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A number of ENE-WSW trending Paleoproterozoic dykes and plugs of mafic, ultramafic, alkaline and
carbonatite rocks intrude Mahakoshal supracrustal belt (MSB), which is a part of the Central Indian
Tectonic Zone (CITZ). Best exposures of these intrusions are found in the eastern parts of the MSB,
particularly in and around Chitrangi area. Many of these intrusions have greenschist facies mineral
composition and show sharp contact with supracrustal rocks. However, igneous textures, such as por-
phyritic/glomeroporphyritic, are still preserved in the form of partly pseudomorphed olivines, phlogo-
pites and pyroxenes. Striking feature observed in some ultramafic samples is the presence of melanite
garnet and rounded or elliptical carbonate ocelli. The petrographic characteristics suggest occurrence
of carbonate-rich ultramafic lamprophyres; close to aillikite composition. Coarse-grained carbonatites
show hypidiomorphic texture and mostly composed of calcite with appreciable amount of silicate miner-
als like clinopyroxene, phlogopite and olivine (often pseudomorphed by calcite, amphibole and chlorite).
It is difficult to establish any direct genetic relationship between carbonatite and ultramafic lampro-
phyre samples on the basis of their chemistry; they were likely derived from distinct parental melts.
High Mg# (up to ~78), and high Ni and Cr contents (up to ~1700 and ~1100, respectively) and low
HREE concentration in few ultramafic lamprophyre samples apparently suggest their derivation from a
near-primary mantle-derived melts originated at great depths. Geochemistry and presence of carbonate
ocellae in ultramafic lamprophyre samples suggest genesis of these silicate rocks and associated carbon-
atites through liquid immiscibility, however possibility of their derivation through vein-plus-wall-rock
melting model cannot be ignored. A multi-stage veined mantle melting model is suitable in the latter
case. It is suggested that early stages of rifting in the Mahakoshal region due to lithospheric thinning
caused by possible plume activity provided suitable conditions for the genesis of ultramafic lamprophyre
(possibly aillikitic) and carbonatitic melts which ultimately crystallized as dykes and plugs.

1. Introduction reported in few terrains only (Blichert-Toft et al.
1996). Blichert-Toft et al. (1996) stated few possi-
Alkaline and carbonatitic igneous rocks in the ble reasons for this:
Precambrian geological record, in comparison to @ either they derive from very small volumes of
Phanerozoic, are not very common and have been melt and did not survive through time
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® or thermodynamic conditions for the generation
of such melts were not suitable

e or lower CO, contents in the melting regions
did not support the formation of silica-
undersaturated magmas

® or the absence of metasomatized lower litho-
sphere prohibited the formation of rift-type
magmas in general.

Although alkaline silicate rocks, such as melil-

itolites, ijolite, phonolite, syenite, lamprophyres,
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kimberlites, ultramafic-mafic rocks, etc., are com-
monly associated with carbonatites (Bell 1998; Bell
et al. 1998; Woolley 2003; Tappe et al. 2011),
many have questioned any direct genetic relation-
ship between them (Harmer 1999; Gittins and
Harmer 2003; Srivastava et al. 2005). The associa-
tion of ultramafic lamprophyre with carbonatite is
reported by many researchers (Blichert-Toft et al.
1996; Le Roex and Lanyon 1998; Woolley 2003;
Vichi et al. 2005; Tappe et al. 2006); few of them
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Figure 1. (a) Major cratons and structural features of India (after Naqvi and Rogers 1987). CITZ: Central Indian Tectonic
Zone; EGMB: Eastern Ghats Mobile Belt. Major structural features are: 1. Small thrusts in western Dharwar craton,
2. Eastern Ghat front, 3. Sukinda, 4. Singhbhum, 5. Son Valley, and 6. Great Boundary fault. (b) Simplified geological map
of a part of the northeastern portion of central India (modified from Roy et al. 2000). 1. Granitoids (gneisses, migmatites
and granulites), 2. Palaeco- to Mesoproterozoic Mahakoshal supracrustal belt (MSB), 3. High-grade gneiss-supracrustal
and medium grade metasedimetaries equivalent to Dongargarh Group, 4. Meso- to Neoproterozoic Vindhyan Supergroup,
5. Gondwana Supergroup, 6. Lameta Group, 7. Deccan basalts, and 8. Quaternary and Recent sediments. SNNF: Son—
Narmada North Fault; SNSF: Son—Narmada South Fault. (c) Generalized geological map of the Chitrangi region (the
study area), Mahakoshal supracrustal belt, central India (modified after Jain et al. 1995a). Chitrangi Formation includes
basic/ultrabasic extrusive rocks and minor intrusive rocks; Agori Formation incorporates phyllites with tuffs, BIF and
dolomites with cherts and lenses of metabasalts; Parsoi Formation includes phyllites, quartzite, tuffs, etc.; and intrusives
include dykes and plugs of ultramafic lamprophyres, carbonatites, mafic/ultramafic rocks, syenites, etc.
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are emplaced during Proterozoic. Such occurrences
are generally confined to regions of lithospheric
extension (Rock 1986; Tappe et al. 2005, 2006;
Mitchell and Tappe 2010). It is well-known that
ultramafic lamprophyres may contain appreciable
amount (up to ~40 vol.%) of carbonate, have low
SiO, contents, and therefore their association with
carbonatite is common (Vichi et al. 2005; Tappe
et al. 2006). Ultramafic lamprophyres are often
found as dykes or plugs (Rock 1991). Although
carbonatites, lamprophyres and other associated
alkaline ultramafic silicate igneous rocks are volu-
metrically minor components of continental mag-
matism, their systematic studies provide valuable
information on our understanding of deep melting
events during the initial stages of continental rift
development (cf. Tappe et al. 2006).

Tappe et al. (2005) reclassified ultramafic lampro-
phyres into three types; alndite (essential ground-
mass melilite), aillikite (essential primary carbonate)
and damtjernite (essential groundmass nepheline
and/or alkali feldspar). These mineralogical char-
acteristics clearly distinguish aillikite from alndite
and damtjernite, however some other -criteria
are required to distinguish aillikite from olivine
lamproites, kimberlite and orangeite. Ultramafic
lamprophyres can be distinguished from olivine
lamproites by the occurrence of primary carbon-
ates, and from kimberlites by the presence of
groundmass clinopyroxene. Aillikites are charac-
terized by primary groundmass carbonate and
contain melanite/schorlomite or kimzeyite garnets,
however if such garnet is absent in an ultramafic
lamprophyre but is carbonate-bearing, it may
be an aillikite, orangeite (former Group 2 kim-
berlite) or archetypal kimberlite. In such cases,
discrimination must rely on differences in mineral
composition (Tappe et al. 2005). However, there
are some geochemical criteria to distinguish
between ultramafic lamprophyre, kimberlite,
orangeite and lamproite (Lefebvre et al. 2005).
In many cases aillikites modally grade into
carbonatites (Rock 1986; Mitchell et al. 1999;
Tappe et al. 2005, 2006). Although aillikites
sensu-stricto have not been reported from India,
potassic intrusives with affinities to aillikites
(~117 Ma) have been reported from Jharia area,
Singhbhum craton (cf. figure 1; Srivastava et al.
2009). Srivastava and Chalapathi Rao (2007)
studied the Paleoproterozoic Mahakoshal green-
stone belt of central India in Jungel Valley and
reported the presence of a wide spectrum of
undersaturated alkaline intrusive rocks comprising
lamprophyres, highly carbonated rocks (carbon-
atites?) and ultrabasic rocks as intrusions into the
Mahakoshal supracrustal belt. Mafic-ultramafic
and alkaline intrusions within the Mahakoshal
supracrustal belt have also been described by
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earlier researchers (Roy and Bandyopadhyay
1988, 1990; Jain et al. 1995a; Roy and Hanuma
Prasad 2003; Srivastava and Chalapathi Rao
2007; Roy and Chakraborty 2008), however only
few have presented petrography and geochemistry
(major elements only) for the ones found in and
around Chitrangi region (Jain et al. 1995a; Nair
et al. 1995) (figure 1).

This work aims to petrologically and geochem-
ically characterize a diverse suite of Paleopro-
terozoic carbonate-rich ultramafic lamprophyres
(possibly aillikite) and define their possible pet-
rogenetic association with carbonatites of the
Chitrangi region, Mahakoshal supracrustal belt,
central India. This work could help to understand
the petrogenesis of these rocks by evaluating the
nature of their parental melts and the processes
involved in their magmatic and also the possible
role of a mantle plume in their genesis. This study
could also throw light on the possible emplacement
of ultramafic lamprophyre in this region which
indicates magmatic activity in an extensional tec-
tonic environment (lithospheric thinning possibly
caused by a plume) during Paleoproterozoic.

2. Geological setting

Central Indian Tectonic Zone (CITZ), bordered by
Son-Narmada North Fault (SNNF) in the north
and Son-Narmada South Fault (SNSF) in the
south, is a major crustal and tectonic feature
in peninsular India. The ENE-WSW trending
CITZ is considered to have evolved during Pro-
terozoic through polyphase tectonothermal events
involving several cycles of volcanosedimentary
deposition, deformation, metamorphism and mag-
matism (Acharyya and Roy 2000; Roy et al
2000; Acharyya 2001; Roy and Hanuma Prasad
2003; Naganjaneyulu and Santosh 2010 and ref-
erences therein). A number of supracrustal belts
including Mahakoshal, are recognized in the CITZ.
The Mahakoshal supracrustal belt (MSB), which
extends for about 600 km, is characterized by
metavolcanic rocks and metasediments (including
carbonates, BIF, chert, phyllite, etc.) and younger
intrusions of syenites, ultramafic rocks, variety of
alkaline rocks, lamprophyres and granites. This
reflects a greenstone association typical of a conti-
nental rift setting (Roy and Bandyopadhyay 1990;
Jain et al. 1995a; Nair et al. 1995; Roy and
Chakraborty 2008).

Most parts of the MSB are affected by regional
greenschist to amphibolite facies metamorphism
and belt is divided into three major strati-
graphic formations: Chitrangi, Agori and Parsoi
(Jain et al. 1995a). Most of the mafic-ultramafic
and alkaline igneous rocks exposed in the study
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area are intruded within the Chitrangi Forma-
tion; Agori and Parsoi formations are almost
devoid of any intrusive igneous rocks, but few
lenses of metavolcanic rocks have been described
from the Agori Formation. A number of metavol-
canic flows have been reported all along the
Mahakoshal supracrustal belt, but they are more
profuse around Sleemanabad, Chitrangi and Jungel
areas. Many of them are pyroclastic flows which
indicate explosive nature of the volcanism. The
available geochemical data on these metavolcanics
suggest that they are derived from a melt generated
by high degree melting of the shallow mantle source
in a rift environment (Roy and Bandyopadhyay
1989; Thakur and Shukla 1990; Chaudhuri and
Basu 1990; Kumar 1993; Raza et al. 2009).

Mafic-ultramafic, alkaline and carbonatitic
intrusive rocks are well exposed within the MSB
(Roy and Bandyopadhyay 1989; Jain et al. 1995a;
Nair et al. 1995). Roy and Bandyopadhyay (1988)
and Roy and Chakraborty (2008) classified the
ultramafic rocks as lherzolitic peridotites, wehrlites
and dunites, and later Srivastava and Chalapathi
Rao (2007) reported alkaline lamprophyres from
the Jungel area. The studied intrusive ultramafic
rocks and associated carbonatites of this study are
found from the Chitrangi region and are mainly
exposed as dykes and plugs. It is difficult to iden-
tify carbonatite dyke in field due to high content
of mafic silicate minerals (up to 30 vol.%). Their
appearance in field is similar to the other ultra-
mafic dykes and they are properly identified as
carbonatite dyke only after the petrography and
geochemical studies. The majority of the intrusive
rocks crosscut volcano-sedimentary sequences sug-
gesting that they represent the youngest intrusive
activity in this region. There is no radiometric age
data available to confirm this inference. However,
available geochronological data on rocks of the
MSB indicate their ages between 2.5 and 1.6 Ga
(Nair et al. 1995; Srivastava and Chalapathi
Rao 2007). Nair et al. (1995) reported mineral
isochron ages of an intrusive syenite and associ-
ated alkali gabbro which yielded 1.8 and 1.76 Ga,
respectively. They also reported lamprophyre as
a youngest magmatic event at 1610 Ma in the
MSB. There is no age data available for carbon-
atites. Although further robust geochronological
ages are required to reach on any final conclu-
sion, available data indicate that intrusive rocks,
which also include ultramafic lamprophyre and
carbonatite, are youngest magmatic activity in
the MSB. This indicates their emplacement during
the Paleoproterozoic (~1.6 Ga).

Ultramafic intrusive rocks of the study area are
found either as ENE-WSW trending dykes (2-
6 m in width and maximum 40-50 m in length;
figure 2a) or small plugs (figure 2b) and are
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exposed all around the Chitrangi village and east
of Chitrangi. These ultramafic rocks are medium-
to coarse-grained and dark green in colour. A sharp
contact between ultramafic rocks and supracrustal
rocks (mostly phyllites of Agori Formation) can be
observed in many places (figure 2c). At places they
are deformed and altered. Roy and Chakraborty
(2008) mnoticed schistosity in ultramafic rocks,
defined by parallel alignment of serpentine fibers,
which show small scale folds; this indicates that

Figure 2. (a) An ENE-WSW trending ultramafic dyke
exposed east of Chitrangi; (b) an ultramafic plug exposed
near Chitrangi; and (c) a sharp contact between an ultra-
mafic dyke and phyllite of Agori Formation.
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Figure 3. Photomicrographs show (a and b) porphyritic texture with several olivine phenocrysts, pseudomorphed by ser-
pentine, carbonate and chlorite. (¢) Carbonate ocelli and volatile rich minerals in an ultramafic sample. (d) Deep-brown
coloured melanite granet grains encountered from ultramafic lamprophyres. Photographs are taken from three different
samples. (e) Porphyritic texture with several olivine and phlogopite phenocrysts completely replaced by calcite and amphi-
boles. (f) Grano-nematoblastic texture due to complete greenschist facies metamorphism of an ultramafic rock. (g and h)
Most carbonatite samples show coarse-grained sovitic characteristics (figure 4g, h). Carbonatites with hypidiomorphic to
interlocking texture dominated by calcite crystals. Except figure (d), width of photographs are 4 mm; width of (d) is 1.5 mm.
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ultramafic rocks were emplaced prior to the re-
gional deformation in the MSB. Few small carbon-
atite dykes are also encountered around Chitrangi
village. These carbonatite dykes contain apprecia-
ble amount of silicate minerals (~20-30 vol.%),
particularly pyroxene, olivine and amphiboles. A
simplified geological map of the Chitrangi area is
presented in figure 1(c).

3. Petrography

Under the microscope, all the studied samples
show evidence of low-grade (greenschist facies to
low amphibolites facies P-T conditions) meta-
morphism and hydrothermal alteration. Due to
these post-magmatic processes it is difficult to find
entirely fresh grains of igneous minerals. Pseu-
domorphs of phenocrystic olivines and phlogopite
are recorded in most of the studied thin sec-
tions. Relicts of these minerals are still preserved
and show characteristic optical properties. Same
applies also for the groundmass. However, almost
all the studied ultramafic rocks retain their original
igneous textures; most show porphyritic texture
and many samples also show glomeroporphyritic
texture. The main phenocrysts reported in these
rocks are olivine, phlogopite, and minor pyroxene
which constitute about 25-35 vol.% (see figure 3).
Felsic phenocryst phases have not been observed.
It is significantly important to observe melanite
garnet (deep-brown in colour, high relief, zoned
and isotropic; figure 3d) in a number of thin sec-
tions. Due to alteration of primary minerals, most
of the thin sections also contain secondary serpen-
tine, chlorite and carbonate minerals. Apatite, epi-
dote, titanite, magnetite and ilmenite are common
accessories.

Another noteworthy feature observed in a num-
ber of thin sections is the presence of rounded
or elliptical carbonate ocelli (figure 3c). It is not
straightforward to identify primary and secondary
carbonate in the same sample by petrographic

»

Figure 4. (a) TiO2 wvs. AlxO3 and (b) MgO wvs.
discrimination plots for various alkaline mafic potassic—
ultrapotassic rocks and Chitrangi ultramafic lamprophyres
(fields adapted from Lefebvre et al. 2005). For compari-
son, field of Jharia potassic intrusive rocks with affinities
to aillikites (Srivastava et al. 2009), Abloviak aillikite
dykes (Digonnet et al. 2000), SW Greenland aillikite dykes
(Nielsen et al. 2009) and Aillik Bay aillikite dykes (Tappe
et al. 2006) are also shown. (c¢) Discrimination diagram
for kimberlites and ultramafic lamprophyres (after Rock
1991). This also shows (grey shaded field) experimen-
tally determined melt compositions after Gudfinnsson and
Presnall (2005). The area between the COgz-free and
carbonate-bearing solidi is taken from Dalton and Presnall
(1998). Field of Aillik Bay aillikites is also shown for
comparison (after Tappe et al. 2006).

Si0g
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observations alone. Although it is possible that
some calcite is secondary, the presence of carbonate-
rich ocelli is a good candidate to support presence
of magmatic carbonate. Similar ocelli texture
is also observed by Srivastava and Chalapathi
Rao (2007) from the adjacent Jungel area. It
would be appropriate to mention here that these
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Table 1. Summary of field and petrographic features observed in the studied rocks from the Chitrangi region, Mahakoshal

supracrustal belt, central India.

Mode of

Rock types occurrence

Essential mineral

Texture composition

Ultramafic lamprophyre
(aillikite)

Dykes and plugs

and rarely grano-nematoblastic.
Ocellitic (ocelli filled
with calcite)

Carbonatite (sovite and Small dykes

silico-carbonatite) and dykelets

Medium- to coarse-grained;
porphyritic, glomeroporphyritic

Coarse-grained; sovitic
(hypidiomorphic)

Pseudomorphs (replaced
by calcite, amphibole and
chlorite) of olivines,
phlogopite and pyroxenes.
Carbonate (calcite),
melanite garnet,
serpentine, chlorite
and opaques

More than 60% calcite and
pseudomorphs (replaced
by calcite, amphibole and
chlorite) of clinopyroxene,
phlogopite and olivine.
Apatite and opaques

Table 2. Estimated modal compositions of the studied rocks from the Chitrangi region,

Mahakoshal supracrustal belt, central India.

Pyroxene Olivine Phlogopite Carbonates Chl/Amph Feldspars Accessories
CH18 XXXX XX XX XX XX - X
CH22 XXXX b'd XX XX XX XX b'e
CH23 XXXX XX XX XX XX X X
CH26 XXX XX XX XX XX XX X
CH27 XXX XX XX XXX XXX XX X
CH32 XXX XX X XXX XXX XX XX
CH33 XXXX b'd XX XXX XXX - XX
CH34 XXX b'e XX XXX XX XX X
CH20 X - - XXXX X X X
CH24 XX XX X XXXX XX XX X
CH30 XX X - XXXX X XX X

The symbol ‘x’ denotes abundances of minerals present. Chl: chlorite; Amph: amphiboles.

rounded /elliptical carbonate bodies are possibly
ocellae and not carbonate filled vesicles. This is well
supported by two key features:

e studied ultramafic igneous rocks show intrusive
nature; vesicles are usually observed in volcanic
igneous rocks and

e normally samples with carbonate filled vesicles
show very sharp boundary in comparison to
ocelli. These distinguishing petrographic charac-
teristics classify these rocks as ultramafic lam-
prophyres, possibly aillikites.

Although it is difficult to find fresh olivine grains
(figure 3a, e), its original shape is still preserved
(figure 3a, d, e). Sometimes these grains have been
entirely pseudomorphed by serpentine, carbon-
ate and chlorite. Amphiboles, mainly hornblende
(figure 3d, e) and tremolite/actinolite (figure 3f)
are present in a number of samples. They are

pale green, yellowish green and dark green in
colour and euhedral to subhedral in shape and are
part of the altered groundmass. Clinopyroxene is
rarely found as pheonocryts and in the ground-
mass. Serpentine is found as an alteration product
of olivine. Secondary calcite and chlorite are found
as pseudomorphous after phlogopite and olivine
(figure 3a, d, e). This is also supported by
extremely low KO contents that are discussed
later in the geochemistry section.

Most carbonatite samples are coarse-grained,
i.e., sOvitic (figure 4g, h). They show hypidiomor-
phic to interlocking textures dominated by calcite
grains and laths. Calcite is the main mineral con-
stituent (>60 vol.%), but due to low-grade meta-
morphism, dolomite is also identified. At places
clinopyroxene, phlogopite and olivine crystals have
been pseudomorphed by calcite, amphibole and
chlorite and are present in appreciable amount
(~20-25 vol.%). Apatite, magnetite and ilmenite
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are common accessories. Few samples of carbon- petrographic features and estimated modal compo-
atite contain appreciable amount of silicate miner-  sitions of the studied rocks.

als (~30-35 vol.%) which suggests their nature as

silicic carbonatite, very close to aillikites. In fact, 4. Analytical techniques

a sufficient amount of carbonate (~15-20 vol.%)

is from the pseudomorphs of silicate minerals. Owing to pronounced post-magmatic alteration
Tables 1 and 2 present the summary of observed through hydrothermal and metamorphic processes,

Table 3. Whole rock major oxides (wt%), trace and rare-earth element compositions of ultramafic lamprophyres and
carbonatites from the Chitrangi region, Mahakoshal supracrustal belt, central India.

Ultramafic lamprophyres Carbonatites
Sample no. CHI18 CH22 CH23 CH26 CH27 CH32 CH33 CH34 CH20 CH24 CH30

SiO9 42.44 46.15 43.69 41.54 38.42 36.93 41.41 39.82 23.03 32.87 35.60
TiOq 3.63 0.95 1.11 2.00 2.07 3.20 1.83 1.35 1.30 1.69 0.76
Al O3 11.22 5.73 5.61 12.13 8.93 10.81 9.79 10.01 4.90 7.80 8.59
FeoO3 16.92 13.84 13.59 15.55 13.86 16.88 14.58 13.18 8.51 12.30 12.68
MnO 0.18 0.11 0.15 0.19 0.17 0.12 0.18 0.17 0.10 0.15 0.36
MgO 13.46 19.16 20.82 10.82 11.49 9.10 12.74 9.97 2.89 6.78 7.70
CaO 4.70 9.17 9.32 11.94 14.78 10.88 8.61 8.03 30.36 20.74 12.70
Na20O 0.03 0.11 0.08 0.97 0.69 1.27 - 0.85 0.23 1.76 1.83
K20 0.01 0.04 0.05 0.31 0.48 0.03 0.01 1.00 0.16 0.14 1.15
P05 0.35 0.13 0.12 0.24 0.26 0.33 0.19 0.18 0.28 0.24 0.15
LOI 7.99 5.23 5.92 5.22 8.87 10.97 11.65 15.60 26.72 14.81 19.41
Total 100.92 100.62 100.46 100.91 100.02  100.52 100.98 100.16 98.48 99.28 100.93
Mg#* 65.03 76.39 78.17 61.01 65.08 54.80 67.13  63.88  43.30 55.35 58.67
Cr 300 1660 1700 1370 750 190 840 340 210 900 70
Ni 100 1120 931 610 400 - - - 30 580 60
Sc 36 21 24 32 29 49 35 29 8 24 16

\% 387 156 176 317 253 413 258 222 119 202 97
Rb - 2 - 9 7 - - 29 4 3 10
Ba 15 36 14 145 999 16 10 342 42 140 508
Sr 48 26 55 643 389 136 31 199 245 476 174
Nb 32 11 11 20 22 30 15 10 20 21 16
Ta 2.2 0.8 0.7 1.5 1.5 1.9 0.9 0.6 1.3 1.3 1.2
Zr 217 63 7 145 152 238 122 100 136 126 102

Hf 6.5 1.9 2.4 3.8 4.3 4.3 2.3 1.9 3.4 3.4 1.7
Y 25 10 11 18 18 27 20 17 8 15 19
Ga 23 10 10 24 15 3 2 1 13 13 -
Th 2.6 0.9 1.1 1.8 1.8 2.2 1.2 0.7 1.6 1.4 4.1
U 0.6 0.2 0.2 0.4 0.4 0.4 0.3 0.1 0.5 0.4 0.5
La 27.00 7.30 11.00 20.00 21.60  44.70 20.50 21.00 16.70 21.60 42.10
Ce 65.10 18.30 24.10 46.10 49.20 89.00 4270 42.30 36.60 47.50 67.40
Pr 8.83 2.67 3.23 5.99 6.38 9.90 4.94 4.85 4.66 6.00 7.13
Nd 35.70 11.20 13.10 23.80 25.40 40.70 21.00 19.80 18.30 23.40 27.00
Sm 7.80 2.60 2.90 5.10 5.40 9.20 5.10 4.40 3.80 4.70 5.20
Eu 2.98 0.82 1.03 1.88 1.86 3.10 1.67 1.59 1.23 1.68 1.52
Gd 7.50 2.60 2.90 5.20 5.30 7.10 4.30 3.70 3.20 4.40 3.90
Tb 1.20 0.40 0.50 0.80 0.80 1.10 0.70 0.60 0.50 0.70 0.60
Dy 6.20 2.50 2.60 4.30 4.60 6.10 4.00 3.50 2.20 3.70 3.60
Ho 1.10 0.50 0.50 0.80 0.80 1.00 0.70 0.60 0.30 0.70 0.60
Er 2.60 1.20 1.30 1.90 2.00 2.40 1.80 1.50 0.70 1.60 1.60
Tm 0.32 0.15 0.17 0.23 0.25 0.30 0.23 0.20 0.08 0.20 0.20
Yb 1.70 0.90 1.00 1.30 1.30 1.60 1.30 1.20 0.40 1.10 1.10
Lu 0.22 0.11 0.13 0.17 0.18 0.22 0.19 0.17 0.06 0.15 0.15

—: below detection limit; *: Mg# calculated by SINCLAS computer program (Verma et al. 2002).
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very cautious sampling has been done during
the field-trips to ensure that the selected sam-
ples were as fresh as possible. Before powdering
they were re-checked for any veining or alteration.
Eleven (eight from ultramafic rocks and three
from carbonatites) samples, representing complete
range of mineralogical variation observed in these
rocks, were selected for whole-rock analyses of
major oxides and trace elements. All analyses
were done at the Activation Laboratories Ltd.,
Ancaster, Ontario, Canada. ICP-OES (Model:
Thermo-JarretAsh ENVIRO II) was used to anal-
yse the major elements, whereas ICP-MS (Model:
Perkin Elmer Sciex ELAN 6000) was used to deter-
mine trace element concentrations. The precision is
approximately 5% and 5-10% for the major oxides
and trace elements, respectively, when reported
at 100x detection limit. The analytical procedure
is detailed by Gale et al. (1997) and the details
are available in the Activation Laboratories Ltd.
website (http://www.actlabs.com). Several stan-
dards, such as MRG1, W2, DNC1, STM1 and SY3,
were run to check accuracy and precision. All the
chemical data are presented in table 3.

5. Geochemistry

Studied ultramafic rocks show SiO, (36.93-
47.22 wt%), high MgO (9.10-20.82 wt%), high Ni
(up to 1120 ppm), high Cr (up to 1700 ppm),
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moderate-to-high CaO (4.70-14.78 wt%), high
TiO, (up to 3.63 wt%), and high loss-on-ignition
values (5.22-15.60 wt%). Low K,O concentration
(0.01-1.0 wt%) observed in these rocks are prob-
ably due to alteration of mica (phlogopite) into
chlorite and calcite. Carbonatitic members show
extremely low SiO, (23.03-35.60 wt%), high CaO
(12.70-30.36 wt%) but low MgO (2.89-7.70 wt%)
and high loss-on-ignition values (14.81-26.72 wt%).
One sample of carbonatitic variety has high Cr
and Ni contents (900 and 580 ppm respectively;
see table 3). These geochemical characteristics evi-
dently indicate that the both rock types (ultra-
mafic rock and carbonatites) include samples that
crystallized from nearly pristine mantle-derived
melts. High Mg# (as high as ~78) observed in
many samples also corroborates their derivation
from primary melts.

Petrographic properties of the studied ultramafic
and carbonatitic rocks classify them as carbonate-
rich ultramafic lamprophyres (possibly aillikites)
and calcite carbonatite (>60% carbonate miner-
als). The IUGS recommendations for classifying
igneous rocks do not include ultramafic lampro-
phyres (Le Maitre 2002), but there are many
distinguishing features that separate ultramafic
lamprophyres from kimberlites, orangeites and
lamproites, and it needs appropriate place in the
IUGC classification schemes. Tappe et al. (2005)
discussed this issue in detail and suggested some
modification in the existing TUGS classification
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Figure 5. Variations of few major oxides against MgO. &: ultramafic lamprophyres and A: carbonatites.
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scheme with inclusion of ultramafic lamprophyres.
They pointed out that ultramafic lamprophyres
can be readily distinguished from olivine lam-
proites by the occurrence of primary carbonates,
and from orangeites and kimberlites by the pres-
ence of groundmass clinopyroxene and Ti-rich
primary garnet.

Few geochemical discrimination diagrams have
been used to discriminate ultramafic lamprophyres
from the other alkaline mafic/ultramafic rocks,
viz., kimberlite I (archetypal kimberlite), kim-
berlite II (orangeites), lamproites, alkali lampro-
phyres and calc-alkaline lamprophyres (figure 4).
On these plots all the studied lamprophyres indi-
cate their ultramafic lamprophyre nature (figure 4a
and b; Lefebvre et al. 2005). Chitrangi lampro-
phyres are readily different from the other similar
rocks such as lamproites, calc-alkaline lampro-
phyres and Group I & II kimberlites; most sam-
ples plot close the fields of ultramafic and alkaline
lamprophyres. It is worth to mention that there is

Rajesh K Srivastava

no petrogenetic difference between ultramafic and
alkaline lamprophyres; actually they have similar
petrogenetic history (Tappe et al. 2005). If this
is true, most of the studied samples clearly show
their ultramafic lamprophyre nature. Another dis-
crimination diagram suggested by Rock (1991)
also discriminate studied ultramafic lamprophyres
from kimberlites (figure 4c). Therefore, these
discrimination diagrams clearly classify studied
rocks as ultramafic lamprophyres; no kimberlitic
nature is observed.

Geochemical characteristics of the studied rocks
are examined on many variation plots, however
in many cases they do not show any significant
trend. This is understandable as these rocks have
undergone post-magmatic processes which are evi-
dent from their mineral composition. It is known
that the large ion lithophile elements (LILE; such
as Sr, K, Rb, Ba, etc.,) are generally mobile dur-
ing post-magmatic processes (Seewald and Seyfried
1990; Verma 1992; Rollinson 1993; Condie and
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Figure 6. Variations of HFSEs against MgO. Symbols are same as in figure 5.
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Sinha 1996). Probably due to this reason many
LILE do not show any significant crystallization
trend. However, few major element variation dia-
grams show some important features (figure 5).
Ultramafic lamprophyre samples show reason-
ably good crystallization trends. MgO-CaO and
MgO-alkalis increase with decreasing MgO con-
tents in the carbonatite samples and following
ultramafic lamprophyre trends, however Al,O3 and
Fe, O3 show positive correlation with MgO and do
not follow ultramafic lamprophyre trends. On the
basis of these observations it is difficult to estab-
lish any co-genetic relationship between ultramafic
lamprophyre and carbonatite samples.

On another variation diagram, some high-field
strength elements (HFSEs) are plotted against
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MgO contents (figure 6). HFSEs, such as Y, Zr,
P, Nb, Ti, Hf, Ce and Nd, are supposed to be
immobile during the low-grade metamorphism and
hydrothermal alterations (Pearce and Cann 1973;
Winchester and Floyd 1976; Floyd and Winchester
1978; Rollinson 1993; Jochum and Verma 1996).
Largely, in all plots HFSEs of ultramafic lampro-
phyre samples show negative correlation with MgO
suggesting normal differentiation behaviour and
crystallization of minor minerals like zircon, titan-
ite, and apatite at later stages. Again it is difficult
to establish any specific genetic co-relation between
ultramafic lamprophyre and carbonatite samples.
In most plots carbonatite samples show different
crystallization behaviour than the ultramafic lam-
prophyre samples thus indicating different genetic
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Figure 7. Variations of HFSEs against Zr. Symbols are same as in figure 5.
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histories for them. In many cases Zr is used as an
index of differentiation, therefore, few HFSEs are
plotted against Zr to re-check the above observa-
tions (figure 7). In all the plots ultramafic lam-
prophyre samples show good differentiation trends,
whereas in few plots carbonatite samples do not
follow ultramafic lamprophyre trends. This obvi-
ously support that ultramafic lamprophyre sam-
ples show their co-genetic nature, however it is
difficult to establish any straightforward genetic
relationship between ultramafic lamprophyre and
carbonatite.

Primitive mantle-normalized multi-element spi-
dergrams and chondrite-normalized rare-earth ele-
ment (REE) patterns are displayed in figure 8.
Both ultramafic lamprophyres and carbonatite
samples show enriched concentrations of plotted
elements in comparison to primordial mantle and
chondrite. Significant features noted on the multi-
element spidergrams include:

e LILEs (Rb, Ba, K and Sr) show wide variation in
both types; this probably reflects post-magmatic
alteration. In contrast, HFSEs show consistent
patterns suggesting their genetic association with
each other.

® One carbonatite sample (CH24) shows negative
Sr, Hf and Ti anomalies, whereas K shows posi-
tive anomaly which are not observed in other two
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carbonatite samples. This suggests some different
genetic history for CH24.

® There are no significant negative Nb or Ta
anomalies noticeable in either type; in contrast
few samples have slightly positive Nb and Ta
anomalies. This feature clearly supports conti-
nental mantle origin for these rocks.

Significant features observed in REE patterns are:

e Inclined REE patterns (LREE>HREE) are
noted from both the types. La/Lu™ is
comparatively higher in carbonatites than in
ultramafic lamprophyres (between 8 and 20 for
ultramafic lamprophyres and three carbonatite
samples have this ratio 15, 29 and 34).

® The observed depletion in HREE suggests their
derivation by partial melting of garnet bearing
mantle.

e All ultramafic lamprophyre samples show almost
similar REE patterns. Variation in LREE simply
reflects melt fractionation trends.

e All the three carbonatite samples show differ-
ent REE patterns; in comparison to CH30, CH20
shows more depletion in HREE and CH24 shows
more LREE enrichment. As stated above, CH24
have entirely different multi-element spidergram.
Most likely these were crystallized from different
carbonate melts; it is difficult to explain genesis
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Figure 8. Primordial mantle normalized multi-element spidergrams and chondrite normalized rare-earth element patterns for
the Chitrangi ultramafic lamprophyres and carbonatites. Primordial mantle and chondrite values are taken from McDonough

et al. (1992) and Evensen et al. (1978).
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of these samples by a simple differentiation from
a common melt. It is most likely that melts from
different depths or some different mechanism were
responsible for crystallization of carbonatites.

6. Discussion

It is difficult to establish any simple petrogenetic
process for the studied rocks from their observed
geochemical characteristics. This is because they
do not show any straightforward genetic relationship
with each other. Their geochemical characteristics
indicate genesis through different processes and
different melts. Before going to discuss petroge-
netic processes in detail, it is essential to comment
any possibility of crustal contamination and the
tectonic environment of their emplacement.

Although the studied rocks, both aillikites and
carbonatites, show wide range of major oxides
and large ion lithophile elements (LILE), their
high-field strength element (HFSE) concentrations
are very consistent. The wide range of major
oxides and LIL elements are probably due to post-
magmatic processes. There are many geochemical
characteristics shown by the studied rocks that do
not support significant crustal contamination of
the parental magmas. These include:

® there is no negative anomaly observed either
for Nb or Ta on multi-element spidergrams
(figure 8). Crustally contaminated samples usu-
ally show strong negative anomalies in Nb—Ta.

e All samples show inclined REE patterns, no
LREE enrichment with flat HREE pattern is
noticed in any samples; crustally contaminated
samples show LREE enrichment with flat HREE
pattern.

e High Mg# with high Ni and Cr contents (see
table 3) in many samples also preclude possibility
of crustal contamination as these geochemical
features are considered to indicate a ‘primitive’
nature of the magma. High Mg# with low sil-
ica contents also supports above observations.
Zr/Y and Nb/Y ratios of these rocks further cor-
roborate their primitive nature; most samples
indicate deep-mantle source and plume signature
(see figure 9; Fitton et al. 1997; Baksi 2000).
Therefore, on the basis of these diagnostic geo-
chemical characteristics it may be concluded that
studied ultramafic lamprophyre and carbonatite
samples do not show significant sign of crustal
contamination. As a result HFSE concentrations
of studied samplers may be used for suggesting
their tectonic environment of emplacement and
petrogenesis.

Occurrences of ultramafic lamprophyres have
been suggested to be associated with a lithospheric
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Figure 9. Nb/Y wvs. Zr/Y ratio plot for Icelandic basalts
with MgO >5%, and N-MORB, primordial mantle (+: after
McDonough and Sun 1995), and average continental crust
(*: after Rudnick and Fountain 1995), compared with stud-
ied ultramafic lamprophyres and carbonatites. Symbols are
same as in figure 5.

extension (Rock 1986; Tappe et al. 2006), however,
it is essential to verify this tectonic environment for
the present studied rocks with available geological
features and geochemistry. Field setting and litho-
logical features of the Mahakoshal Supracrustal
Belt clearly reflect its greenstone association typ-
ically developed in a continental rift setting (Roy
and Bandyopadhyay 1990; Nair et al. 1995; Jain
et al. 1995b; Roy and Hanuma Prasad 2003).
Recently, Srivastava (2012) discussed all the avail-
able tectonic models for this region and suggested
that the Chitrangi region experienced N-MORB
type mafic magmatism around 2.5 Ga and within-
plate mafic, ultramafic and alkaline magmatism
around 1.5-1.8 Ga.

Geochemical compositions, such as the absence
of any significant negative Nb or Ta anomaly on
multi-element spidergrams (see figure 8) of the
studied rocks also support their emplacement in
an extensional tectonic environment. Some tectonic
discrimination diagrams, wholly based on HFSEs,
are also tested to confirm this feature (figure 10).
In them all the studied samples exclusively suggest
their emplacement in a within-plate tectonic envi-
ronment (figure 10; Pearce and Cann 1973; Pearce
and Norry 1979; Wood 1980; Meschede 1986).

On the basis of geochemical characteristics of
the studied rocks, presented in above sections,
following conclusions may be drawn:

® The studied samples, ultramafic lamprophyre
(close to aillikitic nature) or carbonatite, did
not crystallize from a single melt. Possibly dif-
ferent melts were responsible for their gene-
sis. This is well supported by their geochemical
characteristics.
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1980).

® From the chemistry it is difficult to establish any
direct genetic relationship between carbonatite
and ultramafic lamprophyre samples.

e Ultramafic lamprophyre with high Mg# (up to
~T78), and high Ni and Cr contents (up to ~1700
and ~1100, respectively) obviously suggest their
derivation from a near-primary mantle-derived
magmas (Frey et al. 1978).

e Inclined REE pattern (LREE>HREE) with low
HREE concentration in the studied samples sug-
gest melting in the presence of residual garnet.

® Presence of carbonate ocelli obviously indicate
late stage liquid immiscibility mechanism; a man-
tle derived melt splits into silicate and carbon-
ate melts which ultimately crystallized into ultra-
mafic lamprophyres and carbonatites (Ferguson
and Currie 1971; Hamilton et al. 1979; Mitchell
2005). Genesis of ultramafic lamprophyres and
carbonatites through liquid immiscibility process
is very common and reported from many areas

(e.g., Rock 1987, 1991; Foley 1984; Mitchell 2005;
Vichi et al. 2005; Tappe et al. 2006 and references
therein).

Since the study area comprises both carbon-
atites and silicate rocks, it is possible that the dis-
tinct parental magmas might have been derived
by liquid immiscibility; however, the geochemi-
cal characteristics shown by these rocks create
some uncertainty. Before discussing this problem
locally, it is worth to discuss genesis of carbonatites
and associated silicate rocks in general. In terms
of mineralogical-genetic classifications, Mitchell
(2005) classified carbonatites into three types, i.e.,
carbonatites

® derived from an asthenospheric mantle-derived
melts. Such carbonatites are usually associated
with a wide range of alkaline silicate rocks (melil-
itite, nephelinite, aillikite and kimberlite),
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® derived from predominantly metasomatized
lithospheric mantle. These are normally associ-
ated with potassic and sodic peralkaline magmas,
and

e formed by pneumatolytic melting of crustal
rocks (not a true carbonatite), and hence coined
pseudocarbonatites.

In this study, an aillikite-carbonatite association
is observed and many geochemical characteristics
suggest their mantle origin. Therefore, it may be
classified as first type described by Mitchell (2005).
There are three possibilities which can explain gen-
esis of carbonatite and associated silicate rocks.
These are:

e fractional crystallization of primary carbonatite
nephelinite melt or

® an immiscible liquid that separates from a
fractionated silicate magma of nephelinitic/
phonolitic composition or

e distinct melt that directly originated by low-
degree melting of a carbonated mantle peridotite.
It is important to mention that a co-genetic rela-
tionship can be established between carbonatite
and silicate rocks through first two models; how-
ever it is difficult to establish this relationship by
third model (Gittins 1989; Bailey 1993; Gittins
and Harmer 2003).

Considering geochemical features observed for
the studied rocks, it is difficult to reach on any
straightforward conclusion for their genesis. This
is because it is difficult to establish any co-genetic
relationship between carbonatites and ultramafic
lamprophyres. This suggests that more than one
mantle melts are responsible for crystallization of
these rocks. There are few geochemical characters
observed in the studied rocks that may throw light
on this aspect. Carbonatite samples perhaps show
different geochemical nature and were not derived
from a single melt. There is a possibility of fraction-
ation of a primary carbonatite nephelinite melt,
however, it is difficult to establish any fraction-
ation trends between carbonatites and ultramafic
lamprophyres, and therefore this possibility is not
likely. Both viable options, the origin by liquid
immiscibility or by direct melting of a carbonated
mantle source, may explain genesis of this associ-
ation, however this can only be settled by using
isotopes and by knowing the ages of the differ-
ent rock types. Nevertheless, the presence of car-
bonate ocelli in ultramafic lamprophyre samples
supports liquid immiscibility process for the gene-
sis of ultramafic lamprophyre and associated car-
bonatite. But, it is also true that few carbonatite
emplacements are derived from different primary
melts that could have directly originated from a
carbonated mantle source.
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A multi-stage veined mantle melting model
for ultramafic lamprophyre magma production
beneath an incipiently rifted cratonic area is sug-
gested for the Aillik Bay area (Tappe et al. 2006)
and other places such as along the borders of the
Labrador Sea (Tappe et al. 2005). Srivastava et al.
(2009) have also discussed genesis of aillikites from
the Jharia area (Singhbhum craton, central India).
Geochemical characteristics of Jharia aillikites
suggest vein-plus-wall-rock melting model for their
genesis (Foley 1992). Early stages of rifting, prob-
ably due to a plume, could have provided a venue
for the melting of such vein-plus-wall-rock source.
Foley (2008) also suggested similar mechanism for
the genesis of ultramafic lamprophyres and other
alkaline magmas during the early stages of cratonic
rifting.

Mitchell and Tappe (2010) have suggested that
carbonated ultramafic lamprophyre magmas, such
as aillikites, may be parental to many carbon-
atite intrusions in areas of rifted cratonic litho-
sphere. This hypothesis is justified for aillikites
reported from the North Atlantic craton (NAC).
The model suggests that aillikites are formed
from mixed source regions that involve phlogopite-
and carbonate-rich veins within peridotite at the
lithosphere—asthenosphere boundary and not from
some hypothetical carbonate-melt derived at depth
(Tappe et al. 2006, 2007). Furthermore, primitive
ultramafic lamprophyre samples (which are very
close to aillikitic compositions) from the Chitrangi
area (CH22 and CH23) plot close to those melts
that segregated significantly above the carbonate-
bearing solidus close to 5 GPa in the Gudfinnsson
and Presnall (2005) experiments, whereas other
samples (both ultramafic lamprophyres and car-
bonatites) possibly show evidence of low-pressure
differentiation processes (figure 4c); similar nature
is also documented for the Aillik Bay aillikites
(Tappe et al. 2006).

There are few regions, such as Labrador Sea,
which are well-known for emplacement of differ-
ent alkaline magmas in a rift setting. Such setting
has been explained in terms of zones of persis-
tent lithospheric weakness spatially controlling the
magmatism (Larsen and Rex 1992) which is fur-
ther supported by findings of alkaline rock associa-
tions at the conjugate Canadian margin (Digonnet
et al. 2000; Tappe et al. 2004, 2006). This is dis-
cussed, in detail, by Tappe et al. (2007), who pre-
sented a tectonomagmatic model for a segment
of the NAC close to the southern craton margin.
This model explains how NAC was crosscut by the
Labrador Sea that opened during the Early Ceno-
zoic after extensive Mesozoic continental rifting
and removal of cratonic mantle, which was followed
at about 150 Ma by the cessation of ultrapotassic
and potassic-to-carbonatitic magma production.
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They mentioned that at Aillik Bay, a sequence
of olivine lamproites (1374.2 + 4.2 Ma), ail-
likites/carbonatites (590-555 Ma), and nephelin-
ites (141.6 £ 1.0 Ma) erupted through the south-
ern NAC edge on the present day Labrador Sea
margin. Probably similar tectonomagmatic situa-
tion was present at the studied area of Mahakoshal
belt. Plume-like signature observed for the studied
Chitrangi samples (figure 9) and also previously
studied Paleoproterozoic mafic dykes (Srivastava
2012) could imply that plume played an impor-
tant role in the crustal thinning and rifting of the
Mahakoshal region. However, robust geochronol-
ogy and radiogenic isotope data are required to
confirm this model for the present studied area.

7. Conclusions

From the above discussion, observed field, petro-
logical and geochemical features, it may be con-
cluded that all the ultramafic lamprophyre (pos-
sibly aillikites) and carbonatites, emplaced within
the Mahakoshal rift system, are not co-genetic;
surely more than two melts derived from litho-
spheric mantle (well supported by high Mg#,
and Ni and Cr and low HREE) were responsi-
ble for their genesis. The ultramafic lamprophyre
and associated carbonatite are probably derived
through liquid immiscibility of a melt produced
from melting of a carbonated mantle. Presence of
carbonate ocelli in ultramafic lamprophyre sam-
ples also corroborates this hypothesis. However,
their derivation through vein-plus-wall-rock melt-
ing model cannot be discounted. In this case meta-
somatism also played an important role. Plume
signature is also observed for the studied ultra-
mafic lamprophyre and carbonatite samples and
it is thought that early stages of rifting in the
Mahakoshal region due to plume activity and litho-
spheric thinning provided suitable conditions for
the genesis of ultramafic lamprophyre (aillikitic)
and carbonatitic melts which ultimately crystal-
lizes as dykes and plugs. Although it is diffi-
cult to say anything specific on the presence or
absence of carbonated alkaline ultramafic magma-
tism during the Archaean, it is very clear that for
the genesis of such melts a rift tectonic environ-
ment is vital. Rift tectonic environment essentially
involved lithospheric extension, which may have
resulted due to a plume.
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