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The sandstone-shale-coal succession of the Barakar Formation (early Permian) of the Raniganj Basin,
India hosts low-diversity ichnoassemblages, containing ichnogenera Arenicolites, Chondrites, Diplocraterion, Monocraterion, Ophiomorpha, Palaeophycus, Planolites, Skolithos, Taenidium, and Thalassinoides, produced by shallow marine infaunal invertebrates. Sedimentary facies architecture depicts a
transgressive, Cuvio-tidal (with a minor wave) interactive estuarine depositional setting. The Cuvial
deposits, lying beyond the zone of tidal encroachments, record absence of trace fossils, which is attributed
to a low colonization window caused by high Cuvial discharge and frequent channel migrations. Tidal
interactions with high Cuvial discharge led to bay-head deltas in the inner-middle estuary with the
dominance of suspension-feeding and deposit-feeding ichnotaxa in coarser- and Bner-dominated sediments, respectively, suggesting a mixed Skolithos–Cruziana ichnofacies. Increasing tidal inCuence with
very less Cuvial input allowed opportunistic colonizers and deposit feeders of the Cruziana ichnofacies to
Courish in the central estuarine setting. Intermittent low-oxygenated restricted conditions marked by the
chemosymbiotic ichnoassemblages of the Zoophycos ichnofacies indicate very low energy conditions. The
outer estuary with increasing wave dominance is inhabited by suspension-feeding, domicile ichnotaxa of
Skolithos ichnofacies, frequently mixed with the ichnotaxa of the Cruziana ichnofacies. The recurrent
juxtaposition and lateral distribution of the Seilacherian marginal marine ichnofacies is attributed to
complex sediment–organism interaction patterns in response to prevalent energy conditions, sediment
discharge and substrate conditions in different zones of the Cuvio-tidal estuarine setting. The integrated
sedimentological-ichnological model signiBes marine transgressions that aAected the palaeogeography of
the Permian continental Gondwanaland.
Keywords. Early Permian; Barakar Formation; invertebrate trace fossils; Seilacherian marginal marine
ichnofacies; Cuvio-marine estuary; Gondwana palaeogeography.
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1. Introduction
Trace fossils preserved in geological rock record
serve as evidence of activities and life pattern of
palaeo-organisms (Frey 1973; Ekdale et al. 1984;
Bromley 1996; Plotnick 2012; Minter et al. 2016)
and are abundantly present in marine to continental sedimentary rocks of the Palaeozoic, Mesozoic and Cenozoic eras (Bromley and Asgaard
1979; Bown and Kraus 1983; Smith 1987; Hasiotis
et al. 1994; Goldring 1996; Buatois et al. 1998;
Miller et al. 2001; Bhattacharya and Bhattacharya
2007; Hauck et al. 2009; Gingras et al. 2012; DıezCanseco et al. 2015; Wesolowski et al. 2018 and
many more). The in-depth ichnological study
includes the study of the parameters like (i) types
and distribution of ichnotaxa, (ii) ichnodiversity
and ichnodensity, (iii) ordering and tiering between
ichnotaxa, and (iv) the ichnoassemblage (the
association of ichnotaxa present in a single unit of
rock) together lead to a systematic interpretation
of the palaeoenvironmental–palaeoecological controlling factors in the depositional realm (Frey and
Pemberton 1984; Bottjer and Droser 1991; Uchman 1998; Taylor et al. 2003; Bann and Fielding
2004; Buatois et al. 2005; Gerard and Bromley
2008; Carmona et al. 2009; Buatois and Mangano
2011; Angulo and Buatois 2012; Ekdale et al. 2012;
Gingras and MacEachern 2012; Bayet-Goll and
Neto de Carvalho 2016; Dasgupta et al. 2016;
Zhang et al. 2017; Polo et al. 2018; Schmidt-Neto
et al. 2018). The nature of trace fossils and their
assemblages in brackish water settings, e.g., Cuvial–marine interactive systems, is complex in
comparison to the end member Cuvial or marine
systems (Buatois et al. 2005; Dalrymple and Choi
2007; Carmona et al. 2009; Gingras et al. 2012;
Zhang et al. 2017; Polo et al. 2018; Elicki and
Altumi 2019 and many others), and thus provide
detailed insights of the Cuctuations in sediment
Cux, salinity and resultant sediment–organism
interactions (Bhattacharya and Bhattacharya
2007; Gingras et al. 2011; Dasgupta et al. 2016).
However, the role of the control parameters may
vary based on the extent of interaction between the
Cuvial and the marine inCuences. In-depth ichnological analysis from areas with good preservation
is a potential tool to record and understand such
Cuctuations.
India, being a part of the Gondwanaland, is a
repository of shifting climatic and tectonic events
preserved in thick clastic sedimentary succession,
called the Gondwana Supergroup, deposited during
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the late Carboniferous–early Cretaceous (Banerjee
et al. 2020). Focussed study of the Lower Gondwana rocks (late Carboniferous–towards the end of
Permian) from several isolated basins in peninsular
India documented significant information to
reframe the late Palaeozoic palaeoclimatic and
palaeotectonic changes (Casshyap 1970; Casshyap
and Tewari 1984, 1988; Veevers and Tewari 1995;
Gupta 2000; Tewari 2005; Mukhopadhyay et al.
2010; Bhattacharya and Bhattacharya 2015;
Bhattacharya and Banerjee 2015; Bhattacharya
et al. 2016a, b, 2018; Bhattacharjee et al. 2018).
Among these basins, the studied Raniganj Basin is
reported to preserve thick ([ 250 m) coal-bearing
sedimentary succession (Bhattacharya et al. 2018
and references therein). The Barakar Formation
(early Permian), a major constituent of the Lower
Gondwana stratigraphy, is one of the most
important coal-bearing litho units of peninsular
India, underlain and overlain by non-coaliferous
litho units, viz., the Karharbari Formation (early
Permian) and the Ironstone Shale Formation
(equivalent to Barren Measures Formation, middle
Permian), respectively. Thick Barakar succession
comprising sandstone–shale–coal cyclothems is an
excellent repository of varied ichnoassemblages in
distinct stratigraphic levels and provides sufBcient
scope for in-depth sedimentological–ichnological
study (Mukhopadhyay 1996). Sedimentological
and sequence stratigraphic analysis of the same
succession has revealed a clear signature of
Cuvial–marine interaction in an overall estuarine
depositional setting (Bhattacharya et al. 2012,
2016b, 2018), reinterpreting the traditional concept of a Cuvial depositional setting. In this backdrop, the present work tries to analyse the nature
and distribution of ichnoassemblages and the sediment–organism interaction patterns in different
stratigraphic levels of the Barakar sedimentary
succession (early Permian) of the Raniganj Basin
with an aim to understand the mutual interaction
of different ecological control factors with prevalent energy conditions in different parts of a mixed
Cuvio-marine depositional setting.

2. Geological background
Rocks of the Gondwana Supergroup (age PermoCarboniferous to Cretaceous) constitutes a major
lithostratigraphic unit in Indian stratigraphy.
Thick siliciclastic successions occur in several isolated Gondwana basins in India, mostly conBned in
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multiple palaeo-rift valleys (Cashyap and Tewari
1988; Veevers and Tewari 1995; Bhattacharya and
Bhattacharya 2015; Bhattacharya et al. 2012,
2016a, b, 2018). The Raniganj Basin is one major
riftogenic basin within the Damodar valley in the
eastern part of India (Bgure 1A). The basin is known
for *2000 m thick uninterrupted litho-succession
designated as the Lower and Upper Gondwana
Supergroup (see, table 1 in Bhattacharya et al.
2018).
Thick (*230 m) succession (Bgure 2) comprising
of arkosic sandstone–siltstone–mudstone, carbonaceous shale with abundant, thick coal characteristically constitutes the Barakar Formation in the
Raniganj Basin. The rocks are mostly available in the
north-central part of the basin (Bgure 1B), lie over
the Proterozoic gneissic basement, and/or southerly
dipping sedimentary rocks of the Talchir Formation
and Karharbari Formation. Lithologically, the Barakar Formation used to be interpreted as Cuvial
deposits (Casshyap 1970; Casshyap and Tewari
1984, 1988). However, in the last two decades, series
of works conBrmed significant marine inCuences in
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the middle to the upper part of the Barakar succession
(Bhattacharya et al. 2012, 2016a, b, 2018), based on
which in recent years it has been re-designated as a
Cuvial–tidal-wave mixed depositional system. Good
exposures of Barakar sedimentary rocks with wellpreserved trace fossils are present along two stream
sections in the basin, namely, the Barakar River and
the Khudia River (Bgure 2), where near-continuous
outcrops show undeformed, unmetamorphosed rocks
with strike and dip of *N708E and *158 towards
southwest, respectively. Common rock types
accounted in the study area include conglomerates,
sandstones, carbonaceous shales, and coals, which are
described in detail in terms of facies architecture.

3. Sedimentary facies analysis
In-depth sedimentological facies analysis of the
Barakar succession from this basin has been carried
out by Bhattacharya et al. (2018). Overall 12 facies
types are identiBed from the two study sections,
which are clubbed under four facies associations

Figure 1. (A) Map of part of peninsular India showing the occurrence of all Gondwana basins and the coalBelds. The location of
the Raniganj Basin is shown by the arrow. (B) Detailed geological map of part of the Raniganj Basin, showing the distribution of
different Gondwana litho units. The present study was carried out in the areas marked by red boxes along the banks of the
Khudia River and the Barakar River.
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Figure 2. Generalized vertical sedimentary logs of the Barakar Formation studied along the Khudia River and the Barakar River
in the Raniganj Basin, depicting prominent primary sedimentary structures, occurrences of trace fossils, distribution of
lithofacies types, and the facies associations.

(see Bgure 2), namely, the cross-stratiBed sandstone facies association (FA-B1), the sandstone–mudstone–coal facies association (FA-B2),
the sandstone–siltstone–mudstone facies association (FA-B3) and the wave-rippled sandstone
facies association (FA-B4). Trace fossils of different types are identiBed and described from both

the study sections. The nature of distribution and
association of the trace fossils vary within different
facies associations.
The cross-stratiBed sandstone facies association
(FA-B1) consists of four facies types, namely,
feebly laminated pebbly sandstone facies (B1-A)
(Bgure 3A), trough cross-bedded sandstone facies
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Figure 3. (A) Pebbly sandstone facies (B1-A) with crude stratiBcation. The length of the hammer is 30.5 cm. (B) Large trough
cross-strata representing the trough cross-bedded sandstone facies (B1-C). Hammer (encircled) length is 30.5 cm. (C) Exposed
vertical section showing trough cross-bedded sandstone facies overlying Bne-grained laminated mudstone facies (B2-A) with a
sharp erosional contact (arrow marked). The boy is for scale. (D) Field exposure of closely intercalated laminated mudstone
facies (B2-A) and laminated sandstone facies (B2-B). Sandstone is light coloured and marked S, while the mudstone is dark
coloured and marked M.

(B1-B) (Bgure 3B, C), plane-parallel-laminated
sandstone facies (B1-C), and lenticular conglomerate facies (B1-D). All the facies types in general
manifest channel-Bll morphology with laterally
impersistent lenticular geometry. The lenticular
conglomerate, commonly represented by one layer
of pebbles in the sandy matrix constitutes the basal
most part of many channel-Bll units, grading
upward to thick trough cross-stratiBed sandstone
facies often through the pebbly sandstone facies.
The trough cross-stratiBed sandstone facies is
commonly overlain by plane-parallel laminated
sandstone facies. A vertical gradation from conglomerate/pebbly sandstone to cross-stratiBed/
plane laminated sandstone resulted in stacked,
small-scale Bning-up successions locally. All the
facies types in this facies association are completely
devoid of any trace fossils.
Signature of minor lateral accretions of such
cross-stratiBed sandstone facies architecture with
conglomerate/pebbly sandstone at base indicates
point bar deposition in a high-accommodation
channel with small lateral migration in a relatively
rapidly subsiding setting. The absence of any
marine signature within the facies types of this
facies association in the lower part of the succession (Bgures 2, 3C) signiBes deposition in meandering channels beyond the inland limit of tidal
inCuence.

Relatively Bner-grained sandstone–mudstone–
coal facies association (FA-B2) (Bgure 3D) consists
of (i) laminated mudstone facies (B2-A) (Bgure 3C,
D) and (ii) faintly laminated sandstone facies
(B2-B), locally grading to coal facies (B2-C)
(Bgure 3D). The facies types do not show any trace
fossils when closely associated with facies types of
FA-B1, particularly in the lower part of the succession. Few Planolites, Palaeophycus, Taenidium,
etc., are found preserved in the laminated sandstone and mudstone facies, when these are closely
associated with the facies types of FA-B3 in the
middle part of the succession.
Predominant Bner grain size in this facies association indicates deposition in the overbank Cood
plains along the channel banks, relatively protected and surrounded by levees or marshes. Local
occurrence of coarse-grained sediments indicates
supply by crevasse splays (Bhattacharya et al.
2018).
The sandstone–siltstone–mudstone facies association (FA-B3) (Bgure 4A) consists of planeparallel laminated, wavy- and lenticular-bedded
siltstone–mudstone facies (B3-A), Bne-grained
plane-laminated sandstone–mudstone facies (B3B), and cross-stratiBed sandstone facies (B3-C)
in a gradationally based upward-coarsening successions. Superposed planar/trough cross-strata
(Bgure 4B, C) with reactivation surfaces, bi-directional
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Figure 4. (A) Field exposure of the sandstone–siltstone–mudstone facies association (B3) with alternate Bne-grained
plane-laminated sandstone–mudstone facies (B3-B) and cross-stratiBed sandstone facies (B3-C). The person is for scale.
(B) Superposed planar cross-stratiBed sandstone facies (B3-C) showing stacked dunes (D) with tidal bundles. Neap (N)–spring
(S) alternation in tidal stratal stacking pattern is marked. The length of the pen is 14 cm. (C) Trough cross-strata with tidal
bundles and reactivation surfaces (arrow) within cross-stratiBed sandstone facies (B3-C). (D) Cross-stratiBed sandstone facies
(B3-C) showing bi-directional cross-strata sets (apparent Cow directions are marked by arrows). The diameter of the coin is
2.5 cm. (E) Climbing ripples showing lateral and vertical accretion of strata bundles. (F) Climbing ripples in wavy-bedded
siltstone (in facies B3-A) with sigmoidal foreset laminae, draped by thin mudstone. (G) Flaser bedding in sandstone
(facies B3-C) with combined wave- and tide-inCuenced ripple cross-strata. The diameter of the coin is 2.5 cm. (H) Wave
ripples (arrow marked) with wavy-bedded sandstone–mudstone heterolith within facies B3-A. The diameter of the coin is
2.5 cm.

cross sets (Bgure 4D), climbing ripples with lateral accretion of strata bundles (Bgure 4E), crossstrata bundles with sigmoidal (Bgure 4F), and
concave-up foreset laminae with inclined set
boundaries, Caser (Bgure 4G) and wavy-/lenticular-bedding with symmetrical wave ripples
(Bgure 4H) are abundant within all the facies

types. The number and frequency of mudstone
and siltstone layers decrease upwards. Thick carbonaceous shale beds are present locally, commonly associated with cross-/plane-laminated
sandstone and siltstone–mudstone beds. The
facies types in this facies association are extensively bioturbated. Various ichnotaxa include
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Figure 5. (A) Ripple laminated sandstone facies (B4-A) with multiple exposed ripple beds (arrow marks). The length of the
hammer is 30.5 cm. (B) Exposed bedding surface of rippled sandstone facies (B4-A) with preserved symmetrical wave ripples.
Bifurcation of the crests is common (marked by arrow). The length of the pen is 14 cm. (C) Ladder-back ripples (arrow marked)
preserved within larger ripples (facies B4-A). The length of the pen is 14 cm. (D) Hummocky cross-stratiBcation (arrow marked)
in medium-grained sandstone (facies B4-B). Length of the hammer is 30.5 cm.

abundant Arenicolites, Diplocraterion, Palaeophycus, Planolites, Taenidium, etc., in mud-dominated and sand–mud heterolithic units, whereas
predominance of Monocraterion, Ophiomorpha,
Skolithos, Thalassinoides, etc., in relatively sanddominated heterolithic units. Carbonaceous shale
beds, interbedded within cross-stratiBed sandstone, locally bear Chondrites.
The facies architecture of FA-B3 indicates
deposition under the strong tidal inCuence in the
mouth bar – tidal Cat in the central estuarine
basinal area (Bhattacharya et al. 2012, 2018).
Relative Cuvial vs. tidal inCuences are evident in
the proximal and distal mouth bars, respectively.

The wave-rippled sandstone facies association
(FA-B4) consists of wave ripple-bearing sandstone
facies (B4-A) (Bgure 5A), characterized by symmetrical wave ripples (Bgure 5B) with rounded/
Cattened top, and locally preserved ladder-back
ripples (Bgure 5C), and hummocky cross-bedded
sandstone facies (B4-B) (Bgure 5D). The wave
ripple-bearing sandstone facies is characterized by
intense bioturbation by ichnotaxa like Arenicolites, Ophiomorpha, Skolithos, along with few
Planolites, Palaeophycus, Taenidium, etc.
Such wave-dominated facies architecture signiBes a more open-marine coastal environment.
However, its association with other facies types
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bearing climbing ripples with tidal bundles (of
facies association FA-B3) indicates significant tidal
interference in association with the wave processes
in the depositional realm.

4. The trace fossils
A wide variety of ichnotaxa are present in the thick
successions of the Barakar Formation, especially in
the sandstone and mudstone facies types within the
facies associations FA-B3 and FA-B4. IdentiBcation and observations on the inter-relationship of
different ichnotaxa were carried out in Beld exposures and representative samples were also collected for further detailed study. Representative
hand specimens were studied in the laboratory by
serial sectioning. The studied samples are preserved in the Sedimentology Laboratory of the
Department of Earth Sciences, Indian Institute of
Technology Roorkee, and in the Department of
Geology, Hooghly Mohsin College, West Bengal.
More than 50 samples were studied and 10 ichnogenera are identiBed from the studied section, which
includes: Arenicolites, Chondrites, Diplocraterion,
Monocraterion, Ophiomorpha, Palaeophycus, Planolites, Skolithos, Taenidium, and Thalassinoides. The
identiBcation of the ichnotaxa is attempted up to the
genus level only. IdentiBcation up to the species level
of individual ichnogenus is not attempted here due
to their relatively poor preservation quality and
taphonomic bias. The position of the trace fossils
with respect to the top/bottom of the bedding surfaces was recorded. Ethologically, dominant types
include domichnia and fodinichnia, mostly produced
by suspension-feeding, deposit-feeding, and/or Blterfeeding infaunal organisms of shallow marginal
marine aDnity. Substrate penetration by infaunal
organisms reached up to 2–6 cm, locally reaching up
to 8 cm. The study of the trace fossils includes
identiBcation and description of different ichnotaxa,
details of the ichnoassemblages and ichnodistribution in different stratigraphic horizons, and the
accounts of bioturbation intensity (Bioturbation
Index, following Taylor and Goldring 1993) in different layers.
4.1 Ichnotaxonomy
Systematic descriptions of the 10 ichnogenera are
presented in alphabetical order, following the
guideline proposed by H€
antzschel (1975).
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4.1.1 Ichnogenus Arenicolites Salter (1857)
(Bgure 6A)
Material: Specimens are preserved as full relief in
Bne-grained sandstone in Beld exposures.
Description: This ichnotaxon is endichnial, full
relieved vertical burrow, represented by paired
circular or elliptical apertures on the bedding surface. Diameters of the two apertures are 0.5–0.8
cm, respectively, and the average gap between
them is 0.9 cm. Paired apertures are commonly
represented by two closely placed limbs of a continuous J-shaped or partly preserved U-shaped
tube without any spreiten lamellae in the vertical
section.
Occurrence: This ichnotaxon occurs in association with Diplocraterion, Ophiomorpha, Skolithos,
Thalassinoides, etc., in coarse- to medium-grained
sandstone beds within the sandstone–mudstone
interbedded units in the study area.
Remarks: Arenicolites is commonly formed by
soft-bodied suspension-feeding organisms like
annelids (Hakes 1976; Bromley 1996) and/or
worms (F€
ursich 1974), deposit-feeding polychaetes
(Bromley 1996), or small crustaceans (Goldring
1962). These ichnotaxa are reported to occur in
environments from typically shallow marine
shoreface to tidal Cats (Crimes 1977) with few
reports from continental settings.
4.1.2 Ichnogenus Chondrites von Sternberg
(1833) (Bgure 6B, C)
Material: In-situ Beld exposures, several specimens are preserved on the bedding surface of
carbonaceous shale as epirelief.
Description: This ichnogenus is represented by
tunnel-type burrows with regular branching from a
central shaft on the bedding surface. Beneath the
shaft, the burrow endichnially branches out in a
dendritic fashion. These are unlined, sand-Blled
ridges within a muddy substrate. The lengths of
the tunnels are about 2–6.5 cm with the width
being about 0.5 cm.
Occurrence: Thick carbonaceous shale beds
within the sandstone–mudstone heterolithic facies
hold the exuberant concentrations of Chondrites,
locally associated with minor Planolites and very
few Palaeophycus.
Remarks: Chondrites are considered as fodinichnia of deposit-feeding polychaete worms in a
dysaerobic condition (Bhattacharya and Banerjee
2014). Recently, Chondrites is thought to be
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Figure 6. (A) Multiple tubes of Arenicolites (Ar) preserved in the vertical section of the sandstone bed (facies B3-B).
(B) Chondrites (Ch) on the bedding plane of carbonaceous shale. Arrows point towards the sand Blled ridges. The diameter of the
coin is 2.5 cm. (C) Field photograph of Chondrites (Ch) on the bedding plane of carbonaceous shale. The diameter of the coin is
2.5 cm.

produced by chemosynthetic organisms (Vaziri and
Fursich 2007).
4.1.3 Ichnogenus Diplocraterion Torell (1870)
(Bgure 7A)
Material: Specimens are preserved as full relief in
Bne-grained sandstone and sandstone–mudstone
heteroliths in Beld exposures.
Description: The trace fossils are identiBed by
typical U-shaped vertical to inclined burrows in
cross-section with protrusive or retrusive mud
spreiten spreading in between the tubes. On the
bedding plane, the burrow looks like a dumbbell,
with a pair of circular openings joined by a slitshaped area demarcating disturbed sediments of
spreiten. Concave up protrusive and retrusive
spreiten laminae are common. The average
separation between the two tubes is 0.5 cm.
Occurrence: These occur typically in medium
to coarse-grained sandstone in the sandstone–
mudstone heterolithic facies in association with
other sub-vertical and inclined burrows like Arenicolites, Monocraterion, Ophiomorpha, Palaeophycus,
Planolites, Skolithos, Taenidium, and Thalassinoides,
etc.
Remarks: Diplocraterion is considered as dwelling
burrows by suspension-feeding organisms (F€
ursich
1975) in the process to maintain equilibrium with

the sediment–water interface in response to animal
growth or variation in the rate of sediment supply
(‘equilibrichnia’ of Bromley 1996). The spreiten
lamellae represent preserved vertical movement of
the base of the U (Frey 1975).
4.1.4 Ichnogenus Monocraterion Torell (1870)
(Bgure 7B)
Material: Specimens are found to occur as full
relief in coarse-grained sandstone.
Description: This ichnotaxon is represented by a
vertical funnel-shaped burrow, which may or may
not be branched, within thick sandstone beds. The
main burrow slightly tapers downward and terminates into a relatively narrow Cat base. The burrow
has mud lining with varied thickness. Burrow Bll is
laminated mudstone, which conspicuously differs
from the host medium-grained sandstone. The
length of the shaft (up to 5 cm) is often less than
the diameter of the funnel (up to 7 cm), which may
be due to preservational bias.
Occurrence: In the study area, this ichnotaxon
manifests a monospeciBc occurrence with very low
ichnodensity.
Remarks: Monocraterion is interpreted as combined domichnia and fodinichnia produced
by suspension-feeding polychaete worms occurring in a colonized form (Poire et al. 2003). The
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Figure 7. (A) Field photograph of Diplocraterion (Di) in
section. Arrow points towards the U-shaped burrow with
spreitens. The diameter of the coin is 2.5 cm. (B) Polished slab
showing Monocraterion (Mo) in section. The white arrow
indicates the funnel-shaped burrow with a Cat base and the
yellow arrow indicates branching.

funnel-shaped broad opening of the burrow serves
as a trap for prey organisms in turbulent water.
The presence of clay-lining in these burrows helps
them to distinguish from escape structures,
whereas the preservation of the downward deCection of primary laminae around these burrows
helps to differentiate it from the Skolithos.
4.1.5 Ichnogenus Ophiomorpha Lundgren
(1891) (Bgure 8A–C)
Material: Specimens are preserved as full relief
in Bne-grained sandstone and mudstone in Beld
exposures. On bedding surfaces, these occur as
positive epirelief.
Description: This ichnotaxon is represented by a
three-dimensional network of the burrow with
Y-branching, either perpendicular or inclined to
the bedding plane with a circular cross-section. The
burrows have distinct nodular lining and they can
have discoid or ovoid fecal pellets. The burrows are
Blled up with contrasting material as that of the
substrate.
Occurrence: These are associated with domicile
burrows of Palaeophycus, Skolithos, Thalassinoides,
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Figure 8. (A) Field photograph of Ophiomorpha (Op) in
vertical section, showing branched tubes with nodular walls.
(B) Exposed vertical section showing monospeciBc colonization of Ophiomorpha (Op) piercing through several sandstone–mudstone interbeds. The diameter of the coin is 2.5 cm.
(C) Polished slab showing mud-lined inclined and horizontal
Opiomorpha (Op) burrows.

along with few fodinichnia like Taenidium and
Planolites.
Remarks: The Y-shaped inclined burrows with
pelleted wall-lining signify Ophiomorpha, However,
due to poor preservation conditions, the conBdence
to identify individual ichnospecies, O. nodosa, and
O. irregulare, is low and not attempted here. These
are considered as dwelling burrows formed by
shrimp-like decapod crustaceans in fairly turbulent
water conditions (Weimer and Hoyt 1964; Frey
et al. 1978; Rotnicka 2005; Seilacher 2007).
4.1.6 Ichnogenus Palaeophycus Hall (1847)
(Bgures 9A–D)
Material: The trace fossils occur as positive and
negative epirelief on the bedding plane of Bnegrained sandstone and mudstone. These occur as
full relief in polished sections.
Description: These are endichnial burrows with
thickly lined, smooth walls. Burrows are structureless with burrow Blled by the same sediments as
that of the host material. In the vertical section,
burrows are elliptical to subcircular with a width of
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Figure 9. (A) Field photograph of Palaeophycus (Pa) tube (arrow marked) preserved on bedding plane. The length of the pen is
14 cm. (B) Field photograph of several Palaeophycus (Pa) on sandstone bedding plane. The diameter of the coin is 2.5 cm.
(C) Association of mud-lined burrows of Palaeophycus (Pa) with Skolithos (Sk) on sandstone bedding surface. The diameter of
the coin is 2.3 cm. (D) Long, narrow, mud-lined horizontal tubes of Palaeophycus (Pa) associated with plant fossil (yellow block
arrow), preserved on the siltstone bedding surface. The diameter of the coin is 2.3 cm.

about 0.8 cm. Burrows occur as full relief with ringlike structures arranged serially on the tubes.
Occurrence: These are associated predominantly with Arenicolites, Ophiomorpha, Planolites,
Skolithos, Taenidium, Thalassinoides, etc., in
sandstone–mudstone heterolithic units. Local
association with well-preserved plant fossils is also
recorded on the siltstone bedding surface.
Remarks: The present burrow with unbranched
horizontal cylindrical tubes with considerably
thick wall appears elliptical to sub-cylindrical in
cross-section is identiBed as Palaeophycus. This
ichnotaxon is considered as a passive-Blling faciescrossing domichnia of suspension-feeding or
predator type worm-like organisms (Pemberton
and Frey 1982; HoAman et al. 2012). The thick
lining of the burrow with smooth burrow Blling is
indicative of differential weathering.
4.1.7 Ichnogenus Planolites Nicholson (1873)
(Bgure 10A–C)
Material: These are preserved as positive and
negative epireliefs or semi-reliefs on the bedding
planes of Bne-grained sandstone and mudstone.
Description: This ichnotaxon is represented by
sub-horizontal to tortuous unbranched burrows,
preserved as epichnial ridges with a smooth,
unlined wall. In cross-section, the burrows appear

elliptical with different burrow Bll sediments than
that of the host rock. The diameter of individual
burrow ranges from about 0.8–1 cm.
Occurrence: These are prevalent in both sandstone- and mudstone-dominated facies types,
commonly associated with Arenicolites, Diplocraterion, Ophiomorpha, Palaeophycus, Taenidium,
and locally with Chondrites.
Remarks: Different burrow-Bll materials from the
host rock and straight to tortuous nature of burrow
points to these burrows as Planolites (Pemberton
and Frey 1982). These are feeding burrows produced by deposit-feeding soft-bodied worms or
annelids (Nicholson 1873). Such facies-crossing
burrowing activities by infaunal organisms are very
common in relatively mixed, brackish estuarine/
deltaic conditions to more open shore environments (Frey and Howard 1985; Vossler and
Pemberton 1989).
4.1.8 Ichnogenus Skolithos Haldeman (1840)
(Bgures 9C, 11A, B)
Material: Specimens are preserved as full relief in
coarse- to Bne-grained sandstone in Beld exposures.
On sandstone bedding surfaces, these occur as
positive epirelief.
Description: This ichnotaxon is represented by
vertical or steeply inclined, unbranched burrows,
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Figure 10. (A) Association of mud-lined burrows of Palaeophycus (Pa) with Planolites (Pn) on sandstone bedding surface. The
diameter of the coin is 2.5 cm. (B) Long, narrow tubular horizontal burrows of Planolites (Pn), preserved on sandstone bedding
surface. The diameter of the coin is 2.5 cm. (C) Field photograph of unlined elliptical burrows of Planolites (Pn) in vertical
section. The diameter of the coin is 2.5 cm.

Figure 11. (A) Exposed Beld section showing sporadic vertical tubes of Skolithos (Sk) in plane-laminated coarse-grained
sandstone. The diameter of the coin is 2.5 cm. (B) Exposed vertical section showing mud-lined vertical burrows of Skolithos (Sk)
associated with Ophiomorpha (Op). The diameter of the coin is 2.3 cm.

commonly perpendicular to the bedding plane with
a distinct burrow lining. Burrow Blls are structureless, medium-grained sandstone, which is the
same as the host sediment. The length of the burrow is about 2.4 cm and the width varies from 0.2
to 0.6 cm.
Occurrence: In the study area, these are not proliBc,
but occur in significant abundance, mostly within
cross-stratiBed
sandstone
and
planarbedded sandstone with thick-bedded sandstone–
mudstone heterolithic units within FA-B3 and
FA-B4, often in association with Ophiomorpha,
Palaeophycus, and Planolites.
Remarks: Archetypal Skolithos is commonly
reported in higher energy nearshore to marginal
marine settings (Fillion and Pickerill 1990), formed
as dwelling structures by suspension-feeding

polychaetes, phoronids, and annelids of shallow
marine aDnity (Schlirf and Uchman 2005). The
occurrence of these ichnotaxa in association with
some Ophiomorpha in the thick-bedded sandstone
indicates sudden surges of high energy Cows in the
mouth bars and shore areas in the outer estuary
system.
4.1.9 Ichnogenus Taenidium Heer (1877)
(Bgure 12A–C)
Material: The trace fossils occur as positive
epirelief on the bedding planes of Bne-grained
sandstone and mudstone in Beld exposures.
Description: These are straight to curved,
unbranched, unwalled, meniscate burrows preserved as convex epi-relief, with a diameter of
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Figure 12. (A) and (B) Field photographs of Taenidium (Ta) on sandstone bedding plane. The diameter of the coin is 2.5 cm.
(C) Larger horizontal burrows of Taenidium (Ta), preserved on sandstone bedding surface. The diameter of the coin is 2.5 cm.
Burrows show partial overlapping.

about 0.25–0.65 cm and length up to 12 cm.
Burrows are oblique or horizontal to bedding, or
often inclined at a high angle. Menisci are generally arc-shaped and merge laterally at the burrow
boundary. Individual burrow often overlaps each
other.
Occurrence: The burrows profusely occur within
the Bne-grained red coloured cross-stratiBed
sandstone beds and alternate mudstone beds of
different facies types within facies association FAB3. These occur commonly in association with
Diplocraterion, Palaeophycus, and Planolites,
preserved both on bedding planes and vertical/
inclined sections.
Remarks: Burrows with meniscate cylinders with
backBll laminae characterizes Taenidium, represent sediment ingestion by deposit-feeding worms.
Their colonization in Bne-grained sediments indicates moderate to low energy conditions in a wide
range of depositional environments ranging from
lower shoreface, interdistributary bays, mouth
bars, and tidal Cats (Bhattacharya and Bhattacharya 2007).

4.1.10 Ichnogenus Thalassinoides Ehrenberg
(1944) (Bgure 13A–E)
Material: Specimens are preserved as full relief in
Bne-grained sandstone and mudstone in Beld
exposures. On bedding surfaces, these occur as
positive epirelief.
Description: Predominantly isolated, horizontal,
T/Y-like branched burrows on bedding planes with
a knob-like swelling at the point of bifurcation
characterizes the burrows of Thalassinoides. Burrow Blls are the same as that of the host sediments,
with thin discontinuous mud lining along the burrow wall. The diameter of the individual burrows
ranges from about 0.6–0.8 cm. Few Thalassinoides
show dichotomous branching commonly occurring
in connected networks of small tunnels Blled with
material coarser than that of the host sediment.
Occurrence: This ichnotaxon commonly forms
monospeciBc colonies, with few Ophiomorpha,
Palaeophycus, Planolites, and Taenidium.
Remarks: Thalassinoides are commonly interpreted as a passively Blled domichnian structure,
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Figure 13. (A) Exposed sandstone bedding surface showing extensive burrowing by Thalassinoides (arrow) with a networking of
branched tubes. Note the relatively smaller size of the burrows. (B) Field photograph of Thalassinoides (Th) on bedding plane
showing Y-branching (white arrow). The coin diameter is 2.5 cm. (C) Dichotomous branching (arrow) of sand-Blled tubes in
Thalassinoides. The diameter of the coin is 2.5 cm. (D) Thalassinoides (arrow) preserved on the sandstone bedding surface. The
length of the pen is 14 cm. (E) Slightly abraded (eroded) networked burrow system (arrow) of Thalassinoides. The length of the
pen is 14 cm.

mostly produced by crustaceans (Frey et al. 1984).
However, these have been interpreted as fodinichnian burrows as well (Bromley 1996). These are
reported from a wide range of environments
including shoreface, nearshore, mouth bars, tidal
Cats, and estuaries (Bhattacharya et al. 2016a).
4.2 Trace fossil assemblages and distributions
Trace fossils are completely absent in the Cuvialdominated succession in the bottom part of the
studied Barakar succession, comprising of channel
Bll deposits with some overbank deposits. The
occurrence of the trace fossils is abundant in the
middle to the upper part of the Barakar succession.

In this part, in general, diversity and density of the
ichnotaxa are less in comparison to those of recent
marginal marine settings. The intensity of bioturbation (Bioturbation index) at different horizons
was calculated based on the amount of reworking
by the organism with respect to the original sedimentary fabric, following Taylor and Goldring
(1993), which ranges from BI = 0 to BI = 5 at
different sedimentary levels in the studied successions. Low to medium bioturbations (BI = 1–3) are
recorded, which resulted in partial destruction/
deformation of the original laminae and primary
structures (Bgure 14A–D). Extensive bioturbations
(BI = 5) is observed in certain stratigraphic levels
where a high density of ichnotaxa has nearly
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Figure 14. (A) Coarse-grained sandstone with a complex association of non-descript vertical and inclined burrows showing high
bioturbation index (BI-4–5), where intense bioturbation nearly destroying the original laminae. The diameter of the coin is 2.5
cm. (B) Intensely bioturbated sandstone–mudstone beds caused mixing up of sediments, where primary laminae and individual
ichnotaxa cannot be identiBed (mottling forms). The diameter of the coin is 2.5 cm. (C) Polished slab showing bioturbation of
low intensity (BI 2–3) in the lower part with part preservation of original laminae, overlain by undisturbed sandstone–mudstone
heteroliths with no bioturbations. (D) Association of Arenicolites (Ar), Diplocraterion (Di), Palaeophycus (Pa), and Planolites
(Pn) burrow apertures on bedding plane. The diameter of the coin is 2.5 cm.

destroyed original laminae/structures and fabric of
the rock, resulting in a non-descript mottling
appearance (Bgure 14A, B). Storm-led hummocky
cross-stratiBed sandstone facies (B4-B) is essentially devoid of any trace fossils. The coal facies
(B2-C), occurring mostly in the lower-middle part
of the succession, entirely lack trace fossils.
Based on the distribution and associations of the
ichnotaxa in different sediment beds, three distinct
ichnoassemblages are identiBed in the study area.
4.2.1 Ichnoassemblage 1
The ichnoassemblage 1 is dominated by Skolithos
with Palaeophycus and Planolites, occurring in the
tide-inCuenced channel-Bll and overbank deposits
(Facies B3-A, B3-B, and B3-C) in the lower-middle
part of the succession and the wave- and tide-inCuenced sediments (B4-A) in the upper part of the
succession. Also, local sporadically preserved Arenicolites, Diplocraterion, Ophiomorpha, Taenidium,
and Thalassinoides are recorded. The primary

laminae are well-preserved with moderately abundant bioturbation (BI = 1–3), mostly characterized
by shallow tier vertical or inclined dwelling burrows
of suspension feeders and horizontal burrows of
detritus feeders (see Bgure 15). Sandstone–mudstone
heterolithic beds deposited during post-storm waning energy condition host vertical domiciles of Diplocraterion, Palaeophycus, etc., and deposit-feeding
fodinichnian burrows like Taenidium represent the
corresponding fair weather suite of trace fossils (Buatois et al. 2001; Hubbard et al. 2004). Also in the
topmost part of the studied lithological succession
(see Bgure 15) comprising of thick mudstone beds in
alternation with thin sandstone beds dominantly
hosts Skolithos with low diversity of solely vertical
domiciles of suspension-feeding organisms comprising of Arenicolites, Diplocraterion, Palaeophycus,
Planolites, Taenidium, etc.
The abundance of softgound vertical domiciles of
mostly suspension-feeding infaunal organisms in
tide-inCuenced channel deposits is suggestive of
a relatively high energy depositional system.
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Figure 15. Vertical sedimentary logs of the Barakar succession as exposed along the Khudia River and the Barakar River
showing detailed distribution and association of different ichnotaxa in distinct stratigraphic horizons, the corresponding
ichnoassemblages, ichnofacies, and the bioturbation index (BI).

However, the presence of deposit-feeding organisms
in the Bner-grained intervals indicates Cuctuations
in the energy conditions due to the mixing of different sedimentary processes. The sediment–organism interaction was controlled by the substrate
condition, which was a manifestation of the prevalent energy condition. Thus, overall ichnoassemblage does not match with any of the marginal
marine softground Seilacherian ichnofacies, which
calls for identiBcation of a mixed Skolithos–
Cruziana ichnofacies for this assemblage (Seilacher
1964; Howard and Frey 1984; Pemberton and Frey
1984; Frey 1990; MacEachern et al. 2012).

4.2.2 Ichnoassemblage 2
The Ichnoassemblage 2 is dominantly formed by
abundant occurrences of Palaeophycus, Planolites,

and Taenidium, with minor, locally occurring
Arenicolites, and Thalassinoides, mostly occurring
in the tide-inCuenced, sandstone–siltstone–mudstone heleterolithic sediments (facies B3-A with
locally in facies B3-C) in the middle part of the
successions. The burrows are shallow tiered with
local signatures of cross-overs. Primary laminae are
partly to mostly preserved with low to moderate
bioturbation (BI = 1–4). In vertical succession, the
Ichnoassemblage 2 recurs in alternation with the
trace fossil suites of the Ichnoassemblage 1.
Predominantly horizontal dwelling and trophic
deposit-feeding burrows in relatively low-energy,
softground muddy substrate with intercalated silt
and sand, indicate a relatively low-energy depositional setting with a low rate of sedimentation. The
overall sediment–organism interaction pattern
typically matches with the Seilacherian Cruziana
ichnofacies (Seilacher 1964; Howard and Frey
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1984; Pemberton and Frey 1984; Frey 1990;
MacEachern et al. 2012).
4.2.3 Ichnoassemblage 3
The Ichnoassemblage 3 is characterized by Chondrites, with few Planolites, Palaeophycus, and
Taenidium, developed locally in mud-dominated
intervals of the tide-inCuenced heterolithic sediments (Facies B3-A) in the middle part of the
studied succession. Bioturbation is sparse (BI =
1–2), mostly shallow-tiered with preservation of
original sedimentary features.
The presence of Chondrites suggests a chemosymbiotic feeding strategy in a relatively oxygenpoor, low energy mud-depositing realm. In Cuvial–tidal interacting settings, such conditions are
possible in the restricted lagoon areas. Association
of the Chondrites with Planolites and other
deposit-feeding burrows points to a Seilacherian
Zoophycos ichnofacies (Seilacher 1964; Howard
and Frey 1984; Pemberton and Frey 1984; Frey
1990; MacEachern et al. 2012). However, the
occurrence of this ichnofacies is local and restricted
in the studied sections, clubbed in between the
Cruziana ichnofacies (Ichnoassemblage 2).

5. Discussion
5.1 Implications of the trace fossils
and the sediment–organism interaction
pattern
The documented trace fossils and their assemblages recorded in the Barakar sedimentary succession reveal the dominance of domichnia and
fodinichnia of annelids, worms, and crustaceans.
These are the shallow marine benthic infaunal
variety. The ichnofossil morphology formed by
these benthic organisms is highly inCuenced by the
ambient environment and the Cuctuations in
energy and substrate conditions occurring in such
environments (Howard et al. 1975; Pemberton and
Frey 1982; Ekdale et al. 1984; Wetzel 1984; Beynon
ursich
et al. 1988; Wignall 1993; Bromley 1996; F€
1998; De Gibert and Ekdale 1999; Bromley and
Uchman 2003; Hubbard et al. 2004; Mangano and
Buatois 2004; Dashtgard et al. 2008; Zhang et al.
2017; Melnyk and Gingras 2019; Shchepetkina
et al. 2019) along with Cuctuations in nutrient and
oxygen supply and/or salinity changes, which lead
to change in the ethologic response of an organism
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(Bhattacharya and Bhattacharya 2007; Gingras
et al. 2011; Melnyk and Gingras 2019). The absence
of trace fossils within basal channel Bll deposits,
comprising of coarse-grained, trough cross-stratiBed sandstone is possibly caused by low colonization window due to: (i) high rate of sedimentation,
(ii) abundance of coarser-grains, (iii) frequent
erosions by the meandering channel systems, and
(iv) frequent change in the Cuvial discharge due to
increasing inCuence of the incoming tidal currents,
eliminating the chances of activities of organisms
to be preserved (Melnyk and Gingras 2019).
The eAect of tide dominance is evident from the
sandstone–mudstone heterolithic facies with an
abundance of tidal bundles and oppositely dipping
cross strata. Sandstone–mudstone heterolithic
facies types in FA-B3 is interpreted to have been
deposited due to systematic repetition in cycles of
tidal rise and fall (Bhattacharya et al. 2012). The
tide-inCuenced sediment package hosts vertical
dwelling burrows of infaunal suspension-feeding
organisms like Arenicolites, Diplocraterion, Monocraterion, Ophiomorpha, Palaeophycus, Skolithos,
Planolites, and Thalassinoides (Ichnoassemblage
1), which indicate a significant change in substrate
condition in response to varied energy systems
attributed to the tidal inCuences over the Cuvial
systems. Quick Cuctuations in energy are envisaged from the mixing up of the Skolithos ichnofacies and Cruziana ichnofacies within the tidedominated and the wave-dominated facies associations. Such mixed appearance of the Seilacherian
ichnofacies is attributed to the mixing of tidal and
Cuvial systems, which varies significantly from
typical assemblages of intertidal Cats in macrotidal
depositional systems. The trough cross-bedded
sandstone beds intermittently occurring within the
heterolithic facies are suggestive of seasonal high
Cuvial discharge, overshadowing the preservation
of biogenic structures. Near the middle of the
succession, relatively thin mudstone-dominated
heteroliths host colony of feeding burrows of
deposit-feeding infauna (Chondrites and Planolites) with sparse distribution of the vertical
domiciles. Such ichnoassemblage (Ichnoassemblage
3), characterizing Zoophycos ichnofacies, indicates
quiescent depositional condition with low oxygen
content, probably due to the decomposition of
organic matter under subsiding energy condition
(Wheeler et al. 1990).
Hummocks and wave ripples in association with
tidal bundles in the coarse- to medium-grained
sandstone imply both wave and tide inCuences up
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Figure 16. (A) Schematic diagram showing the depositional model for the Barakar Formation with associated change in energy,
sediment distribution, and different facies associations. (B) Distribution of different ichnotaxa in different parts of the
depositional realm (areas marked 1–7) manifests a systematic change in the depositional environment and ichnofacies types.

in the lithofacies succession (Bgures 2, 15, 16). The
presence of hummocks signiBes storm surges in
open shallow shelf/shore (Bhattacharya et al.
2012), causing resuspension of deposited sediments
and thus, preventing preservation of the burrows.
In the present area, the occurrence of hummocks
indicates a significant open marine condition that
prevailed during the deposition of the upper part of
the Barakar Formation, which allowed high energy
waves to aAect the shoreline. Beds associated with
waning storm energy host a few vertical domiciles
(Diplocraterion, Palaeophycus, etc.), termed as
opportunistic colonizers (Buatois et al. 2001;
Hubbard et al. 2004) relocated under post-storm
waning energy condition (Follmi and Grimm
1990). Shallow tired fodinichnia of deposit feeders
like Planolites, Taenidium, etc., denote post-event
burrowing in suspension fall out deposits in a
subsiding energy condition. Overall, such assemblages (Ichnoassemblage 2) of deposit feeders and
suspension feeders are demarcated as Cruziana
ichnofacies and are found to recur in the studied

succession, both in the wave-inCuenced and
tide-inCuenced successions. Thick mudstone beds
in alternation with thin sandstone beds indicate
gradually subsiding energy towards the top of the
succession. The topmost carbonaceous shale with
the virtual absence of bioturbations suggests the
possibility of anoxia, low energy condition of
deposition with abundant organic matter, that was
hostile to life (Bhattacharya and Bhattacharya
2007).
Distribution of deposit feeders and suspension
feeders in the studied succession reCects the strong
inCuence of Cuctuating energy levels over the
control of substrate or bathymetry (F€
ursich 1975;
Pemberton et al. 1992). However, factors like
salinity (due to the mixing of river water with
seawater), turbulence (due to mixing of the river
Cow with incoming tidal currents), and availability
of oxygen (due to circulation of the water system)
tend to have a significant eAect on the distribution
of vertical and horizontal burrows (Pemberton
et al. 1992; Buatois et al. 2005; Gerard and
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Bromley 2008; Carmona et al. 2009; Buaitois and
Mangano 2011; Angulo and Buatois 2012; Ekdale
et al. 2012; Gingras and MacEachern 2012; BayetGoll and Neto de Carvalho 2016; Zhang et al.
2017).
Overall, ichnotaxa of marine aDnity, the dominance of infaunal organisms over epifaunal organisms, and recurrence of varied ichnofacies conform
to the Cuctuating energy condition and point to
significant mixing of the end member marine and
freshwater counterparts (Wightman et al. 1987;
Pemberton and Wightman 1992; Gingras et al.
2012; Zhang et al. 2017). Fluctuations in energy
due to different extent of Cuvial and marine
interaction controlled the nature of sediment supply, availability of nutrients, and supply of bottomoxygen, which largely inCuenced the habitat and
lifestyle of the organisms. The ethological response
of the organisms to these ecological control
parameters governed the trace fossil distribution
and assemblages, resulting in a bathymetricallycontrolled mixed Skolithos–Cruziana and archetypal Cruziana ichnofacies, along with locally
developed Zoophycos ichnofacies during the
Permian Barakar sedimentation in the study area.
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Ichnoassemblage 1 pertaining to a mixed
Skolithos–Cruziana ichnofacies, suggests deposition in a bay-head delta (AschoA et al. 2018;
Bhattacharya et al. 2018) that formed during
the Cooding of the distributary channels by
encroaching tidal currents;
(iii) followed by a tide-dominated central-outer
estuarine basin with mixed, relatively lower
energy system (Dalrymple and Choi 2007;
Bhattacharya et al. 2018) represented by tideengulfed Cuvial overbank deposits (FA-B2)
associated with tidal Cat/bar deposits (FAB3) along with predominant deposit-feeding
trace fossils of Cruziana ichnofacies aDnity
along with minor Zoophycos ichnofacies; and
Bnally,
(iv) a relatively open coastal depositional system
with strong wave dominance in the constituting facies types (FA-B4) in association with
tidal deposits (FA-B3) and a characteristic
mixed Skolithos–Cruziana ichnofacies and
Cruziana ichnofacies (of Ichnoassemblage 1
and Ichnoassemblage 2, respectively), attesting to the outermost part of the estuarine
system (Bhattacharya et al. 2018) that has
transgressed and overlapped the earlier
depositional systems.

5.2 Depositional environment
Lateral and vertical occurrences of different facies
types and the facies associations within a coarsening- to Bning-up litho-succession (Bgure 2), and
associated ichnotaxa and ichnoassemblages
(Bgure 15) indicate a gradual shift in depositional
conditions in several sub-environments during the
Barakar sedimentation:
(i) a meandering river system with channel-Bll
(FA-B1) and overbank (FA-B2) deposits, commonly occurring at the lowermost part of the
succession. Lack of marine inCuence indicates
that these were deposited beyond the tidal
limit, more in the continental part;
(ii) overlain by a tide-reworked Cuvial channel
depositional system, where the channel Bll is
characterized by tidal mouth bar deposits of
FA-B3 with significant Cuvial inputs and
associated overbank deposits (FA-B2). Signatures of tidal inCuences within both channel Bll
and overbank deposits are evident and make
them distinct from pure meandering channel
deposits. A progradational coarsening-up
succession with the distribution of varied domicile and deposit-feeding trace fossils of

The abundance of herringbone cross-strata,
reactivation surfaces, heterolithic facies, combined
Cow-ripples, hummocky cross-stratiBcation indicates significant marine inCuences during the
deposition of the studied Barakar succession
(Bhattacharya et al. 2012, 2016b, 2018). The sedimentological record indicates the presence of a
channel with varied palaeo-current azimuths that
also varies in Cow strength. The channel was pulsating with a change in volume and size of bedload.
Several such channels debouch their loads directly
to the sea. The bars forming in such tide-inCuenced
channels are thrived by vertical, cylindrical,
branching, and U-shaped dwelling burrows of suspension-feeding annelids, worms, or crustaceans,
resulting in the ichnoassemblage characteristic of
Skolithos ichnofacies. There are regions between
these channels and their bank deposits, which are
areas of low energy. Such low-energy overbank
areas are occupied by the trophic deposit-feeding
organisms, forming horizontal and vertical dwelling burrows of Cruziana ichnofacies. When the
volume of water in the channel is high, the channels
become bankfull and Bnally breach the natural
levees as a crevasse splay. Thus coarser-grained
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materials are brought to the low-energy interdistributary bays. When the bay remains starved of
clastic debris and huge vegetable materials accumulate, under suitable conditions, coal is produced.
As the bay gradually Blls in, it gives rise to a Bning
upward succession.
Farther to the sea, the river debouches its load
abruptly at its mouth. However, the coast witnessed significant tidal signatures, which signiBes
the mouth bar sediments were frequently reworked
to give rise to a tidal bar at the mouth of the
estuary. These are associated with combined Cow
ripples attesting to storm reworking in between
tides. The abundance of Cat/rounded crests of
ripples and small ladder-back ripples on the surface
of larger ripples signify the reworking of bedforms
and the sediments by very shallow waves/currents
from different directions, which are very common
phenomena observed in beach/tidal Cat environments (Bhattacharya et al. 2020). Ichnoassemblage
characteristic of Skolithos ichnofacies occurs in
sand-dominated areas and those of Cruziana ichnofacies occur in mud-rich areas. The occurrence of
this marine sequence at the top of the tide-inCuenced central estuarine sediments attests to coastal
transgression. The presence of hummocky crossstrata indicates that the outer estuarine system
was intermittently aAected by storm surges in a
relatively open marine setting. However, the size
and geometry of storm deposits indicate that they
formed at shallow depth, particularly within the
lower inter-tidal to sub-tidal zones.
The increasing abundance and density of marine
ichnotaxa in the middle to the upper part of the
study section is attributed to the increasing tidal/
wave inCuences, which in turn points to significant
marine encroachment within the land area. Varied
zonation of different ichnofacies in the distinct
stratigraphic levels signiBes complex interplay of
marine vs. Cuvial processes, resulting in a mixed
Skolithos–Cruziana ichnofacies with a gradual shift
in the palaeodepositional systems from Cuvial to
tide-reworked Cuvial (often bay-head delta), tidedominated central-outer estuarine with Cruziana
ichnofacies and minor Zoophycos ichnofacies, and
tide-/wave-led more open coastal conditions with
alternate Skolithos–Cruziana ichnofacies and
Cruziana ichnofacies (Bgure 16). Such a transition,
as depicted from overall Bning-up stratal stacking
pattern and distribution of ichnotaxa (Bgures 2,
15), undoubtedly points to the transgressive event
recording Cuctuations in base level conditions in
terms of changing sediment supply, gross energy
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distribution at different parts of the estuary and/or
the net available accommodation, which is manifested by the appearance of different ichnofacies at
alternate stratigraphic levels.

5.3 Reconstruction of the Early Permian
palaeogeography
Bhattacharya et al. (2018) studied the same lithosuccession in terms of sedimentological and
sequence stratigraphic attributes and depicted a
tide-dominated, wave-inCuenced mixed estuarine
depositional setting. Transgressive–regressive
cycles caused by significant marine incursions and
basinal tectonics reCect the prevalent palaeogeographic conditions in the basin during the Barakar
sedimentation (Bhattacharya et al. 2018). The
trace fossil assemblages and the distribution of
different ichnofacies, as documented in this work,
also depict similar transgressive, Cuvio-marine
transitional depositional conditions. So, a strong,
sustained marine incursion into the continental
Gondwanaland (in this part of the Indian plate)
during middle–upper Barakar sedimentation (early
Permian) is apparent.
Records of similar inland marine incursions
during early–middle Permian are already reported
from different Gondwana basins in peninsular
India, viz., the Raniganj Basin, the West Bokaro
Basin, the Mahanadi Basin and, the Pranhita–Godavari Valley (Veevers and Tewari 1995;
Gupta 2000; Mukhopadhyay et al. 2010; Bhattacharya et al. 2012, 2016a, b, 2018; Bhattacharya
and Banerjee 2015; Bhattacharya and Saha 2020),
which, when clubbed with the present inferences,
conBrms that a major marine transgression event
occurred all along the south-eastern boundary of
the then Indian plate. Debate exists regarding the
actual nature and path of such marine transgression and its connection to the Tethys sea during
early Permian – whether the sea entered through a
north-eastern path along the Deoghar and
Rajmahal Group of Gondwana Basins (Gupta
2000), or the sea encroached from the north-western Salt Range area to Umaria–Rajmahal area
through to Australia (Veevers and Tewari 1995),
producing an epicontinental sea in either case.
However, the development of a tide-inCuenced
estuarine system and a relatively lower abundance
of wave-led sedimentation in all the basins, and the
presence of marginal marine ichnofacies (present
study, also see Mukhopadhyay 1996) signify that
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the marine incursion event did not create an open
marine condition in any of the basins. In all the
basins, a restricted, Cuvial-tidal (with some wave)
interactive transitional depositional condition was
set up. Also, the nature of the sediment dispersal
and deposition in such basins indicate the
encroachment from north-east took place along
some bay or narrow gaps (proto-oceanic trough?),
which started forming during the early–middle
Permian as a consequence of Gondwanaland–
Tethyan tectonics.

(d) Increase in wave dominance, presence of
opportunistic colonizers in post-storm sediment package higher up in the succession
demarcates a transition to the outer estuary
with an increase in marine dominance.
The
integrated
sedimentological–ichnological
model attests to significant marine encroachments
during the early Permian in peninsular India and
constitutes a component of the major Tethyan
invasion and transgression that aAected large land
areas within the continental Gondwanaland during
the early Permian.

6. Conclusions
1. The early Permian Barakar Formation of the
Raniganj Basin hosts low diversity ichnoassemblages, which include 10 ichnogenera,
namely, Arenicolites, Chondrites, Diplocraterion, Monocraterion, Ophiomorpha, Palaeophycus, Planolites, Skolithos, Taenidium, and
Thalassinoides.
2. The assemblage of trace fossils comprising of
vertical and horizontal traces of suspension
feeders, as well as deposit feeders, led to the
identiBcation of three distinct ichnoassemblages,
which pertains to mixed Skolithos–Cruziana
ichnofacies, archetypal Cruziana ichnofacies,
and low-diversity Zoophycos ichnofacies.
3. Detailed facies architecture in integration with
prevalent ichnofacies distributions unambiguously indicates a complex pattern of sediment–
organism interactions with changing energy
conditions due to varied Cuvial–tidal–
wave interactions at different sectors of the
estuarine system:
(a) The lower part of the succession, devoid of trace
fossils with coarse-grained sediment package indicating proximity to the Cuvial point
source corresponding to the inner estuary.
(b) High Cuvial discharge with significant tidal
reworkings led to bay-head delta deposits in
the inner-middle estuarine setting with a
mixed Skolithos–Cruziana ichnofaces, characterized by both suspension-feeding and
deposit-feeding ichnotaxa.
(c) Ichnoassemblage comprising of burrows of
deposit feeders and opportunistic colonizers in
overlying Bne-grained sediments characterize
middle estuarine setting under subsiding
current energy, characterizing a Cruziana
ichnofacies.
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