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ABSTRACT

The Godhra-Chhota Udepur (GC) sector (west-central India) is the zone of convergence
between two crustal-scale accretion zones, i.e. the N/NNE-striking Aravalli Delhi Fold Belt
(ADFB) against the E-striking Central Indian Tectonic Zone (CITZ). In this study, we
demonstrate the two orogens welded during the Early Neoproterozoic.

In the GC sector, recumbently folded basement gneisses, shallow-dipping granitoid
mylonites and a suite of allochthonous supracrustal rocks experienced top-to-the south
thrusting and nappe formation (D2 deformation). The shalle::-aipping crustal domain was
modified by the superposition of a network of WNW/W-ri: ing transpressional shear zones
and related folds (D3 deformation). The D2-D3 deformawuns occurred due to oblique crustal
convergence marked by the emplacement of pre-D2, oost-D2 and syn-D3 granitoids. The
post-D2, syn-D3 granite-granodiorites are we ik, * reraluminous, calc-alkalic, having ferroan
to magnesian affinity, and characterise ! by LREE-enriched moderately fractionated REE
patterns with variable negative Eu ancmalies. Trace element geochemistry and whole rock
Sr-Nd systematics suggest the cvani*~.ds were derived from dominantly meta-greywacke
precursors.

In South-GC, U-Ph z:v~ons in the basement gneisses yield upper intercept/Concordia
dates at 1.65-1.60 Ga 1or migh-grade metamorphism. The lower intercept/Concordia dates in
the gneisses coincide with the 0.95-0.93 Ga emplacement age of post-D2/syn-D3 granitoids
throughout GC. However, the pre-D2 granitoids in South-GC are older, ~1.03 Ga. By
contrast, pre-D2 granitoids in North-GC vyield Late Neoarchean (2.5 Ga) Concordia/upper
intercept emplacement ages, identical to the emplacement age of the Archean granites in the
ADFB; the lower intercept/Concordia age is 0.95-0.93 Ga. The 2.5 Ga granites did not
experience the 1.65-1.60 Ga high-grade metamorphism, but both the lithodemic units shared

the 0.95-0.93 Ga D2-D3 deformation-metamorphism and the emplacement of post-D2 and



syn-D3 0.95-0.93 Ga granitoids. The juxtaposition of the ~2.5 Ga granitoids and the
1.65-1.60 Ga gneisses is attributed to the 1.03—0.93 Ga ADFB-CITZ oblique accretion that
involved contemporaneous emplacement of syn-collisional S-type granitoids. (300 words)

Keywords: Aravalli-Delhi Fold Belt; Central Indian Tectonic Zone; Archean granites and

Paleoproterozoic gneisses; Early Neoproterozoic accretion, syn-collisional granitoids



1. INTRODUCTION

The dynamics of accretion-induced processes of superposed deformation, shear zone
nucleation, magma generation and emplacement, and thermal perturbations are best
understood at juxtapositions and terminations of orogenic belts (Goscombe et al., 2017).
These key locales are a storehouse of natural processes, and analyses of these processes are
crucial for understanding the dynamical aspects of accretion of disparately evolved crustal
blocks at a global scale vis-a-vis Supercontinent assembly. Granitoid suites from such key
locales have been extensively used as proxies to understane ~ructal evolutionary histories
(Hinchey, 2021).

The Great Indian Proterozoic Fold Belt (G'PFCB; Leelanandam et al., 2006) is
considered to be a crustal-scale (~1600 km long) te:to..ic zone. The highly-tectonized zone
seemingly “bends” around the North India Blcck /MIB) which comprises the crescent-shaped
Archean Bundelkhand Craton (Fig. 1). Th~. E-striking southern arm of the GIPFOB, also
termed as the Central Indian Tectonic Zone (CITZ) (Sharma, 2009) is sandwiched between
the NIB and the South India Blo~*% (3'3) consisting of the Archean Cratons of Singhbhum
and Bastar. This arm consisi. of the coherently evolved Late Paleoproterozoic to Early
Neoproterozoic crustal dnn,~is of the Chottanagpur Gneiss Complex (CGC) and the
southern and centrai acMains of the Satpura Mobile Belt (SMB), extending west up to the
Godhra-Chhota Udepur sector (Banerjee et al., 2021, 2022a). On the other hand, the N/NNE-
striking western arm of the GIPFOB comprises the Neoarchean to Early Neoproterozoic
Aravalli Delhi Fold Belt (ADFB) juxtaposed between the Marwar Craton (MC) in the west,
and the NIB in the east (Fig. 1).

Banerjee et al. (2021, 2022a) demonstrate that the curvilinear geometry of the
GIPFOB is not due to the bending of a single accretion zone around an “indentor” (cf. Weil

and Sussman, 2004) such as the Bundelkhand Craton. Instead the broad “bend” in the



southern parts of the ADFB is the result of the juxtaposition of two Early Neoproterozoic
accretion zones, with the older N/NNE-striking ADFB terminating against the E-striking
southern arm or the CITZ with sinistral kinematics (Banerjee et al., 2021, 2022a), similar to
the ones reported elsewhere (cf. Macedo and Marshak, 1999; Velandia et al., 2020). But the
dynamics of the Early Neoproterozoic accretion of the two orogens are unexplained primarily
due to the lack of robust geochronological data of the lithodemic units and geochemical data
of the expansive Early Neoproterozoic granitoids that partly obscure the accretion zone. We
aim to address this issue in a set of two articles in sequel, of w*icr, this manuscript is the first
part. In this part, we present the results of the analyses of (1, mesoscale structures, (ii) Laser
Ablation Inductively Coupled Plasma Mass Spectromatric (LA-ICP-MS) U-Pb zircon dating,
(iii) electron probe microanalysis (EPMA) monazite da.’ng, (iv) whole rock major and trace
element geochemistry and (v) Rb-Sr and Sri-, ‘4 (sotope compositions in granitoids. The
Godhra-Chhota Udepur (GC) sector, wh.re *.1e two accretion zones converge (Banerjee et al.,

2021, 2022a), has thus been adopted fo. this study.

2. GEOLOGICAL BAC:"GKOUND
Four lithodemic units consu*.e the Precambrian crystalline rocks in the Godhra-Chhota
Udepur sector (Fig. 2). 1ne sector is dominated by variably deformed (massive, foliated,
mylonitic) blastoporphyritic granitoids, collectively termed as the “Godhra granite” (Gupta et
al., 1995). Some of the granitoids are intrusive into poly-deformed anatectic
quartzofeldspathic gneisses (Mamtani and Greiling, 2005). The next dominant lithodemic
unit comprises greenschist/epidote-amphibolite facies white mica-chlorite schists, micaceous
quartzite, foliated and gneissose meta-carbonates, Mn-rich horizons, meta-arenites, deformed
oligomict conglomerates and amphibolites of the Champaner Group of the Aravalli

Supergroup (Fig. 2a). The Champaner Group of metasediments (Gupta et al., 1995; Joshi and



Limaye, 2014) were previously thought to share an erosional contact with the anatectic
gneisses and granitoids but some units of the Godhra granite were however inferred to be
intrusive into the supracrustal unit (Joshi and Limaye, 2014). Some ultramafic rocks
(pyroxenite, serpentinite) of unknown association also occur in the eastern part of the GC
Sector near Jobat (Fig. 2a). The Lunavada Group of the Aravalli Supergroup consisting of
greenschist facies quartzite, phyllite, schist and minor carbonates (Gupta et al., 1995) occur to
the north of the Godhra-Chhota Udepur Sector (Fig. 2a). The Precambrian crystalline rocks in
the southern part of the GC sector are obscured by the Upper “re:aceous Deccan volcanics,
the infratrappean Lameta Formation and the intertrapp~.an Bagh beds (terminology after
Sahni et al., 1994) (Fig. 2a).

The emplacement ages of the Godhra granits v. v between Late Mesoproterozoic to
Early Neoproterozoic, e.g. 955 £ 20 Ma, (Rb -S., Copalan et al., 1979), 1168 £ 30 Ma (Rb-
Sr, Srimal and Das, 1998), 965 + 40 N .2, /Rb-Sr, Goyal et al., 2001), and 1050 + 50 Ma,
(Sm—-Nd, ShivKumar et al., 1993). The °55 Ma age of Gopalan et al. (1979) is the most cited
age for the emplacement of the G~dt.~= granite (Mamtani and Greiling, 2005 and references
therein). Recently Banerjee et l. (.022a) carried out U-Pb LA-ICP-MS zircon dating of an
anatectic gneiss and a blasterrphyritic granite. The high-grade anatexis-metamorphism in
the anatectic gneiss oco'iried at ~1.65 Ga, and the emplacement age of the granitoid was
0.95-0.90 Ga, consistent with the existing Early Neoproterozoic Rb-Sr and Sm-Nd isochron
dates in the Godhra granite.

The lithological, field relation and analysis of mesoscale to regional structures and
deformation kinematics are discussed by Banerjee et al (2021, 2022a, and 2022b,
accompanying article). In this section, we highlight the structural aspects vis-a-vis stages of
granitoid emplacement relevant to this article (Fig. 3a). The most significant feature in the

GC sector is a shallowly-dipping to gently-inclined structural domain (D2 deformation)



composed of mylonitic to foliated granitoids, recumbently folded anatectic gneisses and the
Champaner group of greenschist to amphibolite facies supracrustal rocks (Fig 3b, c) inferred
to be an allochthonous unit (Banerjee et al., 2022a). The W/WNW-plunging D2 recumbent
folds in the gneisses formed on D1la, b metatexite layers; limited syn-D2 anatexis (<2 vol%
of rock) was observed in a couple of biotite-rich gneiss outcrops. By contrast, the W/WNW-
plunging D2 folds in the supracrustal rocks formed on a pre-D2 axial planar fabric defined by
the shape preferred aggregates of white mica-chlorite assemblages in mica schists, talc-
tremolite-antigorite in meta-carbonate, and amphibole-placi~ci.e-clinozoisite-chlorite in
amphibolites (details in accompanying article; Banerjee et al., 2022b). The hinges of D2 folds
in the gneisses and rocks in the supracrustal unit are hroally collinear with the D2 stretching
lineation in the pre-D2 granitoids (Fig. 3b, c).

The shallow-dipping tectonic mélang2 . >rried by top-to-the-south thrusting of the
supracrustal rocks over the basement roc “s ) :ading to the folding and interleaving of the rock
units (Fig. 3a). The tectonic mélange .- traversed by a network of W/WNW-striking steep-
dipping transpressional shear zor~s \™3) with sinistral and dominantly N-down kinematics
(Fig. 3a); S-down movement .. ang the D3 shears occur in a few outcrops. In the vicinity of
these D3 shears (Fig. 3d, @) .= gneisses and the supracrustal rocks exhibit upright folds and
the granitoids evolve 1 *o steep-dipping L and L-S tectonites (Fig. 2b). Locally-developed
steep-dipping conjugate shear zones (D4) striking NNE (dextral) and ENE (sinistral) in the
D4 high-strain zones are melt-hosted within the granite mylonites, and are deemed to be
coeval with the D3 deformation (Fig. 2a). As with the D2 deformation event, the D3
stretching lineations and broadly collinear D3 fold axes plunge at low to moderate angles to
the W and WNW (Banerjee et al., 2022a). The thrust-dominated (D2) and wrench-dominated
(D3) deformations are inferred to be a part of the progressive NNE-SSW crustal shortening

that caused orogen-parallel stretching (Banerjee et al., 2022a).



The granitoids in the area are dominantly post-D2 to syn-D3; the granitoids occur as
lens-shaped bodies, exemplified by the Sanada granitoid pluton (Fig. 2a; Banerjee et al.,
2022a). The pre-D2 granitoids cover a smaller area. Post-D3 granites are lacking in the
Godhra-Chhota Udepur sector. All structural types of granitoids are blastoporphyritic,
foliated and dynamically recrystallized. The pre-D2 granitoids possess a prominent tectonic
foliation (D2) and contain cm-sized elliptical to round K-feldspar porphyries that constitute
<2 vol% of the rock (Fig. 4a). Some of the pre-D2 granitoids are found to be interleaved with
the anatectic gneisses, and the D2 foliation in the granitoid is ~xic! planar to the D2 folds in
the gneisses (Fig. 4b). In the post-D2 granitoids, K-feiaspar porphyries are euhedral to
subhedral, large (long axes up to 6 cm) and constitute ' > 50 vol% of rock in the interiors of
E-W striking plutons (Fig. 4c). In these granitoids, “rais of euhedral K-feldspar porphyries
and imbrications among euhedral porphyrie; e inferred to be magmatic flow textures;
tectonic fabrics in these granitoids are v eab.y developed or lacking. But towards the pluton
margins, the flow-textured and massive Qranitoids grade into intensely foliated (steep-dipping
D3) varieties (Fig. 4d). In the syr DS <.anitoids, K-feldspar porphyries constitute up to 75%
of the rock, and trains ana imbrications among large euhedral K-feldspar porphyries
dominate the rocks. Some 0 tkase porphyries develop asymmetric tails (sinistral sense) that
are drawn out sub-para:'el 0 quartz lentils and aggregates of shape-preferred biotite flakes
forming the warping D3 foliation (Fig. 4e). The pre-D2 granitoids are sometimes preserved
as small relicts within the post-D2 and the syn-D3 granitoids that exhibit intrusive margins; at

other places mineralogically different types of granitoids share sharp contacts (Fig. 4f).

2.1 Deformation microstructures in granitoids
The granitoids within the D2 shallow-dipping domains are fine to medium grained, well-

foliated and contain porphyries of subhedral feldspar (Fig. 5a). The D2 foliation in the rocks



is primarily defined by the shape-preferred biotite flakes (Fig. 5a; hornblende is rare), and
xenoblastic mono- and poly-crystalline quartz lentils, commonly exhibiting strain wavy
extinction and sub-grains (Fig. 5b); the mosaic of dynamically recrystallized alkali feldspar
(microcline), plagioclase and internally-strained quartz grains share serrated (high energy)
grain and phase boundaries (Fig. 5b, c), and are anchored to the D2 biotite and quartz lentils
(Fig. 5c). Triple junctions among feldspar are rare. Coarse porphyries of magmatic K-
feldspar and plagioclase within the finer grained mineral mosaic exhibit patchy chemical
zoning and core-mantle structures; the margins of these felfznai grains exhibit serrated to
lobate-cuspate margins against the quartz grains (Fig o). By contrast, the post-D2
granitoids are invariably coarse-grained, weakly foliat~d, ond blastoporphyritic (Fig. 5e). The
D3 fabric in the granitoids is defined by trains ans. n. hrications among euhedral feldspar
grains (Fig. 5f), crude alignment among flak/ »n*.te, and internally strained quartz lentils;
the quartz lentils have smaller aspect .atir (length/width) relative to those in the pre-D2
granitoids. The foliation is somew:.>t sinuous and wraps around coarser microcline
phenocrysts within the mosaic of recrystallized minerals. The feldspar grains are weakly-
strained internally and largel, preserve their magmatic shapes (Fig. 5f). But within the
mosaic, these feldspar grains ~Fare lobate-cuspate margins against the quartz lentils which in
turn commonly show ciess-board sub-grain structures (Fig. 5g). Intensely sheared post-D2
granitoids exhibit mylonitic fabric defined by internally strained quartz ribbons, and core-
mantle structured dynamically recrystallized feldspars that share lobate-cuspate grain and
phase boundaries against other minerals (Fig. 5h).

Overall, the post-D2 granitoids are weakly strained relative to the pre-D2 granitoids in the
shallow-dipping carapace; this is manifested by the finer grain size and the paucity of relic
magmatic porphyries in the pre-D2 granitoids. But the common occurrences of chess-board

microstructures in quartz suggest the post-D2 granitoids were hot (T> 650 °C; Kruhl, 1996)



during D3 deformation. Chess-board microstructures in quartz in the post-D2 granitoids are
highlighted by several authors (Mamtani and Greiling, 2005; Banerjee et al., 2022a); by
contrast the pre-D2 granitoids lack this deformation microstructure. If we therefore combine
the mesoscale field relations with the deformation microstructures, the emplacement of the
post-D2 granitoids appears to be broadly synchronous with the D3 deformation induced by
the N-S convergence, but this deformation outlasted the solidification of the post-D2

granitoids.

3. GEOCHRONOLOGY
In this section, we present Laser Ablation ICP-MS !!-+'% zircon dates in nine structurally
constrained samples (2 anatectic gneisses, and 7 gionitoids) and chemical dates from
monazite in four samples (2 anatectic gneisses. a. 1 Z granitoids) obtained from different parts
of the Godhra-Chhota Udepur sector (.ace.dons in Fig. 2b). A brief summary of mineral
assemblages, texture, zircon and n.~nazite morphology in the 13 samples used in
geochronology are presented in T~hle .. The results are designed to constrain the age of the
different magmatic, metamorp. ic aid deformation events crucial for a tectonic restoration of
the dynamics of accretion ~twveen the ADFB and the CITZ orogenic belts. In the nine
samples, cathodoluminc-cence (CL) images of representative zircons along with the analyzed
spots and corresponding 2°’Pb/?®°Pb dates are shown in Fig. 6. Throughout the text, figures
and tables, the uncertainties are shown at 2c level. The concordia plots are shown in Fig. 7.
Representative monazite X-ray elemental images with embedded spot dates in Ma, BSE
images depicting textural setting of the monazite grains and probability-density plots showing
mean populations dates (in Ma) are shown in Fig. 8. Fig. 2b provides the spatial distribution
of the zircon dates obtained in this study and those in the two samples analyzed by Banerjee

et al. (2022a).



3.1 Zircon geochronology

LA-ICP-MS U-Pb zircon dating was performed on two gneisses (AW 161, AW 114) and
seven pre-D2 to syn-D3 granitoids (AW 98, AW 145, AW 127, AW 18, AW 73, AW 8, AW
9A). The zircon grains were analyzed at the Plateforme GeOHeLiS, Géosciences Rennes,
University of Rennes, France. The analytical procedure and instrument operating conditions
are detailed in the Appendix A. Zircons from both the gneiss and granite samples are large
(~200-300 pum long), well-faceted, prismatic to square in shar2 ai.q pink to honey-yellow in
colour (details of individual samples are in Table 1a). PlJts 7t Th/U vs. 2’Pb/*®Pb ages in
zircons are shown in Fig. 6a. CL images of the zircons show oscillatory zoning (alternating
light and dark bands surrounding a core), patchy zor:iny ‘localized clusters of bright domains
in a homogenous dark grain), overgrowtis truncating earlier zoning or completely
recrystallized textures (dark CL responsc nr texture) (Fig. 6b—i). Age spots were analyzed in
each of these domains. The U-Pb and'vsis and the age data obtained from the individual
samples are provided in Supplem~nt.~, Material’ and a brief description of each sample is
provided in Table 1a and discussed below. All uncertainties are quoted at 2o level; see

Appendix for details aboi** niczagation of uncertainties.

3.1.1 Gneisses:
Sample AW 161 is a quartzofeldspathic gneiss. The prominent mineral segregation banding
in the rock bears one set of prominent D3 tight to open folds with steep dipping E-W striking
axial planes and moderate plunge to the WNW. Pre-D3 folds are rare, but metatexite layers
are lacking. A total of 35 spots were analyzed in 23 zircon grains. The zircon grains do not
show prominent core-rim structures in the CL images (Fig. 6b). Th/U ratios of the grains vary

in the range 0.04-1.60 (Fig. 6a); the values <0.1 (4 points) correspond to CL-dark zones.



Two spots from the same grain (CL-dark zone, Th/U ~ 0.04) furnish concordant age of 909 +
11 (£36) Ma (MSWD = 0.51; Fig. 7a). On the other hand, 33 of the 35 analyzed spots
describe a well-defined Discordia with the upper intercept at 2485 + 15 (£ 96) Ma and the
lower intercept at 932 £ 15 (= 39) Ma (MSWD = 1) (Fig. 7a). The younger date (~0.93 Ga) is
inferred to be the age of deformation-metamorphism in the rock; the older date (~2.5 Ga)
corresponds to either the age of formation of the rock or the age of inherited zircons in the

rock.

Sample AW 114 is an anatectic gneiss from a D3 high-stan. domain in the southern part of
the GC sector (Fig. 2b). The metatexite gneiss ~onrising alternate biotite-rich and
leucosome layers describe prominent D2 recumbent foi''s. The metatexite layers are pre-D2.
The recumbent folds are wrapped by locally p.nerative isoclinal to tight folds forming a
ramp and flat structure related to the D4 de:.tral shears. A total of 25 spots were analyzed in
24 grains in the sample. Most of the gicins show core-rim textures, although some grains are
homogenous, recrystallized and ernecr dark in CL images (Fig. 6¢). The Th/U ratios of the
zircon grains vary from 0.04—1 25 (Fig. 6a), the values <0.2 correspond to CL dark domains
and are mostly from the recvstallized and homogenous grains. All the 25 spots define a
Discordia with upper im:=reept date of 1742 + 20 (+ 69) Ma and a lower intercept date of 470
+ 30 (x 35) Ma (MSWD = 0.41; Fig. 7b). We consider that the Pan African lower intercept
date (~0.5 Ga) has no physical significance in view of the fact that monazites which are
especially susceptible to fluid-induced alteration even at greenschist facies condition does not
yield dates younger than Early Neoproterozoic in the diverse lithodemic units (including
anatectic gneisses) from the GC sector examined by Banerjee et al. (2021) and in this study

(see later).



3.1.2 Granitoids:

Two samples, AW 18 and AW 145, are post-D2 blastoporphyritic granitoids sampled from
D3 high strain domains (Fig. 2b). Sample AW 18 is the northernmost dated sample of pink
blastoporphyritic granitoid neighboring Godhra; the alignment of euhedral K-feldspar
porphyries defines N110° striking magmatic fabric. Sample AW 145 is a weakly foliated
pink granitoid consisting of K-feldspar porphyries and biotite defining the N110° steep
fabric. Sample AW 98 is a granite phyllonite with steep NNE-trending fabrics corresponding
to the D4 shears.

Thirty spots were analyzed in 15 grains from the sai."ole AW 18. The zircon grains
show well developed core-rim structures with oscill=to, * zoning (Fig. 6d). Th/U ratios in
these grains vary from 0.3-1.91 (Fig. 6a), except for 2 spats with Th/U ratio of 0.16 and 0.18
corresponding to two CL-dark rims of zircon 2raans. Seven concordant analyses yield a
concordia age of 946 + 6 (x 37) Ma (M.SWJD = 0.54; Fig. 7c). These seven points lie at the
upper intercept of a Discordia definea v seventeen other spots from both cores and rims of
zircon grains (Fig. 7c). The lower in.~reept of the Discordia does not have significance. No
difference in dates could be decinhered between the core and rims of the zircon grains.

In the sample AW 14C 75 spots were analyzed in 19 grains (Fig. 6d). The Th/U ratios
of the analyzed spots r«"ge from 0.37-2.52 (Fig. 6a), with only three spots marked by Th/U
ratios <0.1. These three spots pertain to CL-dark domains within the zircon grains and yield
highly discordant ages and have not been considered. Twelve concordant spots yield a
concordia age of 955 + 7 (x 37) Ma (MSWD = 1.2) and define a Discordia with 8 other
points with an upper intercept at 2525 + 46 (+ 106) Ma and lower intercept at 944 + 15 (£ 39)
Ma (MSWD = 1; Fig. 7d). The overlapping concordia and lower intercept dates correspond to
the post-D2 emplacement age of the granitoid, whereas the Neoarchean upper intercept date

possibly represents the age of the protolith.



A total of 30 spots in 14 grains were analyzed in sample AW 98. The analyzed spots
mostly have high common lead and their Th/U ratios range from 0.09-1.82. No alignment is
found in the Wetherill plot (Fig. 7e). However, two concordant spots (shown in pink colour in
Fig. 7e), with no common lead, and Th/U ratio of 0.39 and 0.43 (Fig. 6a) are obtained with
207pp/2%ph dates of 2418 + 30 Ma and 2384 + 30 Ma respectively (Fig. 6f) that possibly
correspond with the age of emplacement (~2.4 Ga) of the granitoid.

Sample AW127 is pink granitoid collected from a large outcrop in the Orsang river
bed south of Bodeli in the southern GC sector (Fig. 2b). The £2nii2id is very coarse-grained
and studded with end-to-end touching and imbricate gra'ns ~f large (> 6cm long crystals),
euhedral to subhedral, un-recrystallized K-feldspar 'au.~ exhibiting zoning and Carlsbad
twins. An ill-defined steep E-striking D3 fabric in the 107k is described by trains of feldspar
laths. The weak planar fabric, the coarce-,v2ined nature of the granites, and the
unrecrystallized feldspar laths suggest .nat the rock represents the last episode of granite
emplacement in the region. Twenty-fiv~ spots have been analyzed in 21 zircon grains (Fig.
69). Seven of the 25 spots furnisk~d o ~oncordant date of 951+10 (+ 37) Ma (MSWD = 1.2;
Fig. 7f). All the seven spots cre iom the rims of the zircon grains while the cores yield
discordant dates. This date 1. ¥ iferred to correspond to the emplacement age of the syn-D3

granitoid.

Sample AW 9A is a massive (no mesoscale fabric) post-D2 white coloured granitoid
impoverished in ferromagnesian minerals. The sugary appearance of the rocks is due to
dynamic recrystallization of feldspars. The granite is apophytic into an ensemble of multiply-
deformed quartzofeldspathic and interleaved calc-silicate gneisses that experienced multiple
deformation events. A total of 30 spots were analyzed in 13 grains (Fig. 6h). Although most

of the analyzed spots are discordant and have some amount of common lead, 2 spots from the



CL-dark core of a zircon grain yield a concordant date of 1607 = 24 Ma (MSWD = 0.40)
while a single concordant analysis with °°Pb/?*®U date of 951 + 17 Ma is obtained from the
CL-dark core of another zircon grain. A Discordia is defined with four spot ages (no common
lead, Th/U ratios between 0.26-0.79, all from cores of zircon grains, with an upper intercept
age of 2544 + 82 (x 127) Ma and a lower intercept age of 958 £ 26 (+ 45) Ma (MSWD =
0.88; Fig. 7g). The youngest dates (951 + 17 Ma, 958 = 26 Ma) in the deformed and
recrystallized granite with no mesoscale fabric possibly correspond with the age of
emplacement of the intrusive. The older date at ~1.61 Ga clr2=ly <orresponds to the age of
high-grade metamorphism in the anatectic gneisses (Bane’ jec <t al., 2021); the ~2.54 Ga date
is coeval with the emplacement age of the granite or the nrotolith age of the gneisses in the
northern part of the GC sector. Notably though no D’scurdia exists between 2.54 Ga and 1.61
Ga.

Two pre-D2 grey-coloured gran:coir's were dated from the southern domain, AW 8
and AW 73 (Fig. 7h). The sample AW 7R is from a large hillock, whereas AW 8 was sampled
from a hummocky sheeted outcre» L'~th samples are characterized by low proportions (< 2
vol%) of cm-sized circular-sha, ed K-feldspar phenocrysts and high modal amounts of biotite.
The rocks possess biotite-c~f.ned weak shallowly-dipping D2 fabrics in a mosaic of
dynamically recrystath.~a ieldspars and quartz.

For AW 73 (Fig. 6i), 40 spots were analyzed in 18 grains and no concordant spots
were obtained. However, 29 spots define a Discordia with upper and lower intercepts at 1026
+ 17 (+ 43) Ma and 111 + 40 (+ 40) Ma (MSWD = 1.4; Fig. 7h). In sample AW 8 (Fig. 6j),
40 spots were analyzed in 22 grains. Three spots from the rims of three zircon grains yield a
concordant date of 983 + 11 (+ 39) Ma (MSWD = 1.4; Fig. 7i). These three spots along with
21 other spots corresponding to both cores and rims of zircon grains define a Discordia with

upper and lower intercepts at 1020 + 22 (£ 45) Ma and 186 + 35 (+ 36) Ma (MSWD = 0.95)



respectively (Fig. 7i). For both the foliated granitoids, the upper intercept (1.03—1.02 Ga)
dates are inferred to correspond with the emplacement ages of the granitoids. The
significance of the slightly younger concordant dates (~0.98 Ga) obtained from the rims of
the zircon grains may correspond with thrusting and associated shallow-dipping fabric

formation. The lower intercept dates are not considered to be significant.

3.2 Monazite chemical dating:

Two samples each of anatectic gneisses (AW 7, AW 9B) anr are r granitoids (AW 12, AW
163) with steep E-striking D3 fabrics were analyzed for rioi.>zite chemical dating following
the procedure of Montel et al. (1996) at the Department £ Earth Sciences, Indian Institute of
Technology Bombay (Powai). A brief descriptioi ¢ the methodology is provided in
Appendix B. The locations of the analyzed sai.'n'es are shown in Fig. 2b and the data is
presented in Supplementary Material®. A Frief description of the rocks, textural chemical
characteristics, and summary dates I, monazite are provided in Table 1b. The monazite
grains mostly occur within biotite vic.> «ggregates, and only few monazites are hosted within
quartz-feldspar aggregates (F.1. va, c, e, g). The grains are ellipsoidal to prismatic,
xenoblastic to sub-idioblastic 2».d chemically zoned in Th, Y and U (rarely Pb) (Fig. 8a, c, e.
g). Based on X-ray eler,.=nu maps for Th, U, Pb and Y and back-scattered electron images, 58
spot dates were obtained in chemically distinct domains in the four samples. The monazite
spot ages in the four samples (Fig. 8b, d, f, h) taken together yield dates between 863 + 50
Ma to 969 + 47 Ma, with an average age of around ~ 918 Ma; one outlier spot is dated at
1020 £ 32 Ma. The mean dates obtained for the samples are identical at 2o level. Anatectic
gneisses AW 9B and AW 7 yield mean dates of 923 £ 13 Ma (MSWD = 1.8, n = 11) and 905

+ 16 Ma (MSWD = 3.7, n = 14) respectively (Fig. 8b, d). The granitoid AW 163 yields a



mean date of 908 = 19 Ma (MSWD = 2.7, n= 12), and 21 spots in the granitoid AW 12 yield

a mean date of 926 + 11 Ma (MSWD = 3.3) (Fig. 8f, h).

3.3 Summary of age data:

The LA-ICP-MS U-Pb zircon dates obtained in the nine samples, combined with two zircon-
dated samples in Banerjee et al (2022a), may be grouped into four age populations, e.g.
2.5-2.4 Ga, 1.7-1.6 Ga, 1.03-1.02 Ga and 0.95-0.93 Ga (Fig. 9). The monazite chemical
dates in this study and those in Banerjee et al. (2022a) in Jneisses, granitoids, and
greenschist/amphibolite facies supracrustal rocks overlap ‘wiu: the youngest population of U-
Pb zircon dates. The youngest age population ¢0.75-0.93 Ga) corresponds to the
emplacement of the post-D2 granitoids including th”. sy~-D3 granitoids. The age population
(1.03-1.02 Ga) corresponds to the emplacement ~f ‘ne younger set of pre-D2 granitoids. Pre-
D2 high-grade metamorphism-anatexis :~ the anatectic gneisses occurred at 1.65-1.6 Ga (cf.
Banerjee et al., 2021, 2022a, 2022b). The oldest Concordant and upper intercept Discordia
dates (2.5-2.4 Ga) in zircons are ~b.~"aed from pre-D2 foliated granites and non-anatectic
gneisses located in the northe.n part of the GC sector based on the results of LA-ICP-MS
zircon U-Pb analysis from a *~al of 11 samples (Fig. 2b). There is no evidence to suggest
that these Neoarchean/Zany Paleoproterozoic rocks, lacking in the southern part of the GC
sector, experienced the 1.65-1.60 Ga high-grade metamorphism recorded in the anatectic

gneisses (Fig. 2b). The consequences of these observations are discussed in section 5.

4. GEOCHEMISTRY OF 1.03-0.93 Ga GRANITES
4.1 Whole rock major and trace element geochemistry
Whole rock geochemical analyses were performed on 9 pink granitoids, 10 grey granitoids

and 5 anatectic gneisses (locations in Fig. 2b). The details of sample processing and protocols



for analyses done by Inductively Coupled Plasma Emission Spectrometry (ICP-ES) for major
elements, and Inductively Coupled Plasma Mass Spectrometer (ICP-MS) for trace elements
at the ACME Lab, Bureau Veritas, Vancouver, Canada are described in the Appendix C. The
results are provided in Table 2 and used in various discrimination plots in Fig. 10. Chondrite
normalized REE diagrams and bulk continental crust normalized trace element spider
diagrams for the granitoid and gneiss samples are presented in Figs. 11 and 12 respectively.

The major element oxide contents in the pre-D2 ~1.03 Ga granitoids and post-D2
0.95-0.93 Ga granitoids are variable, e.g. SiO; (63.27-75 71 v.*%), Al,O3 (10.15-15.48
wt%), Fe,O3 total (0.54-6.17 wt%), MgO (0.32-1.82 wwo, KO (2.59-6.88 wt%), Na,O
(0.68-4.8 wt%), CaO (0.24-3.31 wt%), and TiO2 (0.05-1.72 wt%) (Table 2). The Fe# (molar
FeO/FeO+MgO) of these granitoids lie between 0.4 a.1 0.77 (Table 2). The granitoids are
granite-granodiorite in composition (Fig. 10a}, v. 'tk the exception of AW 155 which plots in
the field for monzonite. The alumina se.ursdon index (ASI) in the granitoids, calculated as
molar Al,03/(CaO+Na,0+K;0), lies .~ the range 0.98-1.24; the granitoids therefore are
weakly peraluminous (Fig. 10b), *~it. AW 155 (ASI value: 0.86) being the only exception.
The granitoids plot in the fielc of s-type granitoid (Fig. 10c). Within the granitoids, Fe,O3
(total), MgO and CaO dec,~=3e with increasing SiO,; Al,O3 exhibits a weak negative
correlation with SiG,, .na KO exhibits the opposite trend (Supplementary Material®). The
compositions of the anatectic gneisses overlap with those in granitoids; however MgO
contents in the gneisses are higher and Fe# are lower relative to the granitoids in the GC
sector (Supplementary Material®).

The YREE in the pink granitoids vary between 108 ppm and 751 ppm; the
corresponding value for the grey granitoids range between 84 and 424 ppm (Fig. 10d, Table
2). Sample AW 155 has the highest REE abundance, 1008 ppm (Fig. 10d, Table 2). The

chondrite normalized REEs in the granitoids are LREE enriched [(La/Yb)cn = 11-89] and the



HREEs exhibit relatively flat patterns [(Gd/Yb)cn = 1.54-4.67] (Fig. 11). The granitoids are
characterised by small but variable negative Eu anomalies (computed as (Eucn/Eu™; Fig. 11),
where Eu* is calculated as (VSmen*Gden) for the pink granitoids and range between 0.08 and
0.83; a grey granitoid (AW 63) has a Eu anomaly value of 1.00 (Table 2; Fig. 10d).

The Nb/Ta values for the GC granitoids (5.2-21.6) are typical for peraluminous
granites unmodified by hydrothermal activity (> 5; Ballouard et al., 2016). The negative trend
of Nb/Ta versus Ta (Fig. 10e) is attributed to mica fractionation (Ballouard et al., 2016). In
the Nb/Ta versus Zr/Hf diagram (Fig. 10f), the GC gra~ito.ds plot in the field for
peraluminous “barren” granites (Ballouard et al., 2016). O.1u.» 'h/Ta versus Yb plot (Gorton
and Schandl, 2000) (Fig. 10g), some of the pink granites !ie in the field of active continental
margins; the rest of the granitoids plot in the field of 3cecnic arcs.

Chondrite normalized REE diagrams a 4 oulk continental crust normalized trace
element spider diagrams for the granitc'ds and gneisses in the GC sector are presented in
Figs. 11 and 12 respectively. The .ace element abundances of the S-type granitoids
normalized to the bulk continent?! cri <. composition (Rudnick et al., 2003) show an overall
enrichment of incompatible €. ments in the granitoids (Fig. 12a-b). Similar trace element
enrichment is also observea » the gneisses with respect to the bulk continental crust (Fig.
12c). An average griels> composition (blue bold line in Fig. 12c¢) for the GC samples also
mimics the enriched trend of the gneisses relative to the bulk crust. Assuming the anatectic
gneisses were the source rocks for the granitoids (see Discussion), we normalized the
granitoid trace element abundances to the average composition of the 5 basement gneisses
(Fig. 12d—e). Relative to the average gneiss (Fig. 12c), the pink granitoids are enriched in Ba,
Th and LREEs and depleted in P, Eu, Ti and HREEs (Fig. 10d); the grey granitoids on the
other hand show enrichment of Rb, Ba, Th, U, K, Nb, Ta and LREEs, and depletion of P, Ti

Zr, Hf, Sm, Eu, Y and HREEs (Fig. 12e).



The Zr concentrations of the granitoids were used to calculate the zircon saturation
temperature (Tz) (Clemens, 2003) which may be used as a proxy for obtaining crystallization
temperature of the melts (Watson and Harrison, 1983). The Tz was calculated for the GC
granitoids (Table 2) using the formulation of Watson and Harrison (1983) and Boehnke et al.
(2013). The average temperature estimate obtained for the pink granitoids is 840 °C and 800
°C by the Watson and Harrison (1983) and Boehnke et al. (2013) formulations respectively;

while the T for the grey granitoids vary between 800°C and 760 °C.

4.2 Whole rock Sr-Nd systematic in granitoids

Whole rock Rb-Sr and Sm-Nd isotopic analyszs “ve.e performed on 4 pink and 3 grey
granitoids (Table 3). The methodology is describes in Appendix D. The granitoids have a
wide range of 8'Sr/%°Sr ratios (0.7156-0.7950) Tiic “*Nd/***Nd ratios for these granitoids are
tightly constrained between 0.511033 .-d 0.511407 (Table 3). The &Nd(0) for these
granitoids are strongly negative (-23 © to 31.2) (Fig. 13a; Table 3). The ENd(t) at t=1030Ma
for pre-D2 granitoids and at t=9%0 n"'a for post-D2 granitoids range from -11.1 to -18.6 (Fig.
13b, Table 3). In the ENd(, vesus Topm plots (Fig. 13c), the GC granitoids also have
negative ENd(t) values. rhe vanges of Tcrur, Tom and Topm estimates for the GC granitoids
are 1.65-2.18 Ga, 2.05-2 53 Ga and 2.43-3.05 Ga respectively. The Tpyu and T,pwm are better
approximations relative to CHUR for most post-Archean rocks since significant amounts of
crust formed in the Archean by repeated melt extractions from the mantle (Patchett, 1989).
The €Nd(t) versus the ®’Sr/2®Sr initial ratios for the GC granitoids (Fig. 13b) also show crustal

values (¥'Sr/®Sr > 0.706, ENd negative; Winter, 2001).

5. DISCUSSION



In Table 4, the important mesoscale structural features and the gamut of age data generated in
this study and in Banerjee et al. (2022a) are integrated to highlight the significant tectonic
features in the Godhra-Chhota Udepur Sector.
5.1 Tectonic interleaving at 1.03—0.95 Ga

The spatial distribution (Fig. 2b) of LA-ICP-MS U-Pb zircon dates obtained in this
study (Fig. 7a—i) and by Banerjee et al. (2022a) in the Godhra-Chhota Udepur sector (Fig. 9)
reveal intriguing features unknown earlier. First, the Late Neoarchean Discordant upper
intercept ages and the Concordant ages in the pre-D2 granitoi~~ ai restricted to the northern
parts of the sector (Fig. 2b). By contrast, the Late Paleop ow0zoic (1.7-1.6 Ga) age of pre-
D2 high-grade metamorphism in the anatectic y~eisses and the younger Late
Mesoproterozoic (~1.03 Ga) pre-D2 granitoids occ r e.clusively in the southern part. And
second, the Discordia lower intercept and the. C~r_ordant ages for the emplacement of the
post-D2 granitoids (including syn-D3 ¢ranicoids) across the north-south divide are tightly
constrained between 0.95 and 0.93 Ga. These ages are identical to the ones obtained from the
existing Rb-Sr and Sm-Nd isock+or. ~ges (Gopalan et al., 1979, Srimal and Das, 1998,
ShivKkumar et al., 1993, G¢al et al., 2001). In view of the large variations in the
emplacements ages of the q.~r.itoids, the term “Godhra granite” coined by Gopalan et al.,
(1979) and adopted by \>ter workers (Srimal and Das, 1998, ShivKumar et al., 1993, Goyal et
al., 2001) for the gamut of felsic intrusives in the sector is a misnomer, and needs to be
discontinued. It may be recalled that several researchers (Mamtani and Greiling, 2005) based
on field investigations had also suggested that the “Godhra granite” is a composite unit
(Banerjee et al., 2021, 2022a; this study).

The pre-D2 Neoarchean granitoids with single shallow-dipping tectonic foliation do
not exhibit the multiple folds and imprints of the younger Late Paleoproterozoic high-grade

metamorphism and anatexis typical of the basement gneisses in the different crustal domains



of the CITZ that extends eastwards from the Godhra-Chhota Udepur sector into the central
and southern domains of the Satpura Mobile Belt (SMB) in central India, and the
Chottanagpur Gneiss Complex (CGC) further to the east (Banerjee et al., 2021). Also the
Late Paleoproterozoic basement gneisses in the Godhra-Chhota Udepur sector do not provide
evidence of Neoarchean or older inheritance in the analyzed zircon grains. Yet zircon U-Pb
systematics show that both the Neoarchean granitoids and the Late Paleoproterozoic gneisses
bear Early Neoproterozoic imprints either as lower intercept Discordia and/or concordant
dates, identical to the emplacement ages (0.95-0.93 Ga) of the sos. D2 and syn-D3 granitoids
(Figs. 7-9).

The Late Neoarchean granitoids are unlikely t~ be the basement for the younger Late
Paleoproterozoic gneisses, for it would be impossibls fo. the Neoarchean granitoids to escape
the pervasive 1.65-1.60 Ga metamorphism-ine. 2vs at T >750 °C (accompanying article:
Banerjee et al., 2022b). It therefore is re.<orable to assume that the 2.5-2.4 Ga granitoids are
slivers of crustal domains that are teconically interleaved with the Late Paleoproterozoic
gneisses and the younger (~1.03 7a) ~.anitoids of the CITZ. These chronologically diverse
lithodemic units experienced & “hared syn to post-D2 history, and were intruded by 0.95-0.93
Ga post-D2 granitoids. We ~fur, therefore, that the tectonic interleaving of the lithodemic
units occurred between ~U.93 Ga (age of post-D2 granitoids) and the 1.03-1.02 Ga pre-D2

granitoids in the tectonic melange.

5.2 1.03-0.93 Ga granitoids: Petrogenesis

Large volumes of S-type magmas maybe generated from melting of metasedimentary
protoliths of metagreywacke, metapelitic or metatonalitic compositions (Clemens, 2003). Zhu
(2020) argue that turbidite sequences in accretionary prisms comprising banded shale and

greywackes undergo melting towards the end of orogenic cycles following initial continent-



continent collision and accretionary prism development to generate S-type magmas. The GC
granitoids show high molar CaO/MgO+FeO+ (0.42-0.74) and CaO/Na,O (0.3-2.5) ratios
(Fig. 144, b) indicating they were mostly derived from plagioclase-rich greywackes; however,
a few samples also show relatively low molar CaO/MgO+FeO~ (0.15-0.32) and CaO/Na,O
(<0.1) ratios which are interpreted to be derived from metapelitic melts (Sylvester, 1998).
Two granitoids (AW 9A, AW 21) have a high molar CaO/MgO+FeOr ratio (1.62, 1.54). The
post-D2 white-coloured granitoid AW 9A has the highest molar CaO/MgO+FeOr ratio (1.62)
and high molar Al,O3/MgO+FeOt (12.5). The correspondinr *saies for the other granitoid
AW-21 are 1.54 and 4.18 respectively. These samples rnay be derived from source rocks
having meta-tonalite affinity (Sylvester, 1998). The . yanitoids thus appear to be melting
products of heterogeneous metasedimentary protoliths, u~minated by metagreywackes.

The spread in the ®Sr/*®Sr (0.71564-0.79: '3} and **Nd/***Nd (0.511033 to 0.511407)
ratios (Fig. 13) may also be attribute.* tr this heterogeneity of the protolith characters
(Clemens et al., 2009) or may have becn caused by mixing with other crustal melts (Collins,
1996). Strongly negative ENd (-27 9 .~ -31.2) values suggest the derivation of the granitoids
from recycled crustal sources. The *’Sr/%Sr; ratios (0.7074-0.7217) and the negative ENd(t)
(-11.1 to -18.6) calculate~ ~t - 1.03 Ga for pre-D2 granitoids and 0.95 Ga post-D2 granitoids
(Fig. 13b) also imply u.at crustal protoliths were the source rocks for the granitoids, and
preclude significant contributions from mantle-derived melts (Allegre and Ben Othman,
1988).

The anatectic gneisses in the GC sector plot in the field for greywacke in the litho-
chemical classification diagrams (Basei et al., 2011) (Fig. 14c, d); the gneisses in the GC
sector are thus considered to be majorly metagreywackes. The higher MgO abundances and
the lower Fet# of the gneisses relative to the granitoids (Supplementary material®, Table 2)

suggest a restitic character for these gneisses. The mesocratic biotite + hornblende gneisses



interleaved with minor amounts of garnet-free amphibolites are the dominant basement rocks
exposed in the Godhra-Chhota Udepur sector, followed by the garnetiferous biotite-
cordierite-sillimanite bearing melanocratic gneisses. In the granitoids, sporadic grains of mm-
sized garnet porphyroblasts are noted only in a couple of outcrops, and sillimanite and
cordierite are lacking. Assuming the gneisses continue to the depth where the granitoids
originated, the mineralogical evidence and the geochemical signatures (Fig. 10—13) suggest
that the mesocratic gneisses chemically resembling metagreywacke (Fig. 14) were the likely
protolith for the S-type syn-collisional granitoids. The expans®-= y.,anitoids are likely to have
formed by partial melting via the model congruent meltinr, recction quartz + plagioclase + K-
feldspar + biotite + garnet — melt (cf. Patino Douce anl Beard, 1996). The melting of the
metagreywacke dominated protoliths (Vielzeuf and Schiidt, 2001) possibly occurred at 800—
840 °C for the pink granitoids and 760-800 °C .~r the grey granitoids, inferred from zircon
saturation temperature (Tz).

Based on the crystal-melt partu.on co-efficient of elements compiled by Rollinson
and Pease (2021; Table 4.3 therz:n), *he molar proportion of garnet in the model reaction
should be small to account for ‘e stight depletion of Y and HREEsS in the granitoids relative
to the gneisses; the enrichmcec of Nb, Ta, Th and U in the granitoids on the other hand
precludes the involveme ~t of Fe-Ti oxide phases (ilmenite) in the congruent melting reaction.
Given the compatible nature of Nb (4-9.5) and Ta (1.2-1.9) (Rollinson and Pease, 2021), the
modal proportion of biotite in the melting reaction is unlikely to be high. The Nb/Ta ratio is a
measure of the degree of fractionation of the granitic magmas (Nb/Ta<5 indicating
fractionation; Ballouard et al., 2016) whereas the Zr/Hf ratio is a measure of fertility of the
magma in terms of metallogenic minerals like Sn, W, Mo, Be and Ta (Ballouard et al., 2016);
the melts producing the GC granitoids were unfractionated (Fig. 10e) and “barren” in terms

of metallic content (Fig. 10f) (Ballouard et al., 2016). The SMB and CGC granitoids also



show similar unfractionated and barren characteristics although the CGC granitoids
originated as A-type magmas. S-type granites may exhibit geochemical characteristics similar
to A-type granites (Whalen et al., 1987).

According to the Th/Ta versus Yb plot (Fig. 10g), these granitoids are from oceanic
arcs and active continental settings. S-type granites are common in syn to post-collisional
settings (Chappell and White, 2001; Sylvester, 1998). The syn-collisional nature of the
granitoids is supported by the high-T deformation microstructures (Fig. 5f, g) and the
magmatic flow textures (Fig. 4e) in these granitoids hoste” wihin D3 shears. The field
relations, the microstructures and the geochemical chare te ‘stics together suggest that the
granitoids originated as a part of the Neoproterozoi~ accretion event in a syn-collisional
setting. These granitoids are typical of the global Crei. ‘illian-age felsic magmatism during

Rodinia assembly (Chen et al., 2018).

5.3 ~2.5 Ga granitoids: the ADFB coi.nection

A brief summary of the litholoci~al, <cructural and chronological aspects of the Aravalli-
Delhi Fold Belt is presentec below to understand the Early Neoproterozoic accretion
tectonics between the ADFb ~rd the CITZ. The 700 km long N/NNE-striking Aravalli Delhi
Fold Belt (ADFB) cumpiises Proterozoic Aravalli and Delhi supracrustal successions
overlying an older basement referred to be the Banded Gneissic Complex (BGC) (Heron,
1953). The Archean nucleus in central and southern ADFB is known as BGC-1 (Sharma,
2009). Archean granitoid bodies as in Untala, Gingla, Jagat, Berach and Ahar River areas,
dated between 2.6 Ga and 2.4 Ga (Roy and Kroner, 1996; Wiedenbeck et al., 1996;
Sivaraman and Odom, 1982; Kaur et al., 2019) constitute a major lithologic component in
BGC-1. On the other hand, BGC-II is a more reworked component mantling the northern

fringes of BGC-1 (Sharma, 2009). BGC-II comprising the Sandmata-Mangalwar Complex



and the basement rocks underlying the Eastern Aravalli Terrane yield Late Paleoproterozoic
dates, 1.8-1.75 Ga (Buick et al., 2006, 2010; Bhowmik et al., 2010; Kaur et al., 2019),
deemed to represent the age of high-grade metamorphism in the ADFB. The poly-deformed
Aravalli and Delhi Supergroups are Proterozoic in age (Bhowmik et al., 2010; Buick et al.,
2006; 2010; D’Souza et al., 2019; Kaur et al., 2017; McKenzie et al., 2013). Archean dates
obtained from detrital zircons in these rocks (Wang et al., 2017; D’Souza et al., 2019) suggest
inherited components from an older basement.

The 2.5 Ga granitoids and gneisses are lacking n the CGC (Sequeira and
Bhattacharya, 2021; Sequeira et al., 2020, 2021), in the suuw ern and central domains of the
SMB (Banerjee et al., 2021), and the southern part of the =odhra-Chhota Udepur sector (Fig.
7b). It appears, therefore, that the ~2.5 Ga granitoid: n. the northern domain of the Godhra-
Chhota-Udepur sector correspond to the BGC 1 27, Ga granitoids identified in several areas
including Berach in the Aravalli-Delhi -0l Belt. These ~2.5 Ga foliated granitoids of the
ADFB were tectonically juxtaposed w.*h the Late Paleoproterozoic gneisses in the tectonic
mélange in the GC sector (Fig. 2} .* s however unclear if the ~2.5 Ga granitoids occurred
as tens-of meters to couple-of- ~unareds of meters wide slivers inter-leaved with the 1.7-1.6
Ga anatectic gneisses of the ZITZ or these granitoids (and gneisses) constitute tens-of-
kilometre wide disp.racly evolved crustal segments juxtaposed with the Late
Paleoproterozoic CITZ gneisses along the broken line in Fig. 2b. Nevertheless the gamut of
evidence points to an accretion between the ADFB and the CITZ in the Godhra-Chhota
Udepur sector. This accretion was contemporaneous with Early Neoproterozoic oblique D2-
D3 crustal convergence (Banerjee et al., 2022a) and the coeval emplacement of 1.03-0.93 Ga
S-type granites that originated by partial melting of sedimentary protoliths dominated by

metagreywacke.



6. CONCLUSIONS

The gamut of evidence from field studies, LA-ICP-MS U-Pb (zircon) geochronology,
chemical monazite dating and granite geochemistry indicates that the Archean (2.5-2.4 Ga)
lithodemic wunits of the N/NNE-striking Aravalli-Delhi Fold Belt and the Late
Paleoproterozoic (1.65-1.60 Ga) high-grade anatectic gneisses of the E-striking Central
Indian Tectonic Zone were juxtaposed during oblique crustal accretion between the two
terranes. The N-S crustal accretion involving top-to-the-south thrusting (D2 deformation) and
nucleation of transpressional steep-dipping shear zones (D3 ~~fo, mation) occurred between
1.03 and 0.93 Ga. Mesoscale structures (Figs. 2, 3 and /) a.d deformation microstructures
(Fig. 5) indicate that the D3 contractional deformati~n . as broadly contemporaneous with
the expansive emplacement of S-type syn-collisional gra.ites formed by the partial melting of
basement rocks dominated by metagrey\vac“e, but the deformation outlasted the

emplacement of the granitoids.
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APPENDIX

A. LA-ICP-MS U-Pb zircon dating

For separating zircons, the rocks were crushed, sieved and followed by panning to remove the
lighter fractions. The heavier fractions were then passed through a column of bromoform to
retrieve the heavy mineral fraction, and magnetic separation The zircons were handpicked
from the non-magnetic sample using a stereomicroscope. Ai.'dite mounts were prepared for
the embedded zircon grains; the mounts were polisher to >xpose the internal structures of the
grains.

The CL imaging of the zircon grains \/e, » Fone using the RELION CL instrument at
the Plateforme GeOHeLiS, Géoscience. Rranes, University of Rennes as well as with the
Cameca SX-100 electron probe micro.nalyzer at the Department of Earth Sciences, Indian
Institute of Technology Bomba:, N''nbai. LA-ICP-MS U-Pb analyses of zircons were
performed at the Plateforme SeGrAeLiS, Géosciences Rennes, University of Rennes. A
summary of instrumentatio, and analytical protocols are provided in Supplementary
Material®. The analyiic..' aata for the zircon standard GJ-1 during the five analytical sessions
is provided in the Supplementary Material. The long-term uncertainty (1.9%) is only applied
to population age and is quoted in italics between brackets in the text. All uncertainties are
quoted at = 20. Concordia diagrams are generated using IsoplotR (Vermeesch, 2018), and the
reported MSWD are for concordance and equivalence.

No common Pb correction has been applied to the data as the measurement of 2*Pb is
not precise enough on a Q-ICP-MS instrument. However, the presence of common lead has

been qualitatively assessed using the f206¢ indicator which is calculated as follow:



206c = (*°"Ph/*®Pby, - 2"Pb/*°Pb*)/(**"Pb/*®®Ph¢-"Pb/*®®Pb*)x 100

where ?’Pb/*®Pbm is the measured ratio, 2’Pb/?°®Pb* is the radiogenic expected ratio given
a defined age (*®*Pb/?*8U age if it is < 1000 Ma, **’Pb/*®®Pb age if not) and **’Pb/?°®Phc is the
common Pb ratio based on the Stacey and Kramers (1975) Pb evolution model. As this factor
relies on assumptions made on the age and on the Pb model it is only indicative, however we

are confident that the data used for date calculation do not show high level of common Pb.

B. Monazite chemical dating

Monazite dating (Montel et al., 1996) was carried out ‘n tic Department of Earth Sciences,
Indian Institute of Technology Bombay (Powai). ~he protocol for monazite analyses is
detailed in Deshmukh et al. (2017) and only a arief summary is presented here. U-Th-total
Pb monazite dating was performed 1513 & CAMECA SX-FIVE electron probe
microanalyzer (EPMA). Monazite cnalyses were determined with a 15 kV accelerating
voltage, 200 nA beam current and 1 (.. beam diameter. Pb My, Th M,, and U My, spectral
lines were calibrated using croro.:» (PbCrQ,), Th-glass (ThO, = 5 wt.%) and U-glass (UO, =
5 wt.%) standards, and were sii..ultaneously measured in two LPET crystals for 240 s, 160 s,
and 160 s, respectively. Tke peak and background intensities of Pb M,, Th M, and U
My, were acquired with & five-cycle sub-counting methodology (Prabhakar, 2013; Deshmukh
et al., 2017). The Pb M, counts were determined using an exponential background fit to
precisely define the distinctly located background positions (cf. Jercinovic and Williams,
2005; Spear et al., 2009). The matrix effects (ZAF) were reduced using the X-PHI approach
(Merlet, 1992). The overlapping X-ray lines of Th M2-0O4, Th M{1, Th M2, YLcz, Ylcs, La
Laon Pb Mz and Th M, Th M3-N4 on U M, were corrected using the CAMECA Peak Sight
software (version 6.1). Monazite dates were verified by analysing the Steenkampskraal

monazite standard (SHRIMP age: 1030 + 6 Ma; Knoper et al., 2000) during quantification.



Also, samples were chosen such that the abundances of the elements ThO; (2.96-20.65 wt%),
UO; (0.01-1.72 wt%), PbO (0.19-0.83 wt%) and Y03 (0.5-3.09 wt%) were high to keep
errors in background measurement low; only spots with 2¢ errors <6% error [100x 2o
errors/total age in Ma] (Prabhakar, 2013) were considered. Based on X-ray element maps Th,
U, Pb and Y (Fig. 6) and back-scattered electron images, 58 spot in chemically distinct
domains were analyzed. The mean age population were statistically resolved using Isoplot 3.0
(Ludwig, 2012). Monazite analytical data and spot ages (+2c errors) are presented in the

Supplementary Material®.

C. Whole rock major and trace element geochemist+v

About 3-4 kg of rocks were broken into chips and rrusied to less than 8 mm diameter in a
Fritsch jaw crusher. The internal parts of the jcw ~r.sher and the plastic collector was cleaned
by ethyl alcohol and air dried before ar.1 a*er sample insertion. Sample contamination was
avoided by flushing the channel by pucsing crushed rock chips and emptying the collector
several times before starting the fir.»! crushing stage. After several rounds of cone and
quartering, the representative fracuons of the crushed rocks were powdered to less than
200mesh in a puck and rina 1"~i*sch pulveriser. For the samples, at each step, both equipments
were cleaned with wate: and soap, air dried, and wiped clean by ethyl alcohol. The samples
were analyzed at ACME Lab, Bureau Veritas, Vancouver, Canada. Sample digestion was
done by lithium borate fusion method. Analysis was done by Inductively Coupled Plasma
Emission Spectrometry (ICP-ES) for major elements (package code: LF300), and Inductively
Coupled Plasma Mass Spectrometer (ICP-MS) (package code: LF100) for trace elements. For
the packages, the detection limits are 0.01 wt% for all major elements (detection limit is
0.002 wt% for Cr,0s3). For trace elements, the detection limits are 0.01 to 0.1 ppm for REEs,

0.1-0.5 ppm for the other elements, except Ba , Be and Sn (1ppm) and V (8 ppm). The



analytical accuracy was controlled using the internal geological reference materials STD SO-
19. The accuracy was better than = 5%. The precision was verified by duplicated samples in

each analytical set and the 2SD% (2SD/average*100) was also within + 5%.

D. Sr and Nd isotope analysis

A set of seven granitoid samples were analysed to determine for Srand Nd isotopic ratios at
the Radiogenic Isotope Laboratory, 1T Kharagpur. The analysis was performed following
protocols as in Mukherjee et al. (2019). About ~80 mg cf w.ole rock powders (as in
Appendix C) from each of the samples and one rock stancaru BCR2 (Columbia River Basalt,
U.S. Geological Survey) were weighed, dissolved in screw capped Teflon vials with
HF+HNO3 for three days and evaporated to bone dry:ess, followed by aqua regia attack
steps for complete digestion. These digested sa.7r.es were then evaporated to dryness and
dissolved in 1M HCI and 0.1M HF so'dtion for cation separation by ion exchange
chromatography. Sr from the samples ~as eluted with 1.5 N HCI and LREE factions were
collected in 6 N HCI on Teflon ~alu™as packed with 2mL BioRad AG50W x 8, 200e400
mesh cation exchange resin. ;" Il fiactions were made to ~2 mL in 0.2% HNO3 to obtain
<ImV background inten<ity for their respective pilot masses. Determination of isotope
compositions was carnc out in static mode on a Thermo Fisher Neptune Plus MC-ICPMS.

Typical operating parameters during isotope measurement are given in the table:

MC- ICP conditions

RF forward power 1200 W
Torch Quartz torch
Sample gas flow 1.01 Lmin™

Auxiliary gas flow 0.8 L min™



Cool gas flow 16 L min™

Interface
Sample cone Nickel
Skimmer cone Nickel

Data acquisitions conditions

Wash (OPZ) meas. time 16 min (4-7 blocks of 10 cycles each)

Sampling meas. mode 20 min (6-10 blocks of 10 cycles earn)
Integration time 4.194 s cycle™
Idle time 3s

For Sr measurements, the isobaric interference. of Kr on %*Sr and ®Sr, and of Rb on ®Sr
were corrected using *Kr and ®Rb, resp -cti» ely; for correction of interfering ***Sm on **Nd,
both **’Sm and **°Sm were measurea >nd ***Nd corrected using an exponential law. Finally
the blank On Peak Zero (OPZ) voltag > iatensities were subtracted from the sample intensities
following the protocol of Thi‘lwa.: and Anczkiewicz (2004) for intensity correction. The
isotope analysis per sample ~onsisted of a single sequence measuring 8 blocks, with each
block consisting of LU ~Vvuics having an integration time of 4.194 s per cycle/sequence. The
blank OPZ analyses consisted of 4 blocks, with 10 cycles per block. For IC measurements in
samples, in-run mass bias was calculated from individual measurements using normalization
to ¥Sr/*°Sr ratio = 8.37521 and **°Nd/***Nd = 0.7219 by exponential mass fractionation
correction. The mass fractionation correction factors were calculated from the sample-
standard bracketing method using 20210226 Sr standard for Sr and JNdi 20210302 standard
(Tanaka et al., 2000) for Nd isotopes. The precision and accuracy of the data is checked on

the reference material BCR-2 which was run along with the samples; values of 3'Sr/%sr =



0.70475+0.00006 (26) and **Nd/***Nd = 0.512795+0.000030 (20) were obtained which is
well within the accepted limits. For all calculations, **'Sm-"Nd decay constant
(A =6.54 x 10 year ') is used after Lugmair and Marti (1978). The .xqm and Nd model
ages (Tom) were calculated using **Nd/***Nd = 0.512630, **’Sm/***Nd = 0.1960 of CHUR
(Bouvier et al, 2008) and for depleted mantle ***Nd/***Nd = 0.513151
and *'Sm/**Nd = 0.2136 (Goldstein and Jacobsen, 1988), respectively. The value for ®’Rb-

83 decay constant (A = 1.42 x 10 year %) is used after Steiger and Jager (1977).

Figure Captions

Figure 1: Generalized geological map of the norther ot of India (see inset) showing the
Great Indian Proterozoic Fold Belt (GIPFOR; . red dashes (modified from Banerjee
et al., 2021, 2022a). The sub-domains 21 .= GIPFOB namely the Aravalli Delhi Fold
Belt (ADFB), the Satpura Mobil. Brit (SMB) and the Chottanagpur Gneiss Complex
(CGC) are marked. The CGC-_CMB composite together constitute the Central Indian
Tectonic Zone (CITZ). NI? £'E and MC are the acronyms for the North India Block,
the South India Block anu the Marwar Craton respectively. The Godhra-Chhota
Udepur sector is sho.v ' as rectangle in red at the southern tip of the Aravalli Delhi
Fold Belt. Impo. *an cities shown are for reference only.

Figure 2: (a) Simplified lithological map of the Godhra-Chhota Udepur sector — compiled
from District Resource Maps of the Geological Survey of India and modified from
Banerjee et al. (2022a) — showing the major structural elements. The location of the
Sanada granite pluton (Banerjee et al., 2022a) is shown. The bold black lines in the
map represent the W-striking D3 mylonite zones; the white lines are the D3 sinistral
shear zones and foliations. (b) Locations of samples used for geochronology and

geochemistry (see later) are shown. The figure shows the spatial disposition of U-Pb



Figure

Figure

zircon dates for the 3 gneiss and 8 granitoid samples (this study, and Banerjee et al.,
2022a). The sample locations (circled) and the corresponding concordant dates (bold),
upper intercept (Ul) and lower intercept (LI) Discordia dates are shown in comment
boxes wherever applicable. Locations of samples used for monazite chemical dating,
whole rock major and trace element geochemistry and whole rock Sr-Nd systematics
used in this study are also shown. The different colors in the circles with the sample
numbers pertain to the different types of analyses performed on the sample. The bold
broken line is taken to separate the domains with ~2 £ G.. dates from the ~1.65 Ga
dates. See section 3 for details.

3: (a) A 3-D block diagram depicting the lith~-su ictural elements in the GC sector.
The shallow-dipping D2 tectonic mélange i< in.rsected by basement-piercing steep
dipping, sinistral, transpressional D3 sh.2r zones. Recumbent folds in the gneisses
and the gently inclined folds in tf.~ si.pracrustal rocks are transposed into upright folds
neighboring the steep-dipping R shears. The broadly collinear L2 and L3 stretching
lineations, and NNE-striki~a <~ ENE-striking D4 conjugate shears are shown. (b—e)
Lower hemisphere steicaplots of mesoscale structures in the basement gneisses, the
supracrustal unit ana b7 granitoids. Mesoscale structures corresponding with D2 are
shown in (b-¢) «~a1or D3 are in (d-e). The stereoplots are modified from Banerjee et
al. (2022a).

4: Field photographs showing mesoscale textures and structures of granitoids in the
GC sector. The head of the marker pen (14 cm long) points to the north (N) for plan
view images and to the top (T) for section view images. (a) Grey colored, massive (no
mesoscale fabric), dynamically recrystallized (sugary appearance) granitoid with low
abundance of ferromagnesian minerals (b) Shallow-dipping foliation (D2) defined by

augen of K-feldspar phenocrysts and aggregates of biotite in blastoporphyritic foliated



Figure

granitoid. (c) Enclave of anatectic gneiss in a foliated porphyroblastic granitoid. Note
that the steeply-dipping D3 protomylonite granite is intrusive into the gneiss that
preserves a former D2 foliation. The fabric in the granitoid is axial planar to the open
D3 folds in the gneiss; (d) Steeply-dipping granite mylonite in the D3 shear zone with
oblique stretching lineations (e) S-C fabric showing sinistral kinematics in a deformed
blastoporphyritic pink granitoid. Note K-feldspar phenocrysts are augen and
recrystallized into a sugary white mosaic. (f) Blocky nature of the Godhra- granite.
Note the sharp intrusive contact between the blastop=nrn ritic granitoid containing
euhedral K-feldspar phenocrysts and the finer-graireu ranitoid devoid of phenocrysts
(towards north).

5: Crossed polars photomicrographs of defsrn.>tion microstructures in the pre-D2
granitoids (a—d) and the post-D2 grani:o. ‘s \e-h). (a) Euhedral plagioclase grain in a
medium-grained mosaic of dyna.nicully recrystallized quartz and feldspars. Note the
D2 fabric defined by shape preferred biotite aggregates wraps around the magmatic
plagioclase grain. (b) Strai~ w.vy xenoblastic lentils of quartz showing sub-grains and
serrated grain and pha.» boundaries (arrow). (c) Medium-grained matrix comprising
aggregates of dynam;,~=.ly recrystallized feldspar grains that are anchored to biotite
flakes aligned acfirung the D2 fabric. (d) Weakly zoned (patchy) euhedral plagioclase
grains show serrated margins against biotite flakes. (e) Part of a large microcline
grains showing Carlsbad twinning; the adjacent quartz grains showing sub-grains and
undulose extinction. (f) Trains and imbrications of euhedral plagioclase and
microcline grains defining syn-D3 magmatic flow texture. Recrystallized quartz grain
(in yellow in right centre, red arrow) shows chessboard sub-grain structure. (g) Chess-

board sub-grain structure in quartz grains. (h) Intensely deformed post-D2 granitoid



exhibiting flaser texture in zone of high-D3 strain. Note the occurrence of quartz

ribbons and the recrystallized nature of feldspars.

Figure 6: (a) Th/U versus 2’Pb/?®®Pb age (in Ma) plot for analyzed zircon spots in granitoids

and gneisses that yielded concordant ages. (b—j) Representative zircon
cathodoluminescence (CL) images showing analyzed spots (circled) and
corresponding “°’Pb/?®®Pb ages with 2o errors for the gneisses (b—c) and granitoids
(d—-j) in the Godhra-Chhota Udepur sector. The white circles represent concordant
spots (>98% concordance); yellow circles pertain to dic~ardant spots used to draw the

Discordia.

Figure 7: U-Pb Concordia and Discordia plots for gneissc< (a—b) and granitoids (c—i). In the

Figure

Discordia plots (i) upper intercept (Ul) ages anu lower intercept (LI) ages with their
20 errors are shown along with the M3V, ™. The total number of analyzed points (y)
versus number of grain analyses "'sed to define the Discordia (x) is also indicated as
“n=x/y”. The concordant points ar each sample are plotted in (ii) and the number of
concordant spots is “n”. G.zen filled ellipses are the analyses kept for age
calculations, while grey ~oen ellipses are the discarded points.

8: Y and Th zoni~a .~ups and embedded spot dates (+2c) in Ma of representative
grains (two gran.~ each) of analyzed monazite in AW-9B, 7, 163 and 12. Backscatter
electron images (in shades of grey) correspond to the textural settings of the
monazites. Probability-density plots show mean populations dates (in Ma with 2o
errors and MSWD) in monazites in the four samples: (a—b) anatectic gneiss (AW 9B),
(c—d) anatectic gneiss (AW 7), (e—f) steeply foliated garnetiferous grey granitoid (AW
163) and (g-h) steeply foliated grey granitoid (AW 12). Acronyms used for minerals:
plagioclase (P), K-feldspar (K), quartz (Q), muscovite/biotite (M/B). Monazites are

circled.



Figure 9: (a) Probability-density plots for 2’Pb-?®Pb zircon ages (in granites and gneisses)
and monazite chemical ages (in granitoids, gneisses and schists) in the Godhra-Chhota
Udepur sector (this study; Banerjee et al., 2022a). The Pb-Pb zircon dates correspond
to analyses with less than 2% discordance. The age peaks are shown with their 2o
errors and MSWD. “n” indicates the number of analyses used.

Figure 10: Geochemical plots and discrimination diagrams for the granitoids in the GC sector
(data in Table 2). Square-shaped symbols are for pre-D2 granitoids, and diamonds are
for post-D2 granitoids. The grey and pink fills in the .,'m.0ls are for grey and pink
granitoids respectively. (a) Total Alkali versus Silica \TAS) diagram with SiO; (wt%)
versus Na,O + KO (wt%). (b) moiar  AlO3/(Na,O+K,0)  versus
Al,03/(CaO+Na,0+K;0) plot. (c) ACF diugra™ for discriminating | and S-type
granites (Yang et al., 2021); data for 1 an.' S-type granitoids from Lhasa block (Yang
et al., 2021 and references ti.>rein) included for reference. (d) XREE versus
(Eu/Eu*)cn plot for the GC yranitoids and gneisses. (e) Nb/Ta versus Ta plot
after Ballouard et al. (2017} 1.2.d shows the range of A-type granites after Ballouard
et al. (2016); arrows si."w Increasing fractionation trends suggested by the authors,
e.g. trends with 17 w5 biotite + 10 wt.% muscovite + 80 wt.% quartz indicated by
dotted line; pro.:»n line is the trend with 10 wt.% biotite + 10 wt.% muscovite +
0.5wt.% ilmenite + 79.5wt.% (quartz + feldspar). (f) Nb/Ta versus Zr/Hf plots
after Ballouard et al. (2016). Data for granitoids in CGC (Sequeira et al., 2021;
Mukherjee et al., 2018) and SMB (Chattopadhyay et al., 2015, 2017) are added for
comparison (e—g). (g) Th/Ta versus Yb after Gorton and Schandl, (2000).

Figure 11: Chondrite normalized REE patterns for (a) pink granitoids (b) grey granitoids and

(c) gneisses in the GC sector (data in Table 2). The chondrite normalized (data from



McDonough and Sun, 1995) bulk crust composition (Rudnick and Gao, 2003) is

plotted for comparison.

Figure 12: Bulk crust normalized (Rudnick and Gao, 2003) trace element patterns for (a) pink

granitoids, (b) grey granitoids and (c) gneisses from the GC sector. An average gneiss

composition calculated for the GC gneisses is shown with the bold blue line in (c).

The GC average gneiss normalized trace element patterns for (d) pink granitoids and

(e) grey granitoids.

Figure 13: Plots (data in Table 3) for GC sector granitoids. (a* ==, versus 2'Sr/%Sr, for all

Figure 14: (a) Molar (Al,03/MgO + Fe”'t) versus molar

granitoids; (b) engt=1.03ca (Pre-D2 granitoids) and € g=0. sca (POSt-D2 granitoids) versus

873r/%8Sr;. (C) engt=1.036a (Pre-D2 granitoids) aru “naw-o.9sca (POSt-D2 granitoids) versus

Topm.

(CaO/MgO + FeOy) plot

(after Altherr et al., 2000), and (b, ©0/Sr versus molar CaO/Na,O diagram for the GC

granitoids. Litho-chemical classification diagrams (after Basei et al.,, 2011) (c)

log(Na,O/K;0) versus lcy ‘S10,/AlL,03) plot and (d) log (Fe O3s/K;0) versus log

(SiO4/Al,03) plot for ancisses of the GC sector. Legend for symbols are is in (c). Data

in Table 2.

Table Captions

Table 1: Summary of lithology and mineral assemblage, morphology/texture of (a) zircon and

(b) monazite, composition and dates in the 13 samples used for geochronology.

Table 1a: Summary of lithology and mineral assemblage, zircon morphology, Th/U ratio in zircon, and
concordant and discordant dates. Isotope ratios and spotwise dates in zircons are in Supplementary

Material.

Sam Number of Concordan
le Rock type and mineral Zircon moroholo analyzed Th/U tand
lElo assemblage phology grains and ratios  discordant

‘ spots dates (Ma)

(+20)




Quartzofeldspathic gneiss.
D1 fabric defined by

AW alternate layers of Hbl-Bt-
161 Ms and PI+Kfs-Qz; Rt, Opq
and Zrn are accessory
phases.

®

-]

@,

&

Anatectic gneiss with
alternate Hbl+Bt and

ﬂ/X PI+Qz+Kfs layers; Rut, Zrn
and Ilm are accessory
phases.
) Syn-D3 pink
AW o  blastoporphyritic granitoid;
18 = KfstPl+Qz+Bt; Sph, Zm
g_. and Opq grains occur as
a accessory minerals.

Concordan

t date: 909
+ 11 (£36)
Ma
Zircon grains are long (MSWD:
prismatic, width 0.51);
(80-100 pm), length Discordia
(200-300 pm). The CL dates:
images exhibit core-rim 23 grains/ 35  0.04-— Upper
textures; cores exhibit spots 1.60 intercept
oscillatory or convolute 2485+ 15
zoning; rims appear to (296) Ma,
be recrystallized Lower
overgrowths (Fig. 6b). intercept
932 +15
(£39) Ma
(MSWD:
1)
Zircon grains are
prismatic to square
shaped; some prismat.~
grains are fragmer=d
(Fig. 6¢). Width o2 -b0
pum) and lengt:. 100 - Discordia
300 um). CL imay"s dates:
exhibit .2re-rim Upper
textures: *ae ircon intercept
cores rstly nave a CL 1742 + 20
~.an res,anse, faint 24 grains/25 0.04-  (£69) Ma,
*rar 2s of oscillatory spots 1.25 Lower
zon. 1 is preserved in intercept
some of these cores. 470+ 30
I, 2 rims on the zircon (£35) Ma
jprains are overgrowths (MSWD:
which have a bright CL 0.41)
response. Few grains
are devoid of core-rim
textures, are
recrystallized, and have
CL dark response.
Concordan
t date: 946
+ 6 (£37)
Zircon grains are Ma
prismatic: width (60— ('\3%\2\;[)
100 um), length (100— Discordia
150 um). In CL (Fig. dates:
well-defived oxcllatory 1897980 03— Unper
T spots 1.91 intercept
zoning; some of the 055 + 17
grains have xenocrystic (+40) Ma
cores surrounded by N ’
. Lower
new magmatic Intercept
overgrowths. 70 + 68
(x69) Ma
(MSWD:

0.43)




Concordan

t date: 955
+7 (£37)
Zircon grains are Ma
prismatic, wdt (50-80 (MSWD:
] i um) and length (100— 12);
Posjt I?2 blastoporphyrltlc 150 pm). Magmatic Discordia
granite; coarse grained rock : . .
‘o oscillatory zoning dates:
comprising large (>1cm) . .
. . observed in most grains . Upper
AW grains of Kfs, Qz, PI; ; . . 19 grains/35 0.37- ;
; in CL images (Fig. 6e), intercept
145 Hbl+Bt+Ms occurs in A e spots 2.52
: . some grains exhibit 2525 + 46
subordinate amount; Zrn
overgrowth of (£106)
and Opq are accessory
. homogenous Ma,
minerals. o
metamorphic rim Lower
mantling magmatic Intercept
cores. 944 + 15
(£ 39) Ma
(MSWD:
1)
Zircon grains are lonr,
prismatic; width (60 -6
D3 blastoporphyritic pm) and length (10—
granite comprising large 300 pum). The yrai's No
grains Qz lentils and Kfs in exhibit magn. tic alignment
AW a fine-grained mosaic of oscillatory zon"d co,~s 14 grains/30 0.09- on
98 Qz+Kfs+PIl+Ms; Hbl and with hene genous spots 1.82 Wetherill
Bt occur as accessory phase meta.~.orraic Concordia
along with Zrn and Fe- overgi.wths; in a few diagram
Oxide minerals 0’ ains the vore exhibits
cov olute zoning (Fig.
6f).
Zircon grains are long
D3 pegmatoidal granitoid prismatic; width (80—
with end-to-end touching 120 pm) and length Concordan
imbricate Kfs grains (>6¢ n (200-300 um). The t date: 951
AW Iong) showing @arlbrd grains exhibit mggmgtlc 21 grains/25 022-  +10 (+37)
twins. Kfs grains are oscillatory zoning in
127 : : spots 1.41 Ma
euhedral to subhedrai, °I CL images (Fig. 6g). A .
) ; ) (MSWD:1
grains are weaklv . ~ne §; few grains also show 2)
feldspars ar: we. kly recrystallization '
recr _talioed. textures and generally
have CL dark response.
Zircon grains are
prismatic; while some
grains are long and . .
slender others are short Dljco@a
ST ates:
and stout as is evident Unper
Coarse-grained post-D2 from their length to PP
o2 . . . Intercept
granitoid comprising width ratios of 4-5 and
> ) . 2544 + 82
majorly Qz-Kfs-Pl and Bt; 1.2-1.6 respectively. (+127)
AW Zrn, Ap, and opaque The cores of these 13 grains/30  0.09- _Ma
9A minerals occur as accessory zircon grains are spots 1.82 Lowér
phases; randomly oriented completely |
- . ntercept
retrograde muscovite is recrystallized and have
. . 958 + 26
associated with Kfs a CL dark response (+45) Ma
which is surrounded by = ]
oscillatory zoned (MSWD:
0.88)

overgrowths in some
cases (Fig. 6h); in other
grains the rims are




homogenous and have a
CL bright response
(Fig. 6h).

. . Discordia
Zircon grains are dates:
prismatic; width (40-80 Uppe.r
o um), length (100-300 Intercept
Pre-D2 blastoporphyritic um). The grains exhibit 1026 + 17
AW granitoid comprls.mg Kfs- pore—rlm texture in CL 18 grains/40 0.08-  (+43) Ma,
P1-Qz-Bt-Hbl-Ms; Zrn and images; the cores have
73 - - spots 1.08 Lower
Opq minerals occurs as CL dark and bright Intercent
accessory phases responses, the rims bear 111 + A?O
oscillatory zoning .
indicative of magmatic %ﬁg\)/\/l\ga
overgrowths. 1.4) '
Concordan
t date: 983
+ 11 (£39)
Ma
The zirc n yrcins are (Mlsx;/_D:
shor. pri.~dtic to Diséoraia
Pre-D2 granitoid, relatively r..."any.'lar shaped; dates:
fine-grained, comprising ene n to width ratio . :
AW Kfs+PI+Qz+Bt+Hb+Ms; Ve ving from15-2, 22 9rains/a0 - 0.07= Upper
8 . L spots 1.80 Intercept
Zrn-0ccurs as accessory Some grains exhibit 1020 + 22
phase Lo ve-rim textures in CL, (+45)_Ma
others are _Lower ’
concentrically zoned. Intercept
186 + 35
(£36) Ma
(MSWD:
N 0.95)
Table 1b: Brief summur, o1 .. 0logy, mineral assemblage and summary of monazite textures,
composition and chemical a 1tes. Spot wise chemical composition, age, and 2o errors (in Ma) of
monazites are provided in supplementary Material®.
No. of Range of
Zoning anallyze spot dates
Sl Rock type and mineral Textural setting of pattern_ and d E220)) )
ple . chemical - mean
assemblage monazites P grains
No. variations in and dates
monazites Spots (#¥20) in
Ma
Zoning is
Basement anatectic gneiss nzztlﬁr;ﬁ's 878 + 28
o comprising coarse-grained Rounded to short ThO, (5 37'7 3 to 940 +38
AW S mosaic of Kfs-Qz-PI-Bt- prismatic grains of 60— 2 grains/  Ma; 923 +
> ) . . . 12.64 wt%),
9B 7 Hbl; calcite veins occur in 80 um (long axes)occur U0, (0.01- 11 13
®  the rock at places. Mnz is associated with Bt 0 6§ M% ) spots  (MSWD:1
accessory mineral PbO (0.25- .8)

0.59), Y,05




(0.50-2.48)

Zoning is
patchy-
Coarse grained Lona and short nebulous. 876 + 26
quartzofeldspathic gneiss . t'?: rains of 60 ThO, (6.06— 5 to 1020 =
AW (Kfs-PI-Qz-Ms-Bt): Cpx prl'ég‘a : gl : 7" 9.70wWt%),  grains/ 32 Ma:
7 occurs as an accessory occu:lgsgg;%e?jx\?\z)'[h U0, (0.14- 14 911+ 22
phase with Hbl, Chl and the Bt grain aggregates 1.69 wt%), spots (MSWD:
Mnz. PbO (0.23- 7.1)
1.62), Y,03
(- 11-2.62)
Zrning is
patchy-
nebulous;
S Short prismatic gra.s rarely 872 £ 47
Pgorztir?efj ?;gg;%'gf\’\gttr_ll\;'ge with I_ong ax!s >o0 L, concentric. 5 to 959 +
AW Hb-Qz-PI-Kfs-Grt. Zrm-Rt- associated with . liated  ThO,(2.96—-  grains/ 27 Ma;
163 Mnz-Opg occﬁr as Bt, and also "n the 10.64 wt%), 12 908 + 19
accessory phases recrystal’iz¢ J quartz- U0, (0.24- spots (MSWD:
' feld~p.: mr saic. 1.25 wit%), 2.7)
@ PbO (0.21-
2 0.47), Y,04
g (1.69-3.09)
= Zoning is
Sub-rounded to patchy-
ehiptical grains (long nebulous. 863 =50
Post-D2 blastoporphyritic axis 100-150 um) ThO, (4.48— 5 to 969 +
AW granitoid comprising Bt: occur within 14.07 wt%),  grains/ 47 Ma;
12 Ms-Kfs-Qz-Pl assembl ge. aggregates/individual U0, (0.15- 21 926 + 11
Mnz is an accessory nhe. e, Bt grains; monazite 1.02 wit%), spots (MSWD:
exhibits no preferred PbO (0.19- 3.3)
alignment 0.83), Y,03
(0.88-2.56)

Mineral abbreviations. Jiowu* B8t), chlorite (Chl), garnet (Grt), hornblende (Hb), ilmenite (1Im), K-
feldspar (Kfs), monazite (I\ 1z), muscovite (Ms), opaque phase (Opq); plagioclase (Pl), quartz (Qtz);

rutile (Rt), zircon (Zrn).
Table 2: Major and trace element compositions of granitoids and gneisses in the GC sector.

Pink Granitoids Grey Granitoids Gneiss
pre- pre-
D2 post-D2 D2 post-D2
A
A A A A A A A
S A A A A A A A A A A A A W
A A W W W A W W A W w
pww W www DY pwwwwww Dy B
pl 1 5 1 2 9 1 ; i é é 7 1 1 1 3 6 1 ; 9 7 i 2 (15 4
e 8 1 8 O 7 5 5 3 4 5 6 8 3 A A A B 2 1 é
|7 6 6 6 7 7 7 7 6 6 7 6 7 7 6 6
Si 6 7 5 77 7 5 6
ol|l4 7 7T 9 1 2 o o & 12 3 8 16 6 5 , 3 8 ;9 4 4
2|7 5 9 0 3 4 & 7 2 9 1 3 7 9 5 0 4 1 4 g 9 g ¥ O
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h 473 423505 2 1 7 1 0 9 4 7 9 6
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T
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B 1 3 8 8 8 9 2 7 9 8 7 3 / 6 5 9 2 4 1
1 96 6 57 8 3 8 0 8 52 / 4 8 3 9 6 7
3 -
bdl: below detection limit
AICNK=molar AL203/Ca0+Na20+K20
Fe#=molar FeO/FeO+MgO
Eu/Eu*=Euy/V(Smy*Gdy)
WHS88: Watson and Harrison, 1988; B13: B eb., = st al., 2013
Table 3: Whole rock Sr and Nd isrtor.ic data for granitoid samples from the GC sector.
Sa 87Sr Sm Nd  147S 143N T T f(S &N &N Time
mpl /86S  (pp (b mM/144 d/144 T 2D CH m/N d . T
e Granite type r m, ) Nd Nd DM M UR d) 0) T) (Ma)
A  Pink 205 243 1.65 - -
W Grani pre 073 13.¢ 104. 0511 E+0 E+0 E+0 23. 11.
5 te D2 22 6 5 0.0841 407 9 9 9 06 9 1 1030
A Pink  pos 242 275 203 - -
W  Grani t 0.71 0511 E+0 E+0 E+0 25. 13
21 te D2 56 283 181 0.0985 318 9 9 9 05 6 7 950
A Pink  pos 230 289 1.96 - -
W  Grani t 0.72 137 0511 E+0 E+0 E+0 29. 15.
127 te D2 31 5 110 0.0787 110 9 9 9 -06 7 4 950
A Pink  pos 236 272 197 - -
W Grani t 0.75 0511 E+0 E+0 E+O0 25. 13
145 te D2 62 6.58 433 0.0957 318 9 9 9 -05 6 4 950
A  Grey 251 3.05 218 - -
W  Grani pre 0.78 0511 E+0 E+0 E+0 31. 18.
8 te D2 89 871 641 0.0856 033 9 9 9 06 2 6 1030
A Grey pos 253 289 216 - -
W Grani t 0.79 0511 E+0 E+0 E+0 27. 15.
16 te D2 10 824 526 0.0987 235 9 9 9 05 2 4 950
A  Grey pos 228 272 191 - -
W Grani t 0.71 0511 E+0 E+0 E+0 26. 13.
38 te D2 85 6.00 423 0.0893 281 9 9 9 -05 3 3 950




“3Nd/M“Nd=0.512630, *’Sm/***Nd=0.1960 of CHUR (Bouvier et al., 2008)

3Nd/M“Nd=0.513151, *’Sm/***Nd=0.2136 of Depleted Mantle (DM) (Goldstein and Jacobsen, 1988)
A*'Sm= 6.54*10"%yr* (Lugmair and Marti, 1978)

£¥Rb= 1.42*10yr? (Steiger and Jager, 1977))

Deformatio | Basement Granitoids Supracrustal  Tectonic U-Pb

n events gneiss Unit significanc  zircon and
(autochthonous (allochthonous e monazite
) ) ages

Abbreviations: CHUR=Chondrite Uniform Reservoir, DM= Depleted Mantle
Table 4. Summary of pre-D2, D2 and D3 deformation features, age and tectonic significances
in the three lithodemic units, e.g. the basement gneisses, the supracrustal unit, and

pre- and post-D2 granitoids.




Pre-D2

D2

D3

Granulite facies
anatectic
metamorphism
manifested by two
high-temperature
fabrics D1a and
D1b

Recumbent folds
developed on
anatectic layers in
gneisses with gentle
WNW plunging
fold axes; pervasive
axial plane fabric
not observed

Upright folds on T
recumbent folds v~
Dla-D1b gneiscic
layers in ar atec'ic
gneiss”..: Ti.»
WNW plunying
gentle to
moderately
plunging folds do
not possess
pervasive axial
plane fabric

Post-D1a, b
granitoids
intrusive into
the anatectic
basement
gneisses;
older
granitoids do
not share the
D1a,b fabrics
in the
gneisses.

Pre-D2
granitoids
develop
shallow
dipping
mylonitic
foliation (S2)
with WN*!
plungir 4
stretchiny
line tions
(L2

Fust-D2 to
syn-D3
granitoid
emplacements
; these D3
granitoids
exhibit steep
dipping
mylonitic
foliation (S3)
with moderate
WNW
plunging
stretching
lineations
(L3) in
vicinity of D3
shears.

Recumbent
isoclinal folds on
colour banding
(S0) in the
supracrustal unit,
with the
development of
penetrative S1
fabric at
greenschist-
epidote
amphibolite facies.

Recumben. D2
folds de . ~lop on
S0-S”. 1afles in
the a..~chf.xonous
supr.crus.”l rocks;
th . deformation
,rovuces gently
dipping axial
planes (S2) and
WNW gently
plunging fold axes
(L2)

Moderately
plunging upright
folds on D2
recumbent folds
and shallow-
dipping phengite-
chlorite S2 axial
planes in
micaceous rocks in
the supracrustal
unit, at the vicinity
of E-striking D3
shears with E-W
striking axial
planes (S3) and
WNW moderately
plunging fold axes
(L3)

The high
temperature
anatectic
event in the
gneisses is not
reflected in
the
supracrustal
unit.
Similarly, the
high-T D1a, b
events in the
gneisses are
not shared by
the pre-D2
yranitoids.

Overthrusting
(top-to-the-
south) of the
allochthonous
supracrustal
unit over the
gneiss-
granitoid
basement due
to N-S
shortening

Progressive
N-S
shortening led
toa
switchover
from the
thrust regime
(D2) to a
wrench
dominated
deformation
(D3)
involving
flipping of Z
strain axes
from vertical
to horizontal
for the same
E-W orogen
parallel
stretching;
this led to
nucleation of

High-grade
metamorphis
m in gneisses
occurred at
1.7-1.6 Ga.
Pre-D2
granitoids
belong to two
age clusters,
e.g 2524
Ga, and
1.03-1.02 Ga.

This
deformation
post-dates the
emplacement
0f~1.03-1.02
Ga, and
juxtaposes the
2.5-2.4 Ga
granites with
the 1.7-1.6
Ga gneisses,
and low-grade
supracrustal
rocks.

~0.95-0.93
Ga age of post
D2 to syn D3
granitoids,
and the 1.03
Ga pre-D2
granitoids
thus constrain
the D2-D3
crustal
convergence
between 1.03-
0.93 Ga.




E-W striking,
basement
piercing, steep
dipping,
sinistral,
transpressiona
I D3 shear
zones

Supplementary Materials

Supplementary Material': U-Pb zircon analytical data for gneisses (AW161, AW 114) and
granitoids (AW 18, AW 145, AW 127, AW 98, AW ZA, AW 73, AW 8) from the
Godhra-Chhota Udepur sector. Lines in bold and "alics are discordant analyses, lines
in bold are concordant analyses. Analytical ¢=: 1or quality control material GJ-1 is
also provided.

Supplementary Material®: Electron probe microa.zytical data of monazites, spot ages with
20 errors in Ma, and error % com, "1t 2d following Prabhakar (2013).

Supplementary material®: Harker variau~n diagrams for the major element oxides (a) Al,O5
(b) Fe203 (c) MgO (d) Cu2 (&) K0 (f) NaxO (g) molar FeO/(FeO+MgO) and (h)
SREE versus SiO, (wt%, for granitoids and gneisses of the GC sector.

Supplementary Material*: C'inmary of instrumentation and analytical protocols for the LA-

ICP-MS equipme.~t used for LA-ICP-MS U-Pb zircon dating
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Highlights

1. Godhra-Chhota Udepur (GC) is the western end of the Central Indian Tectonic Zone
[83]

2. At GC, NNE-SSW shortening is contemporaneous with 0.95-0.93 Ga felsic
emplacements [85]

3. Innorth GC, 2.5 Ga granite reworked at 0.95 Ga with no Paleoproterozoic overprint
[85]

4. In south GC, no Archean inheritance noted in 1.6 Ga qgi.2isses reworked at 0.95 Ga
[83]

5. ~0.95 Ga accretion welded mutually exclusivz ~-chiean and Paleoproterozoic terrains

[85]
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