Table of Contents

LSt OF FIGUIES ....eeiiieiiecieeiee ettt ettt ettt st e s eebaesabeenbeaenseenseas Xix
LSt Of TADIES ..ottt s XXV
List Of ADDIEVIAtIONS ....c.veeuiiriiiiiiieiiieieeieeteeee ettt st XXVil
List of Mineral ADDIeVIAtIONS. ........eeveruieruieieriierieeie sttt XXViil
AD ATDILC.. ..ottt ettt e et e et e enbeenbeeennas XXViil
PIETACE ..o ettt XXIX
CHAPTER — 1 oottt sttt sttt 1
INTRODUCTION ..ottt sttt ettt sttt naes 1
L1 GONETAL ...ttt sttt et et s 1
1.2 Scope of the INVeStIZAtION.........cccviiiieiiiciie ettt e e e 5
1.3 MEthOAOIOZY ...eeeneiieeiiiieciie ettt e e et e e ssaae e sbeeenssaeensneens 7
1.4 PUrpoSe Of the THESIS ..eccvviieiiieiiieeeiie ettt e e e e e e e 11
CHAPTER = 2.ttt ettt ettt e s bt e e e neesseenseeneenseens 13
LITERATURE REVIEW ..ottt 13
2.1 GENETAL ...ttt et e 13
2.2 INEEOAUCTION ...ttt ettt ettt et et e st e bt e st e e beesateebee e 13
2.3 Previous work in the Chhotanagpur Granite Gneiss Complex .........cccceeevveernveennn. 14
2.4 Monazite and Zircon GeoChronology .........ccccuveeiiieiiiieiiiieeriee e 15
2.5 Geothermobarometry and phase equilibria modelling............ccccceeevvveeiiieenieens 17
2.6 GEOCHEIMISIIY ....eeviiieiiieeiieeiie ettt te ettt ettt e st e eteesiteebeessseenseessseenseessseenseesnseenne 21
2.7 Why to need of this STUAY ....cccuieuiiiiiiiieeii e 22
CHAPTER - 3.ttt ettt st ettt et 25
GEOLOGICAL SETTING ..ottt st sttt s 25
3.1 INEOAUCHION ...ttt sttt et 25
3.2 ClaSSTICALION ... .cetieiiiriietieteeet ettt ettt sttt ettt e 27
3.3 Re@IONAL SUCLUTIE ....eoviieiiieiie ettt ettt ettt et bee e et saaeeaeeennes 32
I 1 15T a2 o) 1) AU 34
3.5 Geochronology and tectonothermal events of CGGC ...........ccoovvviienieniiennnnnen. 35
3.6 Geological setting around Daltongan;j...........cccceeeeerieeiiienieeiiienie e 38
36,1 STIUCKUTE ..ttt ettt e et e et esaeeesabeee s 39

3.7 Metallogeny events in CGGC ........ccuiieiiiieiiieeiiieeieeeee et e 41
3.8 Rock types and their field relations............cccveeeviieeiiiecciiecece e 42
3.8.1 MafiC GranuUlites.......ceeiuiiieiiieeiiieeiie et etee e iee s eesree e aee e eaeeeaaeeenseeensaeeas 42



3.8.2 Pelitic Granulites .......cccueeruieriieriieeiieiie ettt ettt 42

3.8.3 High-grade @NneiSSES.......ccveriieriieriieiieiieeiie et etee et eieeete et e sneeseeeneeesee e 42
3.8.4 MiIZMALILIC GNEISS .uvveurienrieeiiieiieeiieieeeteenteesteeteesebeeseeeteeseessneeseesnseesseennns 43
3.8.5 Sillimanite- biotite- graphite SChist...........cccvevviieriiriiiiiieiiieieee e 43
3.8.6 AMPIIDOIILE ....ooviiiiiieiiciicce e e 43
CHAPTER -4 ..ottt ettt et sttt 45
PETROGRAPHY ..ottt sttt ettt et esne e 45
4.1 INEEOAUCTION ..ttt ettt ettt e st e bt e st e beesareens 45
A o1 0T 1) ) AU SRUPSRUPS 46
4.3 Preparation of thin polished SECtion .............cccvuieiiiieiiiiiiciieecee e 47
4.3.1 INtrOAUCTION ...ttt 47

T T8\, (<11 s o T« F SRS TSP 48

4.4 Petrography of the thin SECtION.........cccciiiiiiieeiiecieecee e 49
4.4.1 High-grade @NeISS ......ccueeeiuiieeiiiieeiieeeciieeeieeesteeeseteeesereeeaveeesaaeeesaeessaeesseaenns 50
4.4.2 PelitiC ranulite........cccouiieiiieeiiieeiieeeiee e ee et e e e e e e aaeeera e e eaaeesneee e 57
4.4.3 Mafic ranulite .........cccveeeiiiieeiiieciee ettt et e e e e e e et e e eraeeenaeesneee e 60
4.4.4 MigmatitiC Zranite SNEISS ....cccueerreerureerurereeeireenseeeiteerseeeseesseesseenseesseenseessseans 67
4.4.5 Sillimanite-biotite-graphite SChist..........ccccoeeieriieiiieniieiieie e 70
4.4.6. AMPIIDOLILE .....eeiiieiiiiiieiiecie ettt et beesaeenaeens 73
CHAPTER-S ..ottt sttt et sttt et 77
MINERALOGY .ottt sttt et sttt sttt sttt st e b 77
5.1 INEOAUCTION ...ttt sttt ettt s e et 77
5.2 EPMA analytical teChNIQUE.........c.coviiiiiiiriiieiieieeiceee e 78
5.3 GATMIET .ottt ettt ettt e sb et sa e e e sbt e e beesareeas 79
5.3.1 GAINEt ZOMINE ..evvieiieeiiieiieeieeiee et eieeete et este e bt e seaeeseeenbeebeessneeseesnseesseennns 80
5.3.2 Ca & Mn content 0f GArNet.........cccueerueeeieeiieniieiieeie ettt e 82

5.4 AMPRIDOIE .....coiiiiiiii ettt st e enaaens 82
5.4.1 Classification of amphibole...........cceeeviiieiiiiiiiieee e 83
5.4.2 HOMNDBIENAE ..o 83
543 GEATILR ..ttt ettt ettt ettt et st be e 85

I o () G 1 TS USPRUSPRSPNS 85
5.5.1 OTthOPYTOXENE ....ceeciviieieiiieeiie et eiee et et et e e st e e sreeesaeeesaeeesaeessaeesnseees 86
5.5.2 CHNOPYIOXENE ...vveeevreeririeeriieestieensteeessseeassseesssaesssesessseeessseesssseesssseessssesssees 87

Xiv



500 COTAIETILE . ..t snenennnns 87

5.7 MGttt ettt et et b ettt b ettt 88
ST T BIOLIER ettt sttt et &9
5.8 FRIASPAT ..ttt et et eeaeeennas 91
5.9 SHIMANIEE ...ttt ettt ettt et sb et sb ettt 93
510 CRIOTIEE. ...ttt ettt sttt sttt b et e b 93
T 0 ' - o 1< U SPRRUPUPUPN: 94
5.12 Transmission €lectron MICTOSCOPY . .ueerurrerrrrreeireeeirreeeireesreeesrreesseeessseeessseeesees 95
S.T2.T GEATIEE ..ttt sttt et e et e bt e sabeebeesaeean 95
5.12.2 Pyroxene EXSOIULION.......ccueieiiieeiiiieciie ettt 97
CHAPTER = 6.ttt sttt ettt e e eneenseenes 101
GEOCHEMISTRY ...ttt ettt ettt ettt et e s e s e eneeeneenseenes 101
6.1 INErOAUCTION ...ttt ettt ettt et e st e bt e 101
6.2 Major 0xides GEOChEMISIIY .....ccviieriiiiiiiie et e eeae e 102
6.3 Trace Element GEOChEMISIIY .......ccecuiiiiiiiieeiiieciiee ettt e 102
6.4 Rare Earth Elements GEOChemMiStIy .........ccecviieiiiieeiiiieeiie et 103
6.5 Analytical teChNIQUES ......cc.eeeiiiiiiciieie e 104
0.5.1 XRF and ICP-MS ......cooiiiiiiiiieeeeee ettt 104
6.6 MafiC GranULILe.......ccuvieiiieiiieiiecie ettt ettt et ene b 105
0.6.1 MaJOT OXIAES ..ecuvieiiieiieiiieiieeie ettt ettt et e te et e st e ebeesaaeebeessseenseesaseenne 105
0.6.2 TTace ClEMENLS ....eueiiiiiiiiieriieieeitesee ettt ettt ettt 106
0.0.3 REES ..ot e 109
0.6.4 DISCUSSION. ......eeutiriiitietieiiesieet ettt ettt ettt e bt et saee bt et st e nbeenseeaeenes 109
0.60.4.1 PETOZENESIS ....eeuvieiiieiiieiieeiieeiie et ette ettt e te et eebe e b e e beesseesnaeenseeeanes 110

6.7 PElitiC Granulite ..........cccieriiiiiiieiieeiieeie ettt ettt e enee 113
6.7.1 Whole-rock geochemistry .........ccceeviieiiiiiiiiniieciieeeceee e 113
6.7.2 Trace and rare earth element patterns..........ccceeveveeriieeiiieneeniiieniieeie e 113
0.7.3 DISCUSSION. c...eeuiieeiitetee et ite et ettt et e et e sateebeesit e e bt e sateenbeesbbeebeesaeeebeens 114
6.7.3.1 Tectonic IMPlICAtIONS. .......cccciiieeiieeeiieeeiee e e eere e e e e ereeeareeeeaee s 114

6.8 High-grade gneissS.....c.cieeuiiiiiieeciie ettt et e et e e eeaaeeenaeeenes 118
6.8.1 MaJOT OXIACS ....vvieeiiieeiiie ettt ettt e st e st e e e tee e saeeesseeessseeessaeeennnas 118
6.8.2 Trace and rare earth elements............cccceeeiiiniiiiiiiiiiieeeeee e 119
6.8.3 Geochemical SIZNIfICANCE.......c.ueeviueieeiiieciie e e 120

XV



0.8.4 PELIOZENESIS ..veevieeiiieiieeiiieeiie et e et e et eette et esiteebeesseeesbeesseesnseeseeenseeseesnseens 122

CHAPTER-T ..ttt sttt sttt et st 125
GEOCHRONOLOGY ..viiiiiiiiiiieiteie ettt sttt sttt sttt st 125
PART — A: Monazite GeoChronology...........cccceeviieriieiiieniieiieeie e 125

T AT INrOAUCTION. ...ttt 125
7.A.2 Theoretical foundation and PremiSes...........ecveeeveerieeiieenieeiieenieeieesieeeiens 126
7.A.3 Analytical teChNIQUES.........cueeeiiiiiiiieciieee e 128
7.A.4 Sample preparation and identification of monazite.............ccccceeeeveeenrennee. 130
7.A.5 Textural interpretations of MONAZILE........cccveeevvveerciieeriieeciee e 131
7.A.6 Sample description and U-Th—Pb systematics...........ccceeevvreerreeerieencneeennne. 132
7.A.7 Electron microprobe dating ..........ccceeevvieriireeiiieeniieeciie e eree e eeee e 135
PART- B: Zircon Geochronology ..........cccvuiiiiiieeiiieeiiieeiee ettt 138
7.B.1 Radioactive decay mechaniSms ...........ccceecveeeiiiienciieeniieeniee e 138
7.B.2 U-Pb SYStEMALICS .....eeeiviiiiiieeiiieeitieeeiieeeiteesieeesteeesteeesiaeeesreesaaeeessaeesnns 138
7.B.3 Mass SPECIIOMELIY.......ceeiiiiiieeeeiiieeeeiiieeeeeieeeeeeieee e e et eeesareeeeennaaeeeeenneees 140
TBI3. T LA-ICP-MS ...ttt 141

7.B.4 Analytical TEChNIQUE ........cccueeiiiiriieiieie et 142
7.B.5. U=Pb zircon geoChronology ..........ccceeviieriiinieeiiieniieeieesie et eiee e eniee e ens 142
7.B.5.1 Pelitic granulite ...........ccoeoiiiiiiiiiieiieiie et ens 142
7.B.5.2 Mafic granulite .........cccccieriieiiiiiiieiieeie ettt 145
CHAPTER — 8 ..ottt sttt sttt et 147
METAMORPHIC CONDITION .....ccctiiiiiiiiiiiieniteteeiesieeteeeesiee et 147
8.1 INtrOAUCTION ...ttt 147
PART — A: Phase Petrology........coocuieiiiiiiiiieiieeiteete ettt 147

8. AT INIrOAUCHION. ...cuiiiiiieieeiieeec et 147
8.A.2 Phase compatibility relation ...........ccoeeieriiiiiiniiieiieeieeeee e 148
8.A.2.1 High-grade Neiss ........ccccueriieriieniieiieeiieieeete ettt 148
8.A.2.2 Mafic Granulites .........cccccuieeriieeiiie et 150
8.A.2.3 Pelitic Granulites.........ccovuiieiiieeiiieeiie e 152

8.A.3 Petrogenetic @rid........cccuiieiiiieeiiieeiie ettt 153
8.A.3.1 High-grade gneiss .......ccccuvieriieeiiieeiee ettt 154
PART — B: Geothermobarometry .......c.cccccueeeeireeiiieeiieeeieeeeieeeveeeevee e e sveeesaneees 155
8.B.1 Conventional geothermobarometry ..........cccceecveeeeiieeiiieeiiieciee e 156

XVi



8.B.1.1 Temperature eStimation..........cceeeveeriierieerueenreesieeseeeieeeeeesseesaeeseesnnes 156

8.B.1.2 Pressure eStimation...........eeuereeruerienieenienieniiesieete et 158
8.B.2 Average P-T calculation using THERMOCALC ........cccccoceviiiniineniineenen. 159
8.B.3 Application of geothermobarometers and Average PT ..........cccceeeviinienen. 159

8.B.3.1 High-grade @neiss.........ccceeruieriiieniieiiecieeiteeee ettt 160

8.B.3.2 Mafic Granulite ..........cceecuieruiiiiiieniieiieeie ettt 160

8.B.3.3 Pelitic Granulite ..........cccueeeiiieeiiieeieceeeeeee et 161

PART — C: Bulk Composition Modelling...........cccccecuureeiiieniieeiiieeciee e 162
8.C.1 Application of equilibrium thermodynamics...........cccceevvveeriieenireecieeennen. 162
8.C.2 Pseudosection MOdelling .........ccccveeeiiieeiiieeiiieeie et 163
B.C.3 MEthOOIOZY ....cccuviiiiiieiie ettt et e e e e e eeaeeensaee s 164
8.C.4 P-T PSEUAOSECLIONS ....uueiiutieiiieiieiiieeiee ettt ettt ettt 165

8.C.4.1 High-grade Neiss........ccueeeeuiieeiiiieeiieeeiieeeieeeeieeesveeesveeesaeeeeaeeseseeenes 165

8.C.4.2 Mafic Granulites ........cccvuieeiiieeiiieeieeeiieeeeeeeiee e e e e e eeeaeeeeneeenes 168

8.C.4.3 Pelitic Granulite .........ccccueieiuiieeiieeie ettt e eere e 170

CHAPTER = 9.ttt ettt ettt ettt enae s enseenes 173
TECTONO-METAMORPHIC EVOLUTION.....c..oooiiiiiiiiieieeieeeeeieceeeeee e 173
9.1. Metamorphic CONAITION ......cccuiereieeiieiie ettt ettt ettt e ebee e ene s 173
9.1.1 PetrographiC @VIAENCES ......cc.ceeeviereieeiieiieeiieeiieeieeeite et e eve et sae e s aeeeee s 174

9.1.1.1 High-grade gneiss .......ccceecuieriieriieiieiieeiie ettt ettt 174

9.1.1.2 Mafic ranulite...........ccceeeiieiiieiiieiieeie ettt e 175

9.1.1.3 Pelitic Granulite..........ccceeviiiiiieiiieiieeie ettt 176
9.1.2 Geochronological @VIdenCes...........cccveviieiiieriieniieeie et 177

9.1.2.2 Protolithic age of mafic granulites...........ccoceevieriieiienciienieeieeeee, 178

9.1.2.3 The timing of MetamorphiC EVENLS ........ccceecvieruieeieeiieeireieeeie e 179
0. 1.3 P-Tot Pathcccccciieiceceee e 180

9.1.3.1 High-grade gneiss ........cceecuieriieriieiieeiieiie ettt e 183

9.1.3.2 Mafic @ranulite..........ccceeeuieiiiieeiie e 183

9.1.3.3 Pelitic @ranulite.........ccceeecuiieiiieeiiie et 184

9.2 Geodynamic CONAITION .......ccueeeeiiieeiieeeiiee et e eee e et e e e teeesteeeseaeeessaeeessseeeeaeeenns 186
9.2.1 High-grade NeiSS......ccccueeeiuiieeiiieiiieeriieenteeesteeeiteeeeeeesaeeesaseeessaeeesaeeensnas 186
9.2.2 Mafic Granulite .........eeeeuiieeiiiieeiie ettt et et s e e e e e e saaeennnas 187
9.2.3 Pelitic Granulite.........ccecuiieeiiiieeiieeciie ettt e e 188

XVii



9.3 Global correlation Of CGGOC ....oooiiiiiiiiii 190

9.3.1 Correlation with the Columbia supercontinent...............ccccveevvercreerieenneenen. 190
9.3.2 Correlation with the Rodinia supercontinent............ccecceeeeveereerceeenieenneennen. 192
CHAPTER = 10 ittt sttt sttt et st 195
SUMMARY AND CONCLUSION .....cooiiiiiriiriieienieieiee ettt ettt 195
Scope for FUture Work .........coovieiiiriiiiieecee e 206
RETEIENICES ...ttt sttt ettt 209
LiSt Of PUDIICALIONS ...eecuiiieiiiieciie ettt e et eta e e e ta e e esraeesaneeesnnaeenes 239

XViii



List of Figures

Figure 3.1(a) Inset map showing the location of the Chhotanagpur Granite
Gneiss Complex (CGGC) in India. (b) The geological map is showing different
lithological units and tectonic elements of Central Indian Tectonic Zone (CITZ).
(c) Geological map of the Chhotanagpur Granite Gneiss Complex.

Figure 3.2 Geological map of the Chotanagpur Granite Gneiss Complex
(CGGC) and the adjoining areas showing major subdivisions.

Figure 3.3 Local geological map of the area around the south-west of
Daltonganj, District Palamau (Jharkhand) India.

Figure 4.1 Field photograph of the High-grade gneiss (HGG). (a) HGG
associated with granite gneiss. (b) Gedrite appeared as dark grey colour in HGG.
Photomicrographs illustrating the textural relations in HGG. (c) Chlorite
completely rimmed by gedrite. (d) A small grain of brown Al-rich biotite
present as inclusion in gedrite and gedrite are surrounded by a huge mass of
garnet and cordierite. (¢) Garnet contains the inclusion of amphibole, cordierite,
biotite. (f) Inclusion of cordierite, gedrite, biotite, quartz and ilmenite in garnet.
(g) Corona texture in which garnet is rimmed by cordierite followed by gedrite.
(h) Garnet rimmed by gedrite. (i) Garnet and biotite surrounded by cordierite
and gedrite. (j) Gedrite laths are defines a foliation within the rock, Chlorite
completely rimmed by gedrite. (k) Gedrite rimmed by orthopyroxene and garnet
occurs as inclusion within orthopyroxene. (I) Opx rimmed by garnet and
gedrites. (m) BSE image shows some accessory minerals, i.e., monazite and
ilmenite with other minerals like gedrite, biotite and quartz. (n) Inclusions of
monazite in different mineral phases.

Figure 4.2 Outcrop photographs showing field features of the studied rock types.
(a) Melanocratic Pelitic granulites present as enclaves form within the Granitic
gneisses groundmass. (b) Porphyroblastic garnet (size; 2-3 c¢m) present within
the Pelitic granulites. (c) Photomicrograph of Pelitic granulites showing biotite
and plagioclase present as inclusion within porphryblastic garnet. (d) Flakes of
sillimanites are associated with the garnet whereas biotite and quartz present as
inclusion in garnet. (e¢) Sillimanite needle, biotite and quartz present within the
garnet whereas cordierite present as groundmass. (f) Biotite flakes are wrapped
around sillimanite needle within the groundmass of cordierite.

Figure 4.3 Field photographs of mafic granulites form the southern margin of
the Daltonganj. (a) Various boulders of mafic granulites distributed in the area, a
villager stand as scale, (b) It represents a close view of mafic granulite boulder,
(c) Mafic granulite present as enclaves within garnet-amphibolite gneiss. (d)
Mafic granulite associated with migmatites.
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Figure 4.4 Photomicrographs of Various mineral associationof mafic granulites
are showing (a) Amphibole occur as prismatic and anhedral shape. (b) Garnet
rimmed by cpx, amp and plg. (¢), (d) Back Scattered Electron (BSE) image
shows thin lamellae Opx occur in Cpx, (Inset image represents Photomicrograph
shows an exsolution texture within Opx and Cpx. (e) Amphibole represents two
modes of generations. (f) Opx, Cpx, and Bt occur as inclusion in Amp
porphyroblast. (g) Symplectitic texture, in which micro-grains of orthopyroxene
and clinopyroxene were distributed within plagioclase. (h) BSE image shows the
textural association of different minerals opx, cpx, amp, bt, plg, qt and ilm. (i)
Idioblastic to sub-idioblastic grains of opx and cpx with inclusion of amp. (j)
Clinopyroxene present as prismatic and idioblastic texture.

Figure 4.5 Field photographs of migmatitic granite gneiss (a) Gneissose
structure and (b) Deformation structure; Photomicrographs of various mineral
association are showing (c) Amphibole with biotite define the schistosity S, (d)
Biotite and amphibole arrange as foliation with K-feldspar and plagioclase
mosaic layer, (e) Exsolution texture of plagioclase and K-feldspar, (f) Inclusion
of amphibole, biotite, quartz, ilmenite within the plagioclase.

Figure 4.6. Photomicrographs represent (a) Linear arrangement of graphite,
biotite and sillimanite, (b) Sillimanite interlayer with biotite.

Figure 4.7. Photomicrographs represent (a) Ophitic texture between
clinopyroxene and plagioclase, (b) Orientation of amphibole, (c) Amphibole
included the clinopyroxene, biotite, plagioclase and magnetite, (d) Amphibole
and quartz symplectite.

Figure 5.1 (a) Triangular diagram showing the variation in (spessartine +
grossular)-almandine—pyrope end member compositions in the garnets from
different rock types. (b) A plot of Xmg vs Ca/Mn of garnets, from different rock

types.

Figure 5.2 (a) BSE image of garnet porphyroblast with inclusions of biotite and
quartz. (b-e) These images represent the X-ray mapping of Fe, Mg, Mn and Ca
in garnet porphyroblast. (f) Xam, Xpy, Xars and Xsps variation along the garnet
porphyroblast from rim to rim.

Figure 5.3 (a) Amphibole classification diagram for the Daltonganj mafic
granulites. (b) Plot 0.5[AI"V—(Na+K)*] vs (Na+K)* a.p.f.u for calcic amphibole
from greenschist to granulite facies expressed as Daltonganj mafic granulite
belongs to granulite facies rock. (c) A plot of Xwmg vs Al"Y of garnets, from
different rock types. (d) Leaks classification diagram for the amphiboles.

Figure 5.4 A CaSiO3—MgSiO3—FeSiO3 composition diagram of proroxenes
showing the plot of ortho and clinopyroxenes from different rock types.
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Figure 5.5 (a) A plot of microprobe analyses of biotites from different rock type
in Mg-Ti—(Fe+Mn) diagram. (b) A plot of microprobe analyses of biotites from
different rock type in Mg—(AI'V+Ti)—(Fe+Mn) diagram. (c) A plot of Ti vs Mg
showing negative trend. (d) A plot of Xpe/Xme vs TiO» showing linear
relationship.

Figure 5.6 Triangular NaAlSi30s—KalSizOs—CaAl>Si2,0g diagram showing plots
of alkali feldspar and Plagioclase feldspar.

Figure 5.7 Triangular diagram for chlorite end-member.
Figure 5.8 Triangular diagram for ilmenite and magnetite.

Figure 5.9 (a) TEM images (a) shows the distribution of gedrite grain in which
bundles forms of gedrite grains are present. (b) Fibrous and prismatic growth of
gedrite minerals. (¢) 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.

Figure 5.10 (a) Back Scattered Electron (BSE) image shows porphyroblast of
Orthopyroxene and Clinopyroxene, with a line along which compositional
profiling has been done interface of Opx-Cpx. (b) [100] TEM projection of Cpx.
(c) [001] TEM projection of Cpx. (d) Silicate structure of the Opx-Cpx
interface. (e) [100] and [001] TEM projection of Opx (f) A line profile along
with the Opx-Cpx minerals showing a compositional variation of Wollastonite,
Enstatite and Ferrosilite components, with Variation of XMg along with this line
profile. (g) SAED pattern of Pyroxene grain. (h) Graphical representation of
EDAX values of pyroxene.

Figure 6.1 (a) The chemical classification and nomenclature of volcanic rocks
using total alkalis versus silica diagram of mafic granulite. (b) La/Yb vs. Nb/La
plot ruling out significant Lithospheric contribution in the mantle source region
of the Daltonganj basic granulites.

Figure 6.2 Bi-variate plots (a) MgO (wt %) vs SiO2(wt %), (b) MgO (wt %) vs
TiO2(wt %), (c) MgO (wt %) vs ALO3 (wt %), (d) MgO (wt %) vs FexO3 (wt
%), () MgO(wt %) vs CaO (wt %), (f) MgO (wt %) vs MnO (wt %), (g) MgO
(wt %) vs K20 (wt %), and (h) MgO (wt %) vs Na,O (wt %) for the Daltongan;
basic granulites are showing good fractionation trends except for K,O and
NaxO.

Figure 6.3 (a) Primitive mantle normalized multi-element spider diagram for the
Daltonganj basic granulites. (b) Chondrite normalized rare earth element
distribution pattern.
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Figure 6.4 Tectonic discrimination diagrams for Dalonganj basic granulites. (a)
Th vs Yb bivariant plot. (b) Y-La—Nb ternary diagram.

Figure 6.5 (a) Nb (ppm) vs Nb/U plot. (b) Th/Yb vs Nb/Yb diagram depicting a
subduction-related enrichment for the Daltonganj basic granulites samples. (c)
Th/Nb vs Ce/Nb. (d) Y vs La/Nb diagram.

Figure 6.6 (a) Total alkali silica diagram. (b-c) Granitoid classification scheme
revealing (b) magnesian to ferroan, (c) slightly peraluminous nature of the
studied rock (d) calc-alkalic to alkali-calcic. (¢) NaxO vs K,O diagram. (f) K,O
vs Si0; plot.

Figure 6.7 (a) Primitive mantle normalized multi-elements spider diagram of
granulite gneiss. (b) Chondrite normalized REE plot.

Figure 6.8 (a) (Y/Nb)x vs (Th/Nb)x plot. (b) Zr vs Nb/Zr plot. (¢) Y vs Nb
tectonic discrimination diagram. (d) Y+Nb vs Rb tectonic discrimination
diagram plotted for granulite gneiss.

Figure 6.9 The chemical classification and nomenclature of volcanic rocks using
total alkalis versus silica diagram of high-grade gneiss.

Figure 6.10 Bi—variate plots (in wt%) (a) MgO vs SiO, (b)MgO vs Al>0;3, (c)
MgO vs TiO2, (d) MgO vs Fe;03, (e) MgO vs CaO, (f) MgO vs NaO, (g) MgO
vs K»0, and (h) MgO vs P,0s.

Figure 6.11 (a) Primitive mantle normalised multi-element spider diagram for
the high-grade gneiss. (b) Chondrite normalised are earth element distribution
pattern.

Figure 6.12 Tectonic discrimination diagrams for the high-grade gneiss. (a) Y—
La—Nb ternary diagram. (b) Th vs Yb bivariant plot.

Figure 7.1 Back Scattered Electron (BSE) images are showing the
microstructural and textural settings of monazite occurrences in the granulitic
gneiss of Daltonganj. (a) Monazite occurring as inclusion within porphyroblastic
garnet in R-91-97. (b) Monazite grain occurring as inclusion within the
periphery area of garnet in R-91-97. (c) Monazite present as inclusion in the
cordierite, Crd is later surrounded by garnet in R-91-96. (d) Monazite occurring
as inclusion within biotite in R-91-96. (¢) Monazite present in gedrite and
garnet. (f) Different images show monazite present in garnet, amphibole,
cordierite and biotite.
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Figure 7.2 (a) Grain-P43 of the R-91-97 sample, (a) BSE image. (b-c) X-ray
elemental maps documenting the homogeneous pattern of Th and U elements in
monazite. (d) X-ray map shows the zoning pattern at the outer part in monazite;
where in grain-P46 of the R-91-96 sample, (¢) BSE image, (f-g) X-ray elemental
maps documenting the homogeneous pattern of Th and U elements in the
monazite. (h) X-ray map shows the zoning pattern at the outer part as well as the
core of monazite.

Figure 7.3 The bivariate plot shows the variation in the composition of monazite
of three different age domain from Daltonganj (CGGC). ~1424 Ma age enriched
in brabantite and ~972 Ma age rich in huttonite, whereas ~855 Ma age lie
between both substitution vector.

Figure 7.4 Represents the backscattered images (BSE-SEM) of different
monazite grains from two rock samples.

Figure 7.5 (a), (¢), (e), (g) and (i) Weighted-average ages; (b), (d), (), (h) and (j)
Probability—density ages of two distinct age domains from the R-91-97 (a,b,c,d)
and R-91-96 (e,f,g,h) rock sample, and youngest age for from both samples (I
and j) with 20 uncertainty, different numbers of point analysis and MSWD
(mean square of weighted deviates) for monazite from the Daltonganj area of
the CGGC, plotted with the ISOPLOT program (Ludwig 2011).

Figure 7.6 Decay chain of 233U to 2%Pb, 2*°U to 2°’Pb and 2**Th to 2°*Pb.

Figure 7.7 (a-b) Representative Back-scattered electron (BSE) image; (c-d)
Cathodoluminescence (CL) images of zircons with different zoning patterns and
metamictised mantle of zircons from pelitic granulites from the Daltongan;j area.

Figure 7.8 (a) Analytical data from the pelitic granulite (D-3) plotted in Tera-
Wasserburg Concordia graph. (b) Probability density plot of 2°’Pb/?*Pb ages
showing concordant age at 1707.1+£8.8 Ma and 1629.8+10 Ma.

Figure 7.9 (a-b) Representative Back-scattered electron (BSE) image; (c-d)
Cathodoluminescence (CL) images of zircons with different zoning patterns and
metamictised mantle of zircons from mafic granulites from the Daltonganj area.

Figure 7.10 (a) Analytical data from the pelitic granulite (RP-1) plotted in Tera-
Wasserburg Concordia graph. (b) Weighted average age of mean age at
1629.0+60 Ma, with MSWD = 1.4, probability = 0.068.

Figure 8.1 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.
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Figure 8.2 (a) The observed mineral assemblages (solid circle) of the mafic
granulites are shown in the ACF diagram. (b) The mineral assemblage
orthopyroxene-clinopyroxene-plagioclase is formed due to the hornblende tie
line's consumption during a prograde reaction.

Figure 8.3 the mineral composition of the mafic granulites are shown in ACF
diagram where, A = (A12O3+Fe>03) — (K2O+NaxO); C = CaO; F = FeO + MgO
+ MnO. (A+C+F=100 mol%).

Figure 8.4 AKF Diagrams, A=(AbO3 + Fe203)—(K20 + NayO + Ca0); K = K»0;
F =FeO + MnO + MgO, (A+K+F =100 mol%). For the Pelitic granulites. Solid
circles correspond to the observed mineral assemblages in the investigated area.

Figure 8.5 A petrogenetic grid in the FMASH system constructed after the
Schreinmakers analysis for the high-grade gneiss.

Figure 8.6 P-T pseudosection is calculated for high-grade gneiss of sample
number R-91-97 in NCKFMASH system.

Figure 8.7 P-T pseudosection plot is calculated for mafic granulites from the
Daltonganj in the system NCKFMASHTO. The pseudosection is contoured with
isopleths of Xmg of Opx and Cpx mineral assemblages.

Figure 8.8 NCKFMASHTO P-T pseudosection for Pelitic granulites showing
calculated mineral equilibria for the minerals assemblage grt-plg-sill-kfs-bt-
melt-ilm-mag-qz and two phases of retrograde metamorphism are depicted in
pseudosection as Rgl (grt + crd + plg + sill + kfs + melt + ilm + gz + mag) and
Rg2 (grt + crd + bt + plg + kfs + melt + ilm + gz + mag), (Mineral
abbreviations: [269]). (b) Isopleths for garnet, cordierite, and biotite are
contoured in the P-T pseudosection.

Figure 9.1 P-T-t path represents the metamorphic stages of all the three studied
rocks.

Figure 9.2 Cartoon diagram showing the stages of the (a) sedimentation of
protolith of pelitic granulites and (b) M1 stage of metamorphism of pelitic
granulite which is present as patches within the granitic gneisses of
Chhotanagpur Granite Gneiss Complex.

Figure 9.3 A schematic map is showing the Columbia supercontinent with the
SMGC, as a continuation of the CITZ (modified after, [6,7]). Abbreviations of
orogens: Ad, Aravalli-Delhi; Af, Albany-Fraser; Ca, Capricorn; CITZ, Central
Indian Tectonic Zone; Eg, Eastern ghat belt; Ra, Rayner; SMGC, Shillong-
Meghalaya Gneissic Complex; Wb, Windmill Islands—Bunger Hills.

Figure 9.4. Cartographic picture showing the Rodinia assembly and position of
India at ~1000 Ma.
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