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The present study reports fayalite-bearing granite  
bodies from the Assam–Meghalaya Gneissic Complex 
of North East India. These are weakly peraluminous 
with high amounts of alkalis and meagre contents of 
magnesium, calcium, titanium and phosphorus. The 
chondrite normalized REE pattern is flat, having  
minor enrichment of HREE with negative europium 
anomaly suggesting their A-type character. The dis-
crimination based on Rb, Y, Yb, Nb and Sc content 
indicates their generation due to melting of crustal 
components. Early crystallized fayalite and fluorite 
grains indicate that their emplacement in an exten-
sional tectonic set-up most possibly represents the  
final stage of Rodinia Supercontinent amalgamation. 
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FAYALITE and fluorite-bearing granites are volumetrically 
insignificant in nature1–3 and are members of the most redu-
ced anorogenic (A-type) granites4, formed either by differ-
entiation of mantle-derived mafic melts5–8, partial melting 
of crustal components like metasediments4,9, dehydrated 
lower crustalgranulites9,10 or tonalites5. Low oxygen fugacity 
( f O2) and low water activity ( f H2O) conditions favour 
crystallization of fayalite and late crystallization of hydrous 
mafic minerals such as Fe-rich amphibole and/or annite11,12. 
Fluorite is stable at high temperatures in peralkaline gra-
nites13,14 and is commonly associated with A-type granites9,15. 
 A-type granites rarely occur in continental and oceanic 
crust and occasionally in meteoritic and lunar rocks15. 
During the supercontinent assembly and break-up cycles, 
these granites are commonly emplaced in an extensional 
regime such as post-collisional extension, continental 
back-arc extension or within-plate settings6,8,15–18. A-type 
granites were initially characterized as metaluminous to 
peralkaline, high Fe/Mg, Zr + Nb + Ce + Y and Ga/Al and 
low CaO compared to metaluminous (I-type) and peralu-

minous (S-type) granites7,9,19, and generally record high 
crystallization temperatures (830–1000°C)5,10. Later grani-
toids bearing a high Ga/Al ratio and the ferroan (high 
FeOt/MgO) nature like A-type granitoids were also inclu-
ded in this group7,19,20. As a consequence, some peralumi-
nous granites bearing the above stated features have also 
been assigned as A-type granites1,4,21–23. 
 Most of the fayalite-bearing granitoids are reported from 
the anorthosite–mangerite–charnockite–granite (AMCG) 
suite which was emplaced ~1 Ga during the final stages 
of assembly of the Rodinia Supercontinent24 (Figure 1 a). 
The heat required for such extensive crustal melting has 
been attributed to mantle convection resulting from the 
thermal blanketing effect of the crust subsequent to super-
continent formation24,25. Only a few fayalite granitoids are 
known from Phanerozoic terrains, i.e. the anorogenic pro-
vince of Corsica, France26 and the Tibchi ring complex of 
Nigeria11 in an active continental margin setting. In the 
Indian subcontinent, fayalite is reported from the Chima-
kurti pluton in the southern segment of the Eastern Ghats 
Belt of 1352 Ma, which documents a spatial and temporal 
association of both tholeiitic and alkaline endmembers of 
continental rift magmatism18. Fayalite granites of Gundla-
palle, Gokanakonda in the Cuddapah intrusive province of 
Eastern Dharwar Craton (EDC) are differentiated products 
of gabbroic magma27. Ferrosyenites of Sivamalai, Tamil 
Nadu are crystallized from magma derived from the upper 
mantle source during 623 ± 21 Ma (Rb87/Sr86 age)27. 
 The present study reports fayalite-granite bodies from the 
West Khasi Hills of Assam–Meghalaya Gneissic Complex 
(AMGC), which exhibit compositional features of A-type 
granites generated from melting of crustal rocks, most 
possibly emplaced during the final stage of Rodinia Super-
continent amalgamation. 

Geology and tectonics 

Proterozoic rocks of AMGC are the sole cratonic block in 
the northeastern part of the Indian peninsular shield. 
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Figure 1. a, Configuration of the Rodinia Supercontinent at c. 900 Ma showing assembled cratonic blocks and Grenville-age orogen (modified 
after Li et al.68). b, Geological map of the Meghalaya Plateau69. c, Geological map of the study area. 
 
 
AMGC comprises of two horst-like structures, namely the 
Mikir massif in Assam and the Meghalaya massif in the west 
separated by SE-trending Kopili tectonic lineament28–30. 
The AMGC is bordered by Dauki Fault to the south28,31, 
young folded Naga–Disang Schuppen Belt, Dhubri and 
Yamuna lineament to the west32,33 and Brahmaputra linea-
ment to the north32,34,35. These plateaus are considered to be 
an extension of the Chotnagpur Gneissic Complex (CGC)30 

(Figure 1 a) or the Eastern Ghats Mobile Belt (EGMB)29 
separated from the main Indian shield by Garo Rajmahal 
depression occupied by Quaternary alluvium of the Ganges 
and Brahmaputra rivers36. Recent studies substantiate this 
view by reporting the presence of Proterozoic basement 
gneisses below alluvium cover37,38. Gneissic rocks of AMGC 
have suffered upper amphibolite to granulite facies meta-
morphism39,40. It is postulated that AMGC is an extension 
of Central India Tectonic Zone (CITZ) since the Mesopro-
terozoic and is correlated to collision between the South-
ern Indian Block (SIB) and oceanic island arc to the north 
at c. 1.6 Ga, and a terminal collision between the SIB-arc 
composite and the Northern Indian Block (NIB) at c. 
1 Ga that ultimately formed the Indian shield41. 
 AMGC is exposed mostly in the central and northern 
parts of the Meghalaya massif covering the districts of 
West Garo Hills, East Garo Hills, West Khasi Hills and 
Ri Bhoi, and is composed mainly of paragneisses and intru-
sive granitoid gneisses (Figure 1 b). The para gneisses of 
> 1.7 Ga are the oldest components of AMGC42 and have 
experienced multiple phases of deformation with the earliest 

being the gneissic layering of 1.1 Ga (refs 43–46). The 
AMGC experienced a major felsic magmatic episode dur-
ing 1.6 Ga and 1.1 Ga (ref. 46). Yin et al.46 correlated the 
early magmatic event to be arc-related and later to be a 
result of collision between NIB and SIB during the for-
mation of Rodinia. Based on counter-clockwise P–T–t path 
recorded in the metasediments during 1.5 Ga, Chatterjee 
et al.39 suggested an island arc set-up for AMGC. 
 Basement gneisses are unconformably overlain by the 
Shillong Group of metavolcano sedimentary sequence47. 
The gneissic complex and the Shillong Group of rocks are 
intruded by a number of post-tectonic Cambrian granite 
plutons46,48. The southern part of the plateau is covered by 
the Cretaceous Sylhet basalt and Tertiary shelf sediments. 

Analytical methods 

Petrography and geochemistry of the representative sam-
ples of fayalite granites were carried out. Major, minor 
oxides and trace elements (Ba, Ca, Cr, Cu, Ga, Nb, Ni, 
Pb, Rb, Sc, Sr, Th, V, Y, Zn, Zr) analyses were performed 
using an XRF spectrometer (PAN analytical Magix-2424) 
on pressed powder pellets placed in an aluminium cup 
over boric acid base. Rest of the trace and rare earth ele-
ments (REEs) were analysed by ICP-MS (Varian 820MS) 
at the Geological Survey of India (GSI), Kolkata. The 
composition of minerals was determined using an electron 
probe micro analyser (EPMA; CAMECA Sx10) at GSI, 
Kolkata. The operating conditions of EMPA were setup 
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Figure 2. Field photographs of different rocktypes exposed in the study area. a, Migmatized Opx bearing cordierite 
metapelite with leucocratic Qtz ± Feldspar bands and melanocratic Bt + Opx + Gt + Sill + Opq bands. b, Migmatized  
granite gneiss with garnet-rich leucosome. c, Augen granite gneiss with augen shaped alkali felspar and aligned mafic 
grains defining gneissocity. d, Massive fayalite granite showing buff colour and patches of green. e, The contact bet-
ween cordierite gneiss and fayalite granite (note the light colour upper right corner is fayalite granite, darker bottom 
left is cordierite metapelite and the intermediate part is garnetiferous/cordierite rich fayalite granite). f, Enclave of 
cordierite gneiss in fayalite granite with diffused margin and occasional Bt rich margin. g, Fayalite granite with clus-
ters of coarse cordierite grains in the marginal part of the body. h, Fayalite granite with clusters of coarse garnet 
grains in the marginal part of the body. 

 
 
at 15 kV accelerating voltage, 12 nA beam current, and 
1 µm electron beam size. All natural standards were used, 
except for Mn and Ti, for which synthetic standards were 
used for calibration. Mineral formulae and end-member 
calculations were done using Minpet 2.02 (ref. 49). Major 
silicate phases were classified according to the Interna-
tional Mineral Association (IMA) recommendations for 
the respective group of minerals. 

Field relation 

The study area is located near Kynshi village in the West 
Khasi Hills district, Meghalaya, about 60 km west of 
Shillong along NH 44E (Shillong–Nongstoin Road; Fig-
ure 1 c). The area comprises of E–W-folded rocks of cor-
dierite-bearing metapelites of ~1.7 Ga (ref. 42), which are 
intruded by augen granite gneiss, granite gneiss, fayalite-
bearing granite bodies and younger granite plutons of 

Cambrian age48 (Figure 1 c). Cordierite-bearing metape-
lites are the most abundant litho component in the study 
area. They are usually composed of Cordierite (Crd), Gar-
net (Gt), Biotite (Bt), Sillimanite (Sill), Quartz (Qtz), Feld-
spar (Fsp) ± Orthopyroxene (Opx). The unit has been 
broadly divided into two assemblages with respect to the 
presence or absence of Opx. The Opx-bearing cordierite 
gneiss forms two narrow, easterly bands, whereas the other 
one is abundantly distributed all over the area. The units 
are extremely migmatized with leucomes developed paral-
lel to the gneissocity. The leucosomes are composed of Qz ± 
Alkali Feldspar (Afs) and melanosomes of Bt + Gt + 
Crd + Opq ± Opx (Figure 2 a). At a few places porphyrit-
ic Grt and Opx are developed up to 2 cm in the leuco-
some part of the Opx-bearing association. The units have 
developed profuse Gt grains locally. Smaller bodies of 
calc granulite and Qtz-sill schist are marked with grada-
tional contacts with the adjacent metapelites. Small basic 
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Figure 3 a–d. Photomicrographs. a, Overall mineralogy and texture of fayalite and flourite-bearing granite. b, Eu-
hedral fayalite grain sharing sharp margin with granophyre and perthite grain. c, Perthitic grain enclosing rounded 
fayalite grain and sharing margin with magnetite. d, Mineral composition plot of feldspar in fayalite granite70. Note 
the feldspar falling in the ternary field indicating its hypersolvus crystallization. 

 
 
granulite bodies have been demarcated within the cordier-
ite gneiss. Granite gneisses are easterly disposed as narrow 
bands to the northern part of the Opx-bearing metapelite 
bands. The granite gneiss is composed of Qz + Fsp + 
Gt + Bt (Figure 2 b). The unit is Gt-rich and shows grada-
tional contacts with the cordierite metapelites. The augen 
granite gneiss forms an E–W trending band of 3–4 km 
width with northerly, moderate-dipping gneissocity (Fig-
ure 2 c) and bears sharp contact with the adjacent litho-
units. The augen granite gneiss is composed mainly of 
Qz + Fsp with variable quantities of Bt, amphibole (Amp) 
and magnetite (Mag), and is characterized by large ovoidal 
megacrysts of Fsp swerved around by the mafic minerals 
(Figure 1 c). Fayalite granite bodies occur as elliptical 
bodies within the metapelites and granite gneiss (varying 
up to 4–6 km along and 1 km across the width), which are 
mostly massive (Figure 2 d), and thus are younger than 
the metapelites, granite gneisses and augen gneiss (Figure 
1 c). They share gradational margin with the adjacent meta-
pelites and granite gneisses (Figure 2 e) and at places en-
claves of metapelite are observed within these fayalite 
granites (Figure 2 f ). The enclaves of cordierite gneiss 
usually share gradational margin with the Fayalite granite 
bodies and are occasionally bordered by a Bt-rich zone 
(Figure 2 f ). The fayalite granite is coarse-grained, equi-

granular and buff to light grey to deep green in colour 
(Figure 2 b). It is composed of Fls and Qtz with minor 
amounts of Bt and occasionally Grt. The border between 
the cordierite gneiss and fayalite granite is occupied by a 
mixed zone, where coarse-grained cordierite or Gt form 
clusters in fayalite granite groundmass (Figure 2 g and h), 
whereas towards the core part, Gt grains are absent or 
rarely developed and cordierite is not observed. The 
southern and northern parts of the study area are occupied 
by prophyritic granite intrusive, i.e. South Khasi Batho-
lith and Kyllang pluton respectively. The gneissic meta-
sediments, augen granite gneiss and fayalite granite units 
are affected by the NW fault (F–F in Figure 1 c), which 
aborts against the South Khasi Batholith of Cambrian 
age48; thus, the fayalite granite bodies are older than the 
Cambrian plutons. 

Petrography and mineral chemistry 

Mineralogically, fayalite granites are composed of 
perthite and granophyric intergrowth of Qtz and Fsp, Qtz 
and minor amounts of plagioclase (Pl), Bt, Mag, Fa, Gt, 
nontronite, Fluorite (Fl), Apatite (Ap), zircon and thorite 
(Figure 3 a). Mesoperthite and granophyre constitute more 
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Table 1. Mineral chemistry and cation calculations for different phases of fayalite granite 

Sample no. 1 2 3 4 5 6 7 8 9 
 

Feldspar          
 Na2O 10.25 9.43 9.67 6.54 0.75 11.43 2.1 10.55 1.17 
 SiO2 65.1 64.83 64 65.88 63.49 63.5 64.68 65.38 63.72 
 Al2O3 20.62 21.14 20.24 18.62 18.48 20.03 18 20.5 17.59 
 MgO 0 0.01 0.02 0 0 0 0.01 0.03 0.02 
 P2O5 0.01 0 0 0.02 0.01 0 0 0.03 0 
 K2O 0.79 0.12 0.21 6.61 16.08 0.2 13.33 0.07 14.47 
 CaO 2 2.52 2.19 0.39 0 3.22 0 2.21 0 
 TiO2 0.02 0 0 0 0 0 0 0 0 
 FeO 0.08 0.04 1.13 0.33 0.15 0.16 0 0.14 0.8 
 Cr2O3 0.02 0 0.05 0 0.03 0.03 0 0 0.01 
 MnO 0.12 0 0.13 0.01 0 0.04 0.02 0.03 0.04 
 ZnO 0.01 0 0 0.29 0 0 0.01 0 0.24 
Total 99.02 98.09 97.64 98.69 98.99 98.61 98.15 98.94 98.06 
 Si 11.609 11.634 12.02 11.481 11.472 11.982 11.897 11.464 12.05 
 Al 4.33 4.296 3.908 4.516 4.489 3.988 4.078 4.259 3.949 
 Ti 0.003 0 0 0 0 0 0 0 0 
 Fe2 0.012 0.021 0.126 0.006 0 0.05 0.024 0.024 0 
 Mn 0.018 0.005 0.006 0 0 0.002 0 0.006 0.003 
 Mg 0 0.008 0.006 0.003 0 0 0 0 0.003 
 Ca 0.382 0.421 0 0.552 0.501 0.076 0 0.623 0 
 Na 3.544 3.64 0.428 3.369 3.604 2.306 0.273 4.001 0.759 
 K 0.18 0.016 3.482 0.026 0.024 1.534 3.844 0.046 3.168 
 Cations 20.078 20.041 19.976 19.953 20.09 19.938 20.116 20.423 19.932 
 X 15.942 15.93 15.928 15.997 15.961 15.97 15.975 15.723 15.999 
 Z 4.136 4.111 4.048 3.956 4.129 3.968 4.141 4.7 3.933 
 Albite (%) 86.3 89.3 10.9 85.4 87.3 58.9 6.6 85.7 19.3 
 Anorthite (%) 9.3 10.3 0 14 12.1 1.9 0 13.3 0 
 Orthoclase (%) 4.4 0.4 89.1 0.7 0.6 39.2 93.4 1 80.7 
Fayalite          
 SiO2 28.79 28.92 28.76 29.09 28.9 28.98 29.32   
 Al2O3 0 0 0 0.02 0.03 0 0   
 FeO 69.6 69.33 69.25 69.17 67.54 68.82 66.99   
 MnO 1.64 1.67 1.55 1.5 1.33 1.3 1.23   
 MgO 0.4 0.43 0.36 0.37 0.39 0.38 0.33   
 Na2O 0.03 0.07 0.11 0.06 0 0.04 0.07   
 CaO 0 0.03 0.01 0.02 0.01 0.02 0   
 K2O 0.04 0.01 0 0.02 0.01 0 0   
Total 100.5 100.46 100.04 100.25 98.21 99.54 97.94   
 Si 0.977 0.98 0.98 0.986 0.996 0.989 1.009   
 Al 0 0 0 0.001 0.001 0 0   
 Fe2 1.976 1.966 1.973 1.961 1.947 1.964 1.927   
 Mn 0.047 0.048 0.045 0.043 0.039 0.038 0.036   
 Mg 0.02 0.022 0.018 0.019 0.02 0.019 0.017   
 Ca 0 0.001 0 0.001 0 0.001 0   
 Na 0.002 0.005 0.007 0.004 0 0.003 0.005   
 K 0.002 0 0 0.001 0 0 0   
 Cations 3.024 3.022 3.023 3.016 3.003 3.014 2.994   
X Fe = Fayalite 0.99 0.99 0.99 0.99 0.99 0.99 0.99   
X Mg = Forsterite 0.01 0.01 0.01 0.01 0.01 0.01 0.01   
          
Biotite          
 Na2O 0.19 0.1 0.16 0.03 0.1 0.08 0.05   
 SiO2 34.07 34.78 34.41 34.72 35.17 34.89 35.47   
 Al2O3 12.54 12.67 12.46 12.45 12.75 12.62 13.12   
 MgO 4.43 4.58 4.61 4.66 5.01 4.66 5.45   
 P2O5 0 0 0 0.03 0 0 0   
 K2O 8.48 8.58 8.73 8.75 8.81 8.99 9.12   
 TiO2 4.19 4.04 4.22 3.98 3.54 3.76 3.89   
 FeO 28.84 29.4 29.78 29.44 30.44 30.1 28.59   

(Contd) 
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Table 1. (Contd) 

Sample no. 1 2 3 4 5 6 7 8 9 
 

 Cr2O3 0 0 0.02 0 0.04 0 0   
 MnO 0.17 0 0.09 0.13 0.17 0.21 0.18   
 ZnO 0 0.14 0.19 0.18 0.31 0 0   
Total 92.91 94.29 94.67 94.37 96.34 95.31 95.87   

 Si 5.888 5.924 5.871 5.927 5.903 5.907 5.91   
 AlIV 2.112 2.076 2.129 2.073 2.097 2.093 2.09   
 AlVI 0.44 0.466 0.375 0.43 0.423 0.423 0.484   
 Ti 0.545 0.518 0.542 0.511 0.447 0.479 0.488   
 Fe2 4.168 4.188 4.249 4.203 4.272 4.261 3.984   
 Cr 0 0 0.003 0 0.005 0 0   
 Mn 0.025 0 0.013 0.019 0.024 0.03 0.025   
 Mg 1.141 1.163 1.173 1.186 1.253 1.176 1.354   
 Na 0.064 0.033 0.053 0.01 0.033 0.026 0.016   
 K 1.87 1.864 1.9 1.906 1.886 1.942 1.939   
 Cations 16.253 16.232 16.308 16.265 16.343 16.337 16.29   
 O 24 24 24 24 24 24 24   
X Fe = Annite 0.79 0.78 0.78 0.78 0.77 0.78 0.75   
X Mg = Phlogopite 0.21 0.22 0.22 0.22 0.23 0.22 0.25   

 
 

Table 2. Major Oxide concentration (wt%) of fayalite-granite and CIPW normative calculation 

Sample no. 10210119 3191118 18120319 12080319 1270719 3270719 3070818 
 

SiO2 74.29 79.82 75.95 73.67 73.50 75.54 77.61 
TiO2 0.23 0.02 0.08 0.19 0.10 0.03 0.08 
Al2O3 12.98 10.72 12.41 13.80 13.74 12.57 11.72 
Fe2O3 1.80 0.41 1.01 1.58 1.72 1.15 0.67 
MnO 0.02 0.01 0.03 0.03 0.04 0.05 0.01 
MgO 0.24 0.02 0.11 0.20 0.18 0.10 0.05 
CaO 1.04 0.68 0.55 0.52 0.97 0.68 0.66 
Na2O 4.41 3.34 3.45 3.25 3.18 3.42 3.07 
K2O 3.47 3.70 4.70 4.40 4.62 4.41 4.73 
P2O5 0.03 0.01 0.03 0.04 0.03 0.02 0.02 
LOI 0.93 0.86 0.86 1.42 1.25 1.17 0.91 
Total 99.44 99.59 99.18 99.10 99.33 99.14 99.53 
A/NK 1.18 1.13 1.15 1.37 1.34 1.21 1.15 
A/CNK 1.01 1.00 1.05 1.25 1.15 1.08 1.03 
Q 32.865 44.782 36.645 36.635 35.067 37.228 40.226 
C 0.15 0.008 0.719 2.841 1.816 0.982 0.397 
Or 20.507 21.866 27.776 26.003 27.303 26.062 27.953 
Ab 37.316 28.262 29.193 27.501 26.908 28.939 25.977 
An 4.964 3.308 2.533 2.318 4.616 3.243 3.144 
Hy 0.598 0.05 0.274 0.498 0.448 0.249 0.125 
Mt 0 0 0 0 0 0.076 0 
Il 0.043 0.021 0.064 0.064 0.086 0.057 0.021 
Hm 1.8 0.41 1.01 1.58 1.72 1.098 0.67 
Ru 0.208 0.009 0.046 0.156 0.055 0 0.069 
Ap 0.071 0.024 0.071 0.095 0.071 0.047 0.047 
Total 98.521 98.74 98.331 97.691 98.091 97.98 98.63 

 
 
than 90% by volume (Figure 3 b), which indicates that they 
have undergone extensive subsolvus changes. The mineral 
chemistry suggests Fsp grains to be ternary (Figure 3 d and 
Table 1 a). Exsolved Fsp occurs as anhedral grains, which 
tend to embay and enclose Fa (Figure 3 c), the Fe-end 
member of olivine (Fa99Fo1, Table 1) and Fl. Plagioclase is 
sparse and occurs as discrete subhedral grains. Qtz occurs 
occasionally as anhedral grains of irregular shape and 
mostly forms a granophyre texture. Annite, the Fe-end 

member of Bt makes up less than 2% of the mode (Table 
1) and occurs as euhedral flakes in clusters forming 
symplectitic intergrowths with Qtz, sometimes surround-
ing Mag and as free euhedral grains. Fayalite constitutes 
less than 1% of the mode, is sparsely distributed and oc-
curs as anhedral to subhedral grains up to 400 µm in dia-
meter, which at places get replaced by clay mineral 
(nontronite). Finer Fa grains share sharp boundaries with 
larger perthitic Fsp, Qtz, Mag and Ilm (Figure 3 b and c). 
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Table 3. Trace and rare earth element concentration (ppm) of fayalite granites 

Sample no. 10210119 3191118 18120319 12080319 1270719 3270719 3070818 
 

Ba 835 64 277 914 217 47 45 
Co 6 10 9 8 12 6 8 
Cr <15 44 27 20 <15 57 28 
Cu 1 4 5 5 7 5 4 
Ga 20 20 14 15 23 28 21 
Nb 24 17 12 10 27 36 14 
Ni 5 2 4 6 9 3 5 
Pb 8 39 28 38 45 35 42 
Rb 73 138 172 129 263 206 186 
Sc 4 <3.5 <3.5 <3.5 <3.5 <3.5 <3.5 
Sr 64 16 21 30 31 15 17 
Th 27 13 24 15 49 25 19 
V <20 <20 <20 <20 <20 <20 <20 
Y 98 63.00 58 47 205 150 32 
Zn 18 34.00 26 45 36 20 23 
Zr 286 124.00 102 180 151 103 162 
Be 2.91 1.81 1.60 2.91 2.63 1 0.85 
Ge 1.51 0.62 1.30 1.51 0.70 0.50 <0.50 
Rb 62.45 140.92 165.71 62.45 213.40 171.25 163.17 
Mo 1.03 1.23 2.37 1.03 2.95 3.55 4.94 
Sn 9.52 <1.00 1.46 9.52 3.58 2.57 2.25 
La 62.11 11.58 55.52 62.11 38.50 13.13 13.50 
Ce 114.17 17.47 114.13 114.17 83.55 26.05 16.62 
Pr 15.13 2.39 18.05 15.13 11.95 5.16 2.17 
Nd 57.68 9.31 72.22 57.68 49.46 24.12 7.95 
Sm 13.08 3.65 18.07 13.08 15.04 10.57 2.37 
Eu 1.61 <0.50 0.63 1.61 0.75 <0.50 <0.50 
Gd 14.45 5.33 16.38 14.45 17.06 12.99 2.87 
Tb 2.79 1.39 2.66 2.79 4.14 3.56 0.68 
Dy 19.94 11.80 15.58 19.94 33.61 28.19 5.44 
Ho 4.26 2.80 3.00 4.26 7.90 6.13 1.30 
Er 13.37 9.41 8.92 13.37 26.12 18.61 4.32 
Tm 2.33 1.78 1.56 2.33 5.20 3.41 0.81 
Yb 14.55 11.55 10.04 14.55 33.71 21.33 5.01 
Lu 2.36 1.81 1.67 2.36 5.55 3.20 0.82 
Hf 13.45 17.86 8.29 13.45 37.32 38.54 54.35 
Ta 2.26 0.72 0.75 2.26 7.17 8.45 4.41 
W <0.50 <0.50 2.40 0.5 3.12 3.28 4.76 
Th 26.78 18.06 25.54 26.78 65.67 42.36 19.71 
U 3.40 6.33 3.84 3.4 11.05 12.11 3.75 

 

 
 

Figure 4. Geochemical classification of fayalite-bearing granite sam-
ples71. 

 
 

Figure 5. Geotectonic discrimination of fayalite-bearing granite  
samples72. 
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Figure 6. Harker’s variation diagram of fayalite-bearing granite samples indicating magma differentiation during crystallization73. 
 
 
Exsolved Mag from Ilm grains is usually associated with 
Bt or Fa (secondary Mag replacing Fa; Figure 3 b and c) 
and as free euhedral grains. Zircon and apatite occur as 
minor accessory phases. Subhedral to anhedral Fl grains 
are poikilitically enclosed within Afs (Figure 3 c) and also 
occur as interstitial blebs. 

Geochemistry 

Seven representative samples of fayalite-bearing granite 
were analysed. The SiO2 values were high and clustered 
between 73.30 wt% and 79.82 wt% (Table 2). The Al2O3 
content was low to moderate, varying between 10.72 wt% 
and 13.80 wt%. The Fe2O3 content ranged from 0.41 wt% 
to 1.80 wt% and MgO from 0.41 wt% to 1.80 wt% with 

high Fe/Mg ratio varying between 8.70 and 15.54 and 
was ferroan-type. The CaO content was low varying from 
0.52 wt% to 0.68 wt% (Table 2), with two samples hav-
ing a higher content of 0.97 wt% and 1.04 wt%, with an 
average of 0.73 wt%. The samples had high content of 
Na2O and K2O, with Na2O ranging between 3.07 wt% 
and 4.41 wt% and K2O between 3.47 wt% and 4.73 wt% 
(Table 2). The Na2O + K2O content ranged between 
7.64 wt% and 8.15 wt%. The samples had K2O/Na2O 
usually >1, varying from 1.11 to 1.54, thus depicting the 
potash-rich character of the samples, except one sample 
having K2O/Na2O ratio of 0.78. The molar alumina satu-
ration index Al2O3/(CaO + Na2O + K2O) for the sample 
varied between 1.00 and 1.25, and Al2O3/(Na2O + K2O) 
between 1.13 and 1.37; thus being weakly peraluminous. 
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Figure 7. Geotectonic discrimination of fayalite-bearing granite samples19. 
 
 
The MnO ranged from 0.01 wt% to 0.05 wt%; TiO2 from 
0.02 wt% to 0.23 wt% and P2O5 from 0.01 wt% to 
0.04 wt% (Table 2). In the TAS classification diagram, 
the samples plot within the granite field (Table 3 and 
Figure 4). In the multi-cationic R1–R2 tectonic discrimi-
nation plot, samples fall in a post-orogenic field (Figure 
5). The major elements were plotted against SiO2 on the 
Harker’s variation diagram. They exhibited overall nega-
tive trends against SiO2 except for K2O and Na2O, which 
showed positive trend (Figure 6). The samples were plot-
ted in the tectonic discrimination plot of Whalen 1987 
(Figure 7). In the plot of FeOt/MgO versus Zr + Nb + 
Ce + Y and Na2O + K2O/Cao versus Zr + Nb + Ce + Y, 
the samples were plotted at the margin of A-type granitoid 
field, whereas in Ga/Al versus Na2O + K2O and Na2O + 
K2O/CaO, K2O/MgO, Ce, all the samples were well within 
the A-type granitoid field. In the plot of Whalen19 Ga/Al 
versus Na2O + K2O, FeO/MgO, Zr, Nb, Y, Zn and agpaitic 
index, majority of the samples showed A-type character, 
with one or two samples leaving close to the margin of A-
type boundary. In terms of Rb, Y, Yb, Nb and Sc, the 
samples belonged to A2 type of anorogenic granite, indi-

cating their crustal source (Figure 8). The chondrite nor-
malized REE showed relatively flat pattern with minor 
enrichment of HREE and significant negative europium 
anomalies which are considered to be the sole character-
istics of A-type granites (Figure 9)9,50. HREE patterns of 
the samples were almost parallel, whereas LREE patterns 
showed two broad trends. One group of samples showed 
gentle to flat slope. The LREE slope patterns gradually 
decreased with increasing SiO2 content, which is unusual 
for fractional crystallization processes. The unusual de-
pletion of LREE in samples could be possibly due to early 
crystallization of LREE-rich accessory minerals like mona-
zite or allanite51. 

Discussion and conclusion 

Fayalite granites are analogous to charnockite with high 
FeO/(FeO + MgO) ratio52. At low to moderate pressure, 
systems with high FeO/(FeO + MgO) ratios, fayalite + 
quartz crystallizes instead of ferrosilite53–56. However, only 
high FeO/(FeO + MgO) ratio in the host rock does not 
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Figure 8. Rb/Nb versus Y/Nb and Sc/Nb versus Y/Nb, and triangular plots for A-type granitoid suites to distinguish between A1 and A2 groups16. 
Note samples of fayalite-granite falling in the A2 field, indicating their crustal origin. 
 
 

 
 

Figure 9. Chondrite normalized spider plot of fayalite-bearing granite samples74. 
 
 
ensure fayalite stabilization in anhydrous ferromagnesian 
silicate. A low Ti content and low oxygen fugacity inhibit 
crystallization of significant amounts of ilmenite and 
magnetite respectively, favouring crystallization of fayal-
ite, provided the initial FeO/(FeO + MgO) ratio and T–
Pr–PH2O conditions are appropriate. Analyses of fayalite 
granite presented here show FeO/(FeO + MgO) to range 
from 0.87 to 0.94, with a mean value of 0.90, while TiO2 
content is very low, i.e. 0.08–0.23 wt% with a mean value 
of 0.10 wt%. A variety of fluoride minerals can precipitate 
from F-bearing aluminosilicate melts, including fluorite, 
cryolite, villiaumite and fluortopaz. From thermodynamic 
calculations and observed parageneses, Stormer and Car-
michael57 concluded that fluorite crystallizes in magmas 

that are not unusually poor in calcium, whereas cryolite 
should be the stable fluoride in Ca-poor, silica-oversatu-
rated magmas. However, fluorite has also been reported 
in several Ca-poor (CaO < 0.5 wt%) granites58,59. Fluorite 
crystallizes within high-temperature, low-pressure, mode-
rate f O2, sub-aluminous felsic rocks60,61. In the studied 
samples, Fa and Fl grains embedded within the perthites 
indicate their early crystallization from melt and the low 
pressure condition during their emplacement. The occur-
rence of ilmenite lamellae in magnetite indicates oxida-
tion and exsolution of the original ulvospinel component 
from the primary titanomagnetite phase during cooling; a 
phenomenon common in titanomagnetites of plutonic rocks. 
Presence of annite in interstitial spaces and sympletic 
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growth of annite and quartz indicate their late-stage crys-
tallization. Fine grain size, allotriomorphic texture and 
profuse development of perthites and granophyres indi-
cate rapid cooling of the melt and subsolvous changes. The 
presence of ternary Fsp, and profuse development of 
perthites and granophyres suggest hypersolvus crystalli-
zation at a higher temperature of about 900°C (refs 62, 
63). The early crystallized Fa and Fl embedded within the 
ternary perthites thus indicate crystallization of melt in a 
low-pressure and high-temperature condition at shallow 
crustal depths60,64,65. The A1 granites represent mantle 
differentiates emplaced during intraplate rifting, usually 
with abundant coeval mafic rocks, or as the result of in-
ferred plume or hotspot activity. The A2 granites represent 
a much broader range of environments and include post-
collisional granites and those that were emplaced at the 
end of a long period of apparently high heat flow and 
granitic magmatism16. Unlike I- and S-type granites, A-type 
granites rarely contain deformational fabric. They occur 
in anorogenic (i.e. unrelated to orogenesis in space or time) 
and continental rift settings, or in the orogenic cycle they 
post-date the development of convergent strain (usually 
by less than 30 Ma)12. The undeformed studied rocks of 
A2-type are intimately associated with the metasedi-
ments, and no bodies of mafic or intermediate composi-
tion are found. For the formation of these rocks, a much 
higher than normal crustal temperature at low pressure 
conditions is required. Thus, an additional heat source 
due to asthenospheric upwelling and/or basaltic under-
plating is speculated for their genesis66,67. 
 Bidyananda and Deomurari43 carried out U–Pb zircon 
geochronology of the metapelitic gneisses of AMGC and 
suggested >1.98 Ga age for the metasediments which have 
undergone metamorphism during 1.67–1.98 Ga. Meta-
morphic age of ~1.7 Ga for granitoid gneiss was reported 
by Ghosh et al.68 for the Patharkhang area. Chatterjee  
et al.39 carried out monazite geochronology of metasedi-
ments from the Garo-Goalpara area from the western part 
of AMGC, which yielded 1621 ± 16 Ma, metamorphism 
along the counterclockwise P–T–t path with peak meta-
morphism at 850°C/7.5 kb and suggested the island arc 
set-up for AMGC. Bidyananda and Deomurari42 and Yin 
et al.46 obtained ages of granite intrusion at ~1.6 Ga and 
~1.1 Ga respectively, in AMGC and related the ~1.1 Ga 
event to collision between India–Antarctica and Australia–
South Tibet during the formation of Rodinia Superconti-
nent. Yin et al.46 also demonstrated the age of formation 
of gneissic foliation to be ~1.1 Ga by dating adjacent 
units of undeformed granite vein of 1084 ± 19 Ma and 
deformed granites of 1110 ± 15 Ma. Bidyananda and De-
omurari42 have suggested extensive charnockite magma-
tism during 1.0–1.3 Ga in AMGC. The Fa granite bodies 
lying adjacent to the granitoid gneisses are undeformed 
and thus younger than 1.1 Ga. The northern and southern 
parts of the study area are occupied by plutons of the 
Cambrian age. The gneisses and fayalite granite bodies 

are affected by the NW fault in the central part of the study 
area. Thus, the bodies are older than the undeformed 
granites of South Khasi Batholiths of 516 ± 9.0 Ma age20. 
 Except for a few, fayalite-bearing granitoids are mostly 
reported from the AMCG suite, which was emplaced at 
~1 Ga during the final stages of assembling the Rodinia 
Supercontinent24. The heat required for such an extensive 
crustal melting has been attributed to mantle convection 
resulting from the thermal blanketing effect of the crust 
subsequent to supercontinent formation24,25. The bodies 
being situated in the grenvillian orogenic belt and em-
placed in an extensional tectonic set-up between 1.1 and 
5.16 Ga thus most probably represent the magmatism 
during the final stage of Rodinia Supercontinent amal-
gamation. 
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