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The N–S trending Neoarchaean to Palaeoproterozoic Dongargarh–Kotri belt in the Bastar Craton in
central India exposes bimodal volcanics and volcaniclastics of the Nandgaon Group. In this contribution,
lithofacies analysis of the Nandgaon Group has been attempted mainly based on distribution of rhyolites,
basalts and pyroclastics in this ancient volcanic terrain, their Beld characteristics and petrography. The
study area in the central part of the belt around Dongargaon–Gotatola area can be two distinct domains
based on distribution and composition of volcanics and volcaniclastics. Domain-I comprises coherent and
autoclastic rhyolite, and Domain-II with basic lava and pyroclastics. The rhyolites of Domain-I can be
further divided into feldspar quartz phyric, quartz phyric, aphyric, and autoclastic rhyolites. Basic lava of
Domain-II includes basalt and andesitic basalt. The associated volcaniclastics are mainly coarse lapilli
tuA, Bne lapilli tuA and ash beds. Field characteristics of coherent lavas and volcaniclastics attest to
phreato-magmatically controlled plinian to sub-plinian style of eruptions. EAusive and explosive eruptive
processes through multiple vents gave rise to the observed volcanic sequences. This study indicates that
subaerial volcanism initially led to formation of felsic ignimbrites and ash deposits followed by eAusive
rhyolite lava Cows. Subsequently, maBc volcanism occurred giving rise to pyroclastic Cows and surges,
followed by eAusive maBc lava Cows.
Keywords. Nandgaon; lithofacies; volcanics; rhyolite; basalt; volcaniclastics; pyroclastics.

1. Introduction
Volcanic landforms, pyroclastic deposits and
petrological data of associated lavas provide valuable information on processes and styles of eruptive
activity (Cashman and Sparks 2013). Field studies
of the volcanic terrains greatly help in reconstructing the eruptive history of a volcano,
including the eruption location, type, size and

frequency (Acocella 2014). These studies, in combination with petrological and geochemical studies,
provide invaluable clues on characterizing the formation of the magma, its rise and emplacement
within the crust. Majority of such works are
restricted to modern volcanic terrains, but rare in
ancient volcanic terrains due to poor preservation
of outcrops, post-volcanic deformations, and displacement of the volcanic source (Fisher and
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Schmincke 1984; Cas and Wright 1987; McPhie
et al. 1993; Sigurdsson 2000). The Neoarchaean–Palaeoproterozoic Dongargarh–Kotri belt
in central India, comprising of bimodal volcanics
and pyroclastics, is one such terrain in the Bastar
Craton (Sarkar 1957, 1958; Neogi and Miura 1996;
Ramachandra et al. 2001). Majority of studies of
this belt are on aspects such as geochemistry and
isotope geology (Krishnamurthy et al. 1990; Neogi
and Miura 1996; Ghosh 2004; Manikyamba et al.
2016; Khanna et al. 2019). In this contribution, we
have attempted lithofacies classiBcation of a part of
this ancient volcanic terrain to draw inferences on
eruption and emplacement processes.
2. Geological setting of Dongargarh–Kotri
Belt
The Bastar Craton (also referred as Bhandara
Craton) in central India is composed dominantly of
Palaeo- to Mesoarchaean granite gneisses, greenstone belts and intrusive granitoids of multiple ages
(Ramakrishnan 1990; Sarkar et al. 1993; Ramakrishnan and Vaidyanadhan 2010; Mohanty 2015).
The Sukma Gneiss and its equivalents (3561+11
Ma for TTG suite; Ghosh 2004; 3582+4 Ma for
K-rich granite; Rajesh et al. 2009; 3509+14 Ma,
Sarkar et al. 1993) constitute the oldest components of the craton. In a recent study, Santosh et al.
(2020) divided the Bastar Craton into Western
Bastar Craton (WBC) and Eastern Bastar Craton
(EBC) with an intervening orogenic belt named as
Central Bastar Orogen (CBO).
The N–S to NNE–SSW trending linear belt of
volcano-sedimentary rocks in the central part of
the Bastar Craton has been named as the Dongargarh Supergroup (Sarkar 1957, 1958; Sarkar
et al. 1981), and its southern continuation as the
Kotri Supergroup (Mishra et al. 1988; Ghosh and
Pillay 1992). This *250 km long and *50 km wide
belt comprises of bimodal volcanics interlayered
with minor sedimentary rocks. The belt is sandwiched between Sakoli and Amgaon Groups in the
west and covered by the rocks of the Chhattisgarh
Supergroup in the east (Bgure 1). Sarkar
(1957, 1958) and Sarkar et al. (1994) proposed a
two-fold stratigraphic division for the belt, viz.,
lower Nandgaon Group and upper Khairagarh
Group. The Nandgaon Group is further subdivided
into lower Bijli rhyolite/volcanics and upper Pitepani basalt/volcanics (Sarkar 1957, 1958; Sarkar
et al. 1994). The southern Kotri Supergroup is
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divided differently by Ghosh and Pillay (1992).
Although the Dongargarh and Kotri Supergroups
are mutually correlated, the distribution of volcanic rocks in these two regions varies (table 1).
Available geochronological data indicates emplacement of bimodal volcanics during late Archean to
Paleoproterozoic time (Sarkar et al. 1981; Krishnamurthy et al. 1990; Ghosh 2004; Manikyamba
et al. 2016).
Majority of workers inferred continental rift
settings for emplacement of volcanics of the Dongargarh–Kotri belt (Neogi and Miura 1996; Rao
et al. 2000; Mukhopadhyay et al. 2001; Sensarma
et al. 2004; Ghosh and Pillay 2012). Whereas their
generation in island-arc setting (Asthana et al.
1996; Rai et al. 2012) and island-arc/back-arc
tectonic setting (Manikyamba et al. 2016) are also
proposed. Recently, Khanna et al. (2019) proposed
that subduction of an oceanic ridge beneath the
continental lithosphere of Bastar carton at 2.5 Ga
led to the development of Andean type magmatic
arc in the Dongargarh Supergroup.
In most of the above studies on Dongargarh–Kotri Belt, not much have been documented
about the Beld relation of different variants of
volcanics and associated primary and secondary
volcaniclastics. Some of these aspects are documented by GSI workers during geological mapping
(Chandra et al. 1983). In view of this, an attempt
has been made to characterise these different
lithotypes around Dongargaon in central domain of
the belt to build a lithofacies model.
3. Facies architecture of the study area
The volcanic eruptions comprising of coherent
lavas and pyroclastic debris coupled with epiclastic
deposits are typical of any volcanic terrains (Cas
and Wright 1987). A volcanic facies is a welldeBned, mappable volcanic rock unit that bears
common textural, compositional, and internal
structural features indicative of a well-deBned
source, transportation and depositional mechanism
(N
emeth and Martin 2007). It is an indispensable
tool for interpreting volcanic regions. The volcanic
rocks are simply solidiBed from a melt and hence
are included in coherent facies in all classiBcation
schemes. The term ‘volcaniclastic’ is an umbrella
term, which encompasses pyroclastic, autoclastic
and epiclastic, and can be employed for Precambrian rocks in which particle origin remains enigmatic (Mueller and Thurston 2004). In general,
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Figure 1. (a) Geological map of Dongargaon–Gotatola area, Bastar craton, India. (b) Inset map of India showing the location of
study area. (c) Regional geological map of part of central India (after GSI map 2006 with inputs from Radhakrishnan 1990;
Ramachandra 2001).
Table 1. Stratigraphy of the Dongargarh–Kotri Supergroup proposed by various workers (Sarkar 1957, 1958; Mishra et al. 1988;
Ghosh et al. 2002).

two schemes of classiBcation are followed for
classifying volcaniclastics. The pioneering classiBcation by (Fisher 1961, 1966) later modiBed by
Schmid (1981) is based on the particle-forming
processes. A modiBer like ‘reworked’, or one specifying a depositional setting, should be added
where such reworking is demonstrable (i.e., Cuvial
cross-bedded tuA). The Australian school (Cas and

Wright 1987; McPhie et al. 1993), in contrast,
favoured transport and deposition mechanisms as
basis to classify volcaniclastic rocks. In the present
contribution, we have used the classiBcation
scheme proposed by White and Houghton (2006), a
modiBcation of the Australian School, modiBed
later by Morgan and Schulz (2012) (table 2). Based
on various rock-forming and fragmentation

Rhyolite (cR)

Autoclastic rhyolite (brR)

Andesitic basalt (cA)

Basalt (cB)

Coarse lapilli tuA (mLT)

Fine lapilli tuA (sLT)

Ash (sA)

2

3

4

Pyroclastic lithofacies
5
5a

5b

6

Name and code

Lava lithofacies
1

Unit no.

A very small patch exposed as isolated
outcrops in the central part, NE of
Mangchua
Present as large hills and mounds in the
southern and central regions with
thickness of *60 m

Massive, welded, poorly sorted, contains
variety of lithic fragments-basalt, chert,
rhyolite etc. ranging from 2 to 20 cm,
juvenile crystals
StratiBed, welded, hard, variety of lithic
fragments of sand to coarse sand size,
juvenile crystals of feldspar
Laminated, well sorted, very Bne grained,
grey to pink coloured, soft, friable and
porous nature, low speciBc gravity

Well-sorted, contains angular to subangular fragments of rhyolite, matrix
supported, moderately to poorly sorted
Coherent, Bne-grained, massive, nonvesiculated. Glass in groundmass,
intersertal texture
Coherent, very Bne-grained and
intergranular varieties, foliated or
massive, vesiculated

Coherent, massive or Cow banded, nonvesicular, phyric/aphyric, aphanitic
lavas. Mapped under 4 sub-units: FPR,
QFPR, QPR and APR

Description
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N–S trending linear patch in the southern
part. Exposed as hills and mounds

Occupies in the southern part as a uniform
unit. Outcrops are patchy, isolated in the
central part while the eastern part is hilly

Occupies medium elevation hillocks and
isolated outcrops in plains in the northern
part as uniform Cow unit. Single patch of
APR in the central region. Thickness
cannot be determined
Small patch extending in NW–SE direction
in the north-central region occupying hills
and mounds
NW–SE trending patch in the central part

Distribution

Table 2. Lithofacies classiBcation and distribution of the volcanic and volcaniclastic rocks of the Nandgaon Group in the study area.
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processes involved, the lithounits have been divided into different volcanic facies, viz., coherent
lava lithofacies and volcaniclastic facies, all of
which are associated with primary volcanic processes. The eruption mechanism, erosion process,
transport process, depositional setting, transporting medium, type of constituents and their abundance, and grain size, etc., are considered while
attempting this lithofacies classiBcation. The
northern part of the study area exposes coherent
and autoclastic felsic lava Cows, whereas coherent
maBc Cows are abundant in the southern part with
intervening pyroclastic deposits.
4. Facies associations
Facies analysis has been successfully applied to
characterize volcanism in volcano-sedimentary
basins (Soriano and Marti 1999) distinctive features to interpret their origins, depositional processes and environments of deposition. However,
identiBcation of distinctive features is a major
challenge in ancient deformed and metamorphosed
terrains. Although majority of the studied rocks
have been aAected by low-grade metamorphism,
nevertheless the magmatic characters are still
recognisable. In the present study, lithofacies
classiBcation has been attempted based on texture
and geometry of magmatic and pyroclastic components following the scheme of White and
Houghton (2006). The codes to lithofacies are
assigned following the schemes of Elia et al. (2012),
and Branney and Kokelaar (1992). This resulted in
identiBcation of two broad categories of lithofacies,
viz., (1) lava Cow (coherent) lithofacies and (2)
volcaniclastic lithofacies (table 2).
4.1 Lava Cow (Coherent) lithofacies
The volcanic rocks of felsic and maBc compositions
represent the dominant coherent components in
the area. These rocks are further subdivided into
three classes based on their composition and texture, viz., (a) rhyolite lithofacies, (b) andesite
lithofacies, and (c) basalt lithofacies.
4.1.1 Rhyolite lithofacies (cR)
The rhyolite unit is spread over an area of *100
km2 occupying hills of moderate elevation and
intervening plain areas in the northern part.
The different variants of rhyolite are mostly

Figure 2. (a) FQPR sample with quartz and feldspar porphyroclasts, (b) presence of plagioclase, quartz, and K-feldspar as
phenocrysts Coating within the siliceous microcrystalline
groundmass, (c) Beld photograph of quartz–phyric rhyolite
exposed at Gidarri village, (d) aphyric rhyolite exposed at
Dumartola village, (e) photomicrograph of aphyric rhyolite
showing microscrystalline felsitic texture, and (f) autoclastic
rhyolite containing quenched fragments of QPR at
Sambhalpur.

non-vesicular, Bne- to very Bne-grained hard massive rocks with occasional presence of primary
compositional or Cow banding, manifested as
alternating greyish ridge and pinkish grooves representing quartz-rich and feldspar-rich layers,
respectively. These commonly exhibit porphyritic
texture, characterised by presence of quartz and/or
feldspar phenocrysts in a Bne-grained matrix. Since
phenocryst mineralogy, abundance and distribution remain reasonably constant within single lava
Cow, these features therefore, provide a reliable
means of distinguishing and mapping different
units in a sequence of lavas. Based on these criteria, the rhyolite subfacies is further classiBed into
three distinct Cows, viz., feldspar-quartz phyric
rhyolite, quartz-phyric rhyolite and aphyric
rhyolite.
(i) Feldspar quartz phyric rhyolite (FQPR):
This variety contains phenocrysts of feldspar and
quartz in a very Bne-grained aphanitic or microcrystalline groundmass (Bgure 2a). The phenocrysts constitute *30–35% by mode. Among the
phenocrysts, K-feldspar (20%) dominates over
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plagioclase (5%) with some translucent quartz
(5–10%). The porphyritic texture, with euhedral to
subhedral nature, of feldspar phenocrysts indicates
their early slow and suspended growth in the melt.
The quartz phenocrysts show embayment indicating melt-crystal interaction (Bgure 2b). Some
micro-phenocrysts exhibit embayed margins due to
partial resorption. Some phenocrysts are broken
apart and these pieces depict a jigsaw-Bt texture.
Such fragmentation happens due to shear during
Cowage of magma or during rapid rise and eruption
due to sudden release of pressure (Mcphie et al.
1993). Within this, intervening patches/layers
characterised by quartz phenocryst as high as
20–25% are noticed. The rock approaches a rhyodacitic character at places where the feldspar
content is unusually high. Some primary volcanic
features like Cow banding, vesicles and amydules
are observed. Flow bandings are manifested as
alternate grey and pinkish brown layers of 1–3 cm
thickness exhibiting ridge and furrow style weathering pattern, reCecting compositional variation of
individual bands. The Cow bands show mesoscopic
folding near Chaumara and Sagona Dongri. The
groundmass consists of mosaic of very Bne quartz,
K-feldspar, plagioclase, minor ferro-magnesian and
accessory phases including zircons. In deformed
domains, K-feldspar is recrystallized with subgrain formation and foliation swerve around the
porphyroclasts. The plagioclase grains are partially
replaced by sericite and epidote.
(ii) Quartz phyric rhyolite (QPR): This variety is characterised by presence of phenocrysts of
quartz in very Bne-grained aphanitic to microcrystalline groundmass. The modal proportion of
phenocrysts reaches upto 30% by mode (Bgure 2c).
Minor presence (*10%) of feldspar phenocrysts is
also observed in some outcrops. The QPR is
extensively exposed in the northern and central
parts of the area and has the largest aerial extent
compared to other variants. Local presence of Cow
banding (0.5–2 cm thick) striking NW–SE with
moderate dip towards either NE (near Mohgaon)
or SW (near SE of 374 hill) is observed in QPR.
Two sets of foliation (S1 and S2) are developed, S1
is moderately well-developed striking NW–SE with
steep dip towards SW, while S2 is local and weakly
developed having NNW–SSE strike and moderate
dip towards SW. Under microscope, it comprises of
well-developed Bne, evenly distributed, euhedral to
subhedral quartz megacrysts surrounded in a
microlites bearing cryptocrystalline groundmass.
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The quartz grains are mostly fractured and
recrystallized, showing sutured boundaries and
sub-grain formation, whereas feldspars are weakly
recrystallized.
(iii) Aphyric rhyolite (AR): This is very Bnegrained, aphanitic, dark grey to greenish grey
coloured rock, characterised by absence of phenocryst (Bgure 2d). At some places, the aphyric
rhyolite shows alternate thin light and grey bands of
1–3 cm thick. This variety is scarce compared to
other variants, and is outcropped as isolated small
mounds in the southwestern part near Dumartola
and Chilamgota P.F. Petrographically, the rock is
uniformly Bne-grained and depicts felsitic texture. It
primarily constitutes microcrystalline mosaic of
K-feldspar, quartz and plagioclase with accessory
biotite, amphibole and muscovite. In the banded
variant, the light coloured bands comprise of equant
sized quartz and feldspar clasts in quartzo-feldspathic matrix rich domains whereas the darker
bands are relatively poorer in such clasts (Bgure 2e).
The position of different variants of rhyolites in local
stratigraphy is placed based on petrotectonic characters, following sequence of phenocryst development in normal igneous crystallization processes.
4.1.2 Andesitic basalt lithofacies (cA)
This is medium- to Bne-grained, melanocratic, dark
greenish coloured rock (Bgure 3a). This unit is
exposed as hard and massive bouldery to south of
Annutola and NW of Rengadabri. The rock exhibits spotted appearance in hand specimen due to
presence of euhedral crystals of hornblende. Petrographically, it is composed of plagioclase,
clinopyroxene, amphibole, epidote, chlorite,
K-feldspar, biotite and Fe–Ti oxides (Bgure 3a).
The rock exhibits intersertal texture with glass
occupying the triangular interstices formed
between plagioclase and ferromagnesian phases.
Plagioclase grains are lath shaped and albitic in
composition. Microcrysts of clinopyroxene are
transformed to amphibole and chlorite. Amphiboles are mostly actinolite to ferroactinolite (XMg
= 0.47–0.56) in composition. Opaques are ilmenite.
Glass is subjected to variable degrees of devitriBcation forming brownish palagonite (Bgure 3a).
4.1.3 Basalt lithofacies (cB)
This is Bne- to medium-grained, melanocratic,
greenish coloured, hard and compact unit
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the study area. Individual pillows range in size
from 20 cm to about 1.5 m. Chilled rims, abundant
vesicles, calcite Bllings and internally radial cooling
cracks are the primary features recognised. The
intricately fractured rims show eAect of quenching,
and are converted to palagonite due to alteration.
4.2 Volcaniclastic lithofacies

Figure 3. (a) Meta-andesite showing intersertal texture,
(b) amygdular basalt exposed near Chilam, (c) vesicular
basalt exposed near Poromari, (d) metabasalt showing intergranular texture, (e) very Bne-grained basalt exposed near
Rengadabri, and (f) very Bne-grained metabasalt showing tiny
plagioclase feldspar lath surrounded by clinopyroxene.

(Bgure 3b). This unit occupies the hills and moderate elevations (varying from 350 to 380 m) of
Kamkapar protected forest and as bouldery outcrops at other places. Relict igneous texture can be
appreciated albeit presence of metamorphic mineral assemblages. It comprises mainly of plagioclase, clinopyroxene, amphibole, epidote, chlorite
and opaques (Bgure 3d). Two petrographic variants of basalt are delineated, viz., (a) intergranular
medium-grained basalt (Bgure 3d) and (b) very
Bne-grained aphanitic basalt (Bgure 3e and f). Both
varieties are commonly vesicular with vesicle size
ranging from 2 mm to 2 cm in diameter. The circular to elliptical vesicles are often Blled with
aggregate of quartz, epidote, chlorite and calcite.
The outcrops are riddled with chert and quartz
veins. The plagioclase laths are euhedral to subhedral and labradorite (An57–An64) in composition.
These are partially aAected by saussuritisation.
Amphiboles studied under electron microprobe
vary in composition from ferro-hornblende (XMg =
0.42–0.47) to actinolite (XMg = 0.43 to 0.52). Relict
igneous texture can be appreciated albeit presence
of metamorphic mineral assemblages. Only evidence of subaqueous regime is recorded from
presence of pillow basalt near Raygarh village in

Pyroclastic facies are commonly divided into Cow,
surge and fall facies, and are distinguished by their
particle concentrations, transport mechanism and
locale of deposition (Burgisser and Bergantz 2002;
Nemeth and Martin 2007). In modern volcanic
terrains, the Cow and surge deposits are proximal
to the source vent, relatively restricted, poorly
stratiBed and poorly sorted compared to fall
deposits. The volcaniclastics in the study area is
represented by primary volcaniclastic rocks of both
felsic and maBc compositions, the former dominating over the latter. These volcaniclastics occur
interspersed with lava Cows, and traversed by later
maBc dykes and quartz veins. The classiBcation
scheme after White and Houghton (2006) has been
followed for volcaniclastic rocks of the study area.

4.2.1 Autoclastic rhyolite lithofacies (brR)
This unit is characterised by moderate to poorly
sorted, subrounded to sub-angular fragments of
rhyolite in a greyish to pinkish rhyolitic matrix
(Bgure 2f). Such rocks are derived by in situ fragmentation of coherent lavas and are termed as
autoclastic (Fisher and Schmincke 1984; McPhie
et al. 1993). It is exposed in a continuous stretch
occupying hills near Chandia, towards plains to
SW of Barbaspur upto nrth of Barbaspur. It grades
to quartz-phyric rhyolite near Barbarpur. The
autoclastic rhyolite units are matrix supported and
moderate to poorly sorted. The size of lithic clasts
varies from 5 to 10 cm. The lithic clasts as well as
the matrix are of QPR composition, which contain
subhedral phenocrysts of quartz and rarely any
feldspar. Many of the clasts are fractured and
rotated. These pieces sometimes exhibit a jigsaw-Bt
texture. The fracturing of lithic clasts is generally
attributed to contraction during cooling, or brittle
fragmentation during Cowage (McPhie et al. 1993;
Stewart and McPhie 2003, 2006). The lithic clasts
exhibit unquenched margins and show very little
sign of edge modiBcation. The presence of ellipsoidal shaped lithophysae containing radiating
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Figure 4. (a) Coarse lapilli tuA near Kolatola, (b) coarse
lapilli tuA with lithic fragments and free crystals, (c) lapilli tuA
showing lithic clasts (LC) and free crystal fragments (Quartz)
embedded within a partly recrystallized glassy matrix, (d) Bne
lapilli tuA representing pyroclastic surge phenomenon near
Dumartola, (e) Beld photographs showing exposure of red,
foliated volcanic ash near Turmura Village, and (f) Beld
photographs of creamish buA coloured ash near Turmura
Village.

aggregates of acicular crystals of feldspar can also be
seen within the matrix. The rock is usually massive,
however, weakly foliated near Sambalpur. The
groundmass is felsic microcrystalline and comprises
abundant quartz, feldspar and devitriBed glass.
4.2.2 Lapilli TuA facies (mLT)
Two distinct textural variants of lapilli tuA, viz.,
coarse lapilli tuA and Bne lapilli tuA are exposed in
the area representing a range of particle size and
transportation dynamics. These pyroclastics are
matrix supported with poorly vesicular clasts.
(i) Coarse lapilli tuA facies (mLT) is characterised by moderate to poorly sorted lapilli sized
rock clasts and subhedral feldspar crystals
embedded in a maBc tuAaceous matrix (Bgure 4a).
The Cattened nature of the lapilli as well as hard
and compact nature of the tuA unit attest to high
degree of welding. This unit extends over a length
of 2 km from Chilamgota in the north through
Kolatola, Porromari, up to Bagdoh in the south.
The clasts include both juvenile and lithic
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fragments of basaltic and rhyolitic compositions.
Among the lithic clasts, basalts exceed over rhyolite. Here, the juvenile lapilli are Cattened and
compacted at places due to welding. Presence of
lithic fragments of varying sizes and compositions,
absence of stratiBcation, and high particle to
matrix ratio characterise this unit as poorly sorted
pyroclastic deposit possibly formed by Cow mechanism. The feldspar crystals are juvenile in nature,
commonly sub-angular and size varying between
0.5 and 2 mm in diameter (Bgure 4b). Poorly sorted
lapilli tuA containing lithic fragments of basaltic
composition (Bgure 4c), of size varying from 5 to 20
cm, in a maBc tuAaceous matrix is exposed near
Kolatola and Porromari areas. Among basaltic
fragment, the different textural varieties identiBed
are aphyric rhyolite, variolitic basalt, Bne-grained
basalt with trachytic texture and intergranular
basalt. Matrix is very Bne grained consisting of
plagioclase, microcline, chloritized matrix, calcite,
and devitriBed glass (Bgure 4c). The thick beds and
gradual changes in particle composition and concentration may be attributed to sustained pyroclastic eruptions (White and Houghton 2006). The
coarse lapilli-tuA (mLT) reveals extremely poor
sorting and matrix-supported fabric, which corroborates with the Beld features. South of Kolatola,
size, proportion and composition of particles of this
lapilli unit gradually changes with development of
planar laminations of alternate lapilli-rich and
lapilli-poor domains, indicating highly pulsatory
depositional process. The layers are millimetres to
few centimetres thick, slightly wavy or even locally
lensoidal in nature, with marked absence of free
crystals. Locally this pyroclastic deposit makes
sharp scouring contact with the basal basalt layer.
Further south, near Bagdoh, the lapilli tuA unit
grades into a well-sorted unit with diffused stratiBcations. The clast to matrix ratio is low, and the
lithic clasts are less than 2 cm in diameter.
(ii) Fine lapilli tuA facies (sLT) is also welded
and compact unit, and display bedding or lamination. The unit is exposed as small unmappable
patch near Dumartola capping over aphyric rhyolite. The unit is matrix supported and comprises of
minor amounts of lapilli sized lithic, juvenile fragments and free feldspar crystals embedded in a well
sorted ash sized tuAaceous matrix (Bgure 4d). The
clast to matrix ratio is *1:10 or less. The size of
lithic clasts is 2–5 mm diameter, indicating well
sorted nature. The low particle concentration and
stratiBed nature indicate that this is a pyroclastic
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surge deposit (Bgure 4d). Petrographically, the
rock comprises of abundant free crystal fragments
quartz and plagioclase, lithic fragments and silica
Blled amygdales embedded in a partly recrystallized microcrystalline matrix. The accessory lithic
fragments are sub-angular to angular in shape,
mostly basaltic in composition, but of varying
textures and microstructures. Few lithic clasts
exhibit trachytic Cowage texture deBned by
alignment of tiny plagioclase laths.
(iii) Ash facies (sA): Isolated patches of ash fall
deposits are located in and around Kamkapar,
Kurubhat and Nangutola. These are very Bnegrained, well-sorted, grey to reddish pink coloured,
soft, friable, and semi-porous nature (Bgure 4e and
f). These have low speciBc gravity. The mere size of
particles and spread of the deposit indicate that it
is a pyroclastic fall deposit. Bedding (S0) is preserved in the form of primary laminations and beds
(Bgure 4e). Both S0–S1 plane strikes NW–SE with a
steep dip towards NE. Dominance of quartz and
feldspar grains conBrm to felsic origin of these fall
deposits.
5. Discussion
5.1 Facies associations and their genetic
implication
The Beld relationship and textural characteristics
of volcanic lithofacies can highlight the mechanisms involved during eruption, style of eruption
and subsequent deposition. The factors such as
compositions of coherent lava Cows (felsic/maBc/
ultramaBc), associated autoclastic deposits (autobreccia/hyaloclastite/redeposited
equivalents),
and synvolcanic intrusions hosted in these lithounits need to be considered for such interpretation
(Morgan and Schulz 2012). The study area around
Dongargaon constitutes a bimodal volcanic suite
with volcanic rocks of felsic and maBc compositions. Two broad associations are present in the
study area, viz., Lavas/Cow lithofacies associations
and volcaniclastic lithofacies associations. The
lava/Cow lithofacies association is dominated by
four major facies, viz., rhyolite facies, autoclastic
rhyolite facies in the north, basaltic andesite facies,
and basalt facies in the south. The Cow lithofacies
associations have an origin controlled by eAusive
eruptive processes (table 2). Calderas, which are
collapsed volcanic structures formed due to evacuation of voluminous amounts of magma, are

common in such bimodal volcanic terrains (Mueller
et al. 2009). However, no such structures could be
identiBed in this ancient volcanic terrain. Moreover, lack of hyaloclastites or quench textures, and
presence of vesicles and amygdules in maBc volcanics indicate general subaerial nature of volcanism. However, identiBcation of lobes is impossible
due to deformation.
The majority of tuA units in the study area are
dominated by maBc volcaniclastic material, and
only few are of felsic composition. These are indications of explosive-eruptive processes. All three
types of pyroclastic deposits, i.e., Cow, fall and
surge, are delineated in the Nandgaon volcanics
(table 2). The coarse lapilli tuA unit satisBes the
criteria of welded pyroclastic deposits. Accidental
lithic clasts, fragmented crystals and angularity of
fragments in the Cow deposits indicate that they
are a non-rheomorphic welded ignimbrite (Branney
and Kokelaar 1992). The bedded and foliated ash
deposits represent fall deposits. Though the ash
units are compositionally felsic, they occur away
from rhyolite Cows, surrounded by basaltic Cows.
The units are laterally discontinuous which may
indicate erosion of originally laterally continuous
air-fall deposits. The only surge deposit extends
over a very small area.
Based on volcanic facies associations, the study
area can be divided into two distinctive domains,
viz., (i) Domain-I and (ii) Domain-II, for understanding the nature of volcanism (Bgure 1). The
northern part of study area upto Bhimatola, dominantly occupied by rhyolitic lavas and autoclastic
breccias, can be included in Domain-I. Here, the
contacts between different variants of rhyolite are
almost north–south. The welded felsic ignimbrite
deposits occurring far north of the study area and
ash beds around Kamkapar, Kurubhat and Nangutola can also be associated with the same felsic volcanism. The southern part of study area occupied by
basaltic and andesitic Cows, and pyroclastic Cow and
surge deposits extending from Bhimatola in the
north up to Gotatola in the south can be considered
as Domain-II. This domain exposes a small
window/plug of rhyolite lava in between.
5.2 Source vents and their proximities
5.2.1 Silicic volcanism
Modern subaerial felsic volcanic terrains have been
extensively studied for their facies association and
source characterisation (Cole 1979; Lipman 1984;
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Wilson et al. 1984). Most modern felsic volcanic
terrains have multiple vents. EAusive eruptions
producing Cow lithofacies, and explosive eruptions
generating pyroclastic facies are attributed to different vents (Lipman 1984; Wilson et al. 1984).
Rhyolitic lavas, being viscous, tend to Cow only a
few kilometres from the source vents and hence
rhyolitic lava domes are considered to be proximal
facies. Accordingly, it may be inferred that the
source vent or vents contributing to silicic volcanism in the study area must have been present in
the northern part, i.e., Domain-I can be considered
a proximal area to the vent. The distal facies of the
region is less complex. Airfall deposits nearer to the
vent usually contain coarse pumice and lithic clasts
as compared to their distal equivalents (Cas and
Wright 1987) and may also be welded. The ash
beds in the area are characterised by Bne particle
size, devoid of clasts and non-welded nature. Airfall
deposition from ash cloud surges tend to travel long
distances before cooling down, and thus explains
particle size and non-welded nature of these
deposits. Typical distal facies arising from subaerial volcanism may comprise of both pyroclastic
fall and Cow units as seen preserved in Snowy River
Volcanics in Australia (Orth et al. 1989) in the
form of non-welded ignimbrites and co-ignimbrite
ashes. In undeformed modern volcanic centres, fall
deposits generally inBll and occur mantling old
topography having low slopes dipping away from
proximal regions. However, in Precambrian terrain, deformation alters the original topography
and dip of the ash beds.
Whether the source vents were different for both
the lava Cows and pyroclastic fall deposits is difBcult
to determine. As previous studies demonstrated that
if separate pyroclastic vents existed, some remnants
of silicic pyroclastic Cows, co-ignimbrite lag breccias, etc., would have indicated the same (Sparks
1976; Druitt and Sparks 1982; Walker 1985). There
are evidences of high grade silicic ignimbrites from
Dongargarh belt near Salekasa. They include welded
pyroclastic Cow deposits and Cow laminated to
extremely high grade rheomorphic tuAs. These units
lie northwest of the present area and are important
in understanding the evolution of Bijli rhyolites. The
formation of these units was attributed to subaerial
explosive eruptions from low column height plinian
to very high temperature spatter-fed eruptions of
low viscosity pyroclasts from separate vents
(Mukhopadhyay et al. 2001). Similar ignimbrites
and lag breccias are also reported from southern
parts in the Kotri belt near Kapsi. Both the rhyolitic
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lavas and the silicic welded tuAs could not have
moved much far from the source vent areas. The
abundant coherent lavas are genetically related to
explosive eruptions like pyroclastic falls/surges. The
emplacement of felsic volcanics extending for over
250 km could not be possible through a single vent.
Similarly, Bssure type emplacement is common in
case of basic volcanics. Thus, indirectly it is implied
that the felsic volcanics of Kotri belt was emplaced
through multiple vents. This is also supported by
presence of isolated patches of pyroclastic deposits
throughout the belt.
5.2.2 MaBc volcanism
The basaltic lava associated with subaerial volcanism, which tends to Cow large distances from
source vents. However, related surge and Cow
deposits have relatively restricted spread, the former being more proximal to the source vent than
the latter (Goswami et al. 2018). Further, the Cow
deposits associated with maBc lavas are usually
thinner, weakly welded and contain smaller lithic
clasts than those surge deposits. High degree of
welding is an indicator of their proximity to source
vents (Branney and Kokelaar 1992; Mukhopadhyay et al. 2001). The large size of lithic fragments
and high degree of welding of the pyroclastics in
the present study indicate that these belong to
proximal facies following the classiBcation
scheme of White and Hughton (2006). The rare
occurrence of glass and dominating basaltic composition of clasts suggest that some of these
deposits originated by gravitational collapse of lava
Cows or domes creating short-lived pyroclastic
Cows (Cas and Wright 1987; McPhie et al. 1993).
So the Domain-II (and similar areas in the belt) can
be viewed as a combination of large succession of
maBc lava Cows from eAusive eruptions, pyroclastic current deposits and gravity Cow dominated
deposits from explosive eruptions. The huge volume of maBc lavas (and associated pyroclastics)
in 100 km long Kotri belt, support possibility of
volcanism through multiple vents.
5.3 Eruptive styles
Commenting on the eruptive styles in ancient
volcanic terrains is highly conjectural due to poor
preservation of pyroclastic deposits. Each layer
could be interpreted as product of different eruptions or all during a single eruption with temporal
variations in the eruptive style (Nemeth and
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Figure 5. Lithofacies classiBcation of subaerial volcanic deposits of Nandgaon Group in the study area.

Martin 2007). Sudden decompression and degassing in the magma feeder pipes leads to magma
fragmentation in Hawaiian style of eruptions
(WolA and Sumner 2000). Large gas bubbles
facilitate formation of high lava fountains leading
to welded agglutinates or lava spatter. Strombolian
style of eruptions is usually more explosive and
lead to formation of scoria cones. Vulcanian style of
eruptions are highly explosive in the beginning
leading to deposition of pyroclastics and followed
by eAusion of lava (Woods 1995; Clarke et al.
2002). They are mostly associated with pyroclastic
surges and Cows consisting of vitric ash, lapilli and
bombs (Formenti et al. 2003). Plinian style eruptions are also highly explosive with formation of
large eruption clouds leading to widespread tephra
falls. Both, highly viscous dacitic-rhyolitic eruptions and less viscous andesitic-basaltic eruptions
are associated with plinian style volcanism. Subplinian eruptions are also associated with maBc
explosive volcanisms, but with much lesser tephra
fall-out compared to plinian eruptions. The fall
deposits are in the form of sheets and moderately to
well sorted (Nemeth and Martin 2007). High altitude plumes of sustained sub-plinian eruptions can
explain the widespread unconsolidated ash beds
also. Some similarities are noticeable in the study
area between the maBc pyroclastic Cow deposits,
i.e., ignimbrites of Kamkapar and the high-grade
silicic ignimbrites from Salekasa (Mukhopadhyay
et al. 2001). The latter are higher in grade and are
products of low column collapse plinian to spatter
fed eruptions from monogenetic silicic volcanoes
formed by degassed rhyolitic magma (Mukhopadhyay et al. 2001). The facies encountered in the
present study comprises of a silicic volcanism with
associated fall deposits and maBc volcanism ranging from andesitic to basaltic Cows associated
with pyroclastic Cow and surge deposits which are
most comprehensively explained by plinian to

sub-plinian style of eruptions. The angularity of
the lithic fragments and crystals in coarse lapilli
tuA suggests that the column height of the maBc
volcanism was high before collapsing, thus allowed
them some time to cool down before deposition.
The initial violent phase was followed by quieter
extrusion of hot lavas giving rise to the Cow facies
in both silicic and basaltic eruptions.
Fragmentation processes, whether magmatic or
phreatomagmatic, are commonly explained based
on a combination of factors, i.e., particle vesicularity (both shape and populations), particle morphology, particle welding, particle aggregation,
abundance and variety of lithic fragments, proportion of Bne particles and other features of clasts
(White and Valentine 2016). Phreatomagmatic
eruptions have a broader range of vesicularity and
deposits with lower vesicularity were usually both
formed and quenched before volatiles could exsolve
or before bubbles could reach higher volumes due
to decompression. Vesicle population in the basalt
is moderate and the sizes vary from 5 to 40 mm in
diameter. Andesite and basalt Cows have moderate
amount of glass which is altered to palagonite.
Basalt magma quenched by water commonly contains glass while slower rates of cooling in absence
of water usually leads to cryptocrystalline mass of
nanolytes or microlites. Accretionary lapilli
observed in the pyroclastic Cows are also well
known product of phreatomagmatic eruptions
(Lorenz 1974; Self 1983). The presence of fragments of country rock as lithic clasts is also an
important indicator for phreatomagmatic activity
(Houghton et al. 1996; Ross et al. 2011). In rhyolitic
lavas, pumice and obsidian both may be formed
even in the absence of external water. However,
close proximity of ash-fall deposits to rhyolite may
indicate possible phreatomagmatic activity
between a rising rhyolite dome and lake water
leading to associated air-fall deposits (Orth et al.
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2014). Hence the maBc volcanism in Domain-II can
be clearly associated with phreatomagmatic activity while that in case of the silicic volcanism in
Domain-I can only be suspected.
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covering the silicic volcanic and volcaniclastic
deposits.
Acknowledgements

6. Conclusion
The silicic lava Cow facies and associated volcaniclastic facies in 250 km long and *50 km wide
Dongargarh–Kotri belt are described as a product
of plinian to sub-plinian volcanism to Bssure-type
eruption in a continental setting (Mukhpadhyay
et al. 2001). Geochemically, the maBc volcanics
show signatures of within plate basalts (Mohanty
et al. 2015), and formation under stable conditions
by crustal anatexis (Divakara Rao et al. 2000;
Sensarma et al. 2004). Pilote et al. (2012) interpreted bimodal volcanics and volcaniclastics of the
Koivib Mountains, Namibia as part of continental
rift sequence associated with Neoproterozoic
break-up of the Rodinia supercontinent. Similarly,
Elia et al. (2012) opined that the eAusive volcanics, ignimbrite deposits interbedded with volcaniclastic alluvial deposits of the Neuquen Basin
in Argentina (Elia et al. 2012) as syn-rift
sequences.
The ancient volcanic terrains like that of Nandgaon volcanics, which evolved under complex geodynamic conditions, continue to pose major
challenge in volcanological research to build eruption history based on volcanic features. However,
absence of evidence is not evidence of absence for
drawing conclusions (White and Valentine 2016).
This study indicates that the volcanism in the belt
took place in subaerial conditions. The initial
explosive phases of gas-charged silicic volcanism
led to the formation of a spectrum of ignimbrites
(e.g., Mukhopadhyay et al. 2001) and widely dispersed unconsolidated ash deposits. The high grade
of these deposits reCects plinian to very high temperature spatter fed Bssure eruptions from partially
degassed magma chamber. It was followed by
eAusive silicic volcanism through multiple vents
and Bssures, which led to widespread rhyolitic
magma Cow of considerable thickness (Bgure 5).
The basic volcanism also initiated with explosive
plinian eruptions of high column height giving rise
to non-rheomorphic welded ignimbrites and surge
deposits. This was followed by eAusive Cows
through small volcanoes and Bssures, which resulted in widespread basaltic Cow facies partially
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