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Abstract

The paper represents a new discovery of a late Mesoproterozoic lenticular
and discontinuous, carbonatitic body exposed at Basantgarh, Sendra and near
the Abu-road area of the Ambaji-Sendra belt of the South Delhi Fold Belt. It is
medium to coarse-grained and light to dark coloured compact rock. The com-
mon associates of the carbonatitic rock are felsic rocks, rich in alkalies. Carbo-
natite contains more than 50% carbonate minerals, the majority of which are
calcite, dolomite, ankerite, augite-aegirine augite and plagioclase. It is clas-
sified as calcite carbonatite of the sovite variety due to its coarse-grained
character, chemically as calico-carbonatite and magnesio-carbonatite and even
as silico-carbonatites for having more than 20% SiO,. The YREE contents of ca-
lico-carbonatite samples are nearly 100 times greater than magnesio-carbonatite.
Chondrite normalised REE profiles of calcio-carbonatites are LREE enriched
with nearly flat HREEs whereas the magnesio-carbonatite is characterised by
flat REE patterns. The mantle-normalized incompatible trace element spidergram
of Ambaji-Sendra belt carbonatites shows distinct negative anomalies of Ba, Nb,
Ta, P, Sm, Eu, Ti and Y and positive at U and Pb by calcio-carbonatite whereas
the magnesio-carbonatite displays negative kinks at K, Zr, Nb, Ta and Ti and
positive at Th, Pb and Sr. The variable and/or contrasting enrichment/depletion
in various elements in the two types of Ambaji-Sendra belt carbonatite is at-
tributed either to significant differences in the type and modal proportion of
different accessory mineral species or selective incorporation of metasomatic
fluids during the subduction process. The chemical attributes of Ambaji-Sendra
belt carbonatite suggest its emplacement in subduction settings.
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Setting

1. Introduction

Carbonatite-rich magmatic rocks were first recognized by Héogbom [1] from the
Alnoé Island alkaline-carbonatite complex of Sweden. However, the name “car-
bonatite” was first used by Brogger [2] for such magmatic rocks. Since then, there
have been numerous and extensive discoveries of carbonatites across the globe
[3] [4] [5] [6] [7]. The discovery of such rocks with anomalous mineralogy in
India from Lower Narbada Valley is credited to [8]. Comprehensive reviews of
carbonatite occurrences in India and subcontinent have been undertaken by
various workers, e.g. [9] [10] [11] Paul et al (2020), etc. More than 60 carbo-
natite-alkaline complexes have so far been reported from India, which are classi-
fied into two groups: subvolcanic-volcanic complexes and plutonic complexes [12].
Whereas on the basis of the ages and regional occurrence, a 3-fold division is pro-
posed ie. Precambrian (2400 - 700 Ma) mostly confined to southern Indian shield,
Early Cretaceous (107 - 105 Ma) of North-Eastern (NE) India and Late Cretaceous
(68 - 65 Ma) of North-Western (NW) Indian shield. Studies suggest the tempor-
al formation of carbonatites in India viz. 1) 2533 to 2340 Ma, 2) 1510 to 1242 Ma
and 3) 833 to 572 Ma, impacted by two metamorphic events (950 - 930 Ma and
570 - 485 Ma), synchronous to Grenvillian and Pan-African orogenic events [11].
It is interesting to note that the majority of Precambrian alkaline/carbonatitic mag-
matism is concentrated in the southern Indian shield, few in eastern shield and
none except one in western shield, though western Indian shield is enriched in
Late Cretaceous carbonatitic complexes, e.g. Amba Dongar, Mer-Mundwara,
Sarnu-Dandali-Kamthai.

We report a late Mesoproterozoic carbonatitic body, lenticular and disconti-
nuous, exposed at Sendra, Basantgarh, and near the Abu-road area of the Amba-
ji-Sendra belt (Figure 1, Figure 2). It is a medium to coarse-grained, light to
dark-coloured, compact rock (Figure 3). Till date, ubiquitous consanguineous
undersaturated alkaline rocks have not been recognized within or adjacent to the
present rock. The common associate of this carbonatitic rock is felsic rocks, rich
in alkalies (but not alkaline, personal data). There occurs an alkali syenite body
near Deri, in the southern part of the Ambaji-Sendra belt [13], without any feni-
tised aureole, which precludes the possibility of being cogenetic. [14] also reported
a carbonatite-type rock along with a few apparent fenites from the northern part
of the Ambaji-Sendra belt. This suspected carbonatite was reported to be in in-
timate association with basic volcanics.

The presence of prosperous horizons of calc-silicates and marbles often pose
difficulty in distinguishing the magmatic calcareous rocks from carbonate-rich
metasediments [7]. Probably, it was the reason which led to interpret this car-

bonatite as calcareous inter-trappean [15], or component of turbidite sequence
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Figure 1. Simplified geological map of Aravalli-Delhi orogenic belt (after Heron 1953 &
Gupta et al, 1980), 1 - 5 longitudinal tectonic zones of Sen (1980). Index: B: Beawar; BH:
Bhilwara; GBF: Great Boundary Fault; UP: Udaipur; RL: Rakhabdev Lineament; RA:
Rampura-Agucha; RD: Rajpura-Dariba; SF: Sabarmati Fault; SP: Saladipura; Z: Zawar, PLZ:
Phulad Lineament Zone.

as carbonate blanket on island arc flank [16] being in juxtaposition with basic
volcanics of Phulad ophiolite [17] [18], particularly in the Sendra region, or as
Kumbhalgarh calcgneiss [19]. The systematic petrographic study of this calca-
reous body in conjunction with its SEM and EDX-spectrums analyses as well as
chemical analyses enabled us to ascertain its magmatic character and in turn, its

recognition as a carbonatite body.

2. Regional Geology

The NW Indian shield preserves complete rock record of Precambrian age. The
Aravalli Mountain Range (AMR) is the principal physiographic feature of AMR,
extending from Delhi to Ahmedabad for over 700 km with variable thickness (20
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Figure 2. Simplified geological map of South Delhi Fold Belt (after Gupta et al, 1991)
showing sampling locations of Ambaji-Sendra belt carbonatite.

to 250 km) and NE-SW strike [20]. In terms of lithological make-up, AMR con-
sists of an Archaean basement and two main unconformity-bound supracrustal
sequences [17] [21]. Heron named the basement as Banded Gneissic Complex
(BGC) on the basis of banding character of its gneisses. BGC (3300 Ma, [22] is
predominantly an intimate admixture of igneous and meta-igneous rocks. The
supracrustals, namely Paleoproterozoic Aravalli Supergroup and Mesoprotero-
zoic Delhi Supergroup, rest unconformably over BGC [23] [24].

Lithosequence of Aravalli Supergroup is exposed in Udaipur belt (shallow
water facies) and Jharol belt (deep water facies) (Figure 1). Similarly, Delhi Su-
pergroup is also outcropped in two belts viz. North Delhi Fold Belt (NDFB) and
South Delhi Fold Belt (SDFB). There is striking dichotomy in the geotectonic evo-
lution of Delhi Supergroup [25].
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Figure 3. Field photographs of carbonatite: (a) Carbonatite associated with basic volcan-
ics; (b) Carbonatite interbedded with volcanic tuff.

SDFB, is an ensemble of at least five tectonic units telescoped into each other
through multiple structural and deformational events [26], and thus there is no
consensus on any classification scheme [17] [18] [20] [26] [27] [28], recognized
five longitudinal tectonic zones (from west to east) within the SDFB, each with con-
siderable lithologic differences and proposed that the Delhi Supergroup should
be restricted to the nearly consanguineous first three tectonic zones and zones 4
and 5 as pre-Delhi to post-Aravalli in age (Figure 1). In lien to the Sen’s obser-
vation, [29] established that SDFB is a subduction complex preserving rift-fill,
trench and ophiolitic mélange sequences from west to east. Furthermore, they
suggested that Sen’s zones, 1 and 2 constitute the youngest part of SDFB, to which
they named as Ambaji-Sendra terrain/belt of ~1.0 Ga age. This belt continuously
runs for more than 200 kms between Ambaji in the south and Sendra in the north
(Figure 2). Major lithologies of this belt are mafic volcanic rocks with significant
proportion of felsic volcanics and metasediments.

A thin discontinuous linear carbonatite body has been discovered from Am-
baji-Sendra belt of NE Rajasthan, which is located in close proximity of Phulad
shear zone. This body occurs as a marker horizon between mafic and felsic vol-

canics of Ambaji-Sendra belt (Figure 2). The thickness of carbonatite outcrop
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narrowly increases from south to north. The carbonatitic body is dark in colour
and medium to coarse grained. Despite the complex structural state of the belt, the
carbonatite seems to be an intrusive lithology suggesting its emplacement is re-

lated to the splay of Phulad shear zone.

3. Materials and Methods

Unweathered to least weathered samples, collected from Sendra, Basantgarh and
near Abu-road area of Ambaji-Sendra belt were taken for the geochemical and
Scanning Electron Microscope (SEM) analysis after their thin section screening.
Chips from the samples were powdered in an agate mortar. The powder was fi-
nally sieved through a 200 ASTM mesh. The major element analysis has been
carried out by X-Ray Fluorescence (XRF) Spectrometer (Axios, PAN analytical)
and trace element analysis by high resolution Inductively Coupled Plasma Mass
Spectrometer (HR-ICP-MS; Nu Instruments Attom, UK) in the geochemical lab
of the CSIR-NGRI, Hyderabad. Powders used for XRF analysis were previously
heated in a muffle furnace to 950°C for two hours to remove sample volatile
contents. The XRF was calibrated using USGS standard. To analyse trace ele-
ments concentration of rock samples, solution was prepared by using the closed
digestion method. Powdered rock sample of about 50 mg was dissolved in savil-
lex vessels containing 10 ml acid mixture of HF:HNO, in a 7:3 ratio and kept on
a hot plate at 150°C for 48 hours. After complete digestion, 2 - 3 drops of per-
chloric acid (HCIO,) was added and the entire mixture was evaporated to dry-
ness. Ten milligrams of 1:1 HNO; was added to each savillex vessel containing
residue and kept on a hot plate at ~80°C for 10 - 15 min. In the clear solution, 5
ml of Rh (1 ppm concentration) was added as an internal standard and made
into 250 ml. Five millilitre of this solution was further diluted to 50 ml to pre-
pare the final solution. Certified reference material SHARM-40 was run as stan-
dard to check the reproducibility. The instrumental techniques and data acquisi-
tion parameters are the same as given in Balaram and Gnaneshwara (2003). The
precision and reproducibility obtained are better than 5% for trace elements
(Satyanarayanan ef al, 2014).

Apart from microscopic examination of the carbonatite at the Department of
Geology, AMU, Aligarh, its SEM study was undertaken at CSIR-NGRI, Hydera-
bad by Hitachi, S-3400 N Scanning Electron Microscope (SEM) with a linked
EDS X-ray analysis system. The identification and imaging of the minerals were
done by Backscattered Electron (BSE) images.

4. Nomenclature

The IUGS scheme of classifications defined carbonatite (sensu stricto) as an ig-
neous rock comprising more than 50% primary modal carbonates including cal-
cite, dolomite, ankerite, siderite and magnesite and less than 20% SiO, [5] [30]
[31] [32]. In view of large variations in mineralogy and in turn in the chemistry
of the carbonatites, Mitchell [6] [33] redefined carbonatite (sensu lato) as an ig-

neous rock possessing greater than 30 vol.% primary igneous carbonate without
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any conditional silica concentration. Varieties of carbonatite are named on the
basis of either their bulk composition [32] as calcio-or calcite carbonatites,
magnesio-carbonatites, ferro-carbonatites and silico-carbonatites or texturally as
sovite or alvikite. The Ambaji-Sendra Belt Carbonatites (ASBCs) may be classified
as calcite carbonatite of sovite variety due to its coarse-grained character (Figure
3). Chemically, this carbonatite body is classified as calcio-carbonatite and magne-
sio-carbonatite because its samples plot in these fields in the CaO-MgO-(FeO +
Fe,O; + MnO) diagram (Figure 4) [32]. In the molar proportions-based classifica-
tion, recommended by Gittins and Harmer [33], the status of calico- and magne-
sio-, remains unchanged. Since SiO, content in all the samples is more than 20%,

these can also be referred to as silico-carbonatites.

CaO
100

Magnesio-carbonatite

Ferro-Carbonatite

100
MgO 9% 8 70 60 50 40 30 20FeO+Fe203+MnO

OsipP OB32 @32

Figure 4. CaO-MgO-(FeO + Fe,0, + MnO) diagram (Woolley & Kempe, 1989) of Amba-
ji-Sendra belt carbonatite classifying it as calcio-carbonatite and magnesio-carbonatite.

5. Mineralogy

Under polarizing microscope, the carbonatite, under study, contains more than
50% carbonate minerals, majority of which are calcite (Figure 5). Dolomite,
ankerite, augite-aegirine-augite and plagioclase are present in minor amounts
both as coarse grains as well as phenocrysts enclosed in calcitic groundmass. SEM
and EDX, analyses indicate the presence of following minerals and chemical varia-
tions within the carbonatites of Ambaji-Sendra belt.

Calcite (CaCO,): Calcite grains are dominant in microphotographs of thin
section (Figure 5(a)) with their rhombohedral cleavage under plan polarizing

light. Crystals of calcite grains are also visible with minor amount of quartz grain
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Figure 5. Microphotographs of Ambaji-Sendra Belt Carbonatite showing: (a) Calcite with its rhombohedral clea-
vage-PPL; (b) Calcite crystals-BCN; (c) Augite crystals surrounded by fine grained calcite and quartz-BCN; (d) Pla-

gioclase grain with distinct lamellar twinning-BCN.

between crossed nicol (Figure 5(b)). The SEM-EDX analysis (facing page) con-
sisting primarily of calcium supports thin section identification of calcite grain.
Total 13 calcite grains were scanned by SEM (Figure 6, Figure 7(a)). Their EDS
analysis indicates presence of minor amounts of Mg (probably part of the cal-
cite), Fe (a solid solution precipitate, in the form overgrowth around calcite seeds)
and Si and Al (probably from clay mineral inclusions within the calcite grains).
Two analysed EDX spectrums of calcite suggest that it also occurs as inclusion
within augite grain.

Authigenic Siderite (FeCO;): The presence of siderite grains has been con-
firmed by SEM images (Figure 6, Figure 7(b)). Identification of the crystals as
siderite is based on their rhombic habit and EDX spectrum (facing page) consist-
ing primarily of Fe and a minor amount of Ca, Mg, and Mn. Minor contents of Si,

Al and other elements in the spectrum is the contamination from adjacent grains.
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Figure 7. Representative EDX spectrums of the minerals of Ambaji-Sendra belt carbonatite.

Augite: (Ca, Na)(Mg, Fe, Al, Ti)(Si, Al),O4 EDS analyses confirm the mi-
croscopic identification of augite surrounded by fine grained calcite and quartz
(Figure 5(c)). There are 15 grains of augite recognised by SEM images (Figure
6, Figure 7(c)). The augite is primarily composed of O, Si, C, Ca, Fe and AL

Some EDS spectrum of augite also have very small concentration of Mg and Cr.
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The heights of the peaks of various elements are consistent with the formula for
augite.

Plagioclase Feldspar: Plagioclase grains with distinct lamellar twinning are
clearly visible in thin sections (Figure 5(d)). 13 EDS analyses of plagioclase grain
classify it as calcic-plagioclase mainly anorthite (Figure 6, Figure 7(d)). The
anorthite [Ca (ALSi,Oy)] is primarily composed of O, Si, Ca (Na) and Al along
with minor concentration of Fe and Mg as contaminants. The relative peak heights
justify the calcic nature of plagioclase feldspar.

Dolomite-Ankerite: There are 4 EDX spectrums of these grains (Figure 6)
consisting primarily of Ca, Si, Al, Fe, C, Mg and Cr. In one of the spectrums, Ti
is also present in substantial amount. The relative peak heights of representative
EDX spectrum of calc-silicate grains are consistent with the formula for dolo-
mite [CaMg (CO,),] (Figure 7(e)) and ankerite [Ca (Fe, Mg, Mn) (CO,),] (Figure
7(f)).

6. Results and Discussion

Geochemically, the samples of ASBC are high in CaO (20.89 to 38.92 wt%), Fe,0O,
(2.71 to 6.01 wt%), P,O. (0.06 to 0.12 wt%), and low in SiO, (23.50 to 40.27 wt%)
content (Table 1). The mafic silicate and carbonate phases such as pyroxenes
and or dolomite are added variable amounts of MgO ranging from 2.89 to 12.97
wt% in the chemical composition of these carbonatites. The calico-and magne-
sio-varieties of ASBC are chemically distinct in most of the elements. The mag-
nesio-carbonatite is significantly enriched in SiO,, MgO, Fe,O; and depleted in
CaO, K,O compared to the calico-carbonatite samples (Table 1). However, AL O;,
TiO, and Na,O contents are nearly same in both varieties. The high concentra-
tion of SiO, in ASBC reflects presence of silicate minerals including quartz in

significant proportions (Figure 5).

Table 1. Geochemical analysis of Ambaji-Sendra belt carbonatite.

Locality Near Abu-road Sendra Basantgarh
Sample. Code SiP B32 32
Sample No. 1 2 3
Sio, 24.17 23.50 40.27
ALO, 6.78 5.91 6.79
TiO, 0.38 0.29 0.21
Fe,O, 3.61 2.71 6.01
MnO 0.04 0.05 0.16
MgO 4.07 2.88 12.97
CaO 36.29 38.92 20.89
Na,O 0.13 0.47 0.57
K,0 1.91 1.64 0.05
P,0, 0.06 0.07 0.12
DOI: 10.4236/ijg.2023.141004 62 International Journal of Geosciences
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Continued
LOI 5.76 2.14 11.80
SUM 77.42 76.44 88.04
SUM + LOI 83.18 78.58 99.84
Sc 7.44 6.65 21.12
\% 43.79 61.75 138.16
Cr 13.07 12.10 437.07
Co 16.50 5.05 26.60
Ni 15.55 3.49 96.06
Cu 81.73 21.79 28.24
Zn 43.12 21.48 108.03
Ga 7.05 7.39 6.37
Rb 56.57 71.66 1.54
Sr 911.01 1259.36 251.12
Y 13.65 16.83 6.91
Zr 165.38 274.12 13.37
Nb 9.56 6.27 0.93
Cs 4.62 3.92 0.09
Ba 689.24 241.47 17.11
La 27.69 21.10 1.18
Ce 77.11 60.31 2.83
Pr 7.11 5.27 0.39
Nd 25.23 19.72 1.86
Sm 4.88 3.84 0.62
Eu 0.90 0.90 0.21
Gd 391 3.77 0.85
Tb 0.70 0.73 0.16
Dy 3.86 4.22 1.06
Ho 0.52 0.84 0.24
Er 1.31 2.42 0.69
Tm 0.23 0.41 0.11
Yb 1.45 2.45 0.75
Lu 0.22 0.40 0.12
Hf 6.38 7.97 0.44
Ta 0.66 0.98 0.05
Pb 72.56 4.64 4.79
Th 3.13 5.47 1.55
U 7.98 4.22 0.06
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Similarly, the samples of calcio-carbonatite are depleted in transition trace
elements but enriched in large ion lithophile and high field strength elements
compared to magnesio-carbonatite. It suggests that the melts of calico-carbonatites
were fractionated before crystallisation, while magnesio-carbonatite melt under-
went little or no fractionation [34]. The calico-carbonatites also possess higher con-
tents of Zr, Nb, Th and U compared to magnesio-carbonatite.

The YREE contents of calico-carbonatite samples are 155.12 ppm and 126.37
ppm, whereas that of magnesio-carbonatite is 11.07 ppm (Table 1) Furthermore,
chondrite normalised REE profiles of calcio-carbonatites are LREE enriched
[(La/Sm),: 3.7 - 3.5] with modestly fractionated or nearly flat HREEs[(Gd/YD),:
2.2 - 1.3]. The magnesio-carbonatite, on the other hand, is characterised by flat
REE patterns [(La/Yb),: 1.1] (Figure 8). None of the samples of ASBC shows signif-
icant Ce or Eu anomaly which indicates that these carbonatites are formed under less
oxidizing conditions [35]. The LREE enrichment levels in calcio-carbonatite are
high compared to magnesio-carbonatite, but in general quite low as carbonatites
are characterized by very high LREE, LREE/HREE ratio among all the igneous
rocks [36]. This can either be due to the absence of REE-rich accessory phases or
LREE mobilization during metamorphic alteration. In the PM-normalised spi-
dergrams, calcio-carbonatites show deeper kinks at P and Ti than magne-
sio-carbonatite. Thus, control of apatite and titanite on the abundance of REEs
seems to be a viable possibility. And the role of REE accessories like pyrochlore
and perovskite does not seem to be significant because they can influence the bulk
rock REE pattern only if present in appreciable amounts [36]. The broadly similar
REE patterns for ASBC, in particular HREEs, thus speak for variable modal
proportions of mineral phases associated with common parent magma.

Trace elements which are considered robust tools for adducing petrogenetic
information of igneous rocks become less effective in carbonatite systems due to

the reversal of the incompatible nature of various elements and the role of mineral
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Figure 8. Chondrite normalized REE diagram of Ambaji-Sendra belt carbonatite. Nor-
malizing values from Sun and Macdonough (1989).
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settling, accumulation and veining in their genesis [37]. High to very high Ba
and Sr contents coupled with a high Sr/Ba ratio ie. more than 1 are peculiarities
of carbonatites [38]. The Sr and Ba contents in ASBC are appreciably high and
so is their Sr/Ba ratio which ranges from 1.3 to 14.7. The abundance of transi-
tional trace elements (like Ni, Cr, Cs and V), despite being high in magne-
sio-carbonatite than calico-carbonatite, is in general of lower magnitude which
indicates some degree of fractionation of the melts before crystallization.

Nb and Ta show strong coupling behaviour in most silicate igneous rocks but
disengage in carbonatites due to immiscibility where Nb prefers silicate melts
over its chemical affinity with Ta [39]. The mantle normalized Nb/Ta ratios in
the ASBC are low (0.37 - 1.01) which eliminates the possibility of Nb enrichment
and thus indicates a role of liquid immiscibility in the origin of ASBC [39]. The
Zr enrichment (relative to Hf) indicates carbonate metasomatism in the mantle
source [40]. In the ASBC, the (Zr/Hf) , ratio is uniformly low (0.71 to 0.95)
which speaks against Zr enrichment through mantle metasomatism.

The mantle-normalized incompatible trace element spidergram for ASBC
(Figure 9) shows several depletions and enrichments, coherent with normal car-
bonatite trends [32]. Distinct negative anomalies of Ba, Nb, P, Sm, Eu, Ti and Y
and positive at U and Pb are shown by calcio-carbonatite plots. The spidergram
of magnesio-carbonatite displays negative kinks at K, Zr and Ti and positive at
Th, Pb and Sr. Enrichment in Th relative to Rb is a common feature of carbona-
tites as they normally have much higher Th abundance as compared to other ig-
neous rocks. The magnesio-carbonatite is enriched in Th and calcio-carbonatite
in U compared to Rb and accordingly Th/U ratio is significantly high or low in
respective varieties of ASBC. The high Th/U ratio generally indicates lithospher-
ic mantle having got enriched in Th through metasomatism over the geological

period [41] [42] [43]. The variable and/or contrasting enrichment/depletion in
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Figure 9. Primordial Mantle (PM) normalized spider-diagram of Ambaji-Sendra belt carbonatite. Normalizing values from Sun

and Macdonough (1989).
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various elements in the two types of ASBC does not prescribe two sources rather
it can be attributed either to significant differences in the type and modal pro-
portion of different accessory mineral species like pyrochlore, monazite and apa-
tite [44] or selective incorporation of metasomatic fluids during subduction
process [45] [46]. A consistent Nb-Ta trough in PM normalised spidergram of
ASBC is the evidence of the role of the subduction mechanism [46].

The carbonatite melt origin is attributed to 1) immiscible separation of paren-
tal carbonated silicate magmas at crustal or mantle pressures [47] [48] [49]; 2)
crystal fractionation of parental carbonated silicate magmas such as olivine meli-
litites or kamafugites [50] [51]; and 3) low-degree partial melting of carbonated
mantle peridotite below 70 km depth [4] [52] [53] [54] [55] [56].

The geochemical features of ASBC (e.g. depleted contents of silica, Nb, Zr, Y,
LILE, LREE) compared to other Indian carbonatites are suggestive of its origin
through extensive liquid immiscibility wherein carbonatitic magma is separated
from the carbonated silicate liquid [57] [58]. This magma suffered fractional
crystallisation and loss of alkalies through fenitisation/or migration into asso-
ciated felsic rocks which shows anomalously high alkalies (personal data) and
thus becomes more Ca-rich. That also changed the trace element geochemistry
of ASBC to become LREE depleted because LREE and LIL moved to associated
rocks.

However, the absence of association of ASBC with an alkaline rock/pluton (melili-
tite, nephelinite, phonolite, trachyte or lamprophyre or kimberlite) refutes the
possibility of a parent silicate melt or lamprophyre melt generated from melting
of metasomatized mantle or asthenospheric kimberlite melt which could gener-
ate carbonatite through fractionation or liquid immiscibility. In this condition,
the only possibility is that of direct generation of carbonatite melt from a meta-
somatized mantle, enriched by a previous subduction event. The presence of Me-
soproterozoic Phulad ophiolite in the immediate vicinity is the testimony of such
a subduction event (Ze. closure of south Delhi Ocean). Negative Eu anomaly
(Figure 8) along with Pb enrichment (Figure 9) is the other evidence of a source
modified by subducted sediments [41].

The older Newania carbonatite, located in Udaipur district, Rajasthan, part of
NW Indian Shield, has also been suggested to have originated through direct par-
tial melts from a metasomatized mantle [12] [59]. The isotopic data on carbona-
tites and associated alkaline silicate rocks from South Indian shield [60] [61] [62]
indicated the existence of an enriched mantle source for Neoproterozoic carbo-
natites [44]. The genesis of ASBC also provides corroborative evidence for the
presence of an older enriched mantle which was subjected to further enrichment
by a younger subduction event.

The carbonatites are commonly associated with continental rifts, but they are
also common in orogenic belts. In India, the carbonatites have been reported in
different geological environments and structural configurations like Narmada
and Trans-Aravalli rifts, Meghalaya Plateau, Eastern Ghat, Cuddapah basin, Ara-
valli rifts, as well as Western Ghat faults [12]. The ASBC adds a subduction set-
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ting as the new habitat of Indian carbonatites.

The Indian shield is a collage of several discreet tectonic blocks with indepen-
dent evolution histories and in turn lithological makeup. The amalgamation of
these blocks created North and South Indian cratons, which got welded along a
lineament (Narmada-Son-Brahmaputra lineament or the Central Indian Tec-
tonic Zone, [63] during Mid-Proterozoic, and formed present-day Indian shield
[64]. On the basis of preservation of the Precambrian lithotexture, this Indian
shield is divided into south, east and northwest components. It is pertinent to
mention here that Indian carbonatites show temporal distribution with respect
to three parts of Indian shield. As stated earlier, the Southern Indian Shield (SIS)
hosts Precambrian (2400 - 700 Ma), the North-Eastern Indian shield (NEIS) records
early Cretaceous (107 - 105 Ma), and the North-Western Indian Shield (NWIS)
preserves Late Cretaceous (68 - 65 Ma) carbonatites [9]. However, there occurs
Paleoproterozoic Newania carbonatite (~2270 Ma, [65] [66] in NWIS also be-
sides the one under study.

SIS contains two classic greenstone belts, 3.5 to 3.00 Ga and 3 to 2.5 Ga old. A
large hiatus has been suggested after the formation of a younger greenstone belt
which is evident from the fact that the 1.6 Ga old Proterozoic Nagari Quartzites
unconformably rest upon the younger greenstone belt at Triputi. This period of
non-deposition has been described as “Ep Archaean” interval in the SIS [64]
[67]. During this time span Ze. 2.5 to 1.6 Ga (Ep-Archean interval), NWIS witnessed
large-scale volcano-sedimentary activity [68] [69]. However, a litho-comparison be-
tween SIS and NWIS reveals some peculiar differences. For example, MORB-type
Archean peridotitic komatiites are abundant in SIS (Dharwar craton) but absent
in NWIS (Aravalli craton) whereas scenario is reversed for enriched continental
type Proterozoic basaltic komatiites [70]. Early Proterozoic magmatism of NWIS
has been considered a manifestation of a transitional process between Archaean
greenstone and Phanerozoic continental suites [70]. These characteriscts of two
parts of Indian shield may also have bearing on other litho-components. In view
of these facts, it is reasonable to compare ASBC with its contemporary carbona-
tites of SIS to glean information about their petrogenic antecedents. Gundlupet
carbonatite [71] and Sevattur-Samalpatti carbonatites of Eastern Ghat Mobile
Belt [44] are suitable candidates for comparison being in the approximately same
age bracket.

In terms of CaO, ASBC (calico) finds its near chemical analogue from Sevat-
tur, Pakkanadu and Samalpatti carbonatites whereas ASBC (magnesio) resembles
with Samalpatti varieties. All other majors and/or trace elements of ASBC (both
calico and magnesio) are either highly enriched (e. g. SiO,, Al,O;, Fe,0;, MgO, Na,O
or K,0) or severely depleted (nearly all trace elements) compared to their respective
counterparts (Table 2). The carbonatite-fenite-like rocks, from the northernmost
part of Ambaji-Sendra belt (location undefined), by Bose [14] broadly match in
their CaO and trace elements with the respective varieties of ASBC (Table 2).

This comparison suggests that the enrichment levels/magnitudes of various
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Table 2. Average chemical composition of Ambaji-Sendra belt carbonatite compare with the carbonatites of same age.

Ambaji—Sendl"a Bose (1998) Rakliannan and Brahma et al (2022) Pandit er al (2002)
Belt Carbonatite Anbarasu (2019)
Senjlglf;sacnatfba;:)atite P?Sl;iiizzogzﬁl;e g:ifﬂ:g; Gundlupet Carbonatite Carbonatite of Tamil-Nadu
Carbonatite Calsio. Magnesio.  Calsio. Magnesio. Calsio. Calsio. Magnesio. High-Calsio. Low Calsio. Magnesio.
Sample Code Avg.SiP & B32 32 Average Average Average  Average Average Average  Average
Sio, 23.83 40.27 14.67 53.57 1.56 3.67 62.63 2.60 12.28 25.13
ALO, 6.35 6.79 3.22 11.13 0.78 0.70 15.14 1.96 2.55 4.80
TiO, 0.34 0.21 0.22 0.64 0.45 0.07 0.21 0.23 0.00 1.31
Fe,O; 3.16 6.01 0.62 1.28 2.12 2.89 3.51 3.75 3.74 9.39
MnO 0.04 0.16 0.06 0.12 0.62 0.50 0.13 0.23 0.70 1.96
MgO 3.48 12.97 2.51 4.61 4.30 1.55 1.29 2.34 5.83 7.88
CaO 37.60 20.89 40.51 16.75 44.90 50.34 3.49 48.97 35.23 18.99
Na,O 0.30 0.57 0.56 1.52 1.78 0.21 4.07 0.31 0.81 3.19
K,0 1.77 0.05 1.05 1.47 0.76 0.12 7.80 0.25 1.29 2.80
P,05 0.06 0.12 0.03 0.02 1.10 1.38 0.65 3.19 0.92 1.17
LOI 3.95 11.80 28.11 1.11 5.14 37.04 0.61 33.67 29.97 19.30
SUM 80.88 99.84 91.56 92.22 63.51 98.47 99.50 97.52 94.23 95.92
Sc 7.04 21.12 - - 7.95 0.80 4.05 16.74 26.37 27.65
\Y% 52.77 138.16 - - 46.35 21.62 32.15 34.01 83.85 123.57
Cr 12.58 437.07 - - 21.56 - 8.00 34.80 32.99 44.45
Co 10.78 26.60 - - 8.94 - - 29.49 28.15 28.31
Ni 9.52 96.06 10.40 25.53 21.22 19.50 12.00 19.83 32.99 31.72
Cu 51.76 28.24 - - 9.54 19.67 9.00 32.68 63.19 291.11
Zn 32.30 108.03 - - 34.03 50.60 92.00 116.65 1392.76 378.47
Ga 7.22 6.37 - - 19.79 5.86 50.05 62.85 22.93 8.31
Rb 64.12 1.54 66.70 64.63 5.85 15.75 167.75 11.86 3.05 46.60
Sr 1085.18 251.12 134590  482.63 14912.48 8682.80 1934.90 9313.33 4850.00 2636.73
Y 15.24 6.91 13.40 18.13 32.96 119.00 29.85 134.10 86.12 41.38
Zr 219.75 13.37 - - 25.66 87.10 227.95 34.95 6.56 30.48
Nb 7.91 0.93 4.73 6.49 13.23 11.50 15.50 8.07 3.77 57.86
Cs 4.27 0.09 6.70 37.13 0.15 - - 16.73 0.08 0.25
Ba 465.36 17.11 289.60 221.30 19239.80 192.00 1592.00 1623.90 4811.74 7283.00
La 24.40 1.18 17.39 17.11 228.15 1299.26 152.60 1549.00 511.40 40.10
Ce 68.71 2.83 - - 368.69 2576.74 343.75 1748.00 944.13 112.35
Pr 6.19 0.39 - - 34.64 419.08 50.10 490.33 130.39 17.76
Nd 2247 1.86 - - 123.84 1695.84 208.70 827.00 617.57 95.82
Sm 4.36 0.62 - - 17.86 46.24 8.25 274.12 118.20 23.82
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Continued
Eu 0.90 0.21 - - 8.70 210.80 37.05 51.27 37.98 8.62
Gd 3.84 0.85 - - 12.48 12.44 2.40 90.16 72.01 18.29
Tb 0.71 0.16 - - 1.48 113.12 20.35 25.66 6.91 2.15
Dy 4.04 1.06 - - 6.43 44.26 9.15 35.63 31.15 11.43
Ho 0.68 0.24 - - 1.08 5.84 1.25 12.84 3.97 1.64
Er 1.87 0.69 - - 2.62 12.98 2.70 19.83 18.38 7.92
Tm 0.32 0.11 - - 0.34 1.58 0.35 6.36 1.06 0.52
Yb 1.95 0.75 1.36 2.06 2.11 9.24 1.80 6.44 5.63 2.06
Lu 0.31 0.12 - - 0.32 1.32 0.30 2.84 0.75 0.44
Hf 7.17 0.44 0.35 1.24 0.59 0.35 1.15 0.33 0.16 0.75
Ta 0.82 0.05 - - 45.75 102.00 55.00 7.86 3247 4.39
Pb 38.60 4.79 44.50 40.03 7.53 3.98 19.30 22.25 16.91 7.02
Th 4.30 1.55 6.34 12.37 1.56 13.88 180.90 3.99 1.21 2.39
U 6.10 0.06 1.10 1.36 - 10.00 12.00 8.62 - -

Data Source: Phulad carbonatite (Bose, 1998), Pakkanadu carbonatite (Rakkiannan & Anbarasu, 2019), Gundlupet carbonatite
(Brahma et al,, 2022) and Tamil-Nadu carbonatite (Pandit et al, 2002).

elements in the mantle in NWIS were not similar to SIS. These differences were
most probably caused by the incorporation of subducted sediments in the li-
thospheric mantle of NWIS.
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