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Abstract The Mundwara alkaline plutonic complex
(Rajasthan, north-western India) is considered a part of
the Late Cretaceous—Palacogene Deccan Traps flood
basalt province, based on geochronological data (mainly
YOAr°Ar, on whole rocks, biotite and hornblende). We
have studied the petrology and mineral chemistry of some
Mundwara mafic rocks containing mica and amphibole.
Geothermobarometry indicates emplacement of the com-
plex at middle to upper crustal levels. We have obtained
new “’Ar/*°Ar ages of 80-84 Ma on biotite separates from
mafic rocks and 102-110 Ma on whole-rock nepheline
syenites. There is no evidence for excess “°Ar. The com-
bined results show that some of the constituent intrusions
of the Mundwara complex are of Deccan age, but others are
older and unrelated to the Deccan Traps. The Mundwara
alkaline complex is thus polychronous and similar to many
alkaline complexes around the world that show recurrent
magmatism, sometimes over hundreds of millions of years.
The primary biotite and amphibole in Mundwara mafic
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rocks indicate hydrous parental magmas, derived from
hydrated mantle peridotite at relatively low temperatures,
thus ruling out a mantle plume. This hydration and meta-
somatism of the Rajasthan lithospheric mantle may have
occurred during Jurassic subduction under Gondwanaland,
or Precambrian subduction events. Low-degree decompres-
sion melting of this old, enriched lithospheric mantle, due
to periodic diffuse lithospheric extension, gradually built
the Mundwara complex from the Early Cretaceous to Pal-
aeogene time.

Keywords India - Rajasthan - Mundwara alkaline
complex - Biotite - Amphibole - “°Ar/*’Ar dating

Introduction

The Mundwara plutonic complex in Rajasthan, north-
western India (Fig. 1), is a superb field museum of alkaline
igneous rocks including gabbros, essexites, pyroxenites,
ijolites, basanites, lamprophyres and nepheline syenites,
as well as carbonatites (Coulson 1933; Bose and Das
Gupta 1973; Viswanathan 1977; Subrahmanyam and Rao
1977; Chakraborti and Bose 1978; Chakraborti 1979;
Subrahmanyam and Leelanandam 1989, 1991; Srivastava
1989). The Mundwara complex is emplaced in the
Erinpura Granite, a polychronous assemblage of various
granitoid plutons ~1100-850 Ma in age (Just et al. 2011;
Dharma Rao et al. 2013). Granites and rhyolites of the
~750 Ma Malani igneous province (Eby and Kochhar
1990; Tucker et al. 2001; Bhushan and Chandrasekaran
2002) cover large parts of the region. No other indications
to the age of the Mundwara complex are available from
outcrop geology. Subrahmanyam et al. (1972) reported an
apatite fission track date of 56 + 8 Ma on a theralite. Basu
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Fig.1 a Map of India and the Deccan Traps (shaded) with volcano-
plutonic complexes in Rajasthan marked. SD is Sarnu-Dandali com-
plex, TV the Tavidar volcanics and RV the Raageshwari volcanics,
all of which are related to Deccan flood volcanism and lie within or
adjacent to the Barmer-Cambay rift. MM is the Mer Mundwara (sim-
ply, Mundwara) complex, outside the Barmer-Cambay rift. Based on

et al. (1993) and Rathore et al. (1996) provided “°Ar/*Ar
ages of ~68.5-64 Ma on mineral separates (primary
biotite and amphibole) and whole-rock samples from
the complex. Based on these age data, the Mundwara
complex is considered to be a distant outlier of the
~65 Ma (Late Cretaceous to Palacogene) Deccan Traps
flood basalt province (Fig. 1a) (e.g. Subrahmanyam et al.
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1972; Basu et al. 1993; Rathore et al. 1996; Bhushan and
Chandrasekaran 2002).

Though many workers have studied the petrology of
Mundwara rocks (references above), the petrogenetic sig-
nificance of the primary hydrous minerals (biotite and
amphibole) in the Mundwara mafic rocks has been little
discussed. We have carried out a petrographic and mineral
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chemical study of select mafic rocks of the complex and
derived thermobarometric results. More importantly, we
have obtained new “°Ar/*’Ar ages of 80-84 Ma on pri-
mary biotites in these mafic rocks and of 102-110 Ma on
nepheline syenite whole rocks. The “°Ar/*°Ar ages, sig-
nificantly higher than those provided by previous workers,
are robust and not affected by excess argon. We interpret
the combined “°Ar/*°Ar age data as indicating a polychro-
nous emplacement history of the Mundwara complex, from
Early Cretaceous time to Late Cretaceous and Palaeogene
time (Deccan volcanism). We discuss the important geo-
dynamic implications of the primary biotite and amphibole
and the significantly pre-Deccan components in the Mund-
wara complex. Our results considerably improve the cur-
rent understanding of the Mesozoic magmatic history and
crustal evolution in north-western India.

Geology and samples

The Mundwara complex, 40 km WSW of Sirohi town in
south-western Rajasthan, covers an area of about 15 km?. Tt
is composed of three individual plutons. The largest, Mer,
forms a ring intrusion rising ~300 m above surrounding flat
plains of the basement granite (Fig. 1b, c¢). The Toa pluton
forms a partial ring, whereas the Musala pluton (Fig. 1b, ¢)
may have been a laccolithic plug. Each of these plutons is
made up of a large number of constituent intrusions. Mer

Fig. 2 Classification of the
Mundwara rocks according to
their modal mineral contents on
the QAPF plot of Streckeisen

shows a range of rock types like gabbro, nepheline syen-
ite, theralite and melteigite, Toa dominantly contains cumu-
late gabbros and pyroxenites with minor nepheline syenite,
whereas Musala shows essexite below and nepheline syen-
ite above. The chilled margin of the complex is of basanite
composition (Subrahmanyam and Leelanandam 1989), and
the three plutons are cut by hundreds of dykes and veins of
basanites, nepheline syenites, lamprophyres, tephriphono-
lites and carbonatites (Viswanathan 1977; Subrahmanyam
and Leelanandam 1989). We collected many of these rocks
in December 2012 (samples MMO01-MM?24, Fig. 1c), and
our sample set also includes a gabbroic sample (MER06)
and a nepheline syenite (TOAQ9) collected during a previ-
ous field visit in December 2004.

Rock nomenclature and petrography

The Mundwara mafic rocks have been named based on
their modal compositions, which were obtained using the
Leica QwinPlus software image analysis (counting 1500
points in each thin section). In the QAPF diagram of
Streckeisen (1974; Fig. 2), these rocks cover a range from
gabbro to monzodiorite, theralite and essexite. Cumulate
textures are common. All grain sizes mentioned in the text
refer to measurements of the long dimension.

Sample MMO3 from the Musala pluton (Fig. 3a, b) is
an essexite. It shows an inequigranular hypidiomorphic
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Fig. 3 Petrography of Mundwara essexite MMO3. a, b Photomicro-
graphs, taken between crossed polars. Mineral names are abbreviated
as pl (plagioclase), cpx (clinopyroxene), np (nepheline), bt (biotite),
ox (Fe-Ti oxide). ¢ Backscattered electron (BSE) image of essexite
MMO3: hypidiomorphic texture showing olivine, clinopyroxene, Fe—
Ti oxides, mica, feldspars, nepheline and apatite. Abbreviations: ol
olivine, pl plagioclase, cpx clinopyroxene, mgt magnetite, i/m ilmen-
ite, afs alkali feldspar, nph nepheline, amp amphibole, tit titanite, ap
apatite, anl analcime

@ Springer

texture. The essential minerals are euhedral to subhedral
clinopyroxene (32 %), interstitial alkali feldspars (15 %),
plagioclase (18 %) and nepheline (10 %). Accessory
minerals include Fe-Ti oxides (8 %), mica (8 %), olivine
(5 %) and apatite (3 %). Olivine grains are normally zoned,
often mantled by mica or clinopyroxene (Fig. 3c).

Sample MMOS from the Toa pluton (Fig. 4a, b) is an olivine
gabbro. It contains olivine (20 %), plagioclase (48 %)
and clinopyroxene (27 %). Common accessory phases are
mica (<3 %), Fe-Ti oxides (<5 %) and apatite (~1 %).
Olivine crystals are commonly subhedral or anhedral and
~0.2 to ~2.5 mm in size. They are unzoned and generally
altered to iddingsite along fractures. Small olivine crys-
tals are enclosed in large grains of clinopyroxene (rarely,
plagioclase) forming poikilitic texture (Fig. 4b). Plagio-
clase occurs generally as euhedral to subhedral lath-shaped
cumulus crystals with lengths varying from ~0.5 to ~2 mm.
Clinopyroxenes occur as subhedral to anhedral crystals
of the same size and generally enclose small olivine and
plagioclase grains. Fe-Ti oxides (magnetite and ilmenite)
occur as 0.1-1.0 mm irregular interstitial grains. Mica is
an interstitial phase, often mantling Fe-Ti oxides. Apatite
(~50 pm) occurs as inclusions in plagioclase crystals.

Sample MM11, also from the Toa pluton, is a foid-bearing
diorite (Fig. 4c, d). The main minerals are plagioclase
(28 %) and clinopyroxene (38 %), followed by mica (8 %),
amphibole (9 %), alkali feldspars (5 %), Fe-Ti oxides
(10 %), titanite (1 %) and apatite (1 %). It shows a poikilitic
texture (Fig. 4c, d). Large plagioclase and amphibole crys-
tals enclose small grains of clinopyroxene, mica and Fe-Ti
oxides. Textural relationships show that the clinopyroxene
and plagioclase predate the amphibole and mica. Nepheline
crystals have been replaced by analcime (Fig. 4d).

The sample MM20 from the outer eastern slopes of the
Mer pluton is a monzodiorite (Fig. 4e, f). It shows a poikilitic
texture and consists of clinopyroxene (33 %), plagioclase
(28 %), mica (13 %), Fe-Ti oxides (9 %), alkali feldspars
(10 %), amphibole (4 %) titanite (2 %) and apatite (1 %).
Plagioclase and alkali feldspars occur generally as euhedral
or subhedral crystals up to 2.5 mm in size. The crystals are
randomly oriented and commonly enclose crystals of clino-
pyroxene, mica, amphibole, Fe-Ti oxides, titanite and
apatite. The alkali feldspar is often perthitic. Clinopyroxene-
crystals are typically euhedral to subhedral, 0.2—-1 mm long,
and have a prismatic to tabular habit. Mica occurs as euhedral
to subhedral platy crystals with lengths up to 1.5 mm. It
is generally enclosed in large plagioclase or alkali feldspar
grains. The amphibole crystals (more or less corroded) range
in size from 0.5 to 1 mm and generally enclose small clino-
pyroxene, Fe-Ti oxides and mica grains (Fig. 4e, f). Fe-Ti
oxides occur as 0.1-0.5 mm euhedral to subhedral grains in
plagioclase, alkali feldspars and amphibole crystals.
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Fig. 4 Petrography of Mundwara mafic rocks. Photomicrographs and
BSE images for Mundwara olivine gabbro MMOS (a, b), foid-bearing
diorite MM11 (¢, d), and monzodiorite MM20 (e, f). The BSE image
of olivine gabbro MMOS8 (b) shows poikilitic texture. Small olivine
grains are enclosed in large clinopyroxene. The BSE image of foid-

The sample MERO6, collected near Mer hamlet inside
the Mer ring (Fig. lc), is a theralite (Fig. Sa—c). It is a
medium-grained rock composed of plagioclase (38 %),
clinopyroxene (26 %), mica (11 %), olivine (8 %), Fe—
Ti oxides (9 %), nepheline (5 %) and apatite (3 %).

bearing diorite MM11 (d) shows clinopyroxene and Fe-Ti oxides
enclosed in large plagioclase crystals. The BSE image of monzodi-
orite MM20 (f) shows large amphibole crystal enclosing small Fe-Ti
oxides grains. Alkali feldspars occupy the angular interstices between
amphibole, mica and clinopyroxene grains

Olivine grains have sizes of 0.1-1.5 mm and commonly
are enclosed in clinopyroxene and mica crystals. They are
normally zoned with slight core to rim variations. Plagio-
clase occurs as subhedral laths ranging from 0.2 to 2 mm
in width. Clinopyroxene occurs as euhedral to subhedral

@ Springer
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Fig. 5 Petrography of Mundwara theralite MERO6. a, b Photomicro-
graphs taken between crossed polars. ¢ BSE image showing plagio-
clase, clinopyroxene, mica, olivine, Fe-Ti oxides and minor amounts
of alkali feldspars, nepheline and apatite

crystals 1-3.5 mm in size. It commonly contains small
grains of olivine, Fe-Ti oxides, apatite and rarely mica.
Mica occurs either as subhedral medium crystals or as

@ Springer

interstitial and poikilitic grains. Nepheline occurs as anhe-
dral interstitial grains (Fig. Sa—c).

Dyke sample MM?24 is broadly a tephriphonolite, with
phenocrysts of biotite and amphibole and a fine-grained
groundmass with alkali feldspar, iron oxides and some
clinopyroxene (Fig. 6a). Petrography of the Mundwara
nepheline syenites has been described in detail by several
workers including Bose and Das Gupta (1973), Chakraborti
(1979) and Subrahmanyam and Leelanandam (1989). The
nepheline syenites are dominated by alkali feldspars, with
subordinate amounts of nepheline, clinopyroxene and bio-
tite, as well as accessory phases like iron oxides, sphene,
apatite, sodalite, calcite and zircon. The nepheline syenite
samples MMO04 (from Musala hill summit), MM21 (a dyke
on the outer slopes of Mer) and TOAQ9 (an intrusion in the
Toa pluton) are shown in Fig. 6b—d. The first two are fine to
medium grained and relatively fresh, whereas TOAQ9 has a
highly weathered appearance.

Whole-rock geochemistry

The mafic rocks and a nepheline syenite (MMO04) were
analysed by inductively coupled plasma atomic emission
spectrometry (ICPAES) at the Sophisticated Analytical
Instrumentation Facility (SAIF), IIT Bombay (instrument:
SPECTRO ARCOS), for all major oxides and a few trace
elements (Table 1). The analytical procedures followed
Vijayan et al. (in press). Several USGS mafic rock standards
(DNC-1, BIR-1, BCR-2 and AGV-2) were dissolved along
with the samples and used for calibrating the instrument,
whereas the standard W-2a was analysed as an unknown
to estimate the analytical accuracy. Loss on ignition (LOI)
values were determined by heating the rock powders at
1000 °C in platinum crucibles, after overnight drying in an
oven at 110 °C to drive away adsorbed moisture (H,O7).
The major oxide, LOI and trace element values for the
Mundwara mafic rocks are presented in Table 1, along with
the reference and measured values on standard W-2a. The
high analytical accuracy is indicated by the very close ref-
erence and measured values for W-2a. All analyses have
major oxide and LOI totals that are nearly 100 wt%. CIPW
norms and Mg numbers (Mg#) computed for all samples
using the SINCLAS program of Verma et al. (2002) are also
presented in Table 1. All rocks are nepheline normative.

Mineral chemistry and thermobarometry

Analytical techniques

Mineral compositions in the mafic rocks were obtained
at the University of Naples, using an Oxford Instruments
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Fig. 6 Petrography of the Mundwara tephriphonolite MM24 (a) and nepheline syenites MMO04 (b), MM21 (c¢) and TOAOQ9 (d). Abbreviations:
afs alkali feldspar, amph amphibole, bt biotite, ox iron oxides, cpx clinopyroxene. All photomicrographs are over the polarizer

Microanalysis Unit equipped with an INCA X-act detec-
tor and a JEOL JSM-5310 microscope in energy-dispersive
spectrometry (EDS). The standard operating conditions
included a primary beam voltage of 15 kV, filament cur-
rent of 50-100 wA and variable spot size from 30,000 to
200,000x magnification, 20 mm WD. Measurements were
taken with an INCA X-stream pulse processor and with
Energy software. Energy uses the XPP matrix correction
scheme, developed by Pouchou and Pichoir (1988), and
the pulse pile-up correction. The quant optimization is car-
ried out using cobalt (FWHM—full width at half maximum
peak height—of the strobed zero = 60—65 eV). The following
standards were used for calibration: diopside (Ca), San
Carlos olivine (Mg), anorthoclase (Al, Si), albite (Na),
rutile (Ti), fayalite (Fe), Cr,0O5 (Cr), rhodonite (Mn), ortho-
clase (K), apatite (P), fluorite (F), barite (Ba), strontianite
(Sr), zircon (Zr, Hf), synthetic Smithsonian orthophos-
phates (REE, Y, Sc), pure vanadium, niobium and tantalum
(V, Nb, Ta), Corning glass (Th and U), sphalerite (S, Zn),
galena (Pb), sodium chloride (Cl) and pollucite (Cs). The
Ka, La, Lb or Ma lines were used for calibration, according
to the element. Backscattered electron (BSE) images
were obtained with the same instrument. Representative

microprobe analyses of the various mineral phases are
reported in Supplementary Tables S1-1-S1-11.

Mineral compositions
Olivine

Olivine from the olivine gabbro MMO08 shows a restricted
range of composition from Fog, to Fogs (where Fo = Mg/
(Mg + Fe) x 100; Fig. 7a). NiO is variable and ranges
from below detection limit to 0.36 wt%. CaO does not
exceed 0.28 wt%. Olivine from theralite MERO6 has Fo
values from 50 to 58 mol%. NiO and CaO contents are low.
Olivine of the essexite MMO3 has Fo values between 51
and 65 mol% and contains <0.24 wt% NiO.

Clinopyroxene

Clinopyroxene is an essential phase in all studied rocks.
According to the nomenclature scheme of Morimoto et al.
(1988), it is diopside (Cayg_4sMgs5_43Fe 5 15 Fig. 7b). The
Mg# [where Mg# = atomic Mg*100/(Mg + Fe + Mn)]
values of clinopyroxenes are 73-75, 72-80, 69-81, 65-76

@ Springer
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Table 1 Whole-rock geochemical data for Mundwara plutonic rocks

Lat. (N) 24°49.732"  24°50.759’ 24°50.818' 24°50.068’ 24°50.013' 24°49.732'

Long. (E) 72°32.868" 72°31.726 72°31.965' 72°32.381" 72°32.334 - 72°32.868’

Sample MMO3 MMO08 MM11 MM20 MM24 MERO06 MMO04 W-2a W-2a
Rock type Essexite Ol. gabbro Foid diorite Monzodior. Tephriph. Theralite Ne.syen. Ref. Meas.
SiO, 42.89 45.53 42.42 46.67 49.17 41.02 54.11 52.68 52.71
TiO, 3.64 2.07 4.88 4.04 2.06 5.46 1.73 1.06 1.09
Al,O4 13.63 15.02 10.67 10.92 17.48 13.38 17.76 15.45 15.08
Fe,O5p 15.44 12.96 17.08 14.97 9.25 14.84 7.08 10.83 11.74
MnO 0.30 0.18 0.23 0.21 0.26 0.24 0.18 0.167 0.12
MgO 5.35 9.97 7.81 6.63 221 6.52 2.12 6.37 6.69
CaO 8.90 11.37 13.47 10.05 4.01 11.11 4.09 10.86 10.84
Na,O 4.86 2.47 2.40 3.24 7.90 3.32 8.05 2.20 223
K,O 2.32 0.55 1.33 2.10 5.07 1.40 4.54 0.626 0.49
P,04 1.81 0.22 0.47 0.67 1.06 1.33 0.49 0.14 0.12
LOI —0.06 —0.15 0.57 0.23 2.66 0.71 0.60

Total 99.08 100.19 101.34 99.73 101.14 99.33 100.74 100.38 101.11
Mg# 46.6 64.3 51.7 52.7 39.2 50.7 44.7

Or 14.00 3.27 791 12.62 30.64 8.50 26.93

Ab 14.47 16.02 3.13 20.62 12.68 11.39 27.14

An 8.70 28.49 14.51 9.21 - 17.94 -

Ne 1491 2.73 9.38 393 27.30 9.46 21.22

Di 20.04 21.83 40.68 30.22 11.09 24.25 14.17

ol 11.67 20.29 10.14 9.32 5.82 11.27 2.47

Mt 4.86 2.89 3.80 4.69 1.30 3.37 1.82

1l 7.06 3.96 9.33 7.80 4.00 10.65 3.30

Ap 4.28 0.51 1.10 1.58 2.51 3.16 1.14

Ac - 4.66 1.81

Sc 159 28.4 424 30.2 4.55 26.7 6.60 36 36.9
Co 49.3 54.0 80.8 50.8 30.8 64.1 26.9 43 35.7
Ni 25.7 95.6 73.7 55.0 14.5 16.7 22.5 70 71.4
Sr 1864 671 668 594 1425 1107 1305 190 196
Zr 230 117 314 379 801 150 888 100 91.8
Ba 1014 252 481 509 1017 631 1023 170 174

Major oxides are in wt% and the trace elements in parts per million (ppm). Fe,Os is total iron expressed as Fe,O;. Abbreviated mineral names
in italics are CIPW normative minerals (in wt%) as computed by the SINCLAS program of Verma et al. (2002), based on LOI-free recalculated
data and the Middlemost (1989) scheme of division of total iron into Fe?* and Fe** categories. Reference and measured values on the USGS
standard W-2a (Wilson, http://crustal.usgs.gov/geochemical_reference_standards/powdered_RM.html) provides an idea about analytical accu-

racy

and 72-75 in the essexite MMO3, olivine gabbro MMOS,
foid-bearing diorite MM 11, monzodiorite MM?20 and ther-
alite MERO6, respectively. TiO, and Al,O5 contents range
from 0.12 to 3.67 and from 0.72 to 7.03 wt%, respectively.
Cr,0; ranges from below detection limit to 0.25 wt%.

Feldspars
Euhedral to subhedral feldspars of variable size are pre-

sent in all rock types, and almost pure albite laths occur
in some late-stage mineral associations. In the essexite

@ Springer

MMO3, plagioclase is an andesine (Ansg). Alkali feldspars
range from anorthoclase (An;Ab,Or5;) to sodic orthoclase
(AnzAb,,Ors4). In the olivine gabbro MMOS, plagioclase
exhibits a rather large compositional variation from An,g
to Anys. In the monzodiorite MM20, plagioclase is mainly
oligoclase (Fig. 7c). Alkali feldspars compositionally cover
the range An;_sAby 5013, gq. BaO and SrO vary in the
range 0.10-0.22 and 0.26-0.74 wt%, respectively. In the
foid-bearing diorite MM11 and the theralite MERO6, feld-
spar compositions follow an evolutionary trend from labra-
dorite to oligoclase, anorthoclase and orthoclase (Fig. 7c).
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Fig. 7 Mineral compositions in r T —(@C(O— - T - ,
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Fe-Ti oxides

Magnetite and ilmenite coexist in all samples. Magnetite is
the most abundant opaque mineral with a wide compositional
range from 1 to 65 mol% ulvospinel (Fig. 8a). The magnetite
with low Ti content occurs in the monzodiorite MM20 and
the foid-bearing diorite MM11. MnO is quite variable from
0.07 (monzodiorite MM20) to 1.49 wt% (essexite MMO03).
Ilmenite contains between 41.75 and 52.74 wt% TiO,, corre-
sponding to 19-2 % of the haematite end member (Fig. 8a).
The MnO concentrations range from 0.96 to 3.81 wt%.
Al,O; concentration is always low (<0.5 wt%).

Amphibole

Amphibole occurs in the monzodiorite MM20 and foid-
bearing diorite MM11. By the nomenclature of Leake

et al. (1997), it is calcic in composition and ranges from
pargasite to kaersutite (Fig. 8b). Kaersutite is characterized
by high TiO, (4.57-5.62 wt%) and moderate MgO (10.23—
11.80 wt%) with Mg# ranging from 57 to 64. Pargasite
shows similar MgO (9.92-11.20 wt%; Mg# = 53-60) but
lower TiO, contents (3.95-4.41 wt%). Water contents in
amphiboles (Supplementary Table S1-5) have been calcu-
lated following Tindle and Webb (1994).

Mica

Mica is present in all Mundwara rocks studied. It has a
restricted range of composition in all rock types and plots
along the phlogopite—annite tie line (Fig. 8c). Mica crys-
tals have Mg# = 52-72, Al'Y = 2.37-2.67 a.p.f.u. (atoms
per formula unit) and TiO, = 3.03-9.80 wt%. In most
cases, the tetrahedral site is not fully filled by Si and Al
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(Si + Al ranging from 7.72 to 8.00 in calculated structural
formulae). It is probably occupied by other cations such
as Fe’ .

Feldspathoids

Nepheline occurs as an interstitial phase in the theralite
MERO6 and essexite MMO3. It shows evidence of replace-
ment by analcime in the foid-bearing diorite MMI11.
Nepheline composition ranges from Ne;)Ks;Qz;, to
NegoKs;3Qz; [with molar Na/(Na + K) = 0.83-0.89]. CaO
concentrations reach 1.47 wt%.

@ Springer

Accessory phases

Titanite occurs as euhedral crystals in the monzodiorite
MM20 and foid-bearing diorite MM11. It has a homoge-
neous major element composition. ZrO, concentration is
variable. Apatite typically occurs as inclusions in mica,
plagioclase and amphibole. Fluorine ranges from 0.67 to
3.53 wt%. Zircon occurs as tiny grains in the monzodiorite
MM20. Zirconolite (CaZrTi,O;) occurs as small grains in
the essexite MMO3. Niobium and thorium concentrations
range from 7.73 t0 9.60 Nb,O5 and from 2.79 to 11.05 wt%
ThO,, respectively.
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Fig. 9 Pressure—temperature diagram for the Mundwara amphiboles.
The calcic amphibole stability field of Ridolfi and Renzulli (2012) is
also shown for comparison

Intensive parameters: temperature, pressure and fO,

The mineralogical data can be used to determine the tem-
perature and pressure conditions of magma emplacement
and crystallization. However, it should be noted that these
data (derived from mineral assemblages) are strongly
dependent on the calibration and, therefore, can provide
only provisional geological information.

Pressure estimates were made using clinopyroxene and
amphibole geobarometers. The clinopyroxene barometer
developed by Nimis and Ulmer (1998) and Nimis (1999)
is based on structural parameters. This method is strongly
temperature dependent and requires a precise temperature
input. Four calibrations are available for pressure calcula-
tions. They cover the following compositional ranges: (1)
anhydrous basic melts, from basalts through trachybasalts
to low-alkali nephelinites (BA), (2) hydrous melts of the
same composition (BH), (3) tholeiitic basalts to dacites
(TH) and (4) mildly alkaline series from alkali basalt to tra-
chyandesite (MA). Of the four calibrations available, only
two (BH and MA) could be applied to our samples. Assum-
ing a mean temperature of 1000 °C, calculated pressures
range from 2 to 7 kbar (200-700 MPa). The standard errors
estimated by Nimis (1999) for BH and MA calibrations are
2.6 kbar (below 15 kbar) and 2.0 kbar, respectively.

The amphibole thermobarometer of Ridolfi and Renzulli
(2012) suggests temperatures of 935-1030 °C and pressure
of 686-306 MPa (3-7 kbar) for kaersutite and pargasite
crystallization from melts containing 2.8-6.0 wt% H,O
(Fig. 9). Kaersutite is a calcic amphibole stable at high P-T
(489-1500 MPa, 960-1130 °C) under relatively oxidizing
conditions such as those defined by the NNO buffer with
H,O content in the melt between 3.6 and 5.3 wt% (Ridolfi

and Renzulli 2012 and references therein). The tempera-
ture and pressure conditions of Mundwara kaersutites are
broadly compatible with those obtained by experimental
studies (Ridolfi and Renzulli 2012 and references therein).
Pressure estimates for calcic amphiboles calculated with
the amphibole—plagioclase thermometer of Molina et al.
(2015) range from 3 to 6 kbar (300-600 MPa), assuming
temperatures between 950 and 1000 °C and plagioclase
with labradorite—andesine composition. All estimated pres-
sures indicate that the Mundwara rocks were emplaced and
crystallized at middle to upper crustal levels.

The Fe-Ti oxide thermometer and oxybarometer (Spen-
cer and Lindsley 1981) was applied to coexisting ilmenite
and magnetite. Calculated temperatures for all magnetite—
ilmenite pairs suggest reequilibration during cooling.
The highest temperatures are found for the olivine gab-
bro MMO08 (689-788 °C) and the essexite MMO03 (742—-
790 °C). Oxygen fugacities (log fO,), determined from
the model of Spencer and Lindsley (1981), vary between
—23.9 and —14.2, and most of the samples are close to the
fayalite—-magnetite—quartz (FMQ) buffer. However, some
samples with lower temperature of equilibration plot above
the NNO buffer.

The oxidation states of magma can be also estimated
from the mineral chemistry of micas. In the Fe**—Fe’t-Mg
diagram of Wones and Eugster (1965; Fig. 8d), mica com-
positions for the studied Mundwara rocks fall on the FMQ
and NNO oxygen fugacity buffers.

“Ar/Ar dating
Methods

Eight samples were chosen for dating by the “°Ar/°Ar
incremental heating technique. These include five biotite
separates from mafic rocks (essexite MMO3, olivine gab-
bro MMO8, foid diorite MM11, monzodiorite MM20, and
tephriphonolite MM24), and three whole-rock nepheline
syenites (MMO04, MM21 and TOAQ9). Following Sen et al.
(2012), rock chips of about 20-25 g were cut from the hand
specimens to avoid veins and weathered material, then
crushed and sieved, and biotites in the mafic rocks were
picked under the microscope. The 120-180 pwm size frac-
tion of the nepheline syenite samples was leached with a
1 % HCI solution to eliminate secondary carbonates, this
material and the biotite separates were cleaned in deionised
water in an ultrasonic bath, and about 0.02 g of each was
packed in aluminium capsules. The Minnesota hornblende
reference material (MMhb-1) of age 523.1 £ 2.6 Ma (Renne
et al. 1998) and high-purity CaF, and K,SO, salts were
used as monitor samples. High-purity nickel wires were
placed in both sample and monitor capsules to monitor the
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neutron fluence variation, which was typically about 5 %. 288888| g5
The aluminium capsules were kept in a 0.5-mm-thick cad- il B ;o) §
mium cylinder and irradiated in the heavy-water-moderated A é & g
DHRUVA reactor at the Bhabha Atomic Research Centre z —23gm S8 g
(BARC), Mumbai, for ~100 h. The irradiated samples were S|lss3s3S| gE=
repacked in aluminium foil and loaded on the extraction unit Tg g §
of a Thermo Fisher Scientific noble gas preparation system. e d E % E
Argon was extracted in a series of steps up to 1400 °C in an g ﬁ j j j j E E %
electrically heated ultra-high vacuum furnace. After purifi- § =333y E Zs
cation using Ti—Zr getters, the argon released in each step g “ 2 § g
was measured with a Thermo Fisher ARGUS mass spec- § "N~ o x| B é
trometer located at the National Facility for *°Ar/*’Ar Geo- % § IRl 5 <
thermochronology in the Department of Earth Sciences, IIT é E;D S92 TS na §§ 2
Bombay. The mass spectrometer is equipped with five Fara- Elc|®®>®>2 D] g §~ §
day cups fitted with 10'! O resistors. i ° E
Interference corrections for Ca- and K-produced Ar iso- § § § § § % u% § %
topes based on analysis of CaF, and K,SO, salts were >8%
COATP AN, CPAr7Ar), and (YAr/PAr), = 0.000471, A =8¢
0.001145 and 0.006842, respectively. “°Ar blank contribu- % Soxs8g % gi
tions were 1-2 % or less for all temperature steps. The irradi- Z|sss s s s :’5.:9 &
ation parameter J for each sample was corrected for neutron g m &
flux variation using the activity of nickel wires irradiated with TSRS é S
each sample. Values of fluence-corrected J for various sam- :‘: j ﬁ i ﬁ ﬂ E %E;
ples are as follows: MMO8 Biotite, 0.000537 =+ 0.000003; =§ SR gﬁg
MMI11 Biotite, 0.000548 =+ 0.000003; MM20 358
Biotite, 0.000545 £+ 0.000003; MM24 Biotite, 0~ = o % o = § @
0.000540 + 0.000003; MMO04 WR, 0.000527 + 0.000003; S Nan I nalE goi
and MM21 WR, 0.000542 £ 0.000003. The plateau ages Sle|d22233| g9
reported comprise a minimum of 60 % of the total °Ar ZlL|® >Rz % E g
released and four or more successive degassing steps. Their % é IS
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program ISOPLOT v. 3.75 (Ludwig 2012). o o) E2ER
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Table 2 gives the summary of the **Ar/*Ar results for six é = j j j 3 S S| A g o >
of the eight dated samples which yielded good plateau 2 % <+ © o < i;l j %@5 g
spectra. Two samples (biotite from the essexite MMO03, and 2 2|82 =8EE| 28T
the whole-rock nepheline syenite TOA09) did not yield 5 = Z, Ei
plateau spectra. The stepwise analytical data for the six _5 N I o v o éf § g
samples are given in online Supplementary Data Table S2. 8 s;a cgrT RS g g g §
The non-plateau argon release spectrum for the MMO3 2 - g~ § Z
biotites is shown in Fig. 10a and shows an ascending stair- E | § | 2 & = i" g
case pattern with a prominent step at ~88 Ma comprising QZ ElZ|w o o 0 = § i
33 % of the total argon release. In comparison, very good ME 'é f %%
plateau spectra are obtained for biotite separates from the — § 2 < FERPR IS § S
olivine gabbro MMO8 (82.4 + 0.4 Ma, Fig. 10b), the foid 2, 2 £ g £ § § £e 2E
diorite MM11 (84.6 & 0.4 Ma, Fig. 10c) and the monzodi- g = 25 ﬁ. 6 & sft E 7o
orite MM20 (813 & 0.4 Ma, Fig. 10d). Biotite separates £ ce=z¢e E L 55
from the tephriphonolite MM24 also show a well-developed ® 8 m g é % z E ; ;5 S
plateau (80.4 + 0.4 Ma, Fig. 11a). These four plateau 2 | & Sscdes¢d ég 2 =
spectra comprise 61-80 % of the total argon release. SRR = ===355|&£EE88
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Fig. 10 “°Ar/*Ar plateau spectra for the biotite separates from a
essexite MMO3, b olivine gabbro MMO8, ¢ foid diorite MM11 and d
monzodiorite MM?20. The plateau steps are shown with red outlines

Among nepheline syenite whole rocks, sample TOAQ9
yielded no plateau but an argon release spectrum with a
classic ascending staircase pattern and no prominent age
step (Fig. 11b). In contrast, the samples MM04 and MM21
yielded well-developed plateau spectra. MMO04 has an age of
102.4 £+ 0.6 Ma (57 % argon release, Fig. 11c), and MM21
has an age of 110.4 &= 0.7 Ma (70 % argon release, Fig. 11d).

Discussion
Compositional characters

The studied mafic rocks of Mundwara complex can be
divided (on the basis of modal compositions and miner-
alogical characteristics) into a weakly alkaline gabbro—
diorite-monzodiorite suite and a theralite—essexite suite.
The mafic rock samples MMO03, MMO0S, MM11, MM20
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and the non-plateau steps with dark blue outlines. Also shown are
values of the mean square weighted deviate (MSWD) and probability

)

and MEROG6 are cumulates with different degrees of alka-
linity, comparable to intrusive rocks elsewhere (e.g. Mel-
luso et al. 2005; Cordier et al. 2005).

The olivine gabbro MMOS8 and theralite MERO6 have
low Mg# (64-51) and Ni (96-17 ppm) values and Fe-rich
olivines (Fog, ¢5 in MMO8 and Fos, 53 in MERO06), which
suggest that their parental melts were evolved basaltic lig-
uids. Using MgO-FeO correlation and the composition of
the most magnesian olivines, the parental magmas from
which such olivines crystallized are estimated to have an
Mg# of 30-38. In our calculation, we assumed an olivine-
melt Mg—Fe partition coefficient of 0.3 (Roeder and Emslie
1970). Higher Mg# values (41-48) were obtained using the
most Mg-rich clinopyroxenes and a pyroxene-melt Fe-Mg
partition coefficient of 0.23 (Grove and Bryan 1983). This
may indicate that the olivine and clinopyroxene are not in
equilibrium. They formed at different stages of crystalliza-
tion when the Mg# of the liquid was different.
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Fig. 11 “°Ar/*Ar plateau spectra for a biotite separates from tephriphonolite MM24, and whole-rock nepheline syenites b TOA09, ¢ MMO04

and d MM21

The presence of kaersutite and nepheline in the Mund-
wara rocks indicates that the parental melts were of alka-
line character. The presence of kaersutite is a feature almost
exclusive to mildly alkaline within-plate rocks (Melluso
et al. 2005; Cucciniello et al. 2011, 2016; Ridolfi and
Renzulli 2012). The parental magmas of the mafic rocks
were also sufficiently hydrous for mica and amphibole to
form. Kaersutite requires 3.6-5.3 wt% water in the magma
(Ridolfi and Renzulli 2012). We discuss a possible source
of this water, in a later section.

Existing argon data

Basu et al. (1993) obtained a “°Ar/°Ar plateau age of
68.53 + 0.16 Ma (20) on primary biotite from an alkali
olivine gabbro in the Toa pluton (relative to a monitor age
of 27.84 Ma on Fish Canyon sanidine). They obtained
saddle-shaped spectra with minimum step ages of ~71 Ma
on amphibole from a metagabbrg, Saddle-shaped spectra
for minerals and whole rocks are considered diagnostic
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of excess argon (Kaneoka 1974; Lanphere and Dalrymple
1976; Iwata and Kaneoka 2000; Kelley 2002), with the
lowest step age as the upper limit to formation time. The
amphibole dated by Basu et al. (1993) showed a “°Ar/*°Ar
ratio of 473 £ 5 (much greater than the atmospheric ratio
of 295.5) and a 71 Ma maximum possible age. Basu et al.
(1993) also dated biotite from an alkali pyroxenite in the
Sarnu-Dandali complex in Rajasthan at 68.57 £ 0.08 Ma.
They suggested that the Mundwara and Sarnu-Dandali
complexes represented Deccan alkaline magmatism that
immediately preceded the massive flood basalt phase.
Rathore et al. (1996) dated several compositionally
varied samples of the Mundwara suite (essexite, gabbro,
basalt, syenites). They obtained “°Ar/3°Ar ages between 64
and 75 Ma, relative to a monitor age for Minnesota horn-
blende MMhb-1 of 520.4 4+ 1.7 Ma (Samson and Alex-
ander 1987). They obtained saddle-shaped spectra for
four of their samples, suggesting a maximum formation
age of 71 Ma, and well-developed plateau spectra on two
whole-rock syenites from Musala and Mer, with ages of
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64.1 &+ 0.6 Ma (20) and 64.4 £ 0.8 Ma (20). They argued
that the emplacement of the Mundwara complex was not
rapid (as Basu et al. 1993 postulated) but took place over
several million years between 71 and 64 Ma.

New argon data

We have obtained several well-developed *°Ar/*’Ar plateau
and isochron ages of 80-84 Ma on Mundwara biotite sepa-
rates and 102-110 Ma on whole-rock nepheline syenites.
These ages are significantly older (up to 40 million years)
than those obtained by Basu et al. (1993) and Rathore et al.
(1996). Are our *°Ar/*’Ar ages anomalously high simply
due to excess argon, previously identified in Mundwara
amphibole (Basu et al. 1993) and Mundwara whole rocks
(Rathore et al. 1996)? Excess “°Ar has been recognized in
biotites in slowly cooled igneous and metamorphic rocks
(e.g. Roddick et al. 1980; Foland 1983) and in biotite and
hornblende from the Noril’sk 1 intrusion in the Siberian
Traps (Renne 1995). The Neoproterozoic Erinpura Gran-
ite that hosts the Mundwara complex could, in principle,
have been a major reservoir of excess “’Ar incorporated in
the crystallizing Mundwara biotites. Two of our samples,
biotite from essexite MMO03 (Fig. 10a) and whole-rock
nepheline syenite TOAQ9 (Fig. 11b), both with ascending
staircase-shaped argon release patterns, may contain excess
argon.

Foland (1983) described case studies in which biotites
from slowly cooled rocks yielded well-developed plateau
spectra, and yet the plateau ages were anomalously high
as identified from regional stratigraphic relationships.
More problematic, the evident excess 4OAr could not be
identified because even the isochron *°Ar/*’Ar intercepts
had atmospheric values. Foland (1983) cautioned that well-
defined “°Ar/*’Ar plateaus for biotites from metamorphic or
slowly cooled rocks cannot be unambiguously interpreted
without a priori geochronological or geological information.
Such geological or stratigraphic clues to the age of the
Mundwara complex are, unfortunately, what is lacking.

However, the broadly similar ages of 68.5-71 Ma
obtained by Basu et al. (1993) on both biotite (closure tem-
perature of 300-350 °C, Berger and York 1981; McDougall
and Harrison 1999) and hornblende (closure temperature of
550 °C) indicate that the host rocks had cooled relatively
rapidly, and therefore, these ages should closely approxi-
mate the emplacement age of the intrusions. Similarly, the
“OAr/Ar ages of 80-84 Ma given by biotites in the plu-
tonic rocks MMO8 (olivine gabbro), MM11 (foid diorite)
and MM20 (monzodiorite), as well as the biotites in the
hypabyssal dyke rock MMI11 (tephriphonolite), suggest
relatively rapid cooling of the complex at this time as well.

Besides, the biotites analysed by Basu et al. (1993)
and in this study have well-developed “°Ar/*’Ar plateaus,

and isochrons and inverse isochrons with atmospheric
“OAr/*SAr intercepts. Taken at face value, they show no
indication of excess argon. What then explains the much
higher “°Ar/*’Ar ages obtained by us compared to those of
Basu et al. (1993) and Rathore et al. (1996)? The simplest
interpretation of the combined results of these three studies
is that all these *°Ar/*°Ar ages are valid, and the Mundwara
complex is polychronous, composed of individual mag-
matic intrusions emplaced over a long time period from
the Early Cretaceous to the Late Cretaceous—Palacogene.
Some of the individual intrusions in the complex are of
Deccan Traps age, whereas others are significantly older.
This is not unusual. Repetitive magmatism at the same
site, sometimes over hundreds of millions of years, is a
well-known feature of continental alkaline magmatism (see
Barker 1974 for North American examples, and Bailey and
Woolley 2005 for African examples).

Geodynamic aspects

The Mundwara complex has usually been considered as a
pre-flood basalt alkaline plutonic complex in the Deccan
Traps (e.g. Subrahmanyam et al. 1972; Basu et al. 1993;
Rathore et al. 1996; Simonetti et al. 1998; Ray et al.
2000). It has been compared to Deccan-age alkaline
complexes in the Seychelles (Devey and Stephens 1992;
Ganergd et al. 2011). Our new “°Ar/°Ar dating results
show that the Mundwara complex also represents much
older and Deccan-unrelated intrusion events in north-
western India, during the Early Cretaceous (~102—-110 Ma)
and the Late Cretaceous (80-84 Ma). The 102-110 Ma
intrusions in the Mundwara complex are thus broadly
contemporaneous with the Rajmahal-Sylhet Traps of
eastern India (Kent et al. 2002; Ray et al. 2005), whereas
the 80—-84 Ma Mundwara biotite ages correspond to the late
stages of the flood basalt volcanism associated with India—
Madagascar breakup (Storey et al. 1995; Pande et al. 2001).
Note that no genetic relationships or associations with
these provinces are implied.

In Rajasthan itself, a basalt flow has been reported by
Bladon et al. (2015) as underlying the Early Cretaceous
Sarnu Sandstone in the Sarnu-Dandali area (Fig. 1a). These
outcrops occur in the Barmer-Cambay rift which was ini-
tiated in the Early Cretaceous due to plate-scale NW-SE-
directed extension without a mantle plume (Sharma 2007,
Bladon et al. 2015). The basalt in the rift may have formed
by higher-degree partial melting of the mantle than the
contemporaneous alkaline ultrabasic intrusions at Mundwara
outside of the rift. A lamproitic dyke in Kachchh (Fig. 1a)
has yielded a U-Pb perovskite age of ~124 Ma (Karmalkar
et al. 2014). This indicates that Early Cretaceous alkaline
magmatism in north-western India, though not generally
recognized, may have been significant.
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Geochemical data on the Mundwara complex have
typically been interpreted as a guide to the composition of
the putative Deccan mantle plume (see Basu et al. 1993;
Simonetti et al. 1998). Varied petrological differentiation
schemes involving fractional crystallization and liquid
immiscibility have been proposed for the derivation of
the nepheline syenites and carbonatites of the Mundwara
complex from the associated mafic rocks (e.g. Bose and
Das Gupta 1973; Chakraborti 1979; Subrahmanyam and
Leelanandam 1989, 1991). These are now open to question
because of the polychronous nature of the complex with
many of its constituent intrusions being genetically
unrelated. Also, radiogenic isotopic ratios measured on
samples not directly dated and age-corrected to 65 Ma
assuming a Deccan Traps association (e.g. Simonetti et al.
1998; Ray et al. 2000) may be significantly undercorrected.

Highly relevant to the question of geodynamics are the
primary biotite and amphibole in the Mundwara mafic
rocks. These minerals indicate hydrous parental mafic mag-
mas and a hydrated mantle source. Such a source can be a
subduction-fluxed, metasomatized mantle wedge which can
contain up to 12 wt% water bound in amphibole peridotite
(Gaetani and Grove 1998). Hydrous, metasomatized mantle
would also melt at relatively low temperatures, thus ruling
out an anomalously hot plume. Amphibole is common in the
intrusive complexes of the Siberian Traps (e.g. Renne 1995;
Ivanov et al. 2008), and a model of active Permian subduc-
tion for the Siberian Traps, based on the magmatic water and
other arguments, has been offered by Ivanov et al. (2008).
Abundant amphibole-gabbro plutons are also known in the
Tarim flood basalt province in north-western China and con-
sidered to have formed from subduction-related hydrous
parental magmas and not a mantle plume (Wan et al. 2013).

There was no active subduction under north-western India
during Cretaceous time as it was drifting northwards after
separation from Gondwanaland. However, long-lived Jurassic
subduction of the Pacific lithosphere occurred under Gondwa-
naland (Cox 1978), with India a part of it. This subduction, or
Precambrian subduction events inferred under north-western
India (e.g. Tucker et al. 2001; Dharma Rao et al. 2013), may
have hydrated and metasomatized the continental lithospheric
mantle beneath Rajasthan. Periodic diffuse lithospheric
extension at later times (Early to Late Cretaceous and Palaeo-
gene), resulting in low-degree decompression melting, could
have sampled this enriched lithospheric mantle and produced
the alkaline magmatism of the Mundwara complex and con-
tiguous areas of Rajasthan and Kachchh.

Conclusions

The Mundwara alkaline plutonic complex in Rajasthan
is usually considered a part of the Late Cretaceous to
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Palacogene (~65 Ma) Deccan flood basalt province, based
on “Ar/Ar ages of 68.5-64 Ma on biotite, hornblende
and whole-rock nepheline syenites (Basu et al. 1993;
Rathore et al. 1996). The petrology, mineral chemistry
and geothermobarometry of some biotite- and amphibole-
bearing mafic Mundwara rocks indicate emplacement of
the complex at middle to upper crustal depths. The gabbroic
and theralitic rocks are cumulate rocks formed by the
accumulation of variable amounts of olivine, clinopyroxene
and plagioclase from mildly alkaline parental magmas.
Importantly, “°Ar/*Ar dating yields plateau and isochron
ages of 80-84 Ma on biotite separates from mafic rocks and
102-110 Ma on whole-rock nepheline syenites. There is no
evidence for excess “’Ar, and we suggest that these ages,
when combined with older ages, indicate that the complex
is not simply a Deccan-age intrusive complex but also has
significantly older components, i.e. the complex is made of
a large number of individual intrusions ranging in age from
the Early to the Late Cretaceous and Palacogene. The Early
Cretaceous components broadly correspond in time to the
Rajmahal-Sylhet flood basalt province of eastern India,
whereas the 80-84 Ma components correspond to the
late stages of the Indo-Madagascar flood basalt province.
No genetic associations with these provinces are implied,
but the Early Cretaceous components in the Mundwara
complex and broadly contemporaneous alkaline rocks
in Rajasthan and Kachchh may have a common origin in
diffuse intraplate lithospheric extension (Sharma 2007,
Bladon et al. 2015; Vijayan et al. in press).

The primary biotite and amphibole in Mundwara mafic
rocks indicate hydrous parental magmas, derived from
hydrated mantle peridotite at relatively low temperatures,
thus ruling out a mantle plume source which is anomalously
hot by definition. As there was no active subduction beneath
north-western India during Early Cretaceous to Palacogene
times, the lithospheric mantle hydration and metasoma-
tism may have occurred during Jurassic subduction under
Gondwanaland, or during Precambrian subduction events.
Periodic low-degree decompression melting of this hydrated
lithospheric mantle from the Early Cretaceous to Palacogene
times, due to diffuse lithospheric extension, produced the
Mundwara complex.
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