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Abstract

The Nagar Parkar area contains three distinct groups of rocks, from oldest to youngest, (1) basement rocks ranging in compo-
sition from mafic to (quartz)diorite, tonalite, granite, and younger granodiorite, (2) granite plutons similar in general features to
those of the Malani Igneous Suite of Rajasthan, and (3) abundant mafic, felsic and rhyolitic dykes. The basement rocks show
strong brittle and local plastic deformation, and epidote amphibolite/upper greenschist facies metamorphic overprint. The
chemistry of the basement rocks contrasts the commonly agreed within plate A-type character of the Neoproterozoic granites
(group 2) that are emplaced into them. The basement rock association is calc-alkaline; the granodiorite displays the compositional
characteristics of adakites, whereas the tonalite has intermediate composition between typical adakite and classical island arc
rocks. This paper presents detailed petrography of the basement rocks and compares their geochemistry with those of the group 2
granites as well as with rocks from other tectonic environments. It is proposed that the Nagar Parkar basement is part of a 900—
840 Ma magmatic arc that was deformed before it was intruded 800-700 Ma ago by the A-type continental granitic rocks
followed by mafic to felsic dykes.
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Introduction

Nagar Parkar area covers 500 km?” of the border zone of the
Great Rann of Kutch and Thar Desert in SE Sindh, Pakistan.
The landscape is characterized by the presence of mounds and
bold hills abutting a flat plain covered by sand, silt and salt.
The area contains mafic to silicic rocks that constitute base-
ment for Neoproterozoic granite intrusions and younger mafic
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and felsic dykes (Fig. 1). The rocks have been collectively
referred to as Nagar Parkar igneous complex—NPIC (cf.,
Kazmi and Jan 1997). The geology and mineral deposits of
the area have been studied by several workers (Kazmi and
Khan 1973; Jan et al. 1997; Ahmad and Chaudhry 2008;
Khan et al. 2012), and the granites have been regarded as
the southwestern extension of the Malani Igneous Suite
(MIS) of the adjacent Rajasthan (Butt et al. 1994; Laghari
2004; Kochhar 2009; Jan et al. 2016, 2017).

The basement rocks are mostly exposed in the flat ground
from which sand cover has been removed by erosion (Fig. 2a,
b), but they locally also occur in the mounds. They comprise
mostly amphibolite and hornblende diorite (Fig. 2c), with
many small granitoid intrusions, and local outcrops of
metasedimentary rocks in the Dhedvero area. Medium- to
fine-grained mafic to intermediate rocks of the basement also
occur as blocks and cm-size xenoliths enclosed in granites
(Jan et al. 2014). The Nagar Parkar granites occur as dykes,
bosses and stocks that form subdued to bold hills, of which the
Karunjhar hill attains a height of 262 m above sea level. They
are represented by several varieties, the more abundant being
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Fig. 1 Simplified geological map
of the Nagar Parkar Igneous
Complex (modified after Khan
etal. 2012)
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gray riebeckite-aegirine granite, pinkish gray biotite-
hornblende granite/quartz monzonite, and pink biotite + horn-
blende granite. Many felsic (microgranite, aplite, rare pegma-
tite), mafic and rhyolitic dykes are emplaced into the granites
and the basement. On the basis of similarity in petrography
and color, the gray granites were equated with those of
Erinpura and the pink with Jalor pluton in Rajasthan
(Laghari 2004).

In the past, not much attention was paid to the petrology of
the basement rocks hosting the Neoproterozoic granite intru-
sions. However, while the latter are undeformed, commonly
alkaline and have been regarded as A-type (Laghari 2004;
Ahmad and Chaudhry 2008; Khan et al. 2012), the present
study shows that in addition to greater variation in rock-types,
the basement has undergone plastic and brittle deformation
(Figs. 2d-h and 3a—d) prior to the emplacement of the gran-
ites. We combine petrographic and geochemical data on the
basement rocks for gaining new insight into the NPIC, and
show that the basement (meta) igneous rocks are calc-alkaline
and geochemically different from the two major varieties of
the Neoproterozoic gray and pink granites which intrude
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them. The trace and rare earth element geochemistry of the
rocks is compared with granitic rocks from within plate and
arc tectonic environments.

Field features

The basement rocks appear to occupy much of the level
ground since they crop out in patches and, locally, in mounds
all over the Nagar Parkar area. They are particularly well ex-
posed and abundant in a 10 km? area around Dhedvero village
(24°26'57" N, 70° 46' 33" E). Some basement rocks occur in
narrow strips in the plain area (e.g., north of Dhedvero) and in
patches mixed with granite intrusions in the centrally located
flat zones. The basement mostly comprises hornblende gabbro
to dioritic/amphibolitic rocks and intrusive bodies of tonalite,
patches and dykes of red granite, and hornblende-biotite
granodiorite (Fig. 2a, b). There are a few small (meters-size)
pools of hornblendite. These rocks are associated locally with
migmatites, paragneiss, schist and quartzites in the Dhedvero
area. The igneous rocks in the basement are medium- to fine-
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Fig. 2 Photographs, mostly from Dhedvero area, showing field features
of the basement hosting Neoproterozoic granites. a Amphibolitic
basement rocks (some in blocks) in the foreground and Nagar Parkar
plain and Runpur granite body in the background. b General view of
the basement, dominantly comprising here amphibolitic-dioritic rocks
that have gentle topography due to erosion and weathering. ¢ Fractured,
but otherwise undeformed metagabbro cut by dolerite dyke (center). d
Tonalite/quartz diorite block showing shear banding and felsic veins.

grained, with veins and small patches of coarser material.
They also contain cm-thick veins comprising one or more of
the minerals epidote, quartz, and chlorite. Sheets (up to 2 km x
6 m) of brown-red rhyolite-quartz trachyte, extending in
N12°W direction, cut the Dhedvero basement and appear to
be younger like the microgranite and dolerite dykes so com-
mon in the NPIC.

The field and petrographic aspect of the basement rocks are
shown in Figs. 2 and 3. Most rocks are jointed, highly frac-
tured, sheared, and at places banded and foliated. In addition
to brittle deformation (Figs. 2d and 3a—d, the rocks locally also
show plastic deformation and, sparingly, are migmatized (Fig.
2d-h). They contain two distinct cleavages within the local
‘gneissose’ fabric which itself is sparingly folded tightly (Butt
et al. 1989). Some of the rocks display at least two phases of
plastic deformation (Fig. 2g-h). The red granite dykes of the
basement (Fig. 3a) are characterized by brittle deformation,
local planer fabric (and low-grade metamorphic overprint)
like the rest of the basement. Fracturing and brittle deforma-
tion have rendered the basement rocks readily susceptible to
erosion, hence their common occurrence in the peneplained

Note that a felsic vein near the pen seems folded on the left side. e
Felsic dykelet in amphibolitic rock showing folding. f Plastic
deformation and shear banding in a tonalite dyke in mafic rocks, west
of Dhedvero. Coin is for scale. g, h Migmatitic basement east of
Dhedvero, showing two phases of plastic deformation. The leucosomes
at places are showing tight isoclinal folding (F1) that has later been gently
folded (F2)

areas. On petrologic grounds, the 2 X 1 km granodiorite boss
near Parodharo is also here considered as part of the basement
despite its fresh and undeformed nature. Since the deformed
basement locally contains small bodies of rocks that look sim-
ilar to it, this body may have survived shear deformation as a
mega-boudin or it may have been emplaced after deformation.
It has been reported (Ashwal et al. 2013) that the Mt. Abu
granitoid in Rajasthan consists of deformed and undeformed
varieties. Further information on the field features of the
basement can be seen in Muslim et al. (1997) and Laghari
(2004).

Petrography

The basement rocks are medium- to fine-grained,
inequigranular to subequigranular, and hypidiomorphic to
allotriomorphic in texture. Shearing has obliterated original
textures in many, but some rocks appear to have been porphy-
ritic. The mafic and dioritic members are composed mainly of
plagioclase and amphibole, with small amounts of quartz,
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Fig. 3 Field photos and photomicrographs of the basement. a Highly
jointed and flattened basement comprising a mixture of mafic (dark
gray) rocks and abundant intrusions of the red granite near Jodhe-jo-
Wandhio. B: b Mafic rocks of Fig. 3a showing pervasive fracturing and
jointing resulting from brittle deformation. ¢ Quartz diorite/tonalite
basement dyke in amphibolitic rocks near Dhedvero, showing shear
banding and foliation. d Quartz diorite showing shear foliation, mafic
xenoliths and granitic dykes. This picture is from a hundreds of meters
large roof pendent(?) of the basement in the northern part of the Ranpur
pluton. e Mafic rock from Dhedvero containing slightly altered
hornblende (Hbl, green) and plagioclase (P1, white, partly cloudy),
titanite (Spn, yellow brown) and iron oxide. Note inclusions of quartz
and iron oxide in hornblende. The plagioclase is mostly untwined and
cloudy, but a few grains (top left) have clear (albitic?) margins. Plane

epidote, augititic clinopyroxene, chlorite, biotite, titanite, and
iron oxide (Fig. 3e—g). The clinopyroxene is consumed by
hornblende, similar to hornblende sponges described by from
island arcs (Smith 2014; Davidson et al. 2007). Rutile,
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light. Length of the picture is 1.25 mm. f Slightly altered dioritic rock
containing hornblende (Hbl, yellow and green), opaque oxides, and
plagioclase (P1). The hornblende grain on the left shows bending in the
upper part. Plane light. Field of view is 2.25 mm long. g Altered rock
from Dhedvero basement. Yellowish green hornblende (Hbl, top left) is a
little altered to chlorite. Plagioclase (P1) is completely altered to epidote
and sericite. Dark areas are opaque oxides altered to titanite (Spn). Quartz
is fresh. Reddish, euhedral Fe-Ti-oxide in lower centre and top right.
Plane light. Field of view is 2.25 mm. h Parodharo granodiorite
containing zoned, medium-plagioclase with altered cores, quartz,
biotite, muscovite, hornblende (not visible) and opaque oxide (rounded
grain in top centre). Crossed polars, field of view 2.25 mm. Insetis a 1.25-
mm long plagioclase crystal showing oscillatory zoning and Carlsbad
twinning

leucoxene, zircon, and apatite are minor accessories, along
with allanite and secondary carbonate in some rocks.
Epidote and chlorite are locally abundant. Some samples have
thin veins of quartz and/or epidote, with or without minor
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amounts of other minerals. Quartz is abundant in the granitoid
members (tonalite, granodiorite, granite) and accompanied by
sericitized K-feldspar. The hornblendites are essentially com-
posed of amphibole with minor opaque oxide and, in some,
clinopyroxene.

The rocks show overprinting of secondary minerals de-
veloped probably during metamorphism or uplift. It ap-
pears that much of the brittle shearing and jointing oc-
curred after the plastic deformation and metamorphic
overprinting. Plagioclase and hornblende are locally de-
formed and strained, and show bending and fracturing in
elongated grains. The plagioclase is generally cloudy due
to epidotization and saussuritization, but fresh plagioclase
with weakly developed zoning is also present. Small
grains of the amphibole are generally fresh, but the larger
ones are altered locally to epidote and chlorite, and may
be uralitized at the margins. The amphibole is, thus, of
two generations and shows evidence of growth prior to, as
well as along with, epidote. The primary amphibole
(hornblende) is pleochroic from green to dark or yellow-
ish green, whereas the second generation amphibole (ac-
tinolite?) is light green to green. Epidote, occurring as
subhedral grains, contains small inclusions of cloudy pla-
gioclase, titanite and amphibole. Another generation of
epidote and sericite developed due to alteration of plagio-
clase. Anhedral flakes of chlorite are generally associated
with the amphibole and sparingly with epidote. Titanite,
both primary and secondary, is a common accessory min-
eral in all the rocks. Rutile, magnetite and ilmenite occur
in variable amounts; some as small secondary grains in
the amphibole along fractures, cleavages and grain bound-
aries, but independent grains of the latter two accessory
phases are also common (Fig. 3e).

The development of epidote and actinolitic amphibole at
the expense of plagioclase, hornblende and clinopyroxene, the
common association of epidote and second generation amphi-
bole, and the presence of some fresh (sodic?) plagioclase in-
dicate that the rocks underwent epidote amphibolite facies or
high greenschist facies metamorphism. Some chlorite,
saussurite, sericite and leucoxene may have formed during
the uplift of the rocks. The Parodharo pluton is composed of
rather uniform hornblende-biotite granodiorite showing no
obvious deformation, however, the grains in thin section show
non-uniform extinction (Fig. 3h). The plagioclase shows os-
cillatory zoning and is commonly altered in the cores.

Geochemistry of the basement

Representative rock specimens were geochemically analyzed
(Table 1). Samples 1 to 10 were collected from the deformed
basement, whereas samples 11 to 14 are from the undeformed
Parodharo body in the basement.

Analytical techniques

Powder pellets of samples 1-5 and 10 were analyzed by WD-
XRF, controlled by software Spectra”™*, and setting the min-
imum and maximum voltage and current as 15-60 Kv and 20—
150 mA, respectively. The rest of the samples were wet chem-
ically analyzed, using atomic absorption, but alkalis were
measured by flame photometry and SiO, was determined
gravimetrically. Two of the samples (8 and 11) were also an-
alyzed for trace and rare-earth elements by inductively
coupled plasma. In all cases, routine procedures were follow-
ed, and international standards were used for control. Total
iron, determined as Fe,O; in the XRF analyses, was split into
FeO and Fe,O5 for CIPW norms calculation (Irvine and
Barager 1971).

Major elements geochemistry

The analyzed rocks range from basic to silicic in composition.
All the analyses contain hypersthene, magnetite and ilmenite
in the norms. The basement analyses, except No. 10 (red
granite), contain diopside. The six mafic rock analyses contain
2.7 to 5.3 wt% Na,O + K,0, however, none is nepheline nor-
mative. Analysis 4 contains 1.8% of normative quartz, where-
as the other five contain 0.1 to 14.1% normative olivine. The
remaining eight analyses are silicic in composition and char-
acterized by 25.6 to 41.8% of normative quarts. The
Parodharo granodiorite contains 0.4 to 2.3% normative corun-
dum and the red granite 1.95% of it. A distinct difference in
the analyses of the tonalite and the granodiorite is that the
former are diopside normative whereas the latter are corun-
dum normative. The MgO contents and Mg# of the granodi-
orite analyses are lower and K,O/Na,O ratios higher than
those of the tonalite. In the following, we shall point out some
similarities between the basement granitoids and adakitic
rocks (Martin 1999).

Plots of the analyses on the classification scheme involving
expression of the whole-rock chemical composition into cat-
ionic proportions are shown in Fig. 4. The regrouping of the
cations (De la Roche et al. 1980) is such that X-axis [R1 =4Si
—11(Na+ K) — 2(Fe + Ti)] of the diagram reflects variation in
quartz content, while the Y-axis [R2 = 6Ca + 2(Mg + Al)] dis-
plays variation in Mg/Fe ratio and An content of the constit-
uent plagioclase. In this scheme, the Parodharo samples clas-
sify as granodiorite, the mafic rocks classify as olivine gabbro
and gabbro-diorite, whereas three of the basement granitoids
classify as tonalite and one as granite. Five of the mafic rock
analyses fall below the Ab-An line, whereas one shows mildly
alkaline character. Plots of the analyses on Debon and Le Fort
(1988) classification yield similar results.

The SiO, — A.R. [A.R. = (ALL,O3 + CaO + Na,O + K,0)/
(A1,05 + CaO + Na,O — K,0)] diagram was devised
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Table 1 Analyses and CIPW norms of selected samples from Nagar Parkar basement
Oxide % 1 2 3 4 5 6 7 8 9 10 11 12 13 14
SiO, 44.26 48.95 49.23 49.96 50.87 50.78  65.50 6590 6752 7787 73.12 71.32 70.89 70.02
TiO, 2.59 1.67 1.54 1.45 1.75 1.12 0.29 0.31 0.83 0.17 0.32 0.41 0.42 0.47
ALO; 14.31 15.24 15.48 15.79 15.39 1712 15.02 1330 1482 1277 1432 1589 15.78 15.28
Fe,0; 18.50 10.29 11.50 14.18 10.16 6.48 5.25 5.44 3.81 0.77 1.41 2.04 2.30 243
MnO 0.28 0.23 0.22 0.19 0.24 0.12 0.10 0.09 0.08 0.01 0.05 0.07 0.09 0.07
MgO 6.05 10.00 8.89 4.78 9.70 8.38 3.39 3.64 1.78 0.14 0.66 0.65 0.79 0.79
CaO 10.30 6.98 6.28 9.27 7.39 7.69 5.51 6.00 4.63 0.58 2.48 228 2.61 2.62
Na,O 2.03 2.24 2.47 2.67 2.46 3.45 3.34 3.41 3.98 3.20 4.65 4.36 4.46 4.78
K,O 0.67 0.99 1.99 0.65 1.16 1.87 0.52 0.43 1.26 4.17 1.82 2.23 2.03 191
P,Os 0.10 0.62 0.59 0.19 0.56 0.18 0.24 0.07 0.30 0.01 0.08 0.06 0.33 0.19
LOI 0.93 2.79 1.81 0.88 0.32 2.37 0.85 0.89 0.81 0.30 0.92 0.77 0.74 0.82
Total 100.02  100.00 100.00 100.01 100.00 99.56 100.01 99.48 99.82 99.99 99.83 100.08 100.44 99.38
C.ILP.W. norms

Q 1.78 25.62 2594 27.11 4175 3288 31.15 30.40 28.05

Or 4.06 6.08 12.11 3.93 6.94 1144 3.12 2.59 7.55 2476 10.90 13.30 12.07 11.49

Ab 17.59 19.65 21.47 23.04 21.03 30.17  28.60 29.37 3408 2715 39.78 37.17 37.88 41.07

An 28.62 29.64 25.95 29.75 27.81 26.55 24.74 20.06 19.07 2.83 11.99 11.06 11.07 12.09

C 1.95 0.35 2.29 221 1.00

Di 19.32 2.04 2.06 13.41 4.81 9.47 1.07 8.07 2.00

Hy 6.67 34.28 23.15 21.37 32.07 7.38 14.36 1194 692 1.01 2.93 3.57 425 433

Ol 13.77 0.93 8.01 0.12 14.06

Mt 4.70 2.70 292 3.47 2.64 1.71 1.22 1.27 1.02 0.21 0.38 0.54 0.59 0.64

1l 5.02 3.29 3.01 2.81 3.36 2.20 0.56 0.60 1.60 0.32 0.62 0.79 0.80 0.91

Ap 0.22 1.40 1.32 0.42 1.24 0.41 0.53 0.16 0.66 0.02 0.18 0.13 0.72 0.42
Trace elements (in ppm)

Nb 6 5 1.9 5.5 32

Zr 64 75 20 113.1 20

Y 18 19 13 30.9 6.8

Sr 412 447 307 1003 295

Rb 11 10 8.2 459 15.5

Zn 124 102 10.8

Ba 113 393 120 2418 729

Cu 38 53 42

Co 48 45 2724

Ce 30 17.1 66.6 252

Th 2 3 0.4 82 25

Nd 20 11 12.9 321 14.9

Ga 20 20 11.2

U 1 2 2.1

No. 8 also contains (in ppm) Cr 54, Ni 21, Ta 1.8, Hf 0.7, La 9.2, Ce 17.1, Pr 2.5, Sm 2.7, Eu 0.7, Tb 0.4, Gd 2.5, Dy 2.1, Ho 0.5, Er 1.3, Yb 1.3
No. 11 also contains (in ppm) Cr 6, Ni, <5, Ta 1.7, Hf 0.7, La 14.8, Ce 25.2, Pr 3.2, Sm 2.6, Eu 0.9, Tb 0.3, Gd 2.3, Dy 1.5, Ho 0.3, Er 0.8, Yb 0.7

1-10: Deformed foundation rocks; 11-14: Paradharo granodiorite. 1-5 and 10 analyzed by XRF, others wet chemically

LOI=Loss on ignition at 1000 °C. Total iron expressed as Fe,Os

(Middlemost 1994) to distinguish between peralkaline, alka-
line and calc-alkaline rock series. Plots of the Nagar Parkar
analyses on this diagram are shown in Fig. 5a. The analyses of
the mafic rocks straddle the alkaline and calc-alkaline fields,

@ Springer

whereas the rest of the analyses classify as calc-alkaline. The
AFM diagram is used more commonly to distinguish between
tholeiitic and calc-alkaline characteristics in sub-alkaline mag-
ma series. Dividing curves separating the rocks of the two
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Fig. 4 Classification of the analyzed rocks, using the parameters R1 and

R2, calculated from millication proportions (De la Roche et al. 1980):

R1=4Si— 11(Na+K) —2(Fe + Ti) and R2 =6Ca +2(Mg+ Al)

series have been presented by several workers (Irvine and
Barager 1971; Kuno 1968; Barker and Arth 1976). In
Fig. 5b, all but two analyses plot in the calc-alkaline field,
negating the earlier assertion (Butt et al. 1994) that the base-
ment rocks may be tholeiitic. The two mafic rocks plotting in
the tholeiite field have high amounts of opaque minerals
(compare Fig. 3g), possibly as cumulate grains, or related to
enrichment in Fe (and Ti) during alteration (cf. Jan and Rafiq
2007). The calc-alkaline character of the rocks is further sub-
stantiated by FeOt/MgO vs. SiO, relations (Miyashiro 1974).
Thus, the chemistry of the rocks is in harmony with the pet-
rographic classification of the basement rocks. The gabbro-
diorite-tonalite-granodiorite-granite calc-alkaline association
is commonly considered as typical of subduction-related
environment.

The Shand’s A/CNK vs. A/NK [where A/CNK =mole%
Al,O3/(Ca0 + Na,O + K,0), and A/NK =mole% Al,O5/
(Na,0 + K,0)] diagram has been commonly used for
assessing the petrogenetic association of granitic rocks
(Maniar and Piccoli 1989). Figure 6a shows the plots of the

Fig. 5 Plots of the analyzed rocks a

basement granitoid (tonalite, granodiorite and granite) analy-
ses, along with the fields of analyses from various younger
granitic intrusions into the basement. The field boundaries are
based on the bulk data of the granitic rocks given in Ahmad
and Chaudhry (2008) and 140 analyses of the four groups of
the silicic rocks of Laghari (2004). The tonalite analyses clas-
sify as metaluminous whereas the Parodharo granodiorite
analyses are peraluminous in character. Significantly, both sets
of the analyses (barring the red granite) plot distinctly away
from the Nagar Parkar A-type granitic rocks. White and
Chappell (1983) used ACF diagram (A =wt% Al,O; - K,O
- Na,O, C = CaO, F = FeO(total) + MgO) for distinguishing I-
type and S-type granites. On this basis (Fig. 6b), the basement
tonalites plot along the boundary of the two fields, whereas the
red granite and Parodharo granodiorite classify as S-Type.

Trace- and rare earth elements geochemistry

Trace elements were determined in two mafic rocks, the red
granite and, along with REE, in a tonalite and a granodiorite
(Table 1). A variety of diagrams based on incompatible trace
elements has been devised for distinguishing within-plate,
collisional, volcanic arc and oceanic-ridge granites. An island
arc origin for the Nagar Parkar basement granitoids is support-
ed by using Rbvs. Y + Nb and Nb vs Y diagrams (Pearce et al.
1984; Pearce 2015). On Rb/Zr versus Nb and Y diagrams of
Brown et al. (1984), the three granitoids plot in the field of
primitive island arc rocks. Whalen et al. (1987) showed that
on (Na,O + K,0)/CaO and FeO (total)/MgO vs Zn+ Nb +

Ce+Y diagrams A-type granites plot outside the combined
field of M-, I- and S-type granites. The Nagar Parkar basement
granitoids plot in the field of unfractionated M-, I- S-types.
The mantle normalized multi-element spider diagram of the
five basement samples is shown in Fig. 7. The overall pattern
is characterized by marked spikes and troughs, and a slope
from left to right, that is from LILE to HFSE. There are pos-
itive anomalies for Ba and Ce-Sr-Nd (with the exception of the

b FeOt

on a SiO, vs (ALOs + CaO + 80

NazO + KQO)/(A1203 +CaO +

Na,0-K,0) diagram

(Middlemost 1994), and b MgO — 70
FeO (total) — Na,O + K,O

diagram (Irvine and Barager

1971). For more details, see text Calc-
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Fig. 6 a Classification of the
basement granitoids and
Parodharo granodiorite on the
basis of Shand’s molar indices (cf,
Maniar and Piccoli 1989),
A/CNK = Al,053/(CaO + Na,O +
K50) and A/NK = ALL,O5/

(Na,0O + K,0). For comparison
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red basement granite that shows negative Sr anomaly), and
trough for Nb. Ti shows negative anomaly for the granitoids,
but behaves oppositely in the two mafic rocks, possibly be-
cause of enrichment of opaque oxide in these, as discussed
earlier. The mantle normalized incompatible trace elements,
with distinct negative Nb anomaly, provide a strong support to
the idea that the Nagar Parkar basement magmatism is related
to subduction process. On the other hand, based on detailed
geochemistry (Laghari 2004; Ahmad and Chaudhry 2008;
Khan et al. 2012), within plate, A-type tectonic set up has
been advocated for the Neoproterozoic granitic intrusions
within the basement of the area. In the following, we substan-
tiate the differences by comparing the geochemistry of the
basement granitoids with that of the two major types of the
granites that intrude them.

Notable differences can be observed between the ocean
ridge granite (ORG)-normalized patterns of the two groups
(Fig. 8a): (1) Average gray and pink granites are characterized
by higher abundances of HFSE than the basement granitoids,
(2) Ta, Ba and, especially, Sr are higher in the basement gran-
itoids than in the granites, (3) LILE/HFSE ratio in the granites
is a little lower than in the basement rocks, (4) The two groups
of rocks display opposite anomalies for Ba and Ta, (5) The
basement granitoids have pronounced negative Nb anomaly,
and (6) Normalized patterns of basement rocks are more
strongly spiked.

Comparison between the chondrite normalized REE pat-
terns of continental granites from Skaergaard and Mull, aver-
age gray and pink granites, and the two basement granitoids is
shown in Fig. 8b. All show a relative enrichment of LREE
over HREE, however, the overall abundance of the REE is
distinctly lower in the basement rocks than in the continental
and Nagar Parkar granites. Moreover, in contrast to the

@ Springer

basement, the granites from Skaergaard, Mull, and Nagar
Parkar display a pronounced negative Eu anomaly. The lack
of negative Eu anomaly and positive Ba and Sr anomalies in
the basement granitoids may be related to a lack of plagioclase
fractionation. In essence, then, the basement granitoids appear
to be distinctly different from the later granites that intrude
them. The chondrite normalized REE pattern of the Nagar
Parkar gray and pink granites is quite similar to that of Mt.
Abu granitoid (Ashwal et al. 2013) in Rajasthan. We noted
some delicate differences in the composition of the basement
granitoids and typical calc-alkaline island arc rocks, despite
the compelling similarity of negative Nb anomaly. The clas-
sical island arc rocks, unlike those of the basement, have
higher amounts of HREE, lower La/Nby, MgO, Ni and Cr,
and display negative Sr anomaly. These and other chemical
respects of the basement granodiorite and, to a lesser extent,
tonalite are similar to adakites (Table 2). This matter is further
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Fig. 7 Primitive mantle normalized multi element diagram of the
analyzed rocks from the Nagar Parkar basement. Normalizing values
are after Sun and Mcdonough 1989
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Fig. 8 a Ocean-ridge normalized trace element contents of the basement
granitoids and Parodharo granodiorite, compared with those of the
average pink and gray granites of Nagar Parkar (from Laghari 2004).
Normalizing values are from Pearce et al. (1984). b Comparison of
Chondrite normalized REE contents of the basement tonalite and
Parodharo (P) granodiorite with average pink granite, average gray
granite, and continental granitoids from Mull and Skaergaard.
Normalizing values are after Nakamura (1974). Data for the pink and
gray granites are from Laghari (2004) and those for Mull and
Skaergaard from Pearce et al. (1984)

explored in the following with the help of relevant comparison
with adakites and typical arc rocks.

The primitive mantle normalized trace element contents of
the basement granitoids (tonalite, granite, and Parodharo
granodiorite) are compared in Fig. 9a with typical Andean
calc-alkaline dacite and typical adakites from Costa Rica and
Equador. The Parodharo granodiorite shows a close similarity
with the adakites, whereas the tonalite seems to have interme-
diate characteristics between the adakites and calc-alkaline
dacite for the HFSES and lower normalized values for
LILES. The normalized LILE-HFSE array in the tonalite, like
the Andean dacite, is not as steep as in the adakites and grano-
diorite. Significant similarities between the granitoids and the
other three subduction-related rocks include positive Ba, La,
Sr and Eu anomalies and negative Nb and Ti anomalies. The
red granite of the basement on this diagram, in contrast, dis-
plays negative anomalies for Sr and P, and positive anomaly
for Y. Nonetheless, its overall characteristics, including nega-
tive Nb anomaly, are in line with subduction related rocks.
The chondrite normalized plots of the analyses are shown in
Fig. 9b, together with those of the calc-alkaline dacite, the two
adakites of Fig. 9a, and typical granite from Jamaica arc. The
tonalite, like the Jamaican granite, has intermediate concentra-
tions of HREE between the dacite and adakites, but is similar
to the adakite from Ecuador for the La-Gd range of elements.
The Parodharo granodiorite, is similar to the adakites. As in
Fig. 9a, the LREEs/HREE:S ratio is higher in adakites than in
typical island arc rocks ((Martin 1999). In summary, the
Parodharo granodiorite appears to be adakitic, the tonalite
again has an intermediate composition between adakites and
typical island arc rocks.

The Adakitic traits of the basement granitoids are fur-
ther explored in Fig. 10. On (La/Yb)y vs. Yby diagram
(Fig. 10a, Hickey-Vargas et al. 1989)) and St/Y vs. Y
diagram (Fig. 10b, Martin 1999), the Parodharo granodi-
orite classifies as adakite, whereas the Dhedvero tonalite

Table 2 Comparison of Nagar

Parkar tonalite and granodiorite Adakite Adakitic Basement tonalite Parodharo
with adakites granodiorite granodiorite
K,0/Na,0O 0.4-0.5 - 0.1-0.3 0.4-0.5
Mgt 0.5 - 0.5-0.6 0.4-0.5
Ni 2040 <4.1 21 <5
Cr 30-50 <8 54 6
Sr >300 407-532 307 295
Y <18 12.2-14.7 13 6.8
Yb <18 1.53-1.77 1.3 0.7
(La/Yb)n <10-140 - 5.1 15.2
Sr'Y >16 3142 23.6 43.4

Adakite data from Martin (1999)

Adakitic granodiorite, NW China, from Yin et al. (2015)
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Fig. 9 Comparison of the basement granitoids (tonalite, Parodharo
granodiorite and red granite) with other subduction related rocks in
terms of primitive mantle normalized (a) and C1 Chondrite normalized
(b) (Nakamura 1974) elemental diagrams. Typical calc-alkaline dacite
from the Southern Volcanic Zone from the Andes (Hickey-Vargas et al.
1989), typical adakite from Costa Rica (Defant et al. 1992), and typical
adakite from Ecuador (Samaniego 1997). Primitive mantle normalizing
values are from Sun and McDonough (1989) and C1 chondrite values
from Nakamura (1974)

plots in/near the overlapping area of adakites and classical
island arc rocks, and the granite in the arc field. The
chemical parameters for adakites (Martin 1999), together
with the data for adakitic granodiorite from NW China
(Yin et al. 2015), are compared with the Nagar Parkar
granitoids in Table 2. There is a general similarity in the
three sets of data; the tonalite has lower K,O/Na,O, sug-
gesting stronger trondhjemitic characteristics than the rest.
In terms of MgO vs. SiO, relations (Fig. 10c, Wang et al.
2006), the basement tonalite analyses plot in the field of
adakites derived from subducted oceanic crust whereas
those of the Parodharo granodiorite classify as thick lower
crust derived adakitic rocks. This division is consistent
with, respectively, the metaluminous and peraluminous
classification of the two types of rocks on Shand diagram
(Fig. 6a). Because of the very high SiO, content, the red
granite plots outside the fields displayed on Fig. 10c.
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Discussion and conclusions

The Nagar Parkar Igneous Complex (NPIC) is an uplifted
block of mafic to felsic rocks. Earlier workers have considered
it an extension of the Late Proterozoic Malani Igneous Suite
(MIS) of Rajasthan. The MIS comprises three phases of mag-
matic rocks (Kochhar et al. 1995; Bhushan and
Chandrasekaran 2002): (1) bimodal acid and basic volcanic
rocks, (2) granite plutons, and (3) felsic and mafic dykes.
Solanki (2011) obtained many radiometric dates on granitoids
of western Rajasthan and noted that the region had passed
through a complex tectono-magmatic history. It has been sug-
gested (Dharma Rao et al. 2012) that the MIS may have de-
veloped in a subduction-related island arc environment.
Ashwal et al. (2013) proposed that the Mt. Abu pluton devel-
oped in an Andean-type margin. However, most workers
(Sharma 2005; Maheshwari et al. 2009; Vallinayagam and
Kochhar 2011; Singh and Vallinayagam 2012) think that the
MIS developed in continental extensional environment. The
bimodal MIS magmatism is considered to have resulted from
underplating of the continental crust by mafic magma that
provided the necessary heat for extensive partial melting
(Kochhar et al. 1995; Singh and Vallinayagam 2012). Such
an origin is proposed for bimodal magmatism in other areas
also (Winter 2010). For example, in Death Valley, California,
rising basaltic magma in Cretaceous granitic basement provid-
ed heat which resulted in low-temperature thermal minimum
rhyolite melts (Smith et al. 2016).

Equivalents of the first phase MIS volcanic rocks have not
been reported from Nagar Parkar, but their absence can be a
consequence of erosion. Our detailed studies show that the
NPIC is composed of (1) mafic to granitic association of de-
formed rocks referred hereto as the basement, (2) undeformed
granitic plutons (gray sodic alkaline granite, gray-pink and
pink granite) intruding 1, and (3) abundant mafic,
microgranite/aplite, rhyolite dykes intruding both 1 and 2.
The basement granitoids and group 2 granites show distinct
differences in petrography and geochemistry, as described
above, and are magmatically not related.

The geochemical characteristics of the group 2 granites
of the NPIC (high SiO,, alkalis, Fe/Mg, Zr, Nb, Y, REE
(except Eu), and low CaO, Ba and Sr) are suggestive of
A-type anorogenic environment. (Laghari 2004; Ahmad
and Chaudhry 2008; Khan et al. 2012). These features
are shared by many of the granites and other rocks of
the MIS (Bhushan and Chandrasekaran 2002;
Kochhar 2008, 2009; Vallinayagam and Kochhar 2011;
Singh and Vallinayagam 2012). Laghari (2004) equated
the NPIC pink granite with that of Jalor, and the
Karunjhar gray granite stock with the Erinpura body in
Rajasthan. While there are plenty of radiometric dates
on the MIS, detailed radiometric studies on the NPIC
are lacking. Khan et al. (2012) reported U-Th-Pb zircon
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Fig. 10 Comparison of the a
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ages that span from 1000 to 1100 Ma (Karunjhar gray
granite) to 700-800 Ma (pink and other granites).
Markhand et al. (2017) provided two U-Pb zircon ages
(767+12 and 803 +7 Ma) for the granite body of
Wadhrai NW of Nagar Parkar. Unpublished U-Pb zircon
ages on the Nagar Parkar granites, including the gray
granite, are in conformity with the younger (<800 Ma)
ages (M. Sayab, personal communication). The zircons
in porphyritic felsic dykes in the area are have similar
ages (800-700 Ma) to those of the pink granites of
NPIC, and are related to the main granite magmatism
(Khan et al. 2017). We, therefore, reiterate that (1) The
Nagar Parkar granitic plutons were emplaced in the base-
ment after 800 Ma, and (2) Their proximity, similarity in
petrography, geochemistry and radiometric dates reaffirm
that they belong to the MIS. Radiometric age data are
lacking on the basement. Khan et al. (2017) suggested
that the granites were emplaced in 880-840 Ma old
Erinpura—Nanakpur type basement rocks (e.g., Solanki
2011). A U-Pb-Th monazite age of 830 +0.7 Ma for the
deformed red granite near Dhedvero defines the minimum
age for the basement (Khan et al. 2017).

The basement rocks are mostly metaigneous, with
sparse occurrence of metasedimentary rocks ranging from
paragnisses and schists to quartzite. They occupy low
lands between the granitic hills, probably due to their
greater susceptibility to erosion and weathering. They
show brittle deformation, are highly fractured and jointed,

55

60 65
sio,

and at places also show shear foliation and plastic defor-
mation. The igneous rocks range from mafic (abundant and
possibly both plutonic and volcanic) to (quartz)diorite,
tonalite, and granite, with some granodiorite, and rare
hornblendite bodies. Major, trace and rare earth elements
geochemistry of the rocks share the chemical characteris-
tics, particularly low Nb content, of subduction-related
rocks. Most rocks contain relics of magmatic amphibole,
suggesting derivation from a hydrous magma. Water de-
rived from dehydration of subducting slab plays a crucial
role in the generation of subduction-related magmas, giv-
ing rise to amphibole-bearing rocks (Grove and Baker
1984; Iwamori 1998; Schmidt and Poli 1998; Elburg
2010). Thus, the rock association, geochemistry, and the
presence of hornblende lend strong support to our proposal
that the basement rocks belong to a subduction-related
calc-alkaline to adakite association. Like the Erinpura plu-
ton, which is part of the basement for MIS (Ashwal et al.
2013), they are deformed, show epidote amphibolite facie
or upper greenschist facies metamorphic overprint and
contain secondary epidote, amphibole, titanite, chlorite
and, in mafic members, sodic plagioclase. Therefore, it is
tempting to equate these rocks with the Erinpura granite,
however, the trace and major element chemistry of the two
is quite different. The Erinpura silicic rocks display strong
negative Eu, Ba, Sr, and P anomalies (Ashwal et al. 2013).
In contrast, the Nagar Parkar basement shows none of
these but, instead, positive Ba and Sr anomalies (Fig. 9a).
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One explanation for these differences is that the basement
for the MIS is not uniform in composition.

Since the Neoproterozoic granite plutons do not show the
deformation so characteristic of the basement, it is plausible
that the latter was deformed before the emplacement of the
granites. The Parodharo granodiorite has features typical of
adakites: higher Mg#, St/Y and, particularly, (La/Yb)y and
lower amounts of HRE and HFS elements than classical island
arc granitic rocks (Martin 1986, 1999; Stewart 1992; Hastie
et al. 2010). The tonalite displays intermediate geochemical
characteristics between adakites and classical island arc rocks
(Table 2), whereas the red granite is akin to the latter. In a
series of diagrams (Figs. 8 and 9), the trace and RE element
contents of the granitoid members of the basement are com-
pared with those of the younger Neoproterozoic granites of
Nagar Parkar, within-plate granites from Mull and
Skaergaard, island arc granite from Jamaica, typical calc-
alkaline dacite from the Andes, and typical adakites from
Costa Rica and Ecuador. Important conclusions can be readily
drawn from this comparison, such as, (1) Nagar Parkar base-
ment granitoids are different from the two major varieties
(pink and gray) of the Neoproterozoic granite which intrude
them, (2) The latter are similar to the continental granites of
Mull and Skaergaard, (3) The granodiorite is closer to typical
adakites than to typical calc-alkaline dacite from the Andes,
and (4) The tonalite has intermediate chemistry between clas-
sical island arc rocks and typical adakites.

In summary, the subduction-related nature of the base-
ment supports the idea that these rocks may have formed
in a continental margin or island arc setting. Closure of
the intervening ocean and suturing with a landmass may
have caused the pervasive deformation and low-grade
metamorphism. Subsequently, when the arc had become
a part of the Gondwana, A-type granites were emplaced.
The geochemistry of the basement granodiorite, and to a
lesser extent tonalite, especially their rather high St/Y and
La/Yb ratios, suggest that they have adakitic affinities.
The red granite, on the other hand, is compositionally
akin to classical island arc rocks. Negative Nb anomaly
and MgO-SiO, relations support that the tonalities may be
derived from subducted oceanic crust or upper mantle,
while the granodiorite may be derived from thickened
lower crust. Their steep normalized REE pattern is sug-
gestive of garnet and/or amphibole residue, and lack of
negative Eu anomaly coupled with positive Sr anomaly
suggest lack of plagioclase fractionation. A number of
tectonic models have been proposed for the MIS and its
equivalents in Seychelles, Madagascar and elsewhere in
“Rodinia.” On basis of limited data, we would not like to
engage in this exercise, but the basement may be
representing an island arc or Andean-type continental
margin that developed prior to suturing and amalgamation
in the Gondwana, and intrusion of A-type granites. The
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magmatic arc may be related to the eastward subduction
and closure of the Mozambique ocean.
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