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The rocks of Raialo Group in the Alwar sub-basin of North Delhi Fold Belt were investigated with a focus
on meta-basic lava Cows of the Tehla Formation. The basaltic rocks, now occurring as amphibolites, are
medium- to Bne-grained and show evidence of greenschist to lower amphibolite facies metamorphism,
characterized by dominant plagioclase, hornblende, actinolite, chlorite, and minor, epidote, opaque, and
Fe–Ti oxide mineral assemblage. The presence of amygdules and vesicles, well preserved primary igneous
texture, and relict pyroxenes, at places, conBrm their basaltic lineage. In a single outcrop, located to the
northeast of Tehla village, well-preserved pillow structures have been discovered. The pillow structures
vary in size (few cm to [1 m) and shape (spheroid, elongate and kidney-shaped), and inter-pillow spaces
are Blled up with chert, at places. This is the Brst report of pillow basalt occurrence from the North Delhi
Fold Belt. In addition to oAering evidence of submarine basaltic volcanism, the mega-pillows, gabbroic
lenses, and presence of ultramaBc rocks in the region suggest a possible ophiolite setting that needs a
detailed petrographic and geochemical evaluation.
Keywords. Pillow basalt; Proterozoic; pillow morphometry; ophiolite; Tehla Formation; North Delhi
Fold Belt; northwest India.

1. Introduction
Pillow lavas are significant in interpreting the
tectonic environment of submarine volcanism.
Coupled with the application of maBc rocks in
deciphering the nature of the mantle source (asthenospheric or lower lithospheric), the pillow
lavas interlayered with sediments, provide valuable
constraints in modelling the volcanism and sedimentation tectonism, and submarine microbial
activity during the early history of the Earth
(Furnes et al. 2004). The basic (±ultrabasic) rocks
are usually present in almost all the old cratonic
blocks as ‘greenstone belts’ and pillow basalts have

been reported from Archaean to Proterozoic
volcano-sedimentary greenstone belts, such as the
Barberton Greenstone Belt (South Africa), Isua
Greenstone Belt (southwest Greenland) and Pilbara Craton (Australia) (Allaart 1976; Banerjee
et al. 2007; Furnes et al. 2011). In the Indian context, the greenstone belts of Dharwar Craton
(Chitradurga and Maradihalli hill) and Bundelkhand Craton (Mauranipur area) host pillow
basalts that may be cited as the oldest pillow basalt
Cows from India (Radhakrishna 1984; Malviya
et al. 2004). In the North Indian Block, the PaleoMesozoic age Aravalli and Delhi Supergroup rocks
expose two generations of greenstone belts
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(Fareeduddin and Banerjee 2020 and references
therein), where syn-sedimentary maBc lava Cows
occur interlayered with metasediments. Although
Neoproterozoic age pillow lavas have been reported
from the Punagarh and Sindreth groups, along the
western margin of the Aravalli Delhi Fold Belt
(Chore and Mohanty 1998; van Lente et al. 2009),
pillow lavas are not known so far from the Aravalli
Delhi Fold Belt. We have investigated the Raialo
Group maBc (meta) volcanic rocks from the Alwar
sub-basin of the North Delhi Fold Belt and have
discovered ‘pillow lava’ structures from a solitary
outcrop near Tehla village (Bgure 1). Besides the
Brst report of ‘pillow lava’ structures from the
North Delhi Fold Belt, we have described physiographic and petrographic characteristics of pillow
basalts. Considering the other meta-basic rocks of
Tehla Formation, the possibility of a maBc–ultramaBc association and ophiolite setting need evaluation and substantiation through detailed
geochemistry.
2. Geological setting
2.1 Regional geological setting
The Northwest (NW) Indian Block, comprising
Aravalli Craton and Marwar Block, encompasses
Archaean to Recent age rock formations. The Aravalli Mountain Range forms the most prominent
geomorphic feature in this region, constituted by an
Archean basement [(Banded Gneissic Complex
(BGC) of Heron 1953; Bhilwara Supergroup of
Gupta et al. 1980)] over which Aravalli (Paleoproteroic) and Delhi Supergroup (Mesoproterozoic)
sediments were deposited. These supracrustal
sequences constitute the Aravalli Delhi Fold Belt
(ADFB) (Bgure 1a). The BGC is a complexly
deformed gneissic terrane and has close lithological
similarities with other Archean gneissic complexes
of the Indian shield (Naqvi and Rogers 1987). It
consists of metasediments, Tonalite–Trondhjemite–Granodiorite (TTG), granite, granitic
gneisses, migmatites, pegmatites, amphibolites,
maBc–ultramaBc rocks, and granulites (Heron 1953;
Sinha-Roy et al. 1998; Roy and Jakhar 2002). The
BGC was redesignated by Gupta et al. (1980) as
Bhilwara Supergroup (including a Paleoproterozoic
component) wherein greenschist, amphibolite, and
granulite facies rocks were grouped into Hindoli
Group, Mangalwar Complex, and Sandmata Complex, respectively. The Aravalli Supergroup mainly
comprises a low-grade metamorphic assemblage of
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strongly folded sediments and interlayered basic
volcanics. It can be subdivided into near-shore shelf
facies (Udaipur Belt) deposition in the east and a
deep water facies (Jharol Belt) in the west, both
separated by the N–S trending, Rikhabdeo Lineament (Roy and Paliwal 1981; Sinha-Roy et al. 1998;
Roy and Jakhar 2002). The Delhi Supergroup is the
most dominant stratigraphic unit of the NE-trending, Aravalli Delhi Fold Belt (ADFB), exposed over
a strike length of [750 km, from south of Delhi to
northern Gujarat, through the eastern half of
Rajasthan State (Gupta et al. 1992). Heron (1953)
subdivided the erstwhile Delhi system (later
renamed to Supergroup) into a lower, Alwar series
(Arenaceous) and an upper, Ajabgarh series
(Argillaceous), placing Raialo series (carbonates
and volcanics) as an independent chronostratigraphic unit between Aravalli and Delhi systems.
Gupta et al. (1980) redeBned the status of Raialo
Group and considered it as the lowermost unit of
Delhi Supergroup. The Meso-Neoproterozoic, Delhi
Supergroup, mainly comprises deep-water to platform-type sediments (Roy and Jakhar 2002),
deposited over the BGC granite gneiss basement
(Banded Gneiss Complex; BGC of Heron 1953).
Based on the outcrop style, lithological attributes,
and the age of intrusive granites, Sinha-Roy (1984)
proposed two temporal and spatial domains for
Delhi rocks, namely North Delhi Fold Belt (NDFB)
and South Delhi Fold Belt (SDFB). Some more
recent detrital zircon geochronological studies further conBrm the diachronous sedimentation history
of the Delhi Supergroup wherein the northern segment represents an older domain (Mckenzie et al.
2013; Wang et al. 2017).
The NDFB has been further subdivided into
three, fault-bound, sub-parallel basins, namely, the
Bayana, Alwar, and Khetri sub-basins (Sinha-Roy
et al. 1998), from east to west (Bgure 1b). In the
revised stratigraphy of Delhi Supergroup, Gupta
et al. (1980) retained the three subdivisions, i.e.,
Raialo, Alwar, and Ajabgarh groups for the
northern domain, while the southern domain was
subdivided into several terranes wherein Gogunda
and Kumbhalgarh groups were tentatively correlated with Alwar and Ajabgarh groups, respectively. Post Delhi intrusives also display two
distinct age groupings. Largescale acid magmatic
events during 970–820 Ma (Sendra–Ambaji and
Erinpura Granite) have resulted in the emplacement of several granite massifs in SDFB (Deb et al.
2001; Pandit et al. 2003; Just et al. 2011; Zhao et al.
2018, de Wall et al. 2018). For a long time, the
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Figure 1. (a) Geological map of Aravalli Delhi Fold Belt (after van Lente et al. 2009). (b) Lithostratigraphic map of Alwar sub-basin
(after Biju Sekhar et al. 2003). (c) Geological map of Tehla area (after Rastogi et al. 2016). The location of pillow basalt exposure near
Tehla village has also been indicated. Abbreviation used. AJ: Ajitgarh, BA: Barodiya, BT: Bairath, DR: Dadikar, HR: Harsora.
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granitic intrusions in NDFB were assigned
*1600 Ma age, based on the Rb–Sr whole-rock
error-chron data (Chaudhary et al. 1984). Two distinctive ages for intrusive granitoids were considered
as the basis to suggest diachronous sedimentation
for Delhi Supergroup wherein NDFB represents the
older domain (Sinha-Roy 1984). This ‘granite
intrusion age’ based classiBcation, was contested by
Roy and Kataria (1999) and Bose et al. (1996), based
on a common deformation geometry observed
throughout the Delhi Fold Belt. The later
geochronological studies on granitoids from Alwar
and Khetri sub-basins have revealed 1.72–1.8 Ga
ages and transition from an arc setting to extension
tectonics, based on granitoid geochemistry (BijuSekhar et al. 2003; Kaur et al. 2006, 2012, 2017;
Pandit et al. 2021). In a detrital zircon U–Pb age
study on Delhi metasediments, Wang et al. (2017)
identiBed an older provenance for NDFB as compared to SDFB, thus substantiating the diachronous
sedimentation history for the Delhi Supergroup.

generally accepted by the later workers (Gupta et al.
1980; Sinha-Roy et al. 1998; Roy and Jakhar 2002
and references therein). Singh (1988) suggested that
the Raialo Group was deposited within graben or
half-graben-like structures, in a rift setting.
The Tehla Formation is the uppermost stratigraphic unit of Raialo Group and overlies the Serrate
Quartzite (table 1). It is exposed around Dabkan,
Nathra, Rada, Nandu, Tehla, Talab, and Andhaka
Guwara villages (Bgure 1c). The major lithologies are
pebbly and gritty quartzite, meta-arkose, quartzite,
schist, phyllite, and an intercalated sequence of
quartzite and basic volcanic rocks. The quartzite is
massive, medium to coarse-grained, well-foliated, and
overlies the meta-volcanic rocks. Medium to coarsegrained, grayish-white coloured, massive quartzite,
exposed to the north of Tehla village, shows typical
exfoliation structure. Basic volcanics include vesicular to amygdaloidal basaltic Cows, in the Mallana and
Jhiri area while well-preserved pillow basalts were
encountered in a NE–SW trending hill, to the northeast of Tehla village (Bgure 1c).

2.2 Geology of the study area
The study area, exposing the Tehla Formation of
Raialo Group, falls in the southern part of the
Alwar sub-basin of NDFB (Bgure 1c). The Raialo
Group rocks are best exposed around Dogeta,
Gola-Ka-Bas, Mallana, Tehla, Raialo-Sankotra,
Jhiri, Tilwarhi, Todi, and Kho-Dariba villages.
The Raialo Group overlies the granite gneisses of
the Banded Gneiss Complex along a pronounced
non-conformity. It is further subdivided into a
lower, Dogeta (carbonate and arenaceous), middle,
Serrate (arenaceous–massive quartzite) and upper,
Tehla (meta-basic volcanics and quartzite) formations, and, in turn, overlain by the predominantly
arenaceous facies, Alwar Group sediments along a
profound unconformity (table 1). Heron (1953)
described the meta-basic volcanic rocks of Raialo
series (Group) as post-Delhi intrusives, while
Banerjee and Singh (1977) reinterpreted them as
syn-sedimentary basic Cows, which has been

2.2.1 Structure and Beld relationship
The Tehla Formation in the study area is represented by a NW–SE trending arkosic quartzite
sequence, encountered in the low-lying area, to the
north-east of Tehla village (Bgure 1c). It is followed
up by an intensely foliated and sheared, NNWtrending, steeply dipping, metabasalt/amphibolite
unit. The contact between metabasalt and underlying arkosic quartzite is sheared and tectonized.
The intensity of shearing progressively diminishes
away from the contact and the metabasalt becomes
coarser-grained and less foliated, and massive and
undeformed at the base of a small hill where wellpreserved pillow structures are exposed (Bgure 2).
The pillow structures show an increase in the size
up-section. The pillow metabasalt is dark greyish
black coloured, medium to coarse-grained rock,
mainly constituted by plagioclase and hornblende,
with subordinate secondary calcite. Meta-arkose,

Table 1. Stratigraphic succession of Raialo Group (Gupta et al. 1992; Rastogi et al. 2016).
Raialo group

Tehla Formation

Quartzite, schist and intercalated
sequence of quartzite and metabasic
Serrate Formation
Quartzite
Dogeta Formation
Tremolitic marble, quartzite phyllite,
and metabasic bands within impure marble
...................................Unconformity...................................
Mangalwar Complex (BGC)
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Figure 2. Morphology and Beld observations of Tehla pillow structures. (a) Mega pillows devoid of any inter-pillow sediments.
(b) Flattened and tubular pillow with hyaloclastite. (c) Outcrop of Pillow lava showing pillow lobes separated by inter pillow
chert. (d) Stack of pillows having sharp glassy rinds and absence of vesicles. (e) Cross-section of pillow showing thin rind (dark)
and a massive core (grey), and accumulation of pipe vesicles at the rim. (f) Pillow formed due to budding.

interbedded with the basic volcanics is poorly
exposed in the area north of Nadu village. Interbanded volcano-sedimentary sequence of quartzite
and meta-basic Cow units indicates synsedimentary volcanism in the basin. A 200 m gabbroic
body, cross-cutting the metabasalt, is exposed
about 4 km SE of the pillow lava exposures.
3. Megascopic features and morphology
of pillow basalt
The metabasic volcanic Cows occur as an approximate 100 m thick sequence, exposed around Mallana, Tehla, Kharawas–Talab, Ladika Guwara,

Rada, and Nandu villages (Bgure 1c) in NW–SE
trending, linear outcrops. Most of these rocks are
massive while pillow basalts were observed only in
a single outcrop, a NE–SW trending hill, located to
the northeast of Tehla village (Bgure 1c). Here,
meta-basic Cows occur interlayered with metasediments. The pillow basalts are dark greenish gray
coloured, Bne-grained and massive, occasionally
medium-grained with euhedral, recrystallized
amphibole grains (Bgure 2a, b). The pillow morphology can be described as spheroid, elongate, and
kidney-shaped (Bgure 2c, d). Despite the shape
distortion due to medium-grade (amphibolite
facies) metamorphism and moderate deformation,
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Figure 3. Photomicrographs of metamorphosed pillow lavas of Tehla area. (a) Metabasalt showing sub-ophitic texture (in XPL).
(b) Photomicrograph of core of the pillow structure showing coarse grained texture. (c) Cumulophyric texture of pillow basalt (in
XPL). (d) Photomicrograph showing glassy rind of the pillows structure. (e) Photomicrograph showing alteration of amphibole
and plagioclase in metabasalt. (f) Photomicrograph of metabaslt showing alteration of pyroxene into amphibole. (g) Amphibole
showing zoning and sieve texture in metabasalt. (h) Metbasalt showing still-preserved porphyritic texture. Abbreviation used:
qtz: Quartz, pl: Plagioclase, cpx: Clinopyroxene, act: Actinolite, hbl: Hornblende.

the majority of pillows still retain their lobate
outline and can be identiBed by rounded/subrounded/oblong shapes, glassy rind, and radial
cracks (Bgure 2e). The diameter of the least
deformed pillows varies from a few cm to more
than a metre (Bgure 2a). According to the pillow
lava classiBcation scheme of Walker (1992), the

Tehla pillows can be named as normal (\1 m long)
to mega-pillows ([1 m long) (Bgure 2a, c, d). The
pillows have a compact core and glassy rind
(Bgure 2f). At places, small, rounded vesicles can
be seen concentrated along the periphery and surBcial parts of the pillow. The vesicles are occasionally Blled with secondary quartz and calcite.
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The triangular spaces between adjacent pillow
lobes are Blled with the ‘inter pillow chert’
(Bgure 2c). At places, stacks of pillows, devoid of
any inter-pillow sediments, are also seen (Bgure 2d).
Pillow budding is also seen in a few cases (Bgure 2f).

4. Petrography and mineralogy
The studied pillow basalts (metabasic volcanics)
show the eAect of polyphase deformation and
greenschist to lower amphibolite facies metamorphism. They display still-preserved, aphyric, Bnegrained, hypo-crystalline to sub-ophitic texture
(Bgure 3a) in the majority of cases and an amphibolite facies mineral assemblage comprising plagioclase, amphibole, and chlorite as the
predominant minerals, while rutile, quartz, Fe–Ti
oxides, apatite, and zircon represent accessory
minerals. The pillows have a relatively coarsegrained core comprising plagioclase and amphibole
(Bgure 3b), with occasional, cumulophyric texture
(Bgure 3c). The pillow rinds are extremely Bnegrained and show intersertal texture (Bgure 3d).
Amphiboles, mainly hornblende and actinolite, are
euhedral to acicular subhedral with visible zonation, showing sieve texture (Bgure 3e). Hornblende
is prismatic in shape with characteristic greenish to
pale green pleochroism and two sets of cleavages,
intersecting at 120°/60°. The amphiboles are the
alteration products of pyroxene as conBrmed by
the relict pyroxene cores in some larger amphibole
grains (Bgure 3f). Plagioclase occurs in characteristic lath shape and as broken crystals, showing
reaction and sieve texture, further indicating
crystal-melt reaction (Bgure 3g). In some cases,
plagioclase porphyroblasts representing the original porphyritic texture, can also be seen
(Bgure 3h). Hydrothermal quartz, occurring as
cavity Blling, can be identiBed by its characteristic
undulose extinction. Chlorite and sericite are the
products of the Cuid-induced retrograde metamorphism. The accessory minerals are sphene,
rutile, and apatite with rare zircon, while titanite
and magnetite constitute the opaque minerals.
5. Morphometric analysis of pillows
Morphometric analysis of Tehla pillows was carried out following the procedure listed in Walker
(1992). The lateral dimension (H) of the individual pillow was measured parallel to the

presumed depositional surface of the pillowed
lava Cow and the vertical dimension (V) was
measured perpendicular to it. The statistical
summary of 49 individual pillow structure measurements is presented in table 2 and graphically
displayed as the pillow axis frequency diagram in
Bgure 4. The smallest measured pillow dimensions are 10 9 18 cm, while the largest pillow
measures 0.63 9 1.36 m. The maximum H-axis
value for the pillows is 1.47 m and for the V-axis
is 0.80 m. The minimum H-axis is 0.17 m, while
the V-axis recorded is 0.10 m. Five pillows have
H-dimension between 1 and 1.47 m. The average
lateral dimension of the pillows is 0.52 m and the
average vertical dimension is 0.30 m. The pillow
dimensions provide for a 10–90 cm range and
V-axis maxima between 20 and 30 cm, and the
H-axis maxima at 30–40 cm. The frequency curve
shows a symmetrical distribution for H-axis and
a rather skewed V-axis distribution with almost
50% samples belonging to the 21–30 cm class
(Bgure 4). The remaining samples show a sharp
decline in the V-axis dimension, while H-axis
shows a gradual decrease.
The pillow median size is a reCection of lava
viscosity, wherein smaller bulbous pillows indicate
low viscosity tholeiitic melt and elongate tonguelike pillows may be associated with relatively high
viscosity, andesitic Cows (Walker 1992). The size,
bulbous shape, and median values of Tehla pillows
indicate a tholeiitic rather than an andesitic lava
Cow, similar to the Chitradurga Pillow Basalt from
the Dharwar Craton in southern India (Duraiswami et al. 2013). The median V vs. H diagram
(Walker 1992) for several global and Indian basic
lava pillow structures, compiled by Duraiswami
et al. (2013), shows a covariance between the two
parameters as the data plot along a straight line
deBning the 45° slope. The Tehla pillows V–H
Table 2. Statistical analysis of dimensions of pillow structures
of Tehla area, NDFB.
Tehla area

Numbers
Minimum
Maximum
Average
Mode
Median
Standard deviation

Lateral
dimension (m)

Vertical
dimension (m)

49
0.17
1.47
0.52
65
0.43
30.97

49
0.10
0.80
0.30
28
0.27
14.71
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Figure 4. Pillow axis frequency histogram of Tehla area metabasalts.

Figure 5. The Tehla pillow structure median V vs. H plot superimposed over the compilation for several pillow structures
(Duraiswami et al. 2013). Note a close similarity of Tehla data with Chitradurga in south India and California.

median values also plot along the global trend and
show a close similarity with the Chitrudurga
pillows in south India and San Luis pillows
from California (Bgure 5).

6. Concluding remarks
The physical parameters of Tehla pillow lavas
underline a low viscosity, tholeiitic basalt melt for
these rocks. Preliminary petrographic examination
of these meta-basic volcanic rocks across different
localities shows mineralogical and textural

diversity in these rocks (hornblende–plagioclase to
hornblende–plagioclase–olivine bearing). The discovery of ‘pillow’ structures and diversity in the
mineralogy of Raialo meta-basic volcanic rocks
suggests a likely maBc–ultramaBc association and
the possibility of an ophiolite setting. These Bndings need further consideration in the light of the
assumption made by Heron (1917), who had speculated that some of these meta-basic ‘Cows’ may be
dykes. Although our megascopic and petrographic
observations also raise such a possibility, it should
await a geochemical validation from a more
regional dataset for which eAorts are underway.
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