observed in the TEM
images (figure 6a and b). Bundles are assemblages
of individual separable particles (they are fibres,
but also acicular or prismatic particles, figure 6a).
Bundles often show lack of cohesion between par-
ticles in the group; it can be seen by relative dis-
placement among the particles along the length of
the bundle. Prismatic particles are well-developed
crystal faces with low (<10:1) to moderate (10:1
to 20:1) aspect ratios. They have one elongated
dimension and two shorter of approximately equal
dimensions (i.e., similar particle width and thick-
ness, figure 6b). The sides of prismatic particles are
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Table 6. EPMA and structural formula of chlorite, from the
garnet–cordierite–hypersthene–gedrite gneiss of the study
area.

Sample R-91-97

Domain 96/1 97/1 98/1 99/1 100/1

SiO2 44.11 45.05 40.36 39.91 41.67

TiO2 0 0 0 0 0

Al2O3 24.45 23.09 21.5 21.18 24.9

Fe2O3 13.08 12.20 15.94 15.84 12.98

FeO 0 0 1.79 1.79 0

MnO 0 0 0 0 0

MgO 5.20 5.13 5.46 5.36 4.9

CaO 1.14 1.11 1.04 1.06 1.16

Na2O 0.18 0.35 0.11 0.1 0.2

K2O 0.88 0.89 0.59 0.50 0.83

BaO 0.38 0.24 0.17 0.34 0.28

Cl 0.06 0.20 0.06 0.08 0.05

H2O* 12.92 12.74 12.14 11.98 12.52

Total 102.41 101.01 99.17 98.15 99.50

O=F,Cl 0.01 0.05 0.013 0.01 0.01

Total 102.39 100.97 99.16 98.13 99.48

28 oxygen

Si 7.87 8.00 7.60 7.61 7.67

AlIV 0.13 0 0.40 0.39 0.33

ΣX 8 8 8 8 8

AlVI 5.21 5.08 4.60 4.59 5.27

Ti 0 0 0 0 0

Fe3+ 1.76 1.65 2.26 2.27 1.80

Fe2+ 0 0 0.28 0.29 0

Mn 0 0 0 0 0

Mg 1.38 1.37 1.53 1.52 1.34

Ca 0.22 0.21 0.21 0.22 0.23

Na 0.12 0.24 0.08 0.07 0.14

K 0.40 0.41 0.28 0.24 0.39

Ba 0.05 0.03 0.03 0.05 0.04

Cl 0.04 0.12 0.04 0.05 0.03

XMg 0.44 0.45 0.38 0.37 0.43

XMg = Mg/(Mg + Fe).
*Calculated values.

typically parallel. Prismatic particle’s edges are
well defined and crystalline in nature. Fibrous
forms of gedrite are thin and elongated parti-
cles with parallel sides and their surfaces are
smooth. Fibres have very high (20:1 to 100:1,
or higher) aspect ratios and often display cur-
vature (i.e., bending and flexibility (figure 6b)
where the fibre end wraps around another par-
ticle). This classification of amphibole has been
given by Harris et al. (2007). TEM image shows the
different position occupied by gedrite and arrange-
ment of double-chain silicate structure with all
the three axial directions. Unit cell parameter of
the gedrite detected by TEM are a-axis = 18.6 Å,

b-axis = 17.8 Å and c-axis = 5.58 Å. It is
very similar to gedrite unit cell parameter, i.e.,
a-axis = 1.8531 nm, b-axis = 1.7741 nm and c-
axis = 0.5249 nm; given by Papike and Rose
(1970). The SAED pattern shows the distribution
of metallic element position at the different lattice
site.

4. Metamorphic evolution

4.1 Phase compatibility relation

The garnet–cordierite–gedrite–hypersthene gneis-
ses are plotted in FeO–MgO–Al2O3–SiO2–H2O
(FMASH) system in AFM projection diagram.
Mineral parageneses that result from the reac-
tion between garnet and gedrite reflect the stabil-
ity of garnet–cordierite–gedrite join. The mineral
association is a product of poly-stage metamor-
phism, i.e., it is an association of mineral assem-
blages of different metamorphic stages which are
supported by the following metamorphic
reactions:

Early stage: Prograde reaction:

chlorite + quartz = garnet1 + gedrite1, (7)

Al-rich biotite = gedrite1 + cordierite. (8)

Middle stage: Prograde reaction:

garnet1 = cordierite + gedrite2, (9)

garnet1 = gedrite2 + cordierite, (10)

garnet1 + biotite = gedrite2 + cordierite. (11)

Late stage:

gedrite3 = orthopyroxene + garnet2 + cordierite.
(12)

The three-phase field of garnet–gedrite–biotite
from the AKF diagram suggests that the cordierite–
garnet–biotite field was terminated with the
formation of new assemblages of cordierite–gedrite–
biotite according to reaction (8). Reaction (8) in
the given form has been studied at low pressure
by Knabe (1970). According to Winkler (1976),
biotite with higher XMg that was used by Knabe
(1970) would also produce cordierite at higher
pressures. However, it is evident from the pet-
rogenetic grid of Grant (1973), the assemblages
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Figure 3. Plot of EPMA data of pyroxene shown in part of triangular diagram CaSiO3–MgSiO3–FeSiO3.

Figure 4. Plot showing the variation in spessartine–
grossularite–almandine–pyrope endmember composition in
the garnet.

Figure 5. Leaks classification diagram for the amphiboles.

gedrite–cordierite–garnet–K-feldspar may be found
in both high pressure, high temperature and
relatively low pressure, low temperature of his
diagram. In the three-phase field of gedrite–
orthopyroxene–garnet and gedrite–cordierite–
garnet (figure 7a), orthopyroxene appears from
reaction (12) and can be represented by the phase
compatibility diagram change from figure 7(a and
b). The three stages of gedrite obtained from the
TEM analyses are also confirmed by metamorphic
evolution of the gedrite1 (elongated and defined the
foliation in the gneiss) appear due to reactions (7)
and (8) during the early stage, gedrite2 (idioblas-
tic) formed due to reactions (9)–(11) during the
middle stage and finally gedrite3 (prismatic) break
down to form hypersthenes and garnet2 due to
reaction (12) during the late stage of evolution of
the gneisses.

4.2 Petrogenetic grid

A petrogenetic grid of the garnet–cordierite–
gedrite–hypersthene gneisses in FMASH system is
shown in figure 8. The topology in the divariant
fields is depicted by the AFM diagram. Quartz,
albite, K-feldspar and water are considered as
excess phases. In four component system contain-
ing five phases, viz., garnet, gedrite, cordierite,
biotite, orthopyroxene, and five univariant reac-
tions will diverge from one invariant point. The
slope of the dehydration reactions is calculated
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Figure 6. TEM images (a) shows the distribution of gedrite grain in which bundles form of gedrite grains are present.
(b) Fibrous and prismatic growth of gedrite minerals. (c) The orientations of grains are in (100) and (010). (d) The
orientation of grain in (001). (e) Width of double-chain silicate structure along (010) orientation with the help of histograph
by using TEM. (f) SAED pattern of gedrite grain.

after the method proposed by Ferry and Burt
(1982). Each univariant reaction is designated by
a phase within bracket which does not participate
in the reaction. Figure 8 depicts that the invariant

point of the reactions is the thermal peak condition
of the metamorphism in which the observed reac-
tions (11) and (12) are involved as univariant
reactions.
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Figure 7. AFM projection from K-feldspar point of the AKFM tetrahedron onto the AFM plane: (a) showing the gedrite
in the middle of triangle Grt–Crd–Opx in which gedrite is reactant; (b) depicts the disappearance of gedrite to form the
triangle Grt–Crd–Opx as a product, where A = Al2O3 + Fe2O3 − (K2O + Na2O+CaO); F = FeO + MnO; M = MgO.

Figure 8. A petrogenetic grid in the FMASH system constructed after the Schreinmakers analysis for the garnet–cordierite–
hypersthene–gedrite gneiss.

4.3 P–T condition

Accurately estimating the P–T conditions is the
most important work in understanding the thermal
state of the past or the present-day lithospheric
mantle. Naturally, the reliable P–T estimates can

only be obtained by applying the precise and
accurate thermometers and barometers (Tam et al.
2012). The metamorphic rock of the area
contains garnet–cordierite–gedrite gneiss and
garnet–cordierite–gedrite–hypersthene gneiss.Their
temperature and pressure conditions have been
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Table 7. Pressure and temperature estimates of the garnet–cordierite–hypesrsthene gniess of the study area through conven-
tional geothermobarometers and internally consistent data set.

Estimate of geothermometers (temp. in ◦C) at 7 kbar

Grt–Opx Grt–Crd Grt–Bt

Grt-69/1 and

Opx-79/1

Grt-70/1 and

Opx-73/1

Grt-69/1 and

Crd-21/1(C)

Grt-123/1 and

Crd-136/1(R)

Grt-69/1 and

Bt-122/146

Grt-122/142 and

Bt-122/146

A 869 845 673 642 578 480

B 788 775 703 672 617 504

C 842 823 690 663 561 520

D 797 786 692 666 570 506

Average 824 ± 36 807 ± 32 689 ± 12 660 ± 15 581 ± 27 502 ± 18

Estimate of geobarometers (pressure in kbar) average P–T estimate

Garnet–cordierite–sillimanite–quartz geobarometer E = 595◦/5.3 kbar

P–Mg P–Fe

a 6.90 6.86

b 7.79 6.76

c 7.60 7.08

7.43 ± 0.5 6.9 ± 0.16

Note: In Grt–Opx, models of: A = Sen and Bhattacharya (1984); B = Bhattacharya et al. (1991); C = Lee and Ganguly

(1988); D = Aranovich and Podlesskii (1989). In Grt–Crd: A = Thompson (1976); B = Bhattacharya et al. (1992); C =

Dwivedi (1996); D = Dwivedi et al. (1998). In Grt–Bt: A = Thompson (1976); B = Dasgupta et al. (1991); C = Bhattacharya

et al. (1992); D = Dwivedi et al. (2007); a = Thompson (1976); b = Wells (1979); c = Dwivedi et al. (1997); E = Thermocalc.

estimated by conventional garnet–orthopyroxene,
garnet–biotite, garnet–cordierite exchange geo-
thermometers and garnet–cordierite–sillimanite–
quartz geobarometers, as well as sets of indepen-
dent reactions between end members of mineral,
were calculated by THERMOCALC v3.1 (Powell
and Holland 1988) using the internally consis-
tent data set of Powell and Holland (1988). The
estimated temperature with garnet–orthopyroxene
geothermometry for garnet–cordierite–hypersthene
gneiss by various models is given in table 7.
The temperature lies between 775◦ and 869◦C
and the average temperature from the samples
varies from 807◦C to 824◦C. The average tem-
perature obtained from different garnet–cordierite
and garnet–biotite exchange geothermometers lies
between 660–689◦C and 502–581◦C, respectively.
The average P–T condition of metamorphism
for the garnet–cordierite–hypersthene gneiss esti-
mated from the intersection of the different set
of metamorphic phases involving garnet, orthopy-
roxene, cordierite, biotite and gedrite (THERMO-
CALC v3.1 data set) is 595◦C/5.3 kbar. The
pressure calculated for the garnet–cordierite–
gedrite–hypersthene gneiss with the help of gar-
net–cordierite–sillimanite–quartz P–Mg and P–Fe
endmembers geobarometers varies from 6.76 to

7.79 kbar and the average pressure from P–Mg and
P–Fe endmembers geobarometers lies between 6.9
and 7.43 kbar.

5. Conclusions

We first report the gedrite-bearing garnet–
cordierite–hypersthene gneiss, a high-grade gran-
ulite facies rock which occurs as enclaves within
CGGC. The mineral association and textural rela-
tions suggest that the mineral assemblages were
formed due to various prograde reactions (1–6)
at different stages. The gedrite1 appears in the
gneiss from the consumption of chlorite and Al-
rich biotite at 502–581◦C temperature during the
early stage and gedrite2 was formed from the
reaction garnet1 = cordierite + gedrite2, garnet1
= gedrite2 + cordierite and garnet1 + biotite =
gedrite2 + cordierite at 660–689◦C/6.76 kbar dur-
ing the middle stage. Hypersthene appears in the
rocks due to the breakdown of the gedrite3 due
to the reaction gedrite3 = orthopyroxene + gar-
net2 + cordierite at thermal peak 869◦C/7.79 kbar
during the late stage. The three stages of gedrite
have also been confirmed by the TEM analysis of
the gneiss of the study area. Two generations of
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garnet are present in this rock, viz., garnet1 con-
tains the low pyrope (20.9–26.4%), and garnet2
includes the high pyrope (31.1–32.0%) as compared
to garnet1. The phase compatibility relationship of
the mineral phases garnet, cordierite, gedrite and
hypersthene and P–T petrogenetic grid in FMASH
system reveals the metamorphic evolution of the
garnet–cordierite–hypersthene gneiss through the
metamorphic reactions (1–6).
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