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Abstract: The Wadhrai granite stock is a part of the Nagar Parkar Igneous Complex, an extension of
the Neoproterozoic Malani Igneous Suite of western Rajasthan. It is occupied by a petrographically
uniform granite comprising perthite, plagioclase, quartz, with small quantities of biotite, opaque
oxides, titanite, and secondary minerals. The rocks are sparingly porphyritic and contain dykes of
microgranite, aplite, and rare pegmatite. In the south-central part, parallel sheets and swarms of
mafic dykes, and in the western part very fine-grained felsic sheets intrude the body. The granite is
metaluminous to peraluminous and characterized by high silica (73-76 wt%), and alkalis (7-9 wt%),
and low CaO (0.15-1.4 wt%), MgO (0.15-0.38 wt%), Th (7-12 ppm), and U (1-2 ppm). On geochemical
discriminant diagrams, it classifies mostly as A-type (with rather high Y/Nb (8.6 to 2.4, average
5.2) and low Nb/Ga and Ce (typical of A2-type), but sparingly as I-type. Chondrite-normalized
patterns show enrichment in LREE over HREE, and small negative Eu anomalies, whereas mantle-
normalized spidergrams display higher LILE over HFSE, distinct troughs for Nb, Sr, P, Ti, and spikes
for La, Ce, Nd, Sm and Tb. The granite magma was possibly derived from a tonalite-granodiorite-
dominated crustal source. Based on the above-mentioned geochemical evidence, it is interpreted
that the source rocks of the magma of the Wadhrai granite likely developed initially in a continental

margin subduction setting and underwent partial melting in a continental extensional environment.

Keywords: Wadhrai granite; Nagar Parkar igneous complex; Malani igneous suite; SE Pakistan;
geochemistry; petrogenesis

1. Introduction

The Nagar Parkar area of SE Sindh covers 500 km? along the Great Rann of Kutch and
the Thar Desert in Pakistan. It comprises mounds and hills of granites in a plain covered by
sand, silt and salt. The granites are emplaced in a suite of metamorphosed mafic to felsic
rocks and are cut by younger mafic and felsic dykes, collectively referred to as the Nagar
Parkar Igneous Complex (NPIC). The granites consist of grey (Karunjhar-type, with aegirine
and riebeckite), and whitish grey to pink varieties (containing biotite + hornblende) [1-3].
A simplified geological map of the area is shown in Figure 1. Petrographic similarities,
radiometric ages, and geographic proximity suggest that the NPIC belongs to the Malani Ig-
neous Suite (MIS) of western Rajasthan [4]. It is considered as the third largest felsic igneous
province in the world [5], and the largest of its type in India [6]. Bimodal magmatism and
associated clastic sediments occur in the Punagarh and Sindreth basins (24°50’ N, 72°47" E)
located along the eastern margin of the Malani rocks [6]. The MIS is Neoproterozoic in age;
700-800 Ma [4,7-10]. U-Th-Pb zircon ages on the main granites of NPIC are similar to these,
with a few older dates like those of Erinpura [3,11-13]. Comprehensive age data [14] show
that the Neoproterozoic granitic magmatism in the NPIC spanned >100 Ma from ca. 775
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to 640 Ma. Rehman et al. [15] also reported 272 & 5.4 Ma felsic dykes in the area, possibly
associated with Permian rifting of the Cimmerian microcontinents from the Gondwana.
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Figure 1. Simplified geological map of the Nagar Parkar igneous complex, SE Pakistan (modified
after [16].

This paper deals with the geochemistry and petrology of the Wadhrai stock, ex-
posed 12 km north of the Nagar Parkar town (28°28'22"” N, 70°45'40"” E, Figure 1).
Covering > 10 km?, it is essentially composed of granite that contains many mafic and
felsic dykes (Figure 2).

The Wadhrai stock has been previously investigated in some detail; however, not much
attention has been paid to its petrogenesis and magmatic evolution. Jan et al. [16] mapped
the stock and provided petrographic details. Markhand et al. [12] briefly described the
geochemistry of various rocks of the body, and reported a U-Pb zircon age of 767 &+ 12 Ma
on the main Wadhrai granite. While discussing the geochemistry of the NPAC, Ref. [2]
provided major and trace element analyses of six samples from Wadhrai. However, detailed
petrology and petrogenesis have not been reported on the Wadhrai granite itself. The aim
of this study was to present analytical results of major and trace element data to trace the

petrological evolution of the Wadhrai granite and the tectonic environment that prevailed
during its magma generation.
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Figure 2. Geological map of the Wadhrai granite stock (modified after [16]. Numbers show the
location of the analyzed samples.

2. Petrography

The Wadhrai stock is made up of spheriodally weathered, uniform granite of light color,
locally showing pinkish hue (Figure 3A,B). It is cut by mafic and felsic dykes (Figure 3C-E),
which are particularly abundant in the southern part (Figure 2). It contains sparse mafic
enclaves of the basement, and greyish granitic autoliths. The granite displays medium-
to fine-grained granitic texture, and is sparingly porphyritic with >1 cm long feldspar
phenocrysts. The granite is composed of perthite, plagioclase (both mildly cloudy), quartz,
small amounts of biotite, chlorite (after biotite), opaque oxides, titanite, leucoxene (sec-
ondary), and rare allanite and epidote (Figure 3F). The plagioclase is commonly zoned, at
places oscillatory, and ranges from sodic andesine to albite. Details on petrography are
reported in [16].

The felsic dykes comprise microgranite, aplite and, rarely pegmatite (Figure 3C,D).
Most of the dykes do not exceed 150 m in length and 2 m in thickness; some are vein-like
(Figure 3D) and less than 10 m in length. They are locally cut by mafic dykes, or the two
may sparingly form composite sheets. The dykes are fine-grained, subequigranular to
subporphyritic, and hypidiomorphic. They essentially consist of feldspar and quartz, small
quantities of opaque oxides, with or without biotite, amphibole, titanite, rare epidote and
secondary minerals. Details on petrography can be found in [1].

There also are a few very fine-grained felsic dykes, one of which extends 2 km in length.
These dykes are marginally banded, and locally display conchoidal fractures (Figure 3E).
They are sparsely porphyritic and show granophyric and spherulitic fabric. They consist
of perthite, albite, quartz, sodic amphibole, sodic clinopyroxene, and small quantities
of opaque oxides, titanite, allanite, and rare epidote, tourmaline and olivine. Details on
petrography can be found in [1]. The presence of sodic amphibole and sodic clinopyroxene
suggests that the rocks are sodic and peralkaline.
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Figure 3. Field and petrographic aspects of the Wadhrai granite. (A) Spheroidal weathering in
granite. (B) Pink color in the weathered granite is further accentuated by the evening sun. (C) Fresh
granite intruded by thin mafic dykes, hammer for scale. (D) Felsic dyke (50 cm wide) in jointed
and weathered granite. (E) Grey fine-grained felsic dyke (right) in weathered granite (left), hammer
for scale. (F) Photomicrograph of a typical granite from east central part of the body, composed of
perthite (Prt), zoned plagioclase (P1) showing some alteration, quartz (Qtz), partly chloritized biotite
(Bt), chlorite (Chl) and opaque grains. Length of the photograph is 2.5 mm.

Mafic dykes range from layers to 10-15 m thick and >1 km long bodies (Figure 2), often
in parallel sets separated by meters to tens of meters of the host granite in the south central
part of the granite body. The dykes show considerable variation in modal composition and
texture from distinctly porphyritic to aphyric, medium-grained to (mostly) fine-grained,
and fresh to altered. Some of the dykes possess many fractures, are highly weathered, and
locally turned brown to chocolate color. In the less altered rocks, phenocrysts of labradorite
(<5 mm to (rarely) 3 cm) and local amphibole and clinopyroxene lie in a groundmass
comprising plagioclase (calcic andesine to sodic labradorite), clinopyroxene or brown pri-
mary amphibole, biotite, and ilmenite. The altered rocks contain saussuritized plagioclase,
secondary amphibole, chlorite, biotite, ilmenite, with or without titanite/leucoxene, calcite,
quartz, chalcedony and rare serpentine.
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3. Geochemistry

In this paper, we present geochemical data of granite samples collected from the
Wadhrai body for a closer look into its petrogenesis and the tectonic environment in which
it originated. Eight representative samples of the granite (analyses #1-8 in Table 1) were
analyzed for major (expressed in wt%) and trace elements (in ppm) using X-ray fluorescence
(XRF), and rare-earth elements (REE, also in ppm) were analyzed using the inductively
coupled plasma mass spectrometer (ICP-MS). Before the analyses, the selected samples
were mechanically crushed to a powder of 200 mesh size, and decomposed with lithium
tetraborate flux. Fused glass beads were used for major and trace element analysis using
XREF. Loss on ignition (LOI) was performed at 1000 °C on fractions of the powdered samples.
For REE analysis, sample powders were decomposed using the HF-HNO3-HCIOy acid
digestion method and the solutions were measured by ICM-MS. The detection limits of XRF
for major elements was 0.01% and those of ICP-MS were 0.01 to 1 ppm, respectively. For
instrumental calibration geological standard reference materials from USGS and GS] were
used. In addition, six samples from the Wadhrai body, published in an earlier study [2],
were also reproduced in Table 1 (analyses #9-14) for comparison.

3.1. Major Element Data

Whole-rock major data of the studied samples (Table 1) are characterized by high SiO,
(73-76 wt%), and eight of the analyses contain normative corundum (Table 2). Total alkalis
range from 7.3 to 9.2 wt%, and K;O/Na;O ratios range from 0.6 to 1.1 (with one value
of 1.8). Normative color index (wt% mafic minerals) ranges from 2.6 to 4.5 (average 3.8)
and 100 An/(An + Ab) ranges from 3.5 to 14.7 (average 10.4; ignoring analysis #5 with no
normative An). Al,O3, TiO;, total FeO, MgO, CaO and Na,O show negative correlation,
while K>O show positive correlation with SiO,. A positive correlation of Ti with MgO was
also observed. Previous authors (e.g., [2,12,17]) classified the rocks as adamellite. However,
major element chemistry does not support this nomenclature. On the normative An—Ab-Or
diagram (Figure 4A) of O’Connor [18] and on the R1 (4Si — 11(Na + K) — 2(Fe + Ti)) vs. R2
(6Ca + 2(Mg + Al)) diagram (Figure 4B) of De La Roche et al. [19], the analyzed samples
plot in a granite field. For measure of alkalinity, the data were plotted on the SiO, vs
(Al,O3 + CaO + NaO + K,0)/(Al, O3 + CaO + NayO — K;O) diagram of Middlemost [20]
(Figure 4C) where all the 14 analyses classify as alkaline.

Table 1. Whole rock major (wt%), trace and rare-earth element (ppm) data of the Wadhrai granite.

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Si0; 752 75.5 7386 7355 7613 7344 7344 7326 7625 7505 7438 7475 7687 7629
TiO, 0.3 0.27 0.33 0.33 0.23 0.29 0.26 0.28 0.26 0.27 0.32 0.29 0.16 0.22

Al,O3 1278 1232 1386 1412 11.16 13.38 1371 1326 1296 1392 1359 1411 1312 13.04
Fe, O3 1.14 1.97 2.09 2.09 2.64 1.95 1.72 1.75 0.74 0.84 0.92 0.87 0.61 0.7
FeO 0.81 0.92 1.02 0.96 0.68 0.77
MnO 0.08 0.08 0.07 0.08 0.1 0.06 0.07 0.09 0.03 0.07 0.07 0.08 0.04 0.08
MgO 0.32 0.32 0.35 0.38 0.15 0.33 0.28 0.23 0.36 0.35 0.28 0.35 0.17 0.39
CaO 0.89 0.36 1 1.09 0.15 0.91 0.96 1.4 0.99 1.06 1.21 0.99 0.44 1.09
Na,O 5.02 4.92 423 441 4.64 4.89 4.96 4.72 2.66 3.75 4.83 3.9 3.82 3.53
KO 3.45 3.19 3.83 3.6 4.53 3.58 3.77 2.89 4.68 3.73 3.34 3.66 4.09 3.86
P,0Os5 0.03 0.04 0.04 0.04 0.02 0.05 0.05 0.06 0.24 0.03 0.04 0.03 0.01 0.04
LOI 0.8 0.88 0.33 0.39 0.62 0.7 1.02 1.97
Total 100 99.85 9999 100.1 1004 99.58 100.2 9991 9998  99.99 100 99.99 100 100
Ba 644 726 797 20 730 770 440 454 684 661 705 796 879
Zr 63 344 294 1340 771 732 309 160 249 292 269 189 110
Rb 41.6 88 81 96.4 88 93.3 76 146 111 69 95 87 101
Th 11.5 8 8 12 72 9.7 8.7 12 14 15 10 13 7
Ta 1.1 1.1 0.7 1 0.9 4 6 4 7 5 7
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Table 1. Cont.

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Nb 6.2 14 11 15.8 10.3 11.5 11.9 15 13 12 14 10 10
Hf 3.5 28.6 17.9 18.2 8.6 6 8 8 8 8 9

Y 53.6 50 42 106 76.2 81.3 54.7 50 47 45 50 37 24
Sr 72 99 119 108 101.5 1045 76.7 90 96 111 100 29 135
Ga 22 21 19 20 20 20 20 16
Cs 0.63 1.39 1.92 1.14 3.5 1.82 2.66 2.66 3.12 2.98
Sc 4 6 7 3 4 3
8] 1.8 1.6 2.2 1.8 2.74 3.44 1.21 2.24 2.56 3.52
La 38.1 36.4 27.5 34.1 323 4534 3978 3544 3455 36.66 33.24
Ce 70.8 110 100 1105 654 779 749 1131 1025 76.66 99.89 96.13 88.12
Pr 9.2 1245  7.87 9.09 8.61 1198 1478 1234 1255 1233 11.13
Nd 42.9 52 41 50.2 34.6 37.7 352 2734 3075 4434 3034 3256 21.35
Sm 8.4 11 7.86 7.79 7.39 6.91 767 1345 1515 1312 1254
Eu 1.4 1.97 1.47 1.38 1.4 1.18 1.57 1.28 1.34 1.18 1.65
Gd 8.2 1015 7.87 7.93 7.52 9.67 1012 1015 9.55 9.05 10.12
Tb 13 1.97 1.33 1.37 1.3 1.77 1.54 1.35 1.34 1.07 1.37
Dy 8.4 12.85  8.46 8.8 834 1014 1122 922 11.09 1112 9.77
Ho 1.8 2.72 1.74 1.8 1.78

Er 5.5 8.52 5.18 5.77 5.6 3.17 3.73 0.62 6.25 6.38 5.66
Tm 1.32 0.84 0.93 0.9

Yb 5.7 8.9 5.59 6.28 6.18 6.78 6.79 5.65 5.34 6.88 6.56
Lu 1.36 0.85 0.97 0.92 0.93 1.14 1.21 1.23 1.14 1.15
Table 2. CIPW Norms calculated from the major oxides of the studied granitic samples.

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Q 3078 3298 3124 3051 33.61 2849 2736 3146 40.17 3539 2972 3461 3716 3743
C 0 0.21 1.03 1.08 0 0 0 0 2.29 1.85 0 2 1.63 1.16
or 20.57 19.08 2275 2138 2689 2143 2248 1746 27.67 2205 1975 2164 2418 22.82
ab 4285 4213 3597 3749 3231 4149 4236 4084 2252 3175 40.89 33.02 3233 29.88
an 2.15 154 472 517 0 402  4.03 6.59 335 507 553 472 212 515
di 1.75 0 0 0 054 019 0.38 0.1 0 0 0.19 0 0 0
hy 0.9 292 299 308 353 276 2.3 2.38 2.51 2.81 268  2.88 19 2.63
Mt 034 051 055 055 0 1.28 1.22 1.28 0.42 0.48 0.53 0.5 034 041
il 057 052 063 063 044 056 0.5 054 049 0.51 0.61 0.55 0.3 0.42
ap 0.07 009 009 009 004 011 0.11 0.13 0.52 0.07  0.09 0.07 002  0.09
CI 356 395 417 426 451 4.01 3.63 3.49 3.43 3.8 4.01 393 255 3.45

Anmol% 4.8 3.5 11.6 12.1 0 8.8 8.7 13.9 12.9 13.8 11.9 12.5 6.2 14.7

On Shand’s [21] molecular Al/(Na + K) vs. Al/(Ca + Na + K) diagram (Figure 4D),

the analyses show a range from metaluminous to mildly peraluminous. For comparison,
we also show fields of A-type granitoids from (1) NW Junggar region of the Central Asian
Orogenic Belt in NW China [22], (2) Hassanrobat, Iran [23], and (3) Khalifan, Iran [24]. It is
interesting to note that the Wadhrai analyses show a spread like the A-type granitoids of
Junggar, but eight of the analyses plot in the overlapping fields of the two A-type granitoids
from Iran. The A/CNK value of 1.1 is considered to divide I-type and S-type granites [21].
A/CNK in Wadhrai ranges from 0.81 to 1.16, but in ten of the analyses it is <1.1, suggesting
the possibility of an I-type rather than S-type protolith for the granite.
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Figure 4. Classification of Wadhrai granite according to different chemical schemes. (A) Norma-
tive anorthite—albite—orthoclase classification [18]. (B) R1 (45i — 11(Na + K) — 2(Fe + Ti)) vs. R2
(6Ca + 2(Mg + Al)) classification scheme of De La Roche et al. [19]. (C) SiO; vs. (Al,O3 + CaO + Na,O
+ K;,0)/(Al,03 + CaO + NayO — K;O) relations classification diagram after [20]. (D) Molecular
Al/(Na +K) vs. Al/(Ca + Na + K) diagram after [21]. Dashed line separates granites of igneous source
(left) from granites derived from sediments (right). Fields for A-type granites are for comparison:
1—Junggar (Siluro-Devonian) granite, Central Asian orogenic belt, NW China [22], 2—Hasanrobat
Permian granite, Sanandaj-Sirjan belt, Iran [23], 3—KhalifanVariscan granite, NW Iran [24].

A series of other proposed procedures were used to decipher the A-type, I-type and
S-type nature of the Wadhrai granite. On the K,O versus Na,O diagram [25], the analyses
plot in the field of I-type granites (Figure 5A). On the FeO*/(FeO* + MgO) diagram of [26],
the analyses plot in the A-type field (Figure 5B).
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Figure 5. Discrimination diagrams of granites. (A) NayO vs. KO diagram discriminating I-type and
S-type granitic rocks (after [25]). (B) FeO*/(FeO* + MgO) vs. SiO, discrimination diagram displaying
the fields for ferroan and magnesian granites. A-type granites plot in the shaded area (after [26]).
Symbols as in Figure 4.
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3.2. Trace and Rare-Earth Element Data

Trace and rare-earth elements (REE) concentrations of the analyzed samples are shown
in Table 1. To decipher petrogenesis of the Wadhrai granite, a number of commonly used
discrimination diagrams for granitoids are used. On Zr versus 10,000 Ga/ Al (Figure 6A)
and Nb versus 10,000 Ga/Al (Figure 6B) diagrams of Whalen et al. [27], the Wadhrai
analyses plot in A-type granite field in both these diagrams. On (NayO + K,0)/CaO and
FeOt/MgO vs. Zr + Nb + Ce + Y diagrams [27], the analyses straddle the A-type and
unfractionated M-, I- and S-type granites (figure not shown). The A-type granites have been
subdivided on the basis of Nb-Y-3Ga and Nb-Y-Ce contents into two types [28,29], one of
which (A1) is characterized by element ratios similar to oceanic island basalts, and the other
(A2) incorporates analyses of granitic rocks derived from continental crust or underplated
crust which has gone through continent-continent collision or island arc magmatism. In
both these diagrams (Figure 7A,B), the Wadhrai data plot in A; field, which is supported
by the rather high Y/Nb (2.5-8.6, average 4.8) and Yb/Ta (1.0-8.1, average 3.5) ratios of the
analyses. The Ce/Nb versus Y/Nb plot (Figure 7B) of the analyses is compared with rocks
from different tectonic environments reported in [28,29].
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Figure 6. Discrimination diagrams of granites. (A) Zr versus 10,000 Ga/Al and (B) Nb versus
10,000 Ga/ Al diagrams of Whalen et al. [27] in which the Wadhrai analyses plot in the A-type granite
field in both these diagrams.
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Figure 7. Plots of Wadhrai analyses on granitoid discrimination diagrams. (A) Nb-Y-3Ga and
Nb-Y-Ce ternary diagrams [28] used for distinguishing A; and A, sub-type granitoids. (B) Ce/Nb
vs. Y/Nb relations, showing fields of oceanic island basalt (OIB), A; and A,-type granites and island
arc basalt (IAB) [28,29]. Our data mainly plot in the A,-type granite field. Symbols as in Figure 4.
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Plots of the analyses on the rather widely used discrimination diagrams [30] are
displayed in Figure 8, with fields for post-collision granites (PCG) after [31] in A and [32] in
B.InRb vs. Y + Nb (Figure 8A) and Nb vs. Y (Figure 8B) diagrams, the analyses straddle the
adjacent fields of volcanic arc granites (VAG) and within plate granites (WPG). However,
they are confined to the fields of post-collision A-type granites.

1000 1000 - E
WPG
100+ 1001
Rb Nb .
VAG & N
6 VAG Syn-COLG l,’ (
- 10 4 AN |
\ecoe| / ORG
ORG P
1 . x y T
1 10 100 1000 10 100 1000
Y + Nb Y

Figure 8. Plot of the Wadhrai granite analyses on Rb vs. Y+Nb (A) and Nb vs. Y (B) diagrams
after [30], showing fields of Syn-collisional- (Syn-COLG), Within plate- (WPG), Ocean ridge- (ORG),
and Volcanic arc (VAG) granites. Field for post-orogenic/post-collision granites (PCG) is after [31] in
(A) and after [32] in (B). The A-type shaded area in A is after [27]. The dashed line in B marks the
upper compositional limit for ORG from anomalous ridge segments. Symbols as in Figure 4.

The normalized trace- and rare-earth elements plots for the Wadhrai samples are
shown in Figure 9. The chondrite-normalized REE patterns of the Wadhrai analyses are
compared with those of the Mt. Abu pluton of the MIS (shaded area shown in Figure 9A)
in Rajasthan reported by [9]. A close match in the two is obvious; both show an increase in
the LREE over the HREE and a negative Eu anomaly that is distinct in the Mt. Abu. The
patterns and Eu anomaly are also similar to those of the Sindreth rhyolite to the north of
Mt. Abu [6]. The depletion in Eu may reflect source characteristic, retention of plagioclase
or fractionation of plagioclase. Using values from Wood et al. [33], primordial mantle
normalized spidergram for a range of trace elements is shown in Figure 9B. There are
higher quantities of the normalized large ion lithophile elements (LILE) than high field
strength elements (HFSE), resulting in an overall slope towards the right (less incompatible
elements). More significantly, there are distinct troughs for Nb, Sr, P, and Ti, and spikes
for La, Ce, Nd, Sm, and Tb. These features, particularly the negative Nb anomaly, are
characteristic of subduction-related magmas.

In order to explore further the origin of Wadhrai granite, selected trace elements were
compared with other rocks of similar aspects. Figure 9C shows a comparison with Mt.
Abu A-type granite (shaded area) for which arc origin has been argued strongly by [9].
Normalized trace-element patterns in rocks of the MIS ca. Jaswantpura peraluminous
volcanics reported by [34] and Jalor granite reported by [35], and granitoids of Seychelles
ca. Praslin group presented by [36,37] were shown by [9] in their Figure 7. The results from
the above-mentioned localities are more or less identical to those of Wadhrai. However,
despite the close similarity in patterns, the Wadhrai granite has lower values for most of
the LILE (except Ba and similar K). For Mt. Abu, Ashwal et al. [9] explained the prominent
depletions in Ba, Sr and Eu in terms of source retention of plagioclase, since no evidence
for fractional crystallization was noted. The normalized trace-elements patterns of the
Wadhrai granite are also similar (except for a lack of distinct negative Ba anomaly) to those
of the Mibaishan granite (Sulu orogen, China) which has been considered as derived from
subducted continental crust [38].
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Figure 9. (A) Chondrite-normalized REE contents of the Wadhrai granite. Normalizing values
are after [39]. (B) Primordial mantle normalized spidergram for a wide range of trace elements in
the Wadhrai granite. Normalizing values are after [32]. (C) Selected trace elements normalized to
primordial mantle of [40]. Superposed shaded pattern in A and C is the field of analyses from Mt.
Abu granitoid of the MIS in Rajasthan after [9]. The patterns of the analyses from Mt. Abu and
Wadhrai are remarkably similar except for Ba, Th and U.

4. Discussion

Petrographic comparison, proximity and sporadic exposures in the intervening areas
between major bodies in MIS and Nagar Parkar led previous researchers to suggest that
the NPIC is an extension of the MIS (e.g., [1-3,10,13]). Butt et al. [41] tentatively correlated
the NPIC with the Mt. Abu granite. Laghari [17] suggested pink granites of the NPIC
are equivalent to those of Jalor granites in Rajasthan, and the grey granites to those of the
Erinpura body. Based on the above inferences, the Wadhrai granite provides important
insights to understand its petrogenesis on local scale and its role in the tectonic scenario
of the MIS on regional scale. Below, we discuss details on petrogenesis, timings of the
magmatism in NPIC and MIS, and the tectonic settings.

4.1. Petrogenetic and Geochronological Implications

The Wadhrai body shares rock-types and petrographic features with the other main
granite bodies of the NPIC and MIS [42,43]. It is principally made up of light-grey, biotite
leucogranite that was likely produced mainly from the within-plate magmatism but the
source of the magma may have been generated form the subduction-related protolith. In
addition, three distinct types of dykes (mafic, well-crystallized felsic, and fine-grained felsic
dykes) intrude the granite. At least some of the well-crystallized felsic dykes (microgranite,
aplite, and rare pegmatite) can be related to the host granite. No cross-cutting relations have
been observed between the mafic and fine-grained felsic dykes, but they may be a product of
late bimodal magmatism as proposed for the Kharsar hillock in northern Nagar Parkar [42].
Bimodal magmatism has been reported from MIS and several other areas of the world [44].
Underplating of the crust by mafic magma can result in partial melting of the crust and
production of felsic magma, and this has been proposed as one of the viable mechanisms
for bimodal mafic-felsic magmatism, as in Death Valley, California [45]. Kochhar et al. [46]
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suggested ponding of the crust by basaltic magma, coupled with extensional tectonics, for
bimodal magmatism in Jalor area of Rajasthan.

Radiometric age-data further support the correlation of the two. Khan et al. [3] re-
ported U-Th-Pb zircon and monazite ages of 900-1100 Ma on grey granites and 700-800 Ma
on pink granites of the NPIC. The Wadhrai main granite and pink granite yielded ages
of 767 = 12 Ma and 803 £ 7.8 Ma, respectively [12]. These dates are mostly congruous
with those of the MIS [43], and others in references. In a detailed study, Rehman et al. [14]
showed that the NPIC granites formed over a period of 775 to 640 Ma, with a peak around
750 Ma, and their data confirm the opinion that the NPIC is a part of the Malani Large
Igneous Province. Another recent study by Rehman et al. [47], based on zircon U-Pb
coupled with in-situ Hf isotope data, proposed a tectonic model that showed the initiation
of magmatism due to the oceanic subduction of the Mozambique Ocean along the western
periphery of the Rodinia Supercontinent, and the peak magmatism was reached during
the rifting afterwards. The Whadrai granite likely retains geochemical signatures from
both the subduction-associated early-stage and rift-related late-stage magmatism. The
existing U-Pb zircon age data, ca. 750 Ma, on Wadhrai granite [3,12,14] provide clear
evidence for the rift-related late-stage magmatism, also consistent with results obtained
from MIS, Seychelles, Madagascar, and South China (for details see [47] and references
therein). However, no older ages have been found yet from the Wadhrai body. Further
works are needed to make a clear distinction for the above two types of tectonic settings.

To support our interpretations stated above, and to decipher the tectonic settings of the
Wadhrai granite, a number of geochemical discrimination diagrams have been used. The
discrimination diagrams display chemical characteristics of the I-type granites (Figure 5A)
that can be further sub-categorized into A-type granitoids (Figures 5B and 6A,B). Accord-
ing to [28], the A,-type granitoids represent rocks belonging to different tectonic locales,
including those derived from continental crust or underplated crust that has gone through
continent-continent collision or island-arc magmatism. The Wadhrai granite shares features
of post-collision/within plate granites on (Rb vs. Y + Nb and Nb vs. Y (Figure 8A,B).
Mantle-normalized multi-trace element spidergram exhibited by enrichment in LILE and
depletion in HFSE, and distinct spikes and troughs, are typical of subduction-related rocks.
Their REE and trace element patterns (Figure 9A,B) are very similar to those of the A-
type Mt. Abu granite [9], Sindreth-Punagarh volcanics [36], and Seychelles Praslin group
granitoids, all of which have been considered to have formed in a continental margin arc.
However, the Wadhrai granite has much lower Th and U contents and Th/U ratios when
compared with Mt. Abu and other A-type granites, and in this regard is similar to I-type
rocks [48].

4.2. Origin and Proposed Tectonic Setting

A variety of tectonic models have been proposed for the MIS granitoids (including
the NPIC, the Mt. Abu granite, and the volcanics of Sindhreth-Punagarh basins), and
equivalents in Seychelles, northern Madagascar and elsewhere [10]. Most of these models
center around the fundamental question of whether the felsic magmatism in the MIS
developed (i) in a continental extensional environment through melting of the crust, with or
without necessitating the additional role of a mantle plume or hotspot [4,10,41-43,46,49-51],
or (ii) in a subduction-related (continental) arc environment [9,36,52,53]. The volcano-
sedimentary association comprising 761-769 Ma basalt, rhyolitic tuffs and associated
clastic sediments of the Sindreth and Punagarh basins along the eastern margin of the
MIS to the north of Mt. Abu has been traditionally considered to be related to continental
rift. Schobel et al. [54] argued strongly in favor of such an origin for the Sindreth basin.
However, Ref. [36] suggested a continental arc origin for the rhyolitic tuffs from Sindreth.
Detailed geochemical data, according to [6], are “consistent with magma derived from
continental crust that has been through a cycle of continent-continent collision or an island-
arc setting”. A localized extension within an overall convergent scenario” was proposed
for the volcanics of the Sindreth and Punagarh basins. Kochhar [55] showed a widespread
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distribution of the Neoproterozoic Malani type magmatism in the Middle East, South China,
Tarim, Mongpolia and Siberia in support of large-scale rifting during the Neoproterozoic.

On the basis of geochemistry, the tectonic locale of the Wadhrai granite can be inter-
preted in more than one way, and there is no compelling evidence to stick to the widely
held opinion that the NPIC is continental rift-related. The Nagar Parkar granitoids were
correlated by [3] with the 750 Ma Seychelles granitoids which, according to [52], developed
in Andean-type continental margin. Khan et al. [3] also suggested that the NPIC granitoids
generated from the partial melting of island arc crust in a rift-related, within-plate setting.
A more or less similar suggestion was made by [6] for the derivation of Punagarh volcanics
magma. Khan et al. [3] also inferred that “being part of Trans-Aravalli Belt of the Indian
shield, the Nagar Parker area ... shouldered the Seychelles islands towards the western
side of Rodinia before the supercontinent rifted in Neoproterozoic” (see also Figure 1 of
Gregory et al. [8], and Figure 8 of Rehman et al. [47]).

Jan et al. [56] have shown that the Nagar Parkar granitoids are emplaced in a calc-
alkaline basement comprising mafic rocks, tonalite, and granite developed in an Andean-
type continental margin. Red granite of the basement near Dhedvero, which shows high
degree of brittle deformation, has a U-Pb-Th date of 830 Ma [17], which has been considered
as the minimum age for the Nagar Parkar basement. Hence, in agreement with [17]
and [56], the Wadhrai and other NPIC granites were not only emplaced in a basement
consanguineous with the 860-880 Ma Erinpura [57] basement, but possibly were also
derived from it. Modal mineralogy, notably the presence of biotite and titanite, and rock
chemistry showing NayO > 3.2 wt% and molar Al/(Ca + Na + K) < 1.1 has been considered
as characteristic of I-type granites [26,58]. On the ACF diagram (Figure 10A), the Wadhrai
granite, plotting in I-type field, supports its derivation from crustal meta-igneous rocks. The
possible derivation of the Wadhrai granite from a tonalitic-granodioritic source is suggested
by the plots on the 3CaO—(5K,0/Na,0)-Al,O3/(FeOt + MgO) (Figure 10B, [59]). It is,
therefore, suggested that the Wadhrai granite magma was mainly derived from a crustal
source of island arc origin dominated by tonalite-granodiorite composition. In summary, it
is likely that the Wadhrai granite (like others in NPIC) was derived through anataxis of
continental crust which was generated in subduction-related continental margin during its
earlier stages and evolved into the rift-related tectonic setting afterwards.

A=Al-Na-K 3Ca0

B

Low-K mafic rocks High-K mafic rocks

Tonalites Metasediments

L AlL:O:
C=Ca F=Fe+Mg FeOt + MgO

5K:0
Na:0

Figure 10. (A) Plots of the Wadhrai granite analyses on (A) mole% ACF diagram, showing the fields
for S- and I-type granitoids [26]. (B) 3CaO-(5K,0/Nay0)-Al,03/(FeOt + MgO) diagram showing
fields representing the composition of melts derived from a range of potential sources [59]. Symbols
as in Figure 4.

4.3. Crystallization Temperature of Granites and Inferred Pressure Conditions

Operating pressures for the rocks were estimated using a normative quartz—albite—
orthoclase diagram showing experimentally calibrated isobars after [60], and Rb-Sr dia-
gram with pressure contours after [61]. Positions of the analyses in Figure 11A suggest
pressures of 4 to 6 kbar (13-20 km depth), and in Figure 11B 25 to 27 km depth. We consider
that the higher values represent the depth of magma formation in the lower part of middle
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crust/upper part of lower crust, and the lower values show depth of magma crystallization.
The average La/Yb content (5.6) of the analyses is closer to that (5.3) of the lower crust than
that (10.9) of the middle crust [62].
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Figure 11. Plots of Wadhrai analyses for estimation of pressure and temperature conditions for the
Wadhrai granitic rocks. (A) Normative Quartz-Albite-Orthoclase diagram showing experimentally
calibrated isobars after [59,63]. (B) Rb against Sr plots and pressure relations after [61]. (C) Zircon
saturation temperature estimates, calculated after the procedures reported in [62-65].

Zircon saturation temperatures (Table 3, Figure 11C), varying between 770 and 870 °C,
were obtained from the Wadharai granites using the procedures of [64—67]. These estimates
are similar to those (784 to 918 °C) obtained for Nagar Parkar pink and grey granites [47],
and likely represent operating temperatures during magma generation.

Table 3. Zircon saturation temperatures from the analyzed samples of Wadhrai granite.

Sample 1 3 4 5 6 7 9 10 12 13 14 Average
Watson & Harrison (1983) [64] 703 861 845 987 935 928 799 838 846 814 762 847
Kelsey et al. (2008) [65] 700 870 852 1015 958 953 805 849 858 824 764 859
Boehnke et al. (2013) [66] 641 830 811 973 915 907 761 806 816 778 715 814
Miller et al. (2003) [67] 695 844 829 960 916 913 791 830 837 809 755 834

* Foot note: Analysis #2, 8 and 11 were discarded due to erroneous Zr contents and unrealistic temperature values.

The moderate negative Eu anomaly in chondrite normalized pattern of the REE in the
Wadhrai granite (Figure 10A) was attributed to source characteristic, retention of plagioclase
at the site of melting or fractionation of plagioclase. The Sc/Th vs. SiO, / Al,O3 relations
(Figure 12A, after [68]) suggest minor biotite fractionation, just as Rb/Sr vs. Sc relations
(Figure 12B, after [68]) support a small degree of feldspar fractionation.
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Figure 12. (A) Sc/Th vs. SiO,/ Al;O3 relations showing the biotite fractionation and accumulation
trends, adopted from [68], and (B) Rb/Sr vs. Sr relations showing feldspar fractionation, after [68].
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5. Conclusions

1.  The Wadhrai granite stock of the NPIC is an extension of the Malani Igneous Suite.

2. Itis made up of a uniform hypersolvus, biotite-granite characterized by high silica,
Fe#, and alkalis.

3. The granite analyses classify it as I-type, and specifically as A-type, on various geo-
chemical discrimination diagrams.

4. The magma was developed in continental extensional environment from source
material that possibly developed in a subduction-related setup, but the possibility
cannot be entirely ruled out that that the granite magma may have belonged to a
continental margin subduction regime.

5. The granite magma was likely derived from a tonalite-granodiorite-dominated crustal
source, generated initially in a subduction-related continental margin and evolved
into the rift-related tectonic setting.

6. The magma was possibly generated at a depth of about 25-27 km and at 770-870 °C,
and crystallized at 19-13 km depth.

7. Itunderwent a small degree of feldspar and biotite fractionation.
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