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First record of circa 970 Ma
post-collisional A-type magmatism in
the Sendra Granitoid Suite, central
Aravalli orogen, northwest India

Jaideep K. Tiwana, Parampreet Kaur*,
Naveen Chaudhri and Manisha

Centre of Advanced Study in Geology, Panjab University,
Chandigarh 160 014, India

This study provides the first record for the emplace-
ment of post-collisional A-type granites in extensional
regime during the late Grenvillian period in northwest
India. The ca. 970 Ma granites of the Sendra Granito-
id Suite (Chang pluton) intrude calc-silicate rocks of
the South Delhi Supergroup in the central Aravalli
orogen. The Chang pluton is composed of granite sen-
su stricto; the granites are metaluminous, ferroan,
calc-alkalic, and are characterized by high Ga/Al
(>2.5), Nb+Y (>60 ppm), Ta+Yb (>6 ppm), REE,
HFSE and zircon saturation temperatures, typical of
A-type granites. The Y/Nb >1.2 further classified the
rocks as A,-subtype, signifying their derivation from
crustal sources in a post-collisional setting. The crus-
tal source is also supported by their high LILE (Rb, K
and Ba), and Pb, Th and REE. The geochronological
data and tectonics of the region indicate that the
granites were emplaced about 30 Myr after the Gren-
villian collisional orogeny. This scenario likely re-
sulted due to delamination of the lower part of the
thickened orogenic lithosphere. These results are
expected to have significant implications for the
assembly tectonics of the Rodinia supercontinent.

Keywords: A-type granites, post-collisional extension,
whole-rock geochemistry, magmatism.

THERE is a broad consensus that the amalgamation of the
Rodinia supercontinent took place between 1300 and
900 Ma (refs 1 and 2). The position of India in Rodinia,
however, remains enigmatic. Some consider that India
was not a part of Rodinia®, while others are of the view
that India was located west of Australia®. Further, it has
also been proposed that the Eastern Ghats Mobile Belt
(India) and the Rayner Province (East Antarctica) were
attached by 990-900 Ma, and India broke away from
Rodinia by 750 Ma (ref. 1). Like the Central Indian Tec-
tonic Zone (CITZ) in central India, the northern and cen-
tral parts of the Aravalli orogen (northwest India) also
show imprints of the Grenvillian orogeny at 1085—
930 Ma (refs 5 and 6).

In the central Aravalli orogen, the region about 10 km
south of Beawar (Figure 1) experienced the late Grenvillian

*For correspondence. (e-mail: param.geol@gmail.com)
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a, Simplified regional geological map of the Aravalli orogen showing location of study area within the South Delhi Supergroup (Kaur
and references therein). (Inset) Location of Aravalli orogen in NW India. b, Geological map of the Sendra Granitoid Suite showing major

lithological units and sample locations (modified after Gupta et al.'*). BK, Birantiya Khurd.

felsic magmatism at 990-970 Ma (refs 7 and 8) in
the Sendra Granitoid Suite. The present study provides
detailed geochemical characterization of the Chang
pluton of the Sendra Granitoid Suite, and challenges the
current understanding by showing that the rocks are
post-collisional A-type granites with no evidence of arc-
related granitoids. These results could have significant
implications to understand assembly tectonics of the
Rodinia supercontinent.

The Aravalli orogen comprises of three major Precam-
brian stratigraphic units, the Palaeo- to Neoarchean Ara-
valli Banded Gneissic Complex’ (3310-2485 Ma), which
is succeeded by two supracrustal units, the Palaeoprote-
rozoic Aravalli Supergroup and the Palaeo- to Mesoprote-
rozoic Delhi Supergroup. The rocks of latter are
deposited in two distinct sedimentary basins; north of
Ajmer, they show older depositional ages between 1700
and 1000 Ma (the North Delhi Supergroup), and younger
depositional ages (1200-1000 Ma; the South Delhi
Supergroup) to the south of Ajmer'™"".

Gupta et al.'? divided the rocks of South Delhi Super-
group into an older Gogunda Group and a younger
Kumbhalgarh Group. The Gogunda Group is dominantly
arenaceous comprising conglomerate, quartzite, phyllite
and calc-silicate rocks and is considered equivalent to the
Alwar Group of the North Delhi Supergroup. The rocks
of Kumbhalgarh Group are mostly calcareous with minor
argillaceous and arenaceous metasedimentary rocks and
are equated with the Ajabgarh Group of the North Delhi
Supergroup. On the basis of lithological homogeneity,
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strike continuity and local relationship of superposition,
rocks of the Gogunda Group are subdivided into three
formations (Richer, Antalia and Kelwara), whereas
those of the Kumbhalgarh Group into eight formations
(Todgarh, Sendra, Beawar, Kotra, Barr, Kalakot, Ras and
Basantgarh)'. The latter formations do not always show
correct order of superposition due to superposed deforma-
tion and gradational or interfingering relationship of the
lithounits'’.

The Sendra Formation of the Kumbhalgarh Group is of
interest in this study (Figure 1). It is sandwiched between
the rocks of Beawar and Kotra formations in the east and
Barr Formation in the west. This lithounit with NE-SW
trend, comprising predominantly calc-silicate rocks with
minor bands of schist, quartzite and mafic magmatic
rocks, is about 10—12 km thick in the northern part and
narrows down to only a few metres in the south'’. The
calc-silicate rocks are intruded by a number of plutons of
the Sendra Granitoid Suite, such as Chitar, Chang, Seli-
beri, Borwar and Jaitpura. It is pertinent to mention that
no detailed modern geochemical studies have been made
to characterize these granitoids.

The Chang pluton is the largest among these, covering
more than 15 sq. km area in and around the Chang Re-
serve Forest. The granitoids show a sharp contact and an
intrusive relation with the calc-silicate rocks of the Sen-
dra Formation (Figure 2 a), as also previously reported by
Agrawal and Srivastava'®. Mafic dykes, pegmatites and
quartz veins are the late intrusions, and xenoliths of calc-
silicate rocks and mafic microgranular enclaves (MMEs)

CURRENT SCIENCE, VOL. 118, NO. 5, 10 MARCH 2020
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Figure 3. Modal compositions of the Chang granites in the QAP clas-
sification diagram of Streckeisen*’. Average Chang = average modal
data from Agrawal and Srivastava'*.

are common. The granitoids and country rocks show
three sets of deformation structures. The former is inter-
preted to be of late syntectonic emplacement relative to
D, phase of deformation and shows a complex deforma-
tional history'>'®. The zircon U-Pb thermal ionization
mass spectrometer (TIMS) data suggest the crystalliza-
tion age of the Chang pluton at ca. 970 Ma (ref. 8).

The rocks of the intrusion are characterized by grey to
pink-coloured, mostly medium grained, foliated and equi-
granular granitoids (Figure 2 b); rarely is it porphyritic. The
foliation is well-defined by biotite and sometimes by bio-
tite and amphibole. The rocks show typical subhedral—
granular texture (Figure 2 ¢); they are subsolvus, contain-
ing magmatic K-feldspar and plagioclase. Essential min-
erals are quartz, K-feldspar, plagioclase, biotite and
amphibole (Table 1). Accessory minerals constitute zir-
con, monazite, epidote, apatite, titanite, allanite, fluorite,

CURRENT SCIENCE, VOL. 118, NO. 5, 10 MARCH 2020

Representative field and photomicrographs of the Chang pluton, illustrating (a) a sharp and intrusive contact between the Chang gra-
nites and the host calc-silicate rocks; () Chang granite showing well-developed foliation defined by biotite and amphibole and (c¢) overall view of
the Chang granite illustrating a typical hypidiomorphic—granular texture (cross nicols).

iron oxides and secondary muscovite. The published min-
eral chemical data of two granitoid samples of the Chang
pluton indicate that the plagioclase is albite to oligoclase
(Any to Anjg,) and biotite is annite®. In the QAP ternary
plot based on mode, the Chang samples are classified as
granite sensu stricto (Figure 3).

Whole-rock geochemical data of the Chang pluton
(Table 1) were analysed at the Activation Laboratories
Ltd, Ontario, Canada. Details of sample preparation are
given in Kaur ez al.'” and those of analytical protocol are
mentioned elsewhere!’ (also see www.actlabs.com). The
total rare earth element (REE) contents in the Chang gra-
nites are high (Table 1). Overall, the REE patterns are
similar and moderately fractionated ((La/Yb)y = 2.7-4.3);
Figure 4 a). All the samples show flat, heavy (H) REE
patterns ((Gd/Yb)y = 0.9-1.2)) and strong negative Eu
anomalies (Eu/Eu* = 0.26-0.43). In the primitive-mantle
normalized multielement plot (Figure 4 b), the granites
show prominent negative anomalies for Ba, Sr—Eu, P, Nb
and Ti, which are likely to be related to fractionation of
K-feldspar—biotite, plagioclase, apatite, rutile and titanite
respectively. Importantly, these multielement patterns do
not show any decoupling between the large-ion lithophile
elements (LILEs) and high-field strength elements
(HFSEs), which is typical of subduction-related mag-
matism.

The values of aluminium saturation index (ASI) index
are less than 1, classifying the granites as metaluminous
(Table 1). These granites are typically A-type as they are
ferroan (high Fe-number (FeOt/(FeOt + MgO)=0.90 to
0.97), calc-alkalic and exhibit high concentrations of Zr,
Nb, Y, REE and Ga/Al (>2.5) compared to I-, S- and M-
type granites'® 2" (Figure 5). They are high-temperature
granites as indicated by zircon-saturation temperatures”',
which are higher than 832° + 17°C (Table 1), well within
the range of melt temperatures estimated experimentally
for A-type magmas®>*. There exists a possibility that
some A-type granites may represent highly fractionated
I-type magmas'®. In such a scenario, the enrichment of
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Table 1. Representative whole-rock chemical and modal compositions for the Chang pluton, Sendra Granitoid
Complex, Aravalli orogen, northwest India

Sample no. CG-1 CG-6 CG-7 CG-8 CG-9 CG-10 CG-11 SD-1
Si0, (Wt%) 72.2 77.0 74.2 72.7 76.8 72.3 76.2 77.0
TiO, 0.30 0.18 0.26 0.30 0.14 0.30 0.17 0.18
ALO; 12.76 11.91 12.35 13.07 12.09 12.88 11.99 11.91
Fe,05' 2.93 1.85 2.65 2.88 1.58 2.83 1.82 1.85
MnO 0.05 0.03 0.04 0.04 0.03 0.05 0.03 0.03
MgO 0.22 0.09 0.20 0.30 0.08 0.31 0.09 0.09
CaO 1.38 0.85 1.22 1.49 0.78 1.57 0.81 0.85
Na,O 3.21 3.01 3.18 3.38 3.13 3.47 3.08 3.01
K,O 5.08 5.18 491 4.74 5.24 4.44 5.14 5.18
P,0s 0.04 0.00 0.04 0.05 0.02 0.05 0.00 0.00
LOI 0.54 0.56 0.81 0.57 0.57 0.51 0.49 0.56
Sum 98.7 100.6 99.9 99.5 100.4 98.7 99.8 100.6
Sc (ppm) 6 4 6 6 5 6 5 6
A% 11 6 9 11 6 14 6 11
Cr <20 30 30 <20 30 <20 30 <20
Co 19 21 22 20 26 21 22 21
Ni <20 <20 <20 <20 <20 <20 <20 <20
Zn 70 50 60 50 40 50 60 60
Ga 21 23 23 19 24 18 23 20
Rb 264 282 290 254 310 231 288 244
Sr 50 41 46 53 32 57 33 53
Y 120 126 120 79 126 92 123 115
Zr 351 257 356 317 201 270 235 344
Nb 19 12 19 12 24 15 17 18
Ba 807 584 679 655 466 619 505 781
Pb 28 27 27 23 33 26 48 26
Th 27.7 30.2 33 27.4 432 26.5 332 26.8
U 4.2 4.4 4.9 4.7 7 2.6 8.7 3.4
Hf 8.3 7.5 10.3 7.3 7.5 6.4 7.5 8.3
Ta 2.2 2.1 2.7 1.5 3.8 1.8 2.8 2.0
La 76.1 69.2 71.3 53.1 56.6 57.2 65.6 76.8
Ce 159 147 150 111 120 120 137 160
Pr 18.2 16.8 17.2 12.3 13.9 13.5 15.6 18.5
Nd 70.7 62.6 66.3 46.7 54.4 52.7 60.9 71.1
Sm 16.3 15.3 15.4 10.9 13.7 12.1 14.3 16.5
Eu 2.13 1.51 1.96 1.57 1.21 1.66 1.35 2.17
Gd 17.2 16.3 16.8 11.5 15.2 12.6 15.5 17.3
Tb 2.9 3.2 3.1 1.9 3 2.2 3 2.9
Dy 19.1 20.5 19.9 12.6 19.5 14.3 19.7 18.9
Ho 3.9 4.5 4.2 2.6 4.2 3 4.1 3.8
Er 11.9 13.1 12.5 7.9 13.1 9.1 12.5 11.5
Tm 1.83 2.05 1.95 1.22 2.09 1.43 1.96 1.72
Yb 12.5 13.4 13 8.4 14.5 9.7 13.2 11.6
Lu 1.86 2.02 2.09 1.29 2.24 1.52 1.97 1.75
>REE 424.12 397.08 408.7  291.78 344.94 319.21 376.98  424.84
(La/Yb)x 4.1 3.5 3.7 4.3 2.7 4.0 34 2.9
(La/Sm)n 2.9 2.8 2.9 3.0 2.6 3.0 2.9 4.5
(Gd/Yb)y 1.1 1.0 1.0 1.1 0.9 1.1 1.0 1.2
Eu/Eu* 0.39 0.29 0.37 0.43 0.26 0.41 0.28 0.39
ASI 0.97 0.98 0.97 0.98 0.99 0.97 0.99 0.96
10* x Ga/Al 3.11 2.86 3.06 3.33 3.59 2.79 3.78 2.74
ZmT°C 849 828 855 842 806 825 821 848
Nb+Y 139 138 139 91 150 107 140 133
Ta+ Yb 14.7 15.5 15.7 9.9 18.3 11.5 16 13.6
Modal%
Quartz 28.3 314 27.3 27.8 34.0 27.1 40.1 37.9
K-feldspar 28.5 32.8 34.1 31.6 30.0 374 30.3 26.0
Plagioclase 28.1 30.2 30.0 29.2 314 355 22.4 24.9
Biotite 12.3 4.2 6.3 5.8 4.2 6.0 5.7 9.2
Amphibole 1.7 - - 3.8 - 2.9 - 0.3
Acc. Min. 1.0 14 2.3 1.8 0.4 1.4 1.5 1.7

Eu/Eu* = Eupn/(Smy X Gdx)”, ASI, Molar Al,05/(Ca0-3.3P,0s + Na,O + K,0). Zrn, Zircon; Acc. Min., Accessory
minerals, which include zircon, monazite, apatite, epidote, titanite, allanite, fluorite, iron oxides and secondary
muscovite.
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Nb and Y will be a function of the degree of fractional
crystallization'®**. Also, the fractionated I-type granites
will show lower zircon saturation temperatures (<800°C)
due to lower Zr contents than the A-type granites***’. By
contrast, Nb and Y do not exhibit any trend with fractio-
nation (increasing SiO, content) in the studied granites,
and also the zircon saturation temperatures are high
(Table 1), which is typical for A-type granites.

CURRENT SCIENCE, VOL. 118, NO. 5, 10 MARCH 2020

Recently, Whalen and Hilderbrand®® using modern
trace element data compilation, proposed new tectonic
discrimination plots for granitoids and also modified the
older diagrams of Pearce et al.*’. These workers have
demonstrated that A-type granites can be easily distin-
guished from arc-related and slab failure granitoids based
on Nb+Y >60ppm and Ta+Yb > 6 ppm. In all the
granites under study, Nb + Y values are 91-150 ppm and
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those of Ta+ Yb between 9.9 and 18.3 ppm (Table 1),
indicating that the rocks are not arc-related granitoids.
Furthermore, in the modified Rb versus Nb +Y plot of
Pearce et al.”’, the rocks cluster distinctly in the A-type
granite field, away from arc-related granitoids (Figure
6a). The Nb versus Y plot also suggests that these are
A,-subtype granites (Figure 6 b), which is also confirmed
in the Y-Nb—3Ga discrimination diagram of Eby*®, as the
granites form a tight cluster in the A, field because they
have Y/Nb > 1.2 (Figure 6 ¢). Such granites are thought
to be generated from subcontinental lithosphere or lower
continental crust in post-collisional or post-orogenic set-
tings, perhaps during late-stage extensional collapse®®?®.
In the Rb versus Y + Nb discrimination diagram (Figure
6 d), the granites fall either in the post-collisional field or
close to it”. Nevertheless, some samples with relatively
high Y values plot outside the post-collisional field,
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which may be attributed to their magma generation by
relatively lower degree of partial melting™’.

In summary, the ca. 970 Ma A,-subtype granites of the
Sendra Granitoid Suite were emplaced in a post-
collisional extensional realm, perhaps during the late
stages of collision?’. Bhowmik ef al.’ constrained the tim-
ing of granulite facies metamorphism at 1.09-1.01 Ga in
the Pilwa—Chinwali granulites, located ca. 80 km NE
from Sendra at the northwestern margin of the Aravalli
orogen. It has been advocated that the impact of ca.
1.0 Ga collisional orogenic front was prevalent almost
along the entire length of the Aravalli orogen®. In view
of this, a post-collisional setting seems to be consistent
with the available geochronological data of the Chang
pluton (970 Ma) that intruded the rocks of the South Del-
hi Supergroup about 30 Myr after the collisional orogeny.
This post-collisional magmatism likely resulted from

CURRENT SCIENCE, VOL. 118, NO. 5, 10 MARCH 2020
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delamination of the lower part of the thickened orogenic
lithosphere leading to transition from compressional to
extensional tectonic setting®>>. The upwelling mantle
provided sufficient heat to induce melting of crust to pro-
duce A-type magmas.

It is noteworthy that the proposed tectonic setting of
the Sendra granitoids is in contrast with the previous stu-
dies. For example, Pandit er al.®, based on the metalu-
minous character of two granite samples, interpreted the
Chang pluton of the Sendra Granitoid Suite in terms of
I-type classification, whereas these two samples distinctly
show an A-type affinity and also similar multielement
patterns (Figures 4-6). These authors also suggested
that the Chang pluton is an Andean-type intrusion
representing the product of convergent margin processes.
This interpretation was based on the age correlation be-
tween the Chang pluton (968 + 1 Ma) and the Ranakpur
diorite (1012 + 78 Ma: Sm-Nd whole rock isochron®?),
located about 135 km SW of Sendra. The latter is consi-
dered to be chemically similar to the associated ocean arc
basalts®. In this context, it is worth mentioning that Deb
et al.” suggested an arc terrane between Ambaji in the
south and Sendra in the north, known as the Ambaji—
Sendra belt. Moreover, an arc-related tectonic setting for
the volcanogenic massive sulphide (VMS) deposits in the
southern domain of the belt has been interpreted on the
basis of geochemical characterization of the mafic vol-
canics®’. The tectonic setting for the VMS deposits in the
northern domain at Birantiya Khurd (Figure 1 b) is, how-
ever, uncertain because Deb and Sarkar®” considered
these deposits to have formed by an analogous mechan-
ism as those of Ambaji, in view of their similar geologi-
cal setting. Based on the geochronologic and lithotectonic
affinity between the VMS deposits of Ambaji and Biran-
tiya Khurd, the arc-related rocks in the southern domain
were suggested to extend till Sendra’. Thus, it is apparent
that the proposed arc affinity for the rocks in the northern
part of the Ambaji—Sendra belt is yet to be constrained by
further detailed geological studies. It should be noted
before this study, the granitoids throughout this belt vir-
tually lack modern geochemical data, except for the two
analyses available from the Chang pluton.

This study records the emplacement of post-collisional
A-type Sendra granitoids within extensional encratonic
environment. Furthermore, the age range of 990-970 Ma
for these granitoids and the associated rhyolites corres-
ponds to the assembly time span of the Rodinia supercon-
tinent (1300-900 Ma). The rocks of A-type affinity
during the Grenvillian magmatism have also been re-
ported from many worldwide terranes; for example,
southwestern Grenville province in Canada®, northern
Virginia”, central Colorado™, Laurentia, Texas and New
Mexico’"*®, and southern Norway>**’. The present study,
therefore, supports growing evidence that during the
assembly of Rodinia, there was a relative lack of subduc-
tion-related arc magmatism in contrast to the arc-
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collisional magmatism prevalent during the assembly of
other supercontinents, such as Columbia and Gond-
wana®*!. This contention, however, needs to be confirmed
in India wherever the Grenvillian rocks are exposed.
Therefore, revelation of 970 Ma A-type extensional-
related Sendra granitoids invokes the need for more
robust geochemical and geochronological constraints in
order to explore the relative prevalence of extension/
subduction-related magmatism during the Grenvillian
processes in NW India. This may further have implica-
tions to refine the configuration of Rodinia in context of
India’s position.
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