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Abstract: In situ major, trace and rare-earth element composition of Ti-rich garnets from Ambadungar-
Saidivasan alkaline carbonatite complex (ASACC) are presented to constrain its likely genesis. The
garnets are characterized by high andradite (42.7–57.3), schorolomite (22.0–31.0), and morimotoite
(15.6–26.5) end members. No distinct chemical zonation is noticed except for minor variations in
Ti content. The garnets are enriched in LREE (average 731 ppm) and relatively depleted in HREE
(average 186 ppm) and show an M-type first tetrad that leads to a convex upward pattern between
Ce and Gd. Mildly positive to no Eu anomalies are observed (Eu/Eu* = 1.06–1.17). The REE patterns
(LaN/YbN = 1.11–2.11) are similar to those of garnets from skarn deposits. The presence of tetrad
effect in the LREE pattern suggests an active role of metasomatic processes involving hydrothermal
fluids during the growth of the garnets. These garnets also contain high Nb (282–2283 ppm) and V
(1083–2155 ppm) concentrations, which stand out against the composition of the host rock. Therefore,
late-stage metasomatic reactions of earlier formed minerals with hydrothermal fluid enriched in
Fe, Si, LREE, Nb, V, and Ti led to the formation of garnet. The primary source for these elements
could be magnetite, ilmenite, and pyrochlore present in different varieties of carbonatites in the
ASACC, with the required elements being released during their interaction with the hydrothermal
fluid. The hydrothermal fluid was likely to be moderately acidic, and having fluoride and sulfate as
the primary ligands.

Keywords: Ti-rich garnet; andradite-schorlomite-morimotoite; REE; Ambadungar-Saidivasan;
carbonatite agglomerate/breccia; metasomatism

1. Introduction

The garnet supergroup comprises orthosilicate minerals that include twenty-one end-
members found in a variety of geological environments [1,2]. Garnet is a characteristic
mineral found in many metamorphic rocks as well as in some granites, pegmatites, and
alkaline and felsic volcanic rocks [3]. The mineral usually preferentially incorporates the
heavy rare earth elements (HREE) during growth resulting in high Lu/Hf and Sm/Nd ra-
tios. Garnet-controlled fractionation of the REE is a commonly used geochemical tracer [4].
The incorporation of REE in garnet is controlled by the composition of garnet as well as by
the composition of the rock matrix/melt/fluid from which the garnet grows/crystallizes.
In many geologic environments involving the presence of fluid phase, external factors
such as fluid composition, water/rock (W/R) ratios, dynamics of metasomatism including
physicochemical conditions can control the major and trace element chemistry of gar-
net [4]. The complex process of the partitioning of REE between metasomatic fluid and

Minerals 2021, 11, 756. https://doi.org/10.3390/min11070756 https://www.mdpi.com/journal/minerals

https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-6014-2639
https://orcid.org/0000-0003-0549-6597
https://doi.org/10.3390/min11070756
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/min11070756
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min11070756?type=check_update&version=3


Minerals 2021, 11, 756 2 of 20

growing garnet is primarily guided by crystal chemistry, crystal-fluid equilibrium, growth
rate, and surface adsorption (e.g., [4–8]). Therefore, the REE geochemistry of garnet is
a potential tool to comprehend the evolution of metasomatic fluids [4]. Although dis-
crimination between igneous and metasomatic andradite-grossularite garnets based on
chemical zonation, color and trace element content is challenging, however, for petrological
interpretations, it is always indispensable to classify whether the garnets are of igneous
origin crystallizing from a melt phase or of subsolidus origin growing from a fluid phase
during hydrothermal processes [9].

The Ambadungar-Saidivasan alkaline carbonatite complex (ASACC) is one of the
several alkaline complexes present within the Chhota Udepur subprovince of the Deccan
flood basalt province, Western India, which occur approximately 5–8 km north of the
Narmada rift (see Figure 1) (e.g., [10–16]). Besides carbonatite and carbonatite breccia,
these complexes also host several alkaline rocks like nephelinite, phonolite, tinguaite,
syenite, nepheline syenite [12,17]. Garnets have been reported from most of the felsic
rock types of these complexes [17–20]; however, their origin and genesis have not been
investigated in detail except for a handful of studies (e.g., [19,20]). Most of the previous
studies are primarily based on the major element chemistry of garnet. Based on a limited
set of electron microprobe data, compositional variation in zoned melanite phenocrysts
from nephelinites of Ambadungar complex has been presented [19]. Similarly, the mineral
chemistry of zoned Ti-rich melanite-schorlomite from a tephrite plug in the complex is also
discussed [20]. However, due to the lack of trace and rare-earth element data, the genesis
of these garnets—whether they are primary magmatic or secondary metasomatic—is still
contentious. The prime objective of this work is to provide first-hand rare-earth, trace and
major element data on garnets from ASCC to constrain their genesis.
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Figure 1. Geological map of the Ambadungar-Saidiwasan alkaline carbonatite complex, modified
after [10,12,14,15]. Area of sample locations are marked by a red star. Inset: map shows location of
the ASACC.

2. Geological Framework

The Ambadungar alkaline carbonatite complex in western India near the Chhota
Udepur region is intrusive into basalts of the Deccan Volcanic Province and cretaceous
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rocks of the Bagh formation [18]. A number of other alkaline-carbonatite complexes
have been reported from different parts of the entire Indian Shield, and most of them
are spatially related with well-defined major tectonic domains (e.g., [13,16,21]). The
Ambadungar-Saidivasan alkaline carbonatite complex (ASACC) is tectonically related
to the ENE-trending Narmada-Son rift [13,22], and its geological set-up is well studied by
several workers (e.g., [11,12,14,16,17,23,24] and references therein).

In general, the ASACC comprises a wide range of carbonatites, genetically associated
alkaline rocks, and large sill type exposures of carbonatite agglomeratic/breccia intrusions
(see Figure 1) [11,12,14,17]. The carbonatites are texturally and mineralogically classified as
sövite, alvikite, ankerite, and brecciated types, whereas chemically, they vary from calcio-,
ferro- to silico-carbonatites [11,12,14,25]. Most exposures of carbonatites occur as flows,
plugs, and dykes and/or ring dykes, whereas alkaline rocks are exposed as dykes and
plugs. The main carbonatite body, which occurs as a large ring structure, is exposed at the
Ambadungar village, whereas small exposures are seen all around the region. Petrographic
and geochemical characteristics of alkaline rocks classify them as phonolite, tinguaite,
nephelinite, trachyte, and syenite/nepheline syenite, and these are exposed in and around
Khadla, Kharvi, Padwani, Mogra, and Kadipani (see Figure 1) [12,17]. The northern part of
the complex is extensively covered by carbonatite agglomeratic/brecciated sill intrusions,
particularly in and around the Manka-Nakhal-Saidivasan region, consisting of rock frag-
ments of a variety of lithotypes, including basaltic, carbonatitic, tuffisite, sedimentary, and
alkaline rocks (see Figure 2). Such exposures are also found in the south of the Ambadungar
village as well. A few E–W trending dolerite dykes are also encountered within the Deccan
Volcanic Province.
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tracted from two carbonatite samples and one nephelinite sample from the ASACC, have 

Figure 2. Close views of field exposures of carbonatite agglomeratic/brecciated intrusions.
(a) Medium to coarse phenocrysts/xenocrysts/xenoliths embedded within the carbonate matrix
exposed near the village Rajawat. (b) Contains larger xenoliths of sedimentary rocks, basalts, carbon-
atites, alkaline rocks together with xenocrysts/phenocrysts exposed near the village Manka.

The ASACC has been dated by 40Ar–39Ar method, which suggests its emplacement
at ca. 65–68 Ma (e.g., [23,26,27]). A few minerals such as apatite, feldspar, and calcite,
extracted from two carbonatite samples and one nephelinite sample from the ASACC, have
been dated by U-Pb isotopes and yielded an age of 65.4 ± 2.5 Ma age [28], making them
broadly coeval with Deccan volcanism. Other lines of evidence such as field relationships
also suggest that the ASACC is intrusive within the Deccan large igneous province (LIP).
The alkaline rocks from different alkaline complexes linked with the Narmada-Son rift zone
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are contemporaneous with the ASACC and have 40Ar–39Ar emplacement ages between 65
and 68 Ma [23,29]. Therefore, this suggests their emplacement either synchronous with the
main Deccan LIP event or pre-dating it. Although the peak of the Deccan LIP occurs at
ca. 66.0–66.5 Ma and >90% eruptions happened at this age [30–32]; however, some lines
of evidence support the prolonged period of magmatic pulses between ca. 70.5 and ca.
62 Ma ([33,34] and references therein). The inner and outer tholeiitic basalts are identified
in and around the ASACC, and it has been suggested that the Ambadunger carbonatites
were emplaced within the Inner tholeiitic basalts rather than the Outer tholeiitic basalts [23].
Further, the Inner tholeiitic basalt is dated by the Ar–Ar method, which placed it at ca.
68.5 ± 0.9 Ma, slightly older than the ages reported for the alkaline complexes [23]. Several
examples, including Ambadungar, suggest linkage of carbonatite and alkaline magmatism
with the large igneous provinces [35]. This is also well supported by the genetic connection
of the Deccan LIP and Ambadungar complex with the Réunion plume; however, both might
have had different genetic evolution/sources [35–37]. Therefore, the age suggested by Fosu
et al., 2019 [28] looks realistic and suggest emplacement of the ASACC at 65.4 ± 2.5 Ma,
slightly younger than the main Deccan LIP event (ca. 66.0–66.5 Ma).

3. Petrography

The garnet grains were studied under transmitted light microscopy (Leica DM750P),
back-scattered electron (BSE) imaging and EPMA mapping techniques for their detailed
petrographic features. Generally, the studied sample of carbonatite agglomeratic/ brec-
ciated intrusive host are coarse- to medium-grained, brown to dark brown, and con-
tain euhedral/subhedral grains of garnet, embedded in a fine-grained calcitic/ankeritic
groundmass. K-feldspar, aegirine-augite, and other lithic fragments are the other phe-
nocrystic/xenocrystic phases present in these samples. Medium-grained calcite grains are
also present as independent crystals or occur as clusters. There is no uniform zonation pat-
tern observed in garnet; only their core shows darker color than the rim (see Figure 3). This
is also confirmed from the study of BSE images and X-Ray elemental mapping (Figure 4).
The observed color shades in the zones of garnets are attributed to the variable concentra-
tion of Ti [38–40]; the darker zones have comparatively high-Ti contents than the lighter
zones (see Figure 4).

Minerals 2021, 11, x FOR PEER REVIEW 4 of 19 
 

 

been dated by U‒Pb isotopes and yielded an age of 65.4 ± 2.5 Ma age [28], making them 
broadly coeval with Deccan volcanism. Other lines of evidence such as field relationships 
also suggest that the ASACC is intrusive within the Deccan large igneous province (LIP). 
The alkaline rocks from different alkaline complexes linked with the Narmada-Son rift 
zone are contemporaneous with the ASACC and have 40Ar–39Ar emplacement ages be-
tween 65 and 68 Ma [23,29]. Therefore, this suggests their emplacement either synchro-
nous with the main Deccan LIP event or pre-dating it. Although the peak of the Deccan 
LIP occurs at ca. 66.0–66.5 Ma and >90% eruptions happened at this age [30–32]; however, 
some lines of evidence support the prolonged period of magmatic pulses between ca. 70.5 
and ca. 62 Ma ([33,34] and references therein). The inner and outer tholeiitic basalts are 
identified in and around the ASACC, and it has been suggested that the Ambadunger 
carbonatites were emplaced within the Inner tholeiitic basalts rather than the Outer 
tholeiitic basalts [23]. Further, the Inner tholeiitic basalt is dated by the Ar–Ar method, 
which placed it at ca. 68.5 ± 0.9 Ma, slightly older than the ages reported for the alkaline 
complexes [23]. Several examples, including Ambadungar, suggest linkage of carbonatite 
and alkaline magmatism with the large igneous provinces [35]. This is also well supported 
by the genetic connection of the Deccan LIP and Ambadungar complex with the Réunion 
plume; however, both might have had different genetic evolution/sources [35–37]. There-
fore, the age suggested by Fosu et al., 2019 [28] looks realistic and suggest emplacement 
of the ASACC at 65.4 ± 2.5 Ma, slightly younger than the main Deccan LIP event (ca. 66.0–
66.5 Ma). 

3. Petrography 
The garnet grains were studied under transmitted light microscopy (Leica DM750P), 

back-scattered electron (BSE) imaging and EPMA mapping techniques for their detailed 
petrographic features. Generally, the studied sample of carbonatite agglomeratic/ brecci-
ated intrusive host are coarse- to medium-grained, brown to dark brown, and contain eu-
hedral/subhedral grains of garnet, embedded in a fine-grained calcitic/ankeritic ground-
mass. K-feldspar, aegirine-augite, and other lithic fragments are the other pheno-
crystic/xenocrystic phases present in these samples. Medium-grained calcite grains are 
also present as independent crystals or occur as clusters. There is no uniform zonation 
pattern observed in garnet; only their core shows darker color than the rim (see Figure 3). 
This is also confirmed from the study of BSE images and X-Ray elemental mapping (Fig-
ure 4). The observed color shades in the zones of garnets are attributed to the variable 
concentration of Ti [38–40]; the darker zones have comparatively high-Ti contents than 
the lighter zones (see Figure 4). 

 
Figure 3. Photomicrographs of a garnet phenocryst in a calcitic groundmass: (a) under XPL (b) under PPL-large euhedral 
garnet phenocryst showing variation in color. A few K-feldspar grains are also visible. Abbreviations of mineral names 
are taken from [41]. 

Figure 3. Photomicrographs of a garnet phenocryst in a calcitic groundmass: (a) under XPL (b) under PPL-large euhedral
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4. Analytical Techniques

Fresh samples (to the extent possible) were collected from the outcrops. The major ele-
ment composition of the garnets was determined on a CAMECA SX5 electron probe micro
analyzer (EPMA) equipped with five wavelength dispersive spectrometers at the Mantle
Petrology Lab, Department of Geology, Institute of Science, Banaras Hindu University,
Varanasi. An andradite standard is used to verify the positions of crystals (SP1-TAP, SP2-
LiF, SP3-LPET, SP4-LTAP, and SP5-PET) prior to measurement. The instrument conditions
during calibration and measurement were as follows: acceleration voltage 15kV, beam
current of 10 nA, beam diameter <1 µm. Routine calibration, acquisition, quantification,
and data processing were carried out using SxSAB version 6.1 and SX-Results software of
CAMECA. Mineral chemistry data for garnet is listed in Table 1.

The concentration of trace elements in garnets was measured on a Thermo Fisher
Scientific ICAP-Q quadrupole inductively coupled plasma mass spectrometer (ICP-MS)
coupled to a New Wave Research 193 ArF excimer laser ablation (LA) system at the Radio-
genic Isotope Facility of the Department of Geology and Geophysics, Indian Institute of
Technology (IIT), Kharagpur, India. The laser was operated at a repetition rate of 10 Hz,
fluence of 5 J/cm2, and spot size of 50 µm. The analyses were performed in time-resolved
mode, with each analysis consisting of ca. 30 s background measurement with the laser
turned off and ca. 40 s peak signal measurement with the laser ablating on the sample.
External standardization was done by standard–sample–standard bracketing with ten
measurements of the samples bracketed by two analyses of NIST 612 reference glass. The
data quality was monitored by ablating the NIST 610 reference glass as unknowns inter-
spersed with the measurements of the samples. The raw data were reduced offline using
the GLITTER® software version 4.4.4 [42] with Ca as internal standard. The reproducibility
estimated from repeat measurements of the NIST 612 and NIST 610 reference glasses is
better than 7% for most elements except for Cr (22–25%), Zn (13%), and Ge (13%). The
trace element data of the garnets and the NIST reference glasses are listed in Table 2 and
Table S1, respectively.
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Table 1. Representative EMPA data (wt. %) of garnets from the carbonatite agglomeratic/brecciated intrusive, ASACC. As there are no vacancies in the X and Y site, therefore, the studied
garnet is considered as anhydrous.

Oxide
(wt. %) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

SiO2 28.5 28.6 28.73 28.71 28.73 28.69 29.22 29.3 28.66 29.11 28.85 29.26 29.2 29.91 29.58
TiO2 12.77 12.8 12.48 12 12.82 12.31 12.27 12.25 12.1 12.2 12.31 13.04 12.75 11.18 11.45

Al2O3 2.08 2.24 2.32 2.19 2.17 2.63 2.34 2.33 2.28 2.21 2.21 1.97 1.12 1.39 0.75
Cr2O3 0.09 0.10 0.08 0.10 0.08 0.1 0.10 0.07 0.10 0.09 0.10 0.11 0.12 0.11 0.08
V2O3 0.57 0.47 0.25 0.38 0.41 0.47 0.38 0.5 0.31 0.54 0.6 0.45 0.66 0.63 0.39
FeOtot 20.95 19.81 20.67 19.65 19.52 20.63 19.63 19.6 21.34 19.84 19.58 19.36 20.95 21.38 22.01
MnOtot 0.29 0.23 0.25 0.34 0.2 0.44 0.42 0.32 0.29 0.38 0.29 0.42 0.34 0.27 0.41

MgO 0.92 0.83 0.8 0.88 0.83 0.77 0.87 0.79 0.91 0.75 0.81 0.72 0.51 0.58 0.57
CaO 33.33 32.8 33.26 32.74 32.54 32.74 32.93 33.14 32.69 32.74 32.72 32.94 32.65 32.95 32.62

Na2O 0.02 0.01 0.03 0.03 0.07 0.06 0.02 0.02 0.05 0.06 0.02 0.07 0.18 0.09 0.10
Total
(calc.) 99.51 97.9 98.89 97.02 97.39 98.85 98.18 98.33 98.73 97.92 97.5 98.33 98.48 98.5 97.97

Recalc. (wt. %)
final FeO 0.85 1.95 1.16 1.11 2.26 1.38 1.70 1.76 1.12 1.83 1.80 2.48 2.49 1.95 2

final
Fe2O3

22.33 19.84 21.68 20.61 19.19 21.39 19.92 19.83 22.47 20.02 19.76 18.76 20.52 21.59 22.24

final
MnO 0.29 0.23 0.25 0.34 0.2 0.44 0.42 0.32 0.29 0.38 0.29 0.42 0.34 0.27 0.41

final
Mn2O3

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

∑(Recalc.) 101.75 99.89 101.06 99.09 99.32 100.99 100.17 100.31 100.98 99.94 99.48 100.22 100.54 100.67 100.19
Cations for 12 O atoms

Mn2+ 0.020 0.016 0.018 0.024 0.014 0.031 0.030 0.023 0.020 0.027 0.021 0.030 0.024 0.019 0.030
Mg 0 0.007 0 0 0.011 0.020 0 0 0.033 0 0 0 0 0 0
Ca 2.977 2.974 2.984 2.990 2.964 2.938 2.972 2.986 2.939 2.965 2.977 2.976 2.958 2.970 2.968
Na 0.003 0.002 0.005 0.005 0.011 0.010 0.004 0.004 0.008 0.010 0.004 0.011 0.029 0.014 0.016
∑X 3.000 3.000 3.007 3.019 3.000 3.000 3.005 3.013 3.000 3.003 3.002 3.017 3.011 3.005 3.014
Ti4+ 0.801 0.815 0.787 0.769 0.820 0.776 0.777 0.775 0.764 0.776 0.786 0.827 0.811 0.708 0.731
Al3+ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cr3+ 0.006 0.006 0.005 0.006 0.005 0.007 0.007 0.004 0.006 0.006 0.006 0.007 0.008 0.007 0.005
Fe2+ 0.059 0.138 0.081 0.079 0.160 0.097 0.1197 0.124 0.079 0.129 0.128 0.175 0.176 0.137 0.142
Fe3+ 0.981 0.911 1.003 0.987 0.892 1.014 0.955 0.951 1.049 0.955 0.934 0.853 0.886 1.026 1.009
Mn3+ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Mg 0.114 0.098 0.100 0.112 0.095 0.075 0.1096 0.099 0.081 0.094 0.102 0.090 0.064 0.073 0.072
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Table 1. Cont.

Oxide
(wt. %) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

V 0.038 0.032 0.017 0.026 0.028 0.031 0.026 0.034 0.021 0.037 0.0409 0.031 0.044 0.042 0.027
∑Y 1.999 2.000 1.993 1.981 2.000 2.000 1.995 1.987 2.000 1.997 1.998 1.983 1.989 1.995 1.986
Si4+ 2.376 2.421 2.406 2.446 2.443 2.403 2.461 2.464 2.405 2.461 2.45 2.467 2.469 2.519 2.512
Al3+ 0.2041 0.223 0.229 0.2198 0.217 0.259 0.232 0.231 0.226 0.220 0.2212 0.196 0.112 0.137 0.075
Fe3+ 0.420 0.353 0.364 0.334 0.336 0.335 0.308 0.304 0.370 0.318 0.329 0.337 0.420 0.341 0.412
∑Z 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

End members mol. %
Andradite 48.41 44.76 50.14 49.38 43.76 48.99 47.5 47.53 50.68 47.24 46.25 42.65 44.29 51.32 50.45
Schorlomite 20.99 17.66 18.18 16.7 16.8 16.74 15.37 15.21 18.48 15.92 16.44 16.85 20.98 17.06 20.63
Schorlomite-

Al 10.21 11.16 11.44 10.99 10.86 12.97 11.59 11.57 11.30 11.02 11.06 9.81 5.58 6.88 3.76

Morimotoite 5.94 13.80 8.13 7.92 16.05 9.66 11.97 12.40 7.87 12.91 12.80 17.48 17.57 13.73 14.19
Morimotoite-

Mg 11.42 9.82 10.03 11.22 9.48 7.53 10.96 9.91 8.15 9.43 10.25 9.03 6.44 7.32 7.21

Goldmanite 1.90 1.59 0.83 1.30 1.40 1.57 1.29 1.68 1.03 1.84 2.05 1.53 2.23 2.12 1.34
Uvarovite 0.31 0.32 0.25 0.32 0.27 0.33 0.33 0.22 0.32 0.31 0.33 0.36 0.39 0.36 0.27

NaTi
Garnet 0.15 0.12 0.26 0.26 0.57 0.5 0.18 0.18 0.4 0.51 0.2 0.57 1.45 0.7 0.8

Calderite 0.65 0.55 0 0 0.47 1.04 0.27 0 0.68 0.5 0.43 0 0 0 0
Khoharite 0 0.13 0 0 0.22 0.59 0 0 1.09 0 0 0 0 0 0
Remainder 0.03 0.09 0.74 1.91 0.14 0.09 0.54 1.31 0 0.30 0.20 1.72 1.07 0.50 1.36

Total
(calc.) 100.01 100 100 100 100.02 100.01 100 100.01 100 99.98 100.01 100 100 99.99 100.01

Quality
Index Sup Sup Sup Exc Sup Sup Sup Exc Sup Sup Sup Exc Exc Sup Exc

Sup.—Superior; Exc.—Excellent.
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Table 2. LA-ICP-MS rare-earth and trace elements data (in ppm) of garnets from the carbonatite agglomeratic/brecciated intrusive, ASACC.

Rare-Earth Elements

Elements 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

La 72.1 67.3 52.0 50.8 39.9 52.2 46.8 64.1 47.1 33.1 65.5 51.1 48.6 51.5 49.9 29.35
Ce 379.0 366.0 315.0 283.0 248.0 247.0 276.0 339.0 231.0 202.0 346.0 295.0 275.0 285.0 209.0 162.0
Pr 64.0 63.2 55.0 48.3 46.1 45.5 47.9 61.7 42.3 37.2 63.5 52.0 51.2 46.9 38.8 29.2
Nd 335.0 340.0 295.0 256.0 238.0 234.0 245.0 323.0 225.0 199.0 329.0 281.0 281.0 234.0 198.0 154.4
Sm 87.2 91.6 71.6 60.8 58.1 58.1 64.8 86.3 55.6 51.8 88.1 75.2 75.1 59.9 61.1 45.25
Eu 29.7 32.2 24.3 19.4 19.2 19.5 22.1 29.6 18.6 17.1 31.5 26.8 25.8 20.3 21.0 16.07
Gd 79.9 81.3 61.5 50.9 49.8 49.1 55.61 74.2 46.7 42.7 79.4 68.6 63.0 50.7 50.2 38.52
Tb 12.4 13.5 9.4 7.2 7.1 6.9 8.4 12.0 7.0 6.8 12.8 11.1 10.5 8.19 8.7 6.5
Dy 72.9 78.7 48.2 39.48 39.2 37.4 48.0 70.0 39.1 37.3 75.7 65.4 58.7 47.1 51.7 39.5
Ho 12.9 14.2 8.7 7.1 6.9 6.4 8.2 12.8 6.9 6.6 13.8 12.0 10.6 8.6 9.4 7.0
Er 34.8 38.3 23.3 18.3 18.7 17.1 22.3 33.7 18.7 18.0 36.2 32.3 28.1 24.0 25.6 19.4
Tm 4.5 4.9 3.3 2.5 2.5 2.4 3.1 4.5 2.5 2.5 4.8 4.2 3.7 3.2 3.5 2.6
Yb 31.1 34.5 21.8 16.6 17.0 16.7 20.2 30.2 17.4 16.7 31.5 27.9 24.7 21.3 23.0 17.9
Lu 3.9 4.3 2.8 2.3 2.2 2.3 2.7 3.9 2.4 2.3 4.3 3.7 3.4 2.8 3.1 2.3

∑LREE 967.0 959.9 813.0 718.1 649.3 656.0 702.4 903.8 619.9 539.4 923.5 781.1 757.2 697.1 578.4 435.9
∑HREE 252.5 269.8 179.1 144.3 143.3 138.2 168.6 241.2 140.9 132.9 258.4 225.1 202.7 165.9 175.3 133.8
∑REE 1219.5 1229.7 992.1 862.4 792.6 794.3 871.1 1145.1 760.73 672.3 1181.9 1006.3 959.9 863.0 753.7 569.6

LREE/HREE 3.83 3.56 4.54 4.97 4.53 4.75 4.16 3.75 4.40 4.06 3.57 3.47 3.74 4.20 3.30 3.26
La/Yb 1.6 1.3 1.6 2.1 1.6 2.1 1.6 1.4 1.8 1.3 1.4 1.2 1.3 1.6 1.5 1.1
δEu 1.08 1.14 1.12 1.06 1.09 1.11 1.12 1.13 1.11 1.11 1.15 1.14 1.14 1.13 1.15 1.17
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Table 2. Cont.

Rare-Earth Elements

Elements 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Trace Elements
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Sc 15 16 14 12 13 12 14 15 14 14 14 14 13 11 13 10
V 1127 1083 1396 1693 2027 1670 1853 1114 2155 1903 1359 1311 1575 1533 1998 1451

Mn 2694 2616 2822 2629 2822 2660 2705 2369 3558 3197 3062 2777 2757 2693 2749 1863
Co 11 11 8 7 6 7 7 11 7 9 10 9 8 9 9 7
Ni 1 2 2 2 2 2 2 2 1 2 1 2 2 2 2 1
Zn 111 106 81 85 86 64 97 82 136 113 121 111 88 107 106 64
Sr 61 58 49 51 49 54 55 67 178 93 68 61 62 90 59 45
Y 335 365 238 194 194 189 231 335 193 191 362 315 290 244 266 195
Zr 3360 3379 2762 2057 2072 2082 2328 3892 1904 1817 3436 2876 2895 2257 1888 1821
Nb 2282 2134 957 1274 435 964 1196 739 1275 695 1742 1218 718 156 695 282
Hf 62 60 50 38 40 34 41 80 37 37 63 55 56 46 35 40
Ta 78 73 39 33 21 33 48 44 53 28 73 61 36 48 29 15
Th 22 23 14 13 7 11 12 15 8 6 17 13 10 12 7 5
U 22 21 17 14 10 14 16 16 13 10 19 14 12 14 11 6
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5. Results
Major and Trace Element Geochemistry

The garnet formula is normalized to 12 oxygen and 8 cations and calculated using
the Excel-based program [43]. According to the quality index [43], most of the analyses
are superior, and some are excellent. The re-calculated totals of the oxides are between
99.09 wt. % and 101.8 wt. %, which confirms the excellent quality of the EPMA data. The
compositional variation in terms of the concentration of the major element oxides is as
follows: CaO (32.54–33.33), Al2O3 (0.74–2.63), Fe2O3 (19.36–22.73), Cr2O3 (0.07–0.13). The
characteristic compositional feature of these garnets is the enrichment in TiO2, which varies
between 10.03 wt. % and 13.04 wt. %. The garnets have variable Fe, Al, and Ti (apfu),
resulting in the presence of several end members. Mostly, the compositional variations
can be explained through the andradite (42.65–57.25%), schorolomite (22.01–31.01%) and
morimotoite (15.64–26.51%) components. The hypothetical end members schorolomite-
Al, morimotoite-Mg (see Table 1) are also expressed as schorolomite and morimotoite,
respectively. As no significant MgO and MnO are measured, grossular and spessartite end
members are absent. The EPMA line scans along A–B for the phenocryst shown in Figure 5
do not reveal any significant compositional zoning in Ca, Si, and Al; however, Ti and Fe
show some variations. X-ray element maps of Fe, Ca, Al, and Ti reveal minor variation in
Ti, with concentrations slightly elevated in the core regions. Most other elements do not
display any significant compositional variation (see Figure 4). The relatively weak intensity
of the elemental variation makes it hard to interpret any zonation pattern.
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A total of 16 LA-ICP-MS spot analyses were carried out on garnet grains. This
includes both core and rim regions of grains. The studied garnets show similar chondrite
normalized REE patterns with a slight positive anomaly at Europium (Eu/Eu* = 1.06 to
1.17). The REE patterns are characterized by enrichment of the LREE and MREE (Ce to Dy)
relative to La and the HREE, giving it a convex upward pattern (Figure 6a). The total REE
concentration varies between 570 and 1230 ppm. The abundance of MREE (middle REE)
and LREE (LREE = 436–967, average 731 ppm) is relatively higher compared to the HREE
(HREE = 133–270 ppm, average 186 ppm). The ∑LREE/∑HREE ratio varies between 3.26
and 4.97, while the LaN/YbN varies between 1.11 and 2.11. The relative depletion of
La relative to the other LREE is a noteworthy feature of the REE patterns. In a multi-
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element plot, all analyses show strong enrichment of U (6–22 ppm), Nb (282–2283 ppm), Ta
(15–78 ppm), Zr (1816–3892 ppm), Hf (34–80 ppm), and V (1083–2155 ppm) and depletion
of La (29–72 ppm) and Sr (45–178 ppm) (Figure 6b).
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6. Discussion
6.1. Site Occupancies of Ti in Garnet and Its Classification

Although a number of studies have been carried out on different varieties of Ti-rich
garnet, the preferential site-specific substitution of Ti and Fe is not yet resolved [2]. Several
site-specific substitutions involving combinations of some or all the cations Fe2+, Fe3+, Al,
Ti4+, and Ti3+in octahedral, tetrahedral, and dodecahedral sites have been suggested [46].
In the present study, we have followed the recommendations of Locock [43]. As it is
difficult to determine the distribution of a given element among three sites in the absence
of spectroscopic or site-refinement data, each element of a given valence state is limited
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to either one or two sites. In the stoichiometric calculations, Mg, Al, Si, Ti, V, Cr, Mn3+,
Fe2+, and Fe3+ are assigned at the octahedral (Y) site, and Al, Si, and Fe3+ are assigned at
the tetrahedral (Z) site (see Table 1). Initially, all Si were assigned to the tetrahedral site; if
necessary, Al3+ and Fe3+ were used to fill the remainder of the tetrahedral site to make it
up to 3 apfu. In the octahedral site (Y), any Si in excess of 3 apfu, after allotment in the Z
site is assigned. The Ti4+ content varies from 0.64 to 0.82 apfu at the Y site, whereas the
Si content ranges from 2.37 to 2.55 at the Z site in the studied garnet. The Y-site Ti (apfu),
when plotted against Z-site Si (apfu) shows a strong negative correlation (Figure 7), which
suggests that Ti substitutes for Si. As the garnet compositions plot close to the 2Ti:1Si
(see the dotted line in Figure 7), the exchange of Si for Ti was not one-to-one [47]. This is
balanced by adding Fe2+ and Fe3+ at the Y site and some Fe3+ at the Z site.

As the studied garnets do not contain pyrope, grossular, and spessartine end members,
therefore, in the spessartine + pyrope-Ti-andradite-grossular compositional space, they plot
near Ti-andradite composition (not shown). In the literature, Ti-andradite, scholoromite
and melanite are three frequently used nomenclature of Ti-rich garnet. The principles for
distinguishing schorlomite from Ti-andradite have been suggested by Chakhmouradian
and McCammon, 2005 [48]. It is suggested that in the case of schorlomite, YTi > YFe3+ [3,49]
and TiO2 is >15 wt. % [50]. Ti-rich andradites are also classified into melanite and schor-
lomite depending on whether Fe3+ or Ti predominates in the octahedral site, placing the
limit approximately at 15 wt. % TiO2 [3]. According to this classification scheme, the stud-
ied Ti-rich andradites are classified as melanite as it contains a maximum of 13.04 wt. %,
of TiO2.

The Ti-rich garnets of Ambadungar were earlier classified as melanite [20]; however,
this is not consistent with the recommended classification scheme. According to the Inter-
national Mineralogical Association–The Commission on New Minerals, Nomenclature and
Classification (IMA-CNMNC), melanite is considered as a varietal name, and schorlomite
and morimotoite are the two Ti-rich garnet species that are currently accepted [2]. While
the studied garnet contains andradite, schorlomite and morimotoite end members (see
Table 1), therefore, it can be a member of this series.

6.2. Genesis of Garnet: Primary vs. Metasomatic

Generally, Ti-rich garnets have been reported to occur in a wide variety of paragene-
ses, from primary igneous to deuteric and hydrothermal, as well as low- to high-grade
metamorphic rocks [3,40,51]. They constitute a ubiquitous phase in many volcanic and
plutonic alkaline igneous rocks and carbonatites [3,40]. Although generally observed as a
primary phase in many alkaline rocks, garnets also occur as interstitial or irregular grains in
the groundmass formed by metasomatic reactions of earlier formed phases and late-stage
fluid [52]. Due to similar chemical and mineralogical composition, the discrimination
between metasomatic and primary magmatic Ca-rich garnet is always problematic [9].
Therefore, major and trace element characteristics have been investigated to confirm the
genesis of the studied garnet.

Based on major element geochemistry and textural evidence of Ti-rich garnets from
the ASACC, the possibility of their primary magmatic nature is doubtful [20]. The high Ti
content of these garnets (up to ~14 wt. %) and correspondingly not having any other Ti
bearing phases makes a critical question on the primary magmatic origin of these garnets.
An analogous case study is reported from the Sung Valley, where garnets from the ijolite
sample show similar TiO2 contents [53] (see Figure 8). They have observed a reaction
rim of titanite and garnet on perovskite, and based on this, a crystallization sequence
perovskite–titanite-Ti-garnet has been defined. These observations attest to a change in
the chemical composition of coexisting silicate melts and also confirm a primary magmatic
origin of garnet. On the contrary, the studied rock does not show any such crystallization
sequence and textural evidence. Therefore, based on the absence of textural evidence, the
primary magmatic origin of studied garnets is discarded. Moreover, titanium enrichment in
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the rock types of the Ambadungar complex was earlier reported in several studies [54–56]
in which authors report the presence of Ti-rich pyrochlore and ilmenite.
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represents the composition midway between schorlomite and morimotoite.

In general, the studied garnet is enriched in LREE (average 731 ppm) and is rela-
tively depleted in HREE (average 186 ppm). The LREE/HREE ratio varies from 3.21 to
4.89, whereas LaN/YbN varies from 1.11 to 2.11. By and large, LREE-enriched and HREE-
depleted REE pattern (see Figure 6a) is displayed by andradite–grossular garnets found
in skarn deposits [6,8,58–61]. On the other hand, the HREE-enriched and LREE-depleted
REE pattern is mainly displayed by Al-rich garnets (pyrope, almandine, spessartine, and
grossular) from metamorphic and magmatic systems [5,62–71]. The observed LREE en-
riched pattern of the studied garnets (Figure 6a) is similar to the REE pattern of skarn
deposit, which attests to the active role of metasomatic processes involving hydrothermal
fluids. Our observation of LREE enrichment in garnet is consistent with the earlier stud-
ies [56,72]; it is suggested that hydrothermal activity is the primary factor accountable for
the significant LREE mineralization in the Ambadungar complex.
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Compositional range of garnets from Sung Valley carbonatites [53], Samchampi-Samteran [73],
Ambadungar [20] are also shown for comparison.

One of the most intriguing features of the studied garnets is the depletion of La and
enrichment of Ce-Pr-Nd, showing a convex upward pattern. This pattern is similar to
a typical M-type first tetrad (La, Ca, Pr, and Nd). The lanthanide tetrad effect (M or W
type), first reported on REE pattern of natural samples [74] that produces four separate
curves (consisting of La–Ce–Pr–Nd, Pm–Sm–Eu–Gd, Gd–Tb–Dy–Ho, and Er–Tm–Yb–Lu).
Usually, the maximum M-type tetrad effect between La and Nd is related to the character
of REE partitioning between fluoride and silicate melts and F- and Cl-rich magmatic
fluids [75]. Therefore, the presence of M-type tetrad in the studied garnets is suggestive of
crystallization under fluid-rich conditions.

In the calcium garnet series, V3+ substitutes for Al3+ and Fe3+; therefore, vanadium is
usually present in the garnet in trace quantity. V2O3 is a rare component of calcium bearing
garnet [76]. Vanadium-rich grossular containing 4.52 wt. % V2O3 (supposed to be very high)
has also been reported [77]. Vanadium is not unusual in carbonatites as well; therefore, it is
suggested that V can be accommodated in aegirine and magnetite [78]. Vanadium contents
in the studied garnet are high, which varies from 1.08 to 2.15 wt. % (see Table 2). The
high content of vanadium has also been noticed from the sövites of Ambadungar, where
vanadium is present in wakefieldite and forms separate phase vanadinite [56]. Magnetite
and ilmenite, reported in several rock types of Ambadungar, could be the primary source
of vanadium. Hydrothermal fluid has induced its alteration, making the mobilization of V
(along with Ti) from greater depth and precipitating closer to the surface. Our observation
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is consistent with the proposal of Magna et al., 2020 [56], in which they have explained
the vanadium enrichment in sövite due to the role of hydrothermal fluid. Further, the
studied garnet grains also show a significantly high content of Nb, with the highest value of
2283 ppm. Moreover, the high Nb content has also been reported from the several varieties
of carbonatites of Ambadungar. The sövite and ankeritic varieties of carbonatite show
Nb variation from 25 to ∼3000 ppm; with the highest content of ∼5000 ppm [14,56]. In
these rocks (mostly sövites), pyrochlore is the primary Nb-bearing phase constituting up
to 50 modal %, and it shows a wide range of crystallization conditions starting from the
cumulate level to the late carbonatite phase [55]. Therefore, pyrochlore has been suggested
to the source for Nb, and it is released during its interaction with the hydrothermal fluid.

Based on textural evidence, REE pattern and the presence of abnormally high content
of Ti, Nb, and V, the reaction between hydrothermal fluid and early formed minerals is sug-
gested for the genesis of garnet in the Ambadungar complex. Further, the geochemical data
suggest that the hydrothermal fluid must be enriched in Fe, Si, LREE, Nb, V, and Ti content.
Therefore, the following reaction can be postulated for the growth of hydrothermal garnet:

CaCO3 + Fe2O3 + SiO2+TiO2→ {Ca3}[Ti4+
2](Si3-x)(Fe3+,Fe2+)xO12 + CO2

Carbonate Magmatic fluid Ti-garnet

Magnetite, ilmenite, and pyrochlore present in different varieties of carbonatites in
the Ambadungar complex could be the primary source for these elements.

6.3. Nature of Hydrothermal Fluid

A broader understanding of factors controlling REE mobility during fluid-rock in-
teraction is required to interpret the REE patterns [79]. The pH of hydrothermal fluid
primarily controls the REE fractionation; oxygen fugacity and the presence of ligand have
also substantial influence [79]. Under nearly mildly acidic pH and at higher temperatures,
the LREE are more efficiently transported as their complexes have higher stability con-
stants [80]. The higher LREE concentrations of the garnet suggest that the garnet growth
must have occurred from a relatively high-T LREE-enriched hydrothermal fluid. The fluid
was enriched in the LREE relative to the HREE and had positive or variable Eu anomaly,
which is also the general characteristics of common magmatic-hydrothermal fluids [4,79].
On the other hand, under neutral pH, the REE pattern becomes reversed with a negative
or no Eu anomaly. The observed LREE enriched REE pattern with moderately positive
Eu anomaly of the studied garnet provides compelling evidence for an acidic pH of the
hydrothermal fluid.

As the REE complexes of chloride (Cl−) and sulfate (SO4
2−) have high stability,

therefore, these are considered to be the primary ligands for transporting REE. [81,82].
Moreover, Cl− is considered to be the carrier of Eu2+; therefore, the Eu anomaly is strongly
controlled by its presence [4]. The negative Eu anomalies might be explained by the
absence of Cl− [83]. As the studied garnets do not show prominent positive Eu anomaly,
therefore, Cl− is not considered as a primary ligand in the hydrothermal fluid. Moreover,
a very negligible amount of Cl- (below the detection limit) in the altered apatite from the
Ambadungar carbonatite is reported by Fosu et al., 2018 [28]. Therefore, Cl− was unlikely
to have been present in any significant amount in the hydrothermal fluid. The REEs were
most likely transported as sulfate complexes in F-rich fluids.

The role of hydrothermal activity in ASACC and nearby alkaline complexes has been
reported in several studies. The different rock types of the Ambadungar complex were
metasomatized due to hydrothermal fluid, which was released during the last phase of
carbonatite magmatism [55]. Similarly, Viladkar and Wimmenauer, 1992 [54] and Viladkar,
1996 [19] have observed that hydrothermal fluids in Ambadungar were rich in F, Si, Fe,
Sr, U, Th, and Ba. Based on the presence of wakefieldite and vanadinite in sövites of the
Ambadungar complex, the role of hydrothermal solutions has been proposed by [56]. These
authors have also suggested a high amount of vanadium in the hydrothermal solutions
towards the end of the carbonatite magma activity. The famous fluorite deposit and LREE
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mineralization in Ambadungar can be attributed due to the effect of low-salinity (0.8–1.8
wt. % equivalent NaCl), low-temperature (100–150 ◦C) CO2-bearing aqueous fluids [72,84].
The unusual oxygen isotope compositions of sövites at Ambadungar could be due to the
activity of low-temperature hydrothermal activity [85–88]. The role of high activity of OH–,
(SO4)2–, Al, and Si in the fluid are reported from the hydrothermal REE mineralization
in the Ambadungar carbonatite complex as well [72]. Similarly, based on the noble gas
composition of carbonatites from ASACC [89], the role of hydrothermal fluid is suggested.
Therefore, the hydrothermal overprinting of the different rock types of the ASACC complex
is recommended.

7. Conclusions

Based on the new major, trace, and rare-earth element geochemistry of garnets from
the Ambadungar-Saidivasan alkaline carbonatite complex, the following conclusions
are drawn:

• The garnets are rich in TiO2 and characterized by andradite, schorolomite, and mori-
motoite end members in decreasing order.

• The garnets do not display any distinct chemical zonation; only minor variations in Ti
content are observed.

• Based on textural evidence, LREE enriched REE pattern with M-type first tetrad and
the presence of abnormally high content of Ti, Nb, and V, the role of metasomatic
reactions between earlier formed minerals and hydrothermal fluid enriched in Fe, Si,
LREE, U, Nb, V, and Ti content is suggested for the genesis of garnets.

• Magnetite, ilmenite, and pyrochlore present in different varieties of carbonatites in
the Ambadungar-Saidivasan complex could be the primary source for these elements
released during interaction with hydrothermal fluids. The hydrothermal fluid is
moderately acidic pH having fluorine and sulfate as primary ligands.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min11070756/s1, Table S1: Analyses of NIST 612 reference glass. External standardization was
done by standard-sample-standard bracketing with ten measurements of the samples bracketed by
two analyses of NIST 612 reference glass.
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