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Abstract:
The Mesoproterozoic North Delhi Fold Belt (NDFB) represents the northeastern limit of the
Aravalli–Delhi Fold Belt in the NW Indian craton. The mafic metavolcanic rocks from the
Tehla–Pandupol region of the Raialo Group were investigated from the southern part of the Alwar
sub-basin of NDFB. In this preliminary study, we present broad geochemical groupings of these
rocks and attempt to decipher their petrogenesis and tectonic setting. The mafic metavolcanic rocks
are gray to greenish gray, compact to foliated, and commonly occur as ground-level exposures,
occasional hillocks, and along the lower flanks of quartzite ridges. Their mineralogical and
textural attributes suggest variable degrees of alteration and greenschist to lower amphibolite facies
metamorphism. Geochemically, these rocks can be subdivided into three broad types; low Ti –high
Mg, moderate Ti –moderate Mg, and high Ti –low Mg groups. Trace element characteristics of
low- and medium- Ti groups (the early phases) show a notable crustal input while the most evolved,
high- Ti group seems to be generally unaffected by crustal contamination. Systematic variation
in geochemical characteristics during progressive differentiation and REE characteristics define
a genetic relationship between low and moderate Ti groups while high- Ti represents a distinct
group, unrelated to the rest.

Keywords: Mafic metavolcanic rocks; Geochemistry; Ti–Mg characteristics; Raialo group; North Delhi Fold Belt; Nw
India

1. Introduction

Basic rocks are the most suitable candidates for evaluating
the upper mantle composition and mantle evolution through
geological times, on account of their derivation exclusively
from the melting of a mantle source (Wilson, 1989). Their
geochemical characteristics not only provide an insight
into the mantle composition but also help in understand-
ing the crust-mantle interaction as the high-temperature
basic magmas would interact with and assimilate the crustal
rocks during the passage through the crust, and eventual
extrusion/emplacement. Therefore, basic magmatic rocks
have been extensively studied and several geochemical dis-
crimination schemes have been proposed for their source
evaluation and tectonic setting (Pearce and Norry, 1979;
Pearce and Peate, 1995; Dilek and Furnes, 2011; Verma

and Agrawal, 2011; Niu, 2018; Dabiri et al., 2018-a; Pearce
et al., 2021; Nazari et al., 2023; Ousta et al., 2024) and
references therein. In the Indian context, the Cretaceous –
Paleogene age Deccan basalts have attracted global atten-
tion on account of their association with the Reunion Plume,
vast expanse (∼500,000 km2 area), well-exposed sections
and unaltered nature (Subbarao and Hooper, 1988; Natali et
al., 2017) and references therein. These rocks have provided
useful information about the late Mesozoic mantle, however,
not much is known about the Precambrian mantle of subcon-
tinental India because the older mafic rocks have either been
eroded or completely altered and transformed in this region
(Ramakrishan and Vaidyanadhan, 2008) as the mafic rocks
are susceptible to erosion and alteration. Mafic volcanic
rocks are an essential component of the rift-sedimentary se-
quences and are known from various Precambrian rift basins
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of India (Ramakrishan and Vaidyanadhan, 2008). Geochem-
ical characteristics of mafic volcanic rocks of the Dharwar
Craton greenstone belts in southern India have provided
an insight into the nature of the south Indian Precambrian
mantle (Drury, 1982, 1983). Mafic volcanic rocks are also
known from the Aravalli basin in northwestern India where
they occur interlayered with metasedimentary rocks (Sinha-
Roy et al., 1998; Roy and Jakhar, 2002). Their Sm-Nd data
could not yield any meaningful ages but reported Nd model
ages range from 2600 to 2300 Ma (Ahmad et al., 2008) and
references therein, while, some studies have provided geo-
chemical details of these rocks (Abu-Hamatteh et al., 1994;
Abu-Hamatteh, 2002). Although basic volcanic rocks have
been reported from the Meso- Neoproterozoic Delhi Super-
group (Gupta et al., 1980), not much is known about their
geochemistry, probably on account of isolated and scanty
exposures. In the northern sector of the Delhi Fold Belt,
mafic volcanic rocks have been reported from the Bayana –
Lalsot and Alwar sub-basins (Gupta et al., 1997; Sinha-Roy
et al., 1998; Roy and Jakhar, 2002). The mafic volcanic
rocks in the southern part of the Alwar sub-basin (Protero-
zoic Delhi Supergroup) represent an important unit of the
Raialo Group, which is the lowermost stratigraphic unit of
the Delhi Supergroup. Although general geochemical char-
acterization of basic volcanic rocks from some parts of the
Alwar and Bayana – Lalsot sub-basins in this domain has
been provided by Raza et al. (2001) and Raza et al. (2007)
and Raza et al. (2014), their counterparts from the southern
part of the Alwar sub-basin have not received much geo-
chemical attention. We have studied the Raialo Group basic
metavolcanic rocks from the Tehla – Pandupol area where
they show the best development (Fig. 1 b). In this paper, we
provide an overview of geochemical characteristics of these
mafic volcanic rocks (subsequently metamorphosed) and
discuss (i) their Ti and Mg characteristics, (ii) the geochemi-
cal discrimination and identification of three geochemically
distinct groups in the area, and (iii) have attempted to evalu-

ate their petrogenesis and mutual relationships. This contri-
bution presents the preliminary geochemical characteristics
of mafic meta-volcanic rocks of the southern part of the
Alwar sub-basin for the first time. Detailed geochemical
and isotopic analyses of the mafic meta-volcanic rocks are
underway and will be included in a follow-up publication.

2. Geological setting

2.1 Geological overview
The Aravalli Delhi Mobile Belt (ADMB) forms the most
prominent Proterozoic supracrustal sequence in the north-
western part of the peninsular Indian shield (Fig. 1 a). The
Archean basement in this region comprises TTG gneisses
3.3 Ga – (Wiedenbeck et al., 1996), metasediments, and
granites 2.5 Ga – (D’Souza et al., 2020), collectively
named Banded Gneissic Complex by earlier workers BGC
– (Gupta, 1934; Heron, 1953). The basement rocks of
NW India were regrouped by Gupta et al. (1980) who
coined the term Bhilwara Supergroup which also includes
a Paleoproterozoic component, and further subdivided the
basement into Hindoli Group, Mangalwar Complex, and
Sandmata Complex. The basement is overlain by two
volcano-sedimentary sequences, an older Aravalli Super-
group (Palaeo- to Mesoproterozoic) and a younger Delhi
Supergroup (Mesoproterozoic) (Heron, 1953; Sinha-Roy
et al., 1998; Roy and Jakhar, 2002). The southern domain
of the ADMB mainly constitutes the Udaipur- Jharol Belt
of the Aravalli Supergroup (Roy and Paliwal, 1981) and the
Pindwara – Sirohi sector of the Delhi Supergroup (Gupta
et al., 1980).
Sinha-Roy (1984) proposed a diachronous sedimentation
history for Delhi Supergroup and subdivided it into two
distinct geographic domains, viz. an older North Delhi Fold
Belt (NDFB) and a younger South Delhi Fold Belt (SDFB).
This subdivision, based mainly on the difference in the in-
trusion ages, was contested by some other workers (Roy
and Kataria, 1999; Bose et al., 1996). Singh et al. (2010)

Figure 1. (a) Simplified geological map of Aravalli Delhi Fold Belt (Vanlenteetal2009). (b) Lithostratigraphic map of
Alwar sub-basin (adapted from (Sing, 1988)).
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introduced the terms North Delhi Terrane (NDT) and South
Delhi Terrane (SDT) for Delhi rocks in a purely geographic
context. The ADMB bears evidence of syn-sedimentary
volcanism and subsequent emplacement of granitic plutons.
Crawford (1970) and Heron (1917, 1922) and Heron (1953)
assigned a Pre-Delhi (System) age to these granitoids.
The erstwhile Delhi System was initially subdivided into
Alwar Series (older) and Ajabgarh Series (younger) by
Heron (1917, 1953) who also proposed an independent
stratigraphic status to the Raialo Series, between Aravalli
and Delhi systems. During a major revision of the stratigra-
phy of the Aravalli Craton, Gupta et al. (1980) and Gupta
et al. (1997) included Raialo rocks into the realm of the
Delhi Supergroup as its basal stratigraphic unit.
Sedimentation in the NDFB can be resolved into three NE-
trending sub-parallel, spatially distinct basins, namely, the
Khetri, Alwar, and Lalsot-Bayana sub-basins, from west to
east (Sinha-Roy et al., 1998). The geological sequence of
the Delhi Supergroup and its tripartite subdivision into the
Raialo (carbonate and basic volcanic rocks), Alwar (arena-
ceous facies), and Ajabgarh (argillaceous-arenaceous facies)
groups holds true for the NDFB, however, such grouping
cannot be applied to the SDFB (Gupta et al., 1980; Gupta
et al., 1997; I, 2001).
The Raialo Group is a predominantly carbonate-arenaceous
facies ensemble in the basal part and mafic meta-volcanic
rocks in the upper part. The overlying Alwar Group rep-
resents a dominantly arenaceous facies sequence, further
subdivided into the Rajgarh, Kankwarhi, and Pratapgarh
formations (Chakrabarti et al., 2004). The Ajabgarh Group
represents the youngest stratigraphic unit of NDFB and
consists of argillic-arenaceous and calcareous components
(Singh, 1984). The Ajabgarh Group is subdivided into

Kushalgarh, Sariska, Thanaghazi and Bharkol formations,
in the order of decreasing geological age. The stratigraphic
succession of the Delhi Supergroup of rocks in the Alwar
sub-basin, (Chakrabarti et al., 2004), is given in Table 1.
Several granitic bodies are known from the NDFB and were
considered syn-orogenic, S-type intrusions into Delhi rocks
for a long time (Chaudhary et al., 1984). However, Pandit
and Khatatneh (2003) discovered and reported A-type sig-
natures in Alwar sub-basin granitoids. Later, the A-type
granitoids were also described by Kaur et al. (2007) and
Kaur et al. (2011) in the Khetri sub-basin. In addition, these
authors also noted arc signatures in some of the Khetri sub-
basin granitoids. Geochronological studies during the last
decades have assigned Paleoproterozoic age for these NDFB
granitoids (Biju-Sekhar et al., 2003; Kaur et al., 2007; Kaur
et al., 2011). The geochronological distinction between the
northern and southern domains of the Delhi Supergroup
granitoids has been substantiated in several later studies
that reiterate that the NDFB ∼1.75 Ga; (Kaur et al., 2011;
Kaur et al., 2016; Pandit et al., 2021) is significantly older
than SDFB (Deb et al., 2001; Pandit and Khatatneh, 2003;
Singh et al., 2010; Mckenzie et al., 2013; Wall et al., 2018).
Kaur et al. (2007) suggested < 1660 Ma depositional age
for Delhi sedimentation in the NDFB. The detrital zircon
U-Pb age-based study by Wang et al. (2017) postulated a
1720 Ma depositional age for the North Delhi sediments,
further supporting a diachronous sedimentation history for
the Delhi Supergroup.

2.2 Geology of the study area

This study focuses on the Raialo Group mafic volcanic rocks
from the Alwar sub-basin of the NDFB and the study area
is shown in Fig. 1 b. In this region, sediments and syn-

Table 1. Stratigraphic succession of the Delhi Supergroup of rocks in the Alwar sub-basin as summarized by Chakrabarti
et al. (2004).

Post Delhi Intrusive granite

Arauli Formation

Bharkol Formation

Ajabgarh Group Thana-Ghazi Formation

Seriska Formation

Kushalgarh Formation

Delhi Supergroup Pratapgarh Formation

Alwar Group Kankwarhi Formation

Rajgarh Formation

Tehla Formation

Raialo Group Serrate Formation

Dogeta Formation

. . . . . . . . . . . . .Unconformity. . . . . . . . . . . . .

Basement Mangalwar Complex (BGC)
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sedimentary mafic volcanic rocks (since metamorphosed)
were deposited over an Archean basement that mainly com-
prises granite gneiss of Mangalwar Complex (Bhilwara
Supergroup/Banded Gneiss Complex). The exposures of
basement rocks are scanty and could be observed only at a
few places, in the form of ground-level exposures of granite
gneiss, garnet-sillimanite schist, banded magnetite quartzite,
quartz-chlorite schist, talc-schist, silicified quartzite, etc.
The Raialo Group has been subdivided into three forma-
tions and is unconformably overlain by the Alwar Group
rocks. The hiatus in sedimentation between the two groups
is represented by the development of a (basal) conglom-
eratic horizon that constitutes the basal unit of the Alwar
Group. The lowermost unit of the Raialo Group, the Dogeta
Formation, is represented by impure marble and patches of
gritty quartzite. Serrate Formation, the middle unit, mainly
contains massive quartzite. Tehla Formation, the uppermost
unit of the Raialo Group, is represented mainly by mafic
meta-volcanic flows, quartzite, and schist with sporadic ex-
posures of feldspathic quartzite (Banerjee and Singh, 1977).
The Raialo Group rocks show evidence of greenschist to
amphibolite facies metamorphism, as inferred from the min-
eral assemblages (details provided in the following section).
The lithological succession of the Raialo Group in the study
area is given in Table 2.
In the study area, steep quartzite ridges constitute the high-
elevation topography, while granite-gneiss basement rocks
are generally covered under the vast alluvium. Mafic meta-
volcanic rock outcrops, a few meters to > 100 m in thick-
ness, were sampled from Pandupol, Tehla, Rampur, Kharad,
Dantali, Natata, Jaitpur, Hamirpur, Jhiri, and Viratnagar
area where they occur as series of small hillocks and ground-
level exposures. In places, they are exposed along the lower
flanks of quartzite ridges. The mafic metavolcanic rocks
are mainly fine- to medium-grained, massive to foliated
and dark greenish in color. They show greenschist to am-
phibolite facies metamorphism and polyphase deformation,
reflected in the development of brown streaks (iron oxide
leaching) and secondary minerals. Banerjee and Singh
(1977) delineated a total of 16 flows from the region. De-
spite metamorphism, deformation, and notable alteration
these rocks occasionally display pristine magmatic features,
such as well-preserved pillow lava structures with diagnos-
tic glassy rinds and radial cracks, recently reported from
a solitary site near Tehla (Bairwa and Pandit, 2021), and
subrounded vesicles, at times, partly filled with secondary

quartz and calcite.

3. Petrographic and mineralogical
characteristics of the raialo metavolcanic

rocks
The petrographic examination of the sampled mafic metavol-
canic rocks shows significant textural and mineralogical
variations. Major minerals present in these rocks are amphi-
bole (mainly hornblende), plagioclase, microcline, biotite,
and chlorite with minor epidote, quartz, sphene, zircon, Fe-
Ti oxide, etc. Relict pyroxene could also be seen in some
cases. Based on the textural and mineralogical criteria,
these rocks can be classified into four sub-groups, namely
(a) hornblende-biotite schist, (b) chlorite-actinolite schist,
(c) hornblende schist and (d) amphibolite.

3.1 Hornblende-biotite schist
These rocks, exposed around Pandupol and Viratnagar area,
are fine- to medium-grained, foliated, and dark gray to
greenish-black in color. Their thin section examination
reveals the presence of hornblende, biotite, plagioclase,
quartz, and epidote as the main minerals, while zircon,
chlorite, and Fe-Ti oxides represent the accessory min-
eral phases. At places, deformed and recrystallized titanite
(sphene) can also be seen. Epidote and chlorite represent
alteration products of plagioclase and biotite, respectively
(Fig. 2 a).

3.2 Chlorite-actinolite schist
These are medium- to coarse-grained, gray to greenish-gray
rocks, exposed as small isolated hillocks around Rampur,
Dantali, and Kharar villages. Their petrographic examina-
tion shows a preferred orientation of actinolite, imparting
a ‘flow texture’ to the rock. Some of the actinolite grains
also display a sieve structure (Fig. 2 b). The major minerals
are chlorite and actinolite while plagioclase and quartz are
present in subordinate amounts.

3.3 Hornblende schist
The hornblende schist occurs as low-lying outcrops occu-
pying the lower flanks of quartzite ridges around Natata,
Jaitpur, and Hamirpur villages as fine- to medium-grained
and gray to greenish-gray colored rocks. They display a
well-developed schistosity, therefore, named hornblende
schist. Their petrographic examination reveals hornblende

Table 2. Stratigraphic succession of the Raialo Group in the study area (Gupta et al., 1992; Rastogi et al., 2016).

Tehla Formation Quartzite, schist and intercalated Sequence of quartzite and metabasic

Raialo Group Serrate Formation Quartzite

Dogeta Formation Tremolitic marble, quartzite phyllite and metabasic bands within impure marble

————Unconformity———

Mangalwar Complex (BGC)
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as the most dominant mineral, with the characteristic pris-
matic habit, greenish to pale green pleochroism, and two
sets of cleavages intersecting at 120o/60o (Fig. 2 c). The
other minerals are plagioclase and minor quartz.

3.4 Amphibolite
The mafic meta-volcanic rocks exposed around Tehla
and Jhiri area are also amphibole dominant and named
amphibolite. These rocks in the Tehla area are fine-grained,
greenish-black in color, and occur as massive to vesicular
flows. At places, vesicles are filled with secondary quartz
and calcite. Well-preserved pillow lava structures were
recently reported from the Tehla metavolcanic rocks by

Bairwa and Pandit (2021), who also provided details on the
pillow morphology and pillow dimensions. Petrographic
examination of these rocks reveals hypocrystalline to
sub-ophitic texture and actinolite-tremolite as the ma-
jor minerals along with minor quartz and plagioclase
(Fig. 2 d). The meta-volcanic rocks of the Jhiri area
contain moderate-size hornblende and actinolite grains,
set in a fine-grained groundmass constituted by quartz
and altered plagioclase (Fig. 2 e). Tiny, high-relief grains,
mainly epidote (sausserite) and sericite (Fig. 2 f) were also
observed. Well-defined schistosity in these rocks can be
attributed to the parallel alignment of amphibole minerals.

Figure 2. Photomicrographs of the Tehla mafic metavolcanic rocks (a) showing alteration of hornblende to biotite and
plagioclase to epidote, (b) chlorite and actinolite laths defining schistosity along with minor plagioclase and quartz,
(c) hornblende grains showing two sets of cleavage intersecting at 1200/600, (d) sub-ophitic texture and actinolite and
tremolite occurring as major minerals, (e) plagioclase laths showing sieve and skeletal texture, (f) amphibole grains
replaced by chlorite and epidote (sausserite), and minor quartz and altered plagioclase (sericite) in the groundmass. Mineral
abbreviations: Qtz: Quartz, Plg: Plagioclase, Bt: Biotite, Act: Actinolite, Chl: Chlorite, Hbl: Hornblende.
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4. Sampling and analytical methods
Fresh and visibly unaltered representative samples of mafic
meta-volcanic rocks were collected from several locations.
Each sample was broken into centimeter-size chips and
those showing alteration stains and weathering effects were
rejected before powdering the rest to -200 mesh size. A total
of 31 representative samples were subjected to whole-rock
major oxide and trace element analyses using SIEMENS
SRS-3000 X-ray fluorescence spectroscope (Saini et al.,
2007) while REE analysis was carried out by (ELAN-DRC-
E) ICP-MS, both housed at the Wadia Institute of Himalayan
Geology, Dehradun (Khanna et al., 2009). Reported analyti-
cal precision is better than ±7% for major oxides and trace
elements. For further details on the analytical procedure,
please refer to Saini et al. (2007) and Khanna et al. (2009).

5. Whole-rock geochemistry

5.1 Geochemical classification
The analyzed mafic metavolcanic rocks display a wide range
of SiO2 (48.23-53.93 wt. %), MgO (5.10-11.58 wt. %),
Al2O3 (9.64 - 12.91 wt. %), K2O (0.09 - 1.32 wt. %) (ex-
cept a lone sample with an anomalous value of 2.23 wt.%),
CaO (4.13 - 12.31 wt. %) and TiO2 (0.50 - 3.25 wt. %)
contents. The transitional elements display moderate to low
concentrations (Ni – 16 to 86 ppm; Cr – 44 to 182 ppm;
Co - 36 to 58 ppm). The low LOI values (< 1%) of these
rocks suggest that they may not be significantly weathered,
while low Rb/Sr ratios (0.01 - 0.19) further suggest that the
chemical characteristics may not have been significantly
modified during the post-crystallization process(es). Al-
though the trace presence of titanite in hornblende biotite
schist can be attributed to the high Ti content, the geochem-
ical characteristics of the other petrographic types do not
show any notable correspondence between petrography and
geochemistry. Therefore, the geochemical characteristics
of the entire data set have been described together in this
section.
The Ti is one of the least mobile elements and an important
denominator for working out the basalt petrogenesis and dis-
criminating the tectonic setting of magmatism (Rollinson,
1993). Considering its relative immobility during the post-
crystallization processes, we assume that the TiO2 concen-
trations in these low-grade metamorphic rocks represent
primary geochemical signatures. Studied mafic metavol-
canic rocks show a wide variation in TiO2 abundance and
display an inverse correlation with MgO, another significant
index for evaluating the crystallization behavior of basaltic
magmas. Therefore, the rocks have been tentatively subdi-
vided in to three geochemical types, based on the relative
abundance of TiO2 and Mg#. We have used Mg# instead of
absolute MgO content because it includes two parameters
(Fe and Mg).
1. Low Ti (TiO2 < 1 wt. %) – high Mg# (Average – 58.24,
Range – 51.12 – 66.48) group
2. Moderate Ti (TiO2 = 1–2 wt. %) – moderate Mg# (Aver-
age – 55.03, Range - 43.04 – 64.43) group, and
3. High Ti (TiO2 > 2 wt. %) – low Mg# (Average – 51.18,
Range – 46.59 – 55.98) group

The average geochemical data for each group and the range
of each parameter are listed in Table 3. Since this is the first
study on geochemical characteristics of Tehla metavolcanic
rocks, the data from the Bayana and Alwar sub-basins of the
North Delhi Fold Belt and Aravalli basic volcanics (Ahmad
and Tarney, 1994; Abu-Hamatteh, 2002; Raza et al., 2014)
have also been included for comparison and overview of
Proterozoic mafic magmatism in the Aravalli Delhi Fold
Belt.
In the most widely used Total Alkali versus Silica (TAS)
classification scheme of Bas et al. (1986) the Raialo metavol-
canic rocks, despite a variation in Ti – Mg contents, display
an overall subalkaline/tholeiitic affinity and plot as a sin-
gle coherent group across the basalt-basaltic andesite fields
(Fig. 3 a). Other samples also show a broad subalkaline/t-
holeiitic character, however, with a data scatter. Although
the low LOI values of the Raialo mafic metavolcanic rocks
(Table 3) suggest an insignificant weathering and least geo-
chemical alteration effect, the possibility of modification
in the alkali contents needs to be thoroughly evaluated on
account of their highly mobile nature. Therefore, the sam-
ples were further classified using the relatively immobile
elements-based.
geochemical classification (Nb/Y vs. Zr/ TiO2) scheme of
Winchester and Floyd (1977). The diagram is in general
agreement with the TAS classification, however, the three
groups define a tight cluster in the sub-alkaline basalt do-
main and there is an overall coherence with the other data
from the Aravalli Delhi Fold Belt (Fig. 3 b). A general
agreement between major oxide and trace element based
classifications points toward an insignificant post crystalliza-
tion alteration effect. The classification scheme of Jensen
(1976) utilizes Fe+Ti, Al, and Mg, which are important
parameters in evaluating magmatic differentiation. In this
diagram, the high Ti –low Mg and low Ti –high Mg samples
show clear discrimination and plot in high Fe and high Mg
tholeiite fields, respectively while the moderate Ti group
plots at the boundary between the two fields (Fig. 3 c). The
Aravalli samples, on account of high Mg contents, plot in
the komatiitic basalt and komatiite fields, distinctly away
from the rest of the data set. The Raialo mafic metavolcanic
rocks define an iron enrichment trend and tholeiitic affinity
in the AFM plot of Irvine and Baragar (1971).

5.2 Trace and rare earth elements geochemistry

Trace and Rare Earth Elements, although collectively ac-
counting for less than 1% of the bulk rock, are significant
in evaluating the magma generation and its evolution. The
multi-element spider diagrams wherein trace elements are
arranged according to increasing degree of compatibility,
provide an overview of the relative abundance of critical
trace elements, therefore, are useful in understanding the
geochemical characteristics of the rock during the magma
evolution process (Wilson, 1989; Rollinson, 1993). The
primordial-mantle (PM) normalized spider diagrams for
the three groups of Raialo mafic metavolcanic rocks are
presented in Fig. 4 a (normalizing values after (Sun and Mc-
Donough, 1989)); the data for Bayana and Alwar sub-basins
(Raza et al., 2014), other NDFB and Aravalli volcanic, have
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Figure 3. Geochemical classifications of the Tehla metavolcanic rocks based on (a) Total Alkali vs. Silica (TAS) (Bas
et al., 1986), (b) Nb/Y vs. Zr/ TiO2 (Winchester and Floyd, 1977) and (c) Fe+Ti, Al and Mg (Jensen, 1976) classifications
schemes. Aravalli TH (tholeiite); KM (komatiite); KB (komatiitic basalt) - Ahmad and Tarney (1994); Jharol belt and
Ambaji Deri - Abu-Hamatteh (2002) have also been shown for comparison.

Figure 4. (a) Primordial-mantle (PM) normalized trace element spider diagrams of the Raialo metavolcanics (normalizing
values after (Sun and McDonough, 1989)). (b) Chondrite normalized REE diagrams of the Raialo metavolcanics (nor-
malizing values after (Sun and McDonough, 1989)). An overview of Bayana and Alwar volcanics (Raza et al., 2014);
Aravalli TH (tholeiite); KM (komatiite); KB (komatiitic basalt) - Ahmad and Tarney (1994); Jharol belt and Ambaji Deri -
Abu-Hamatteh (2002) have also been shown for comparison.
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also been plotted for comparison. Although the three groups
show an overall general slope towards the right side of the
diagram, notable differences among them are discernible
in terms of enrichment and depletion levels of individual
elements. The low-Ti samples display Th enrichment, mi-
nor Ta depletion, and a small Ti negative anomaly. The
moderate Ti group samples show similar trends but higher
enrichment levels for the incompatible trace elements. In
the absence of any discernible Nb anomaly, the Sr depletion
and Th enrichment do not seem to be caused by crustal input
and Sr depletion can be linked to plagioclase crystalliza-
tion. The compatible trace elements show relatively lower
enrichment levels in all the samples and lack any notable
anomalies. The high-Ti (low-Mg) samples are distinct from
the rest in terms of significant LILE enrichment, a common
feature of evolved magmas. This group displays a rather
smooth trend, except for minor negative anomalies for P
and Zr. A positive Th anomaly and lack of Ti and Nb–Ta
negative anomalies, preclude any crustal contamination for
these rocks. It is interesting to note that all three groups
display a variable Pb enrichment. The behavior of Pb in
basaltic melts could be intriguing and difficult to explain.
It may be an inherent characteristic of the magma. Avail-
able trace and Rare Earth Element data for Aravalli mafic
metavolcanic rocks have also been plotted (Fig. 4 a, 4 b)
but it is hard to make any meaningful comparison as some
parameters are missing.
The REE data are conventionally normalized against chon-
drite values and in the present case, the normalized REE con-
centrations (normalizing values after (Sun and McDonough,
1989)) are plotted in Fig. 4 b. The chondrite normalized
REE patterns of the Low–Ti (high-Mg #) volcanic rocks
show a flat trend and moderate enrichment (15 to 20 times
Chondrite) with no visible anomalies, therefore represent-
ing the undifferentiated melt compositions. The medium-Ti
group displays moderate LRRE enrichment (La, ∼60 times
chondrite) and generally flat HREE trends, implying a mod-
erately differentiated melt while the high-Ti group shows a
relatively steep LREE slope (La, ∼95 times chondrite) and
sub-horizontal HREE trends.

6. Discussion on melt source and tectonic
setting

A close similarity between low- and moderate-Ti samples is
indicated by their significant Th enrichment and minor Ta
and Ti depletion. These geochemical attributes underline a
genetic relationship between the two groups. Minor Zr de-
pletion and decoupling between the Nb–Ta pair rule out any
significant crustal input in these rocks, therefore, their high
Th abundance seems an intrinsic character derived from the
parent rock (Fig. 4 a). In the TiO2 – MgO diagram, the
Raialo Group mafic metavolcanic samples define an inverse
correlation (Fig. 5 a). This attribute is also replicated in
the samples from Aravalli–Delhi Belt (Ahmad and Tarney,
1994; Abu-Hamatteh, 2002). The low-, moderate-, and high-
Ti groups show an inverse correlation between the CaO –
P2O5 pair which is a normal attribute of basaltic magma dif-
ferentiation. The P behaves incompatibly in basaltic magma
evolution and would show progressive enrichment while

CaO would decrease (Fig. 5 b).
The REEs are considered generally immobile during post-
crystallization processes and low-grade metamorphism,
therefore, constitute a more robust data set for decipher-
ing the process of magma generation and its evolution. The
low-Ti group samples show flat and slightly enriched REE
trends, the absence of any LREE/HREE fractionation, and
lack of Eu anomaly (Fig. 3 b). These characteristics suggest
an undifferentiated primary melt derived from an enriched
mantle source with no residual garnet (Fig. 4 b). During
progressive fractional crystallization, the low–Ti melt dif-
ferentiated and evolved into the medium-Ti basalt through
enrichment of Ti and LREE, and depletion of Mg (early re-
moval of Mg-bearing mineral phases). Both groups display
flat HREE patterns with closely comparable enrichment
levels. The high-Ti group shows the highest trace element
abundances (Fig. 4 a) and also has the highest ΣREE and
highest LREE enrichment (Fig. 4 b). However, their distinct
trace element characteristics, such as lack of Th anomaly,
Nb – Ta coupling, etc., rule out any genetic relationship with
either low- or medium Ti group rocks. Thus this group rep-
resents derivation from an enriched mantle source, distinct
from the other groups. The high-Ti group may represent
either a temporally distinct event or a heterogeneous mantle
source, and melting at a relatively shallow depth.
The TiO2 – MnO – P2O5 triangular diagram (Mullen, 1983)
is useful in discriminating the tectonic setting of mafic mag-
matic rocks. In this diagram, the low-Ti group shows an
Island Arc Tholeiite (IAT) affinity, grading towards the
MORB field for the medium Ti group, further substantiat-
ing a close linkage between the two groups (Fig. 6 a). On
the other hand, the high-Ti group plots in the OIT field, as
a separate group. In the Ti–Zr discrimination diagram of
Pearce (1982) the low-Ti group shows Island Arc lava char-
acteristics, transitional into the within plate lava field while
the high-Ti group plots clearly away, in the within plate
field (Fig. 6 b). In a recent update of their earlier trace ele-
ment discrimination scheme, Pearce et al. (2021) proposed
a Th/Yb – Nb/Yb diagram wherein low- and medium-Ti
groups indicate an E-MORB like source, affected by fluid in-
teraction under arc setting (Fig. 6 c) while the high-Ti group
shows affinity with an uncontaminated E-MORB like source.
The Bayana sub-basin volcanics represent more evolved
compositions with source regions significantly affected by
fluid interaction. The Nb/La values of the high-Ti group
show a close affinity with PM while low- and medium-Ti
groups can be linked through La enrichment and Mg deple-
tion during progressive differentiation (Fig. 6 d).

7. Conclusion
The geochemical characteristics of the Raialo Group
mafic metavolcanic rocks of the southern Alwar sub-basin,
discussed above, lead to the following conclusions:
1. The TiO2 and Mg# of mafic metavolcanic rocks allow
their subdivision into three geochemical groups, namely;
low-Ti – high-Mg#, moderate-Ti – moderate-Mg#, and
high-Ti – low-Mg# basalts.
2. The low-Ti (high Mg#) group represents the early melt
compositions that eventually evolved into moderate-Ti
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Figure 5. (a) MgO vs. TiO2 and (b) CaO vs. P2O5 binary plots showing an inverse correlation between the two elemental
pairs. Aravalli TH (tholeiite); KM (komatiite); KB (komatiitic basalt) - Ahmad and Tarney (1994); Jharol belt and Ambaji
Deri - Abu-Hamatteh (2002).

Figure 6. Tectonic discrimination diagrams of basic metavolcanic rocks of the Tehla Formation (a) TiO2-MnO-P2O5 ternary
diagram (Mullen, 1983) (b) Zr vs. Ti diagram (Pearce, 1982) (c) Th/Yb vs. Nb/Yb diagram (Pearce et al., 2021) (d) Nb/La
vs. MgO diagram (Kepezhinskas et al., 1996); Aravalli TH (tholeiite); KM (komatiite); KB (komatiitic basalt) - Ahmad
and Tarney (1994); Jharol belt and Ambaji Deri - Abu-Hamatteh (2002) have also been shown for comparison.
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basalts during progressive fractionation.
3. Although the high-Ti group represents the most evolved
magma composition, its distinct geochemical signatures
preclude any genetic relationship with low- and moderate-Ti
groups. Therefore, the high-Ti samples represent evolution
from a distinct and more evolved mantle source and do
not show any crustal input. The crustal input in the other
two groups could not be evaluated due to contradictory
geochemical signatures such as Th enrichment, absence of
Nb anomaly, and minor Zr depletion.
4. The geochemical discrimination patterns point toward a
primitive mantle source modified by fluids for the low-Ti
group, and transitional setting for the medium-Ti group
while the high-Ti group shows affinity with the within-plate
setting.
5. The low- and medium-Ti groups show a close geochem-
ical affinity and genetic linkage with each other while
the high-Ti group represents a discrete (enriched) mantle
source, thus underlining either mantle heterogeneity or
different depths of mantle melting, if they erupted at the
same time.
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