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Large soft-sediment deformation structures
(SSDS) in the Permian Barren Measures
Formation, Pranhita-Godavari Valley, India:
potential link to syn-rift palaeoearthquake
events
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Abstract

Records of palaeoearthquakes in sedimentary rocks are often debated due to the potential confusion in
distinguishing seismic versus aseismic trigger mechanisms causing liquefaction. The present paper documents
some unique soft-sediment deformation structures (SSDS), characterized by their extremely large size, complex
morphology and preservation in coarse-grained pebbly sandstone. The SSDS are present in the Permian Barren
Measures Formation, a syn-rift depositional unit within the Lower Gondwana succession in the Pranhita-Godavari
Valley, eastern Peninsular India. The ~ 210 m thick succession is represented by stacked fining-up retrogradational
cycles, characterized by coarse-grained trough cross-stratified pebbly sandstones near the base and fine-grained
heterolithic sandstones–mudstones at the top. Each cycle signifies a change from fluvial- to tidal-influenced
depositional systems. Coarse-grained pebbly sandstone beds near the base of each cycle record most SSDS,
including complexly deformed layers, pseudonodules, load and flame structures, various water-escape structures
like vertical/inclined sediment columns (sedimentary dykes) and contorted beds, and syn-sedimentary faults. The
deformed beds are underlain and overlain by the undeformed beds. Complexly deformed SSDS are often sharply
truncated at the top by undeformed beds manifesting syn-sedimentary character, which signifies that deformation
took place just after deposition of the affected beds, but before deposition of the overlying beds while
sedimentation was continuous. Facies analysis reveals the absence of processes like storms/pounding waves,
slumps, rapid dumping (massive beds), impact shaking, volcanisms, tsunami waves or sediment gravity flows in the
study area, thus negating their possibility as triggering agents for the liquefaction. The complex nature and large
size of the deformation structures imply extensive liquefaction near the sediment–water interface. In addition, the
deformed beds comply with most of the criteria of typical seismites. In half-graben type Gondwana basins, such
seismites can be linked to palaeoearthquakes, which signify the phases of syn-rift fault reactivation, basinal sagging
and associated accommodation changes.
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1 Introduction
Soft-sediment deformation structures (SSDS) formed by
deformations in sediments or sedimentary rocks before
significant diagenesis/lithification (Owen et al. 2011), are
reported from sediments/sedimentary rocks of varied de-
positional environments, including, glacial, eolian, lacus-
trine, fluvial, alluvial, tidal flat, deltaic, estuarine, shore,
shelf and deep marine slopes (Seilacher 1969; Rossetti
1999; Rodríguez-Pascua et al. 2000; Obermeier et al.
2005; Moretti et al. 2016). Such deformation features
may develop by different processes including processes
of liquefaction and fluidization, when primary stratifica-
tion and grains are disturbed by a condition of increased
pore fluid pressure exceeding the sediment strength
(Allen 1977, 1982; Owen 1987). However, debates and
discussions regarding the formation of various SSDS are
long-standing (Seilacher 1969; Sims 1973; Lowe 1975;
Allen 1982, 1985; Brodzikowski and Haluszczak 1987;
Seth et al. 1990; Owen 1995; Obermeier 1996; Bhatta-
charya and Bandyopadhyay 1998; Bhattacharya and
Bhattacharya 2010; Sarkar et al. 2014; Bhattacharya et al.
2016; Jha et al. 2017). Liquefaction is common in sedi-
ments of coarse silt to fine sand size (Owen and Moretti
2011). In coarser sediments, e.g., coarse-grained sand,
pebbly sand, etc., these processes are relatively less com-
mon, although there are few examples of liquefaction in
gravels associated with the high-intensity agents or the
presence of important impermeable barriers (e.g. Lowe
1975; Postma 1983).
Triggering agents for liquefaction of multi-layered sed-

iments may range from earthquake shocks, pounding
waves during storms, meteorite impacts, sub-aqueous
mass movement, shear stress along sediment–water
interface, rapid sedimentation, overloading and upward
movement of pore water/gas, volcanic activities, ground-
water fluctuations, tsunami, etc. (Greb and Archer 2007;
Owen and Moretti 2008, 2011; Moretti and Van Loon
2014). Although individual trigger mechanism does not
leave any characteristic morphological/structural im-
prints during or after liquefaction, attempts to link these
trigger mechanisms with seismic shocks (‘seismite’
layers), leading to the identification of palaeoearthquake
events in the rock record, are very common (Seilacher
1969, 1984; Lowe 1975; Seth et al. 1990; Pratt 1994;
Owen 1995; Bhattacharya and Bandyopadhyay 1998;
Owen and Moretti 2011; Moretti and Van Loon 2014;
Van Loon 2014). Such indiscriminate attempts have led
to a lot of terminology confusion, diluting the actual
aim/goal of identifying these structures.
Following Owen and Moretti (2011), sedimentary units

are identified as seismites when: (1) they develop close
to syn-sedimentary faults, which may generate earth-
quakes as potential triggers; (2) their deformation fea-
tures are consistent with those having a known seismic

origin; (3) they show lateral continuity over long dis-
tances; (4) they manifest gradual increase in intensity
and frequency of deformations towards the epicenter;
and, (5) they are characterized by stratigraphic repetition
of deformed layers, separated by undeformed layers.
However, there are many controversies and contradic-
tions to this view in terms of (i) insufficient actual data
from recent and its correspondence to the ancient; (ii)
lateral continuity of the structures; (iii) vertical repeti-
tions in the succession; and, (iv) relationship between
the earthquake magnitude and the morphology of the
resultant deformation structures (Moretti and Van Loon
2014), which raise the question regarding the absolute
necessity of abiding to all of the above criteria to qualify
as a seismite layer in the ancient rock record.
The trough cross-stratified, coarse-grained pebbly

sandstone of the Permian Barren Measures Formation
contains excellently preserved soft-sediment deformation
structures (SSDS). These structures are unique since
they are large and complex, and are abundant in very
coarse-grained sediments (pebbly to gritty sandstone). A
few reports of the very large SSDS in coarse-grained sed-
iments are available in the literature (see, Alfaro et al.
2010). Such large and complex structures within coarser
clastics raise a big question regarding their mode of ori-
gin and the nature of their trigger mechanism, which are
addressed in the present paper. The goal of this study is
to examine the possible link between the inferred lique-
faction processes to palaeoearthquake events. Such a link
will add a new characteristic in defining the seismite de-
posits irrespective of whether all other required parame-
ters are fulfilled or not. In addition, the results and
interpretations will contribute to the understanding of
the nature of sedimentation and the palaeodepositional
conditions in the overall context of the tectono-
stratigraphic paradigm of Gondwana basins.

2 Geological background
A thick sequence of the Gondwana Supergroup sedi-
ments was deposited from the Late Carboniferous to the
Late Cretaceous (approximately for 200Ma; Maulik and
Chaudhuri 1983; Sharan and David 2016) on the Pro-
terozoic basement rocks in the Pranhita-Godavari Valley
(Fig. 1), India. The basin occurs as a NW–SE trending
mega-lineament formed as a result of intra-cratonic rift-
ing within the supercontinent Gondwana, in the Indian
Plate. An overview of the simplified lithostratigraphy of
the Gondwana Supergroup in the Pranhita-Godavari
Valley is given in Table 1.
Gondwana sedimentation in the Pranhita-Godavari

Valley started in the Late Carboniferous, with deposition
of sediments in the pre-rift and syn-rift phases of a fault-
bordered downsagging basin (Lakshminarayana 1996;
Biswas 2003). Biswas (2003) identified six distinct stages
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in rift development and sedimentation, as mentioned in
Table 1. Since the entire sedimentation took place in a
passive margin intra-cratonic rift setting, magmatic
activities were entirely lacking.

The succession of the Lower Gondwana Group took
place simultaneously with rifting, along with the formation
of several intrabasinal horsts and grabens (Biswas 2003;
Bhattacharya and Bhattacharya 2015). Distinct sediment

Fig. 1 a Map of southern part of the Peninsular India showing the distribution of Gondwana basins. Locations of the West Bokaro Basin, Pranhita-
Godavari Valley and the study area are marked; b Detailed geological map of north-western part of the Pranhita-Godavari Valley (after Raja Rao
1982) showing the distribution of different Gondwana litho-units. The present study was carried out on the Barren Measures Formation (marked
as the study area) exposed along the southern bank of the Godavari River
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packages were deposited during different stages of rift evo-
lution. The pre-rift stage during the Late Carboniferous–
Early Permian was initially characterized by glacigenic sedi-
mentation (the Talchir Formation; Table 1), followed by
crustal sagging along weak zones with the development of
basin-marginal and intra-basinal faults in response to post-
glacial isostatic adjustments (Bhattacharya et al. 2005; Bhat-
tacharya and Bhattacharya 2015). Repeated sagging and
stretching along the faults and weak zones during the early
syn-rift phase led to a half-graben type basin, where the
Barakar sediments were deposited during the Early Permian
(Bhattacharya et al. 2012, 2018). The Barakar deposition
was followed by an active rift stage when the rift expanded
by successive half-graben faulting. During this stage, the
Barren Measures Formation and younger sediments were
deposited by successive fluvial cycles, associated with
phases of tectonic slackening. Bhattacharya and Banerjee
(2015) opined for a fluvial–marine mixed estuarine

depositional setting in response to marine transgressions
and fluvial–marine interactions during the deposition of
the Barren Measures Formation from the West Bokaro
Basin (see Fig. 1a) in eastern Peninsular India. However,
such depositional settings and sedimentation patterns are
yet to be reported from the Pranhita-Godavari Valley.

3 Materials and methods
The present study is carried out along the southern bank
of the Godavari River in the north-western part of the
Pranhita-Godavari Valley (Fig. 1b), where a thick (~ 210
m) succession of the Permian Barren Measures Formation
is exposed (Fig. 2). The rocks generally dip towards NE at
a gentle angle of 7°–10°. Several faults have affected the
exposed sections (Fig. 1b), which are often encountered in
the form of smooth slickensides in the field. In the study
area, the Barren Measures Formation is characterized by
very coarse-grained, pebbly to gritty sandstones,

Table 1 Simplified lithostratigraphy of the Gondwana Supergroup in the Pranhita-Godavari Valley (after Sengupta 2003). Inferred
sedimentation and tectonic cycles are merged, following Biswas (2003)
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accompanied by medium- to fine-grained sandstones, fer-
ruginous and carbonate-cemented sandstones and a few
laminated to massive mudstones. The studied succession
manifests multiple fining-up cycles (Fig. 2), starting with
coarse-grained pebbly sandstones at the base of the cycle
and fine-grained cemented sandstones or mudstones
marking the end of the cycle, within an overall fining-up
trend. More than twenty such fining-up cycles can be
counted, showing varying facies architectures (Fig. 2).
Marine sediments, in terms of intercalated tidal facies, are
more common within the cycles near the upper part of

the overall succession. Large-scale soft-sediment deform-
ation structures (SSDS) are observed within the coarse-
grained sandstones at the base of several fining-up cycles,
mostly occurring around the middle part of the overall
succession. Details of facies types and various SSDS are
given in the successive sections.

4 Results
4.1 Facies associations and depositional settings
The Barren Measures Formation in the Godavari River
section is represented by two predominant facies

Fig. 2 Vertical sedimentary log of the Permian Barren Measures Formation, exposed along the southern bank of the Godavari River (marked in
Fig. 1b), showing the distribution and association of different facies types, various soft-sediment deformation structures, and other primary
sedimentary structures

Bhattacharya and Saha Journal of Palaeogeography            (2020) 9:14 Page 5 of 18



associations, namely, a fluvial-dominated facies associ-
ation (BM-F; Fig. 3) and a tidal-dominated facies associ-
ation (BM-T; Fig. 4). Altogether eight facies types are
identified within these two facies associations, appearing
in cyclic repetition in the studied vertical succession
(Fig. 2).
The fluvial-dominated facies association (BM-F) is

characterized by pebbly, coarse-grained trough cross-
stratified sandstone (BM-F1; Fig. 3a), planar tabular
cross-stratified sandstone (BM-F2; Fig. 3b, c) associated
with pebbly, coarse-grained plane-bedded sandstone
(BM-F3; Fig. 3d) and red, ferruginous pebbly cross-
stratified sandstone (BM-F4; Fig. 3e). The stacked, len-
ticular geometry of different cross-stratified sandstones
with a concave-up base indicates the deposition from
high-energy currents in channels. Concentrations of
large pebble/cobble-sized clasts at the bottom of trough
cross-stratified sandstone beds demarcate channel lag
deposits (Fig. 3a). The predominance of coarse clasts
with large trough cross-strata in the sandstones of the
BM-F and relatively poor abundance of mudstones indi-
cate channel-fill type deposition in a relatively high-

energy river system. The poor sorting of the sediments
with the mixing of coarse to fine, angular to rounded
grains indicates short transportation from nearby
sources.
The tidal-dominated facies association (BM-T) in-

cludes yellow sandstone facies (BM-T1; Fig. 4a, b), fine-
grained cross-stratified heterolithic facies (BM-T2; Fig.
4c), red ferruginous siltstone/mudstone facies (BM-T3;
Fig. 4d, e), and white calcareous mudstone facies (BM-
T4; Fig. 4e). The facies types are characterized by a more
sheet-like geometry, a relatively lower thickness and
commonly represent the top of the fining-upward cycles.
However, the sandstone-mudstone heterolithic facies
and the mudstone facies become more pronounced and
abundant towards the upper part of the overall succes-
sion (Fig. 2). Each facies type manifests definite signa-
tures of tidal sedimentation in primary sedimentary
structures. The yellow sandstone facies (BM-T1) and the
fine-grained cross-stratified heterolithic facies (BM-T2)
are characterized by laterally accreted foresets with mud
drapes (tidal bundles; Fig. 4a, d), reactivation surfaces
(Fig. 4a, b), lateral variations of the foreset thickness and

Fig. 3 Field photographs of the fluvial-dominated facies association (BM-F). a Pebbly, coarse-grained trough cross-stratified sandstone (BM-F1)
with concentrations of pebbles as channel lag deposits; b Large cross-strata set within the planar tabular cross-stratified sandstone (BM-F2); c
Laterally extended planar tabular cross-strata set within BM-F2. Note the presence of multiple accretion surfaces (arrows); d Pebbly, coarse-grained
plane-bedded sandstone (BM-F3), showing normal grading of grain size. A few water-escape structures (arrows) have disturbed the plane beds
locally; e Red, ferruginous pebbly cross-stratified sandstone (BM-F4). Length of the hammer in (a), (c) and (d) is 30 cm; length of the pen in (e)
is 14 cm

Bhattacharya and Saha Journal of Palaeogeography            (2020) 9:14 Page 6 of 18



frequency (Fig. 4a), cross-strata sets in opposite orienta-
tions (Fig. 4f), abundant flaser beddings (Fig. 4c), which
unambiguously point towards the tidal control during
deposition. Alternate traction and suspension deposition
with thickness variation of the strata bundles manifest
tidal fluctuations in different scales. All these facies types
are characterized by intense cementation, both ferrugin-
ous and calcareous. Tidal bundles of different types are
locally present within sandstone-dominated units in the
facies BM-T3 (Fig. 4d). A massive to laminated white-
grey calcareous mudstone facies (BM-T4) occurs at the
top of this facies association and demarcates suspension
fall out of finer clastics in a relatively restricted, calm
and quiet environment, possibly in a stagnant water
body. The overall nature of these facies types signifies a
mixed tidal–fluvial depositional environment for this

facies association (BM-T). The facies association is de-
void of wave ripples, hummocks, etc. in the study area,
which signifies the absence of waves during the
sedimentation.
From the bottom to the top of the studied succession,

more than twenty fining-up cycles with thicknesses be-
tween 5 m and 20 m were recorded (Fig. 2). Each indi-
vidual upward-fining cycle is characterized by (i) coarse-
grained pebbly sandstone of BM-F1 or BM-F3 grading
upwards into relatively fine-grained sandstone/siltstone/
mudstone of BM-T; (ii) other facies types, such as BM-
F2, BM-F4, BM-T1, BM-T2, recurring in between the
cycle; (iii) signatures of tidal influence increasing from
the bottom to the top of each cycle. Such almost uni-
form characters of each fining-up cycle, with a distinct
change of the depositional setting from fluvial-

Fig. 4 Field photographs of the tidal-dominated facies association (BM-T). a and b Yellow sandstone facies (BM-T1) showing coset of cross-strata,
formed of laterally accreted foresets with mud drapes (arrows); c Fine-grained cross-stratified heterolithic facies (BM-T2), showing tidal bundles
and flaser beddings; d Red ferruginous siltstone/mudstone facies (BM-T3) with well-developed tidal bundles; e Red ferruginous siltstone/
mudstone facies (BM-T3) alternating with white calcareous mudstone facies (BM-T4); f Apparent bi-directionality of foresets (orientations shown
by arrows) in vertically adjacent cross-strata sets in yellow sandstone facies. Pen in (a), (b), (c), (d) and (f) is 14 cm long. Length of the hammer in
(e) is 30 cm
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dominated to tidal-influenced, signify a retrograding
characteristic within each cycle. Such a retrogradational
stacking pattern points to repeated transgressive events
in short intervals. The presence of the mudstone facies
of BM-T4, though of varied thickness, marks the end of
each fining-up cycle and possibly indicates the max-
imum flooding during each short-term transgressive
event. The overall succession also depicts a fining-up
trend, with the predominance of the coarser, channel-
fill fluvial deposits (of BM-F) in the lower part, and
finer, tidal-influenced marine deposits (of BM-T) to-
wards the upper part. Relatively thicker fining-up
cycles are observed in the lower part of the studied
succession, whereas the upper part of the succession
is characterized by frequent and thinner fining-up cy-
cles (Figs. 2, 5a). Such a change from the fluvial-
dominated to the tidal-dominated depositional setting
via multiple transgressive events indicates a transgres-
sive estuarine depositional setting for the studied suc-
cession. The absence of wave-generated features
discriminates the possibility of wave reconstruction in
such a mixed fluvio-marine environment, and points
to a tidal-influenced, relatively protected, estuarine
depositional setting.

4.2 Soft-sediment deformation structures
Different types of soft-sediment deformation structures
(SSDS) are recorded characteristically from the basal
coarse-grained sediment beds, mostly present near the
lower part of many fining-up transgressive cycles. Mean-
while, SSDS with relatively smaller size and less abun-
dance also occur in the finer-grained tidal deposits in
some of the cycles. Such SSDS-bearing beds are com-
monly underlain and overlain by undeformed beds
(Fig. 5b). These structures are unique because (1) most
of them are much larger and of less comparable morph-
ology which are relatively rarely described in the litera-
ture (see Alfaro et al. 1997, 2010); (2) these mostly occur
within the pebbly, very coarse-grained sandstone; (3)
large SSDS involve the deformation of several cross-
stratified layers, where the normal grading from coarse
pebbly sandstone to fine sandstone is present within in-
dividual foresets. However, large SSDS of varied origin
are indicated by Alvarez et al. (1998), Debacker et al.
(2001), Gibert et al. (2005), Alberti et al. (2017), and
other researchers. Varied types of SSDS recorded in the
study area are grouped and described under four distinct
categories: (i) complexly deformed layers; (ii) load and
flame structures; (iii) water-escape structures; and, (iv)

Fig. 5 a Field photograph showing two fining-up cycles with fluvial-dominated coarse-grained sediments in the lower part (BM-F) and tidal-
dominated finer sediments (BM-T) in the upper part of each cycle. The yellow arrows in each cycle mark the fining-up trend, and the white line
marks the boundary between consecutive cycles; b Outcrop of a coarse-grained sandstone bed with distinct soft-sediment deformation
structures (SSDS) underlain and overlain by undeformed, cross-stratified beddings (U)
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syn-sedimentary faults. Brief descriptions of the salient
morphological features of each category of SSDS are
presented below.

4.2.1 Complexly deformed layers
Large complexly deformed layers are the most abundant
type of SSDS in the study area (Figs. 6, 7, 8). They are
characterized by broad troughs like vertical to inclined
lobes with extremely folded layers (Figs. 6, 7, 8), separated
by mushroom- or flame-shaped vertical-to-inclined nar-
row sediment bodies (Figs. 6a, b, d, 7a, c, d). The width
and height of the larger lobes can range up to 2.5m and
1.6 m (Fig. 7), respectively; and these lobes mostly develop
within pebbly, coarse-grained cross-stratified sandstones
involving thick, graded foresets in a large cross-strata set
or multiple sets (Figs. 6d–f, 7a–d). Within the lobes, layers
are highly deformed and are characterized by several
smaller partitioned lobes and interlobes (Figs. 6a, c, d, 7a–
c), symmetric to asymmetric pairs of lobes and isolated
kidney-shaped bodies (‘pseudonodules’ of Owen 2003; Fig.
7d). The sediments in the interlobe flames show a
complete mixing, as it ranges from pebbles to fine-grained

sandstones and does not contain any preserved laminae.
The folds on thick foresets are very smooth and show a
thickness variation of the deformed layers from below the
trough to the fluid-escape channel (Fig. 7a, d). Locally,
large lobes of complexly deformed layers are preserved,
which contain foresets deformed with simple, complex
and overturned folds within the cross-strata sets (Figs. 6b,
f, 8a). Relatively smaller lobes (with width of up to 0.8 m
and height of 0.5 m) are observed in fine-grained hetero-
lithic facies, where again the foresets in cross-strata sets
are extremely deformed (Fig. 6c). Most of the deformed
layers are truncated at the top, commonly by an erosional
surface or by deposition of completely undeformed beds
(Fig. 8). Though the coarse-grained sandstone beds bear-
ing such large complex deformations are laterally persist-
ent in the study area for more than 50m, the intensity of
deformations of the foresets varies laterally and may range
from negligible to extreme deformation (Fig. 6f). Locally,
foresets within thick coarse-grained cross-bedded sand-
stones are deformed to varying degrees producing
overturned (Fig. 9a), partly contorted (Fig. 9b), ‘S’-
shaped (Fig. 9c), or completely homogenized (Fig. 9d)

Fig. 6 Field photographs of various complexly deformed layers. a Large complexly deformed layers with multiple lobes (white arrows), separated
by narrow flames. Note the presence of nearly-undeformed parallel-bedding in beds overlying the deformed layers. A small syn-sedimentary fault
(black arrow) shows shifting of the parallel beds; b Inclined simple-deformed layers (arrow) with thin flames, in trough cross-stratified sandstone,
are overlain by undeformed plane-bedded (P) sandstone; c Large complexly deformed layers, sharply truncated (along white line) against
overlying cross-beddings in coarse-grained sandstone; d Multi-lobed complexly deformed layers (arrow) in sandstone developed on nearly
undeformed plane-bedded (P) sandstone; e Large complexly deformed layers (arrow) developed on top of undeformed plane-bedded (P) coarse-
grained sandstone; f Deformed lobes with flames developed in sandstone foresets. Note the absence of deformations in the overlying foresets
within the same cross-bedding sets. Length of the hammer in (a), (b), (e), (f) is 30 cm; length of the scale in (c) is 1 m
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cross beddings, bounded above and below by undeformed
topset beds.

4.2.2 Load and flame structures
Simple load casts ranging in size from 15 cm to 35 cm
are present in coarse-grained to relatively finer-grained
sandstones (Fig. 10). These load structures appear as
large lobes of coarse-grained, poorly-sorted sandstones
loading onto the underlying medium- to fine-grained
sandstones (Fig. 10a). Laminae in both beds are pre-
served and gently deformed, conforming to the load
structures. Narrow flames in between the loads are of
shorter length and height, consist of finer sand and are
generally broad-crested (Fig. 10b). Sharp-crested flames
are absent, possibly due to the absence of mud. Locally,
the flame structures are preserved in foresets of large
cross-strata, showing gradational transition from non-
loaded to completely-loaded structures.

4.2.3 Water-escape structures including sedimentary dykes
Various types of water-escape structures are present
within the thick cross-bedded coarse-grained sandstone
facies (Fig. 11). Most commonly, these structures are
represented by the vertical to inclined columns of
coarse- to fine-grained sandstone and/or siltstone
formed by the upward movement of sand/silt piercing
through layers forming sedimentary dykes (Fig. 11 a-d).
The upward drag of fluids moving through such col-
umns has caused an upturning of beds/laminae adjacent
to the columns (Fig. 11a). Locally a stacking of such
upturned concave thin laminae has resulted in dish
structures (Fig. 11b, d). Occasionally, sand-dominated
vertical protrusions of irregular shapes sharply pierce
through thin laminae in a discordant manner, producing
multiple parallel sand flows (dykes) of relatively small di-
mensions with a width and height varying of 6–15 cm
and 65–95 cm respectively (Fig. 11b, d). In some cross-
stratified sandstone beds, a series of water-escape

Fig. 7 a Very large complexly deformed lobes within trough cross-stratified sandstone showing asymmetric folding of the lobes (arrows); b The
enlarged area of outcrop under the white rectangle in a, showing details of the complexly deformed layers; c Meter-scale complex deformation
within trough cross-bedded sandstone, separated by large water-escape channels (arrow); d Multiple layers showing complex deformations
separated by undeformed beds. Note the presence of pseudonodules (arrows) with complexly deformed internal laminae, indicating deformation
taking place in multiple phases. Length of the hammer in (b), (c) is 30 cm; length of the pen in (d) is 14 cm
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Fig. 8 Field photographs of various complexly deformed layers. a Deformed layers showing stacked multiple lobes (arrow), sharply truncated
along the upper boundary (white dashed line) by the overlying undeformed cross-bed sets (CS), within the coarse-grained sandstone; b
Complexly deformed layers within thinly laminated sandstone are truncated along the top sharp boundary. Note the increasing intensity of
deformations from periphery to the center of the lobes; c Small-scale multi-lobed deformations within fine-grained cross-stratified heterolithic
facies (BM-T2) showing sharp truncation (marked by small white arrows) at the top, overlain by undeformed cross-bed sets characterized by tidal
bundles (Tb) of various types. Length of the hammer in (a) is 30 cm; length of the pen in (b), (c) is 14 cm

Fig. 9 Field photographs of deformed foresets within cross-strata sets. Some of the foresets are traced with white markings. a Overturned, folded
foresets manifesting varied amounts of drag along the top surface; b Contorted foresets showing minor bulging; c Folded ‘S’-shaped foresets; d
Nearly homogenized (H) foresets. Length of the pen is 14 cm

Bhattacharya and Saha Journal of Palaeogeography            (2020) 9:14 Page 11 of 18



structures has caused contortions of the foresets. Locally,
the water-escape columns are absent and instead a series
of bulging successive sandstone layers caused by water
escaping upwards, leading to a stacked inverted ‘V’-like
deformation and producing the chevron bending of sev-
eral layers together (Fig. 11c, e, f). The chevron struc-
tures persist laterally up to 20 cm and vertically up to 40
cm in a particular location. The position of the chevron
structures locally shifts laterally and vertically within the
thick foresets of cross-stratified sandstone (Fig. 11e).
Such chevron structures are often truncated sharply by
the overlying foreset laminae (Fig. 11f).

4.2.4 Syn-sedimentary faults
Meter-scale faults confined to specific layers are fre-
quently present in the sandstone–mudstone heterolithic
facies, causing truncations and displacements of the de-
formed laminae (Fig. 12a). The fault traces are 60–125
cm long in vertical sections showing steeply to gently in-
clined fault planes. Both normal and reverse faults are
present. The faults die out in both upward and down-
ward directions, show upward branching, and manifest
greater throw near the base, which is changing to lesser
throw upwards (Fig. 12 b-d). These properties of the
faults characterize them as growth faults. Locally, the

faults have been used as effective pathways of sediment–
water mixtures for their upward moving, then producing
complex water-escape structures along the fault planes
(Fig. 12 b-d). In the study area, these smaller growth
faults do not show any direct relation to the basinal
faults. However, the formation of exposure scale small
growth faults are very common in similar fault-
controlled basins.

5 Discussion
5.1 Mechanism of deformation
The confinement of the complex deformations to spe-
cific layers (Figs. 5, 6c–f, 8a, c) suggests that the lique-
faction took place in particular time intervals (Mohindra
and Bagati 1996; Moretti and Sabato 2007). The multi-
lobed character of the complexly deformed layers
(Figs. 7a, 8a, b) and the pseudonodules (Figs. 7b, 8c) in-
dicates poly-phase deformation and subsequent liquefac-
tion within short durations while the sediments remain
unconsolidated during the deformation (Bhattacharya
et al. 2016; Jha et al. 2017). The fluid-escape channels
acted as conduits for the upward movement of liquefied
sand/silt.
Load casts are formed as a result of an unstable dens-

ity gradient at the interface between liquefied sediment
layers with different bulk density (Owen 2003; Moretti
and Sabato 2007; Wang et al. 2011). The final morph-
ology of load structures depends on various parameters
such as the duration of the liquidized state, the actual
bulk density gradient during deformation, and the kine-
matic viscosity of the involved sediments (Owen 2003).
Water-escape structures and sedimentary dykes form

by upward movement of liquefied and fluidized sedi-
ments through some pathways like cracks or voids. Such
cracks may develop by shear stress due to pore pressure
gradient during liquefaction/fluidization and dewatering.
The flow developed by this shear drag and dewatering
balances the gravitational force and produces upward
flowing sand/silt columns (Fig. 11a, b, d). The develop-
ment of chevron structures (Fig. 11c, e) suggests local-
ized water escapes at different times. However, the
truncated nature of some of the chevron structures
(Fig. 11f) attests to the syn-sedimentary nature of the de-
formation structures, which indicates that the deform-
ation took place before the deposition of the overlying
layer although the sedimentation was continuous.
The restricted occurrence of faults (Fig. 12) in specific

layers and the presence of undeformed beds above and
below indicate their syn-sedimentary origin. Upward and
downward flexing of beds due to fault drag and flow of
liquefied sand/silt along fault planes (Fig. 12b, d) also
point to their syn-sedimentary origin. The development
of such faults is often related to volume changes of beds
involved in liquefaction and fluidization, commonly

Fig. 10 Field photographs of load and flame structures. a Load
structure developed by sagging of coarse-grained sandstone into
the underlying fine-grained sandstone. Note the development of a
broad flame structure of fine-grained sandstone (arrow); b Multiple
load structures developed within one foreset of a coarse-grained
cross-stratified sandstone. Intermittent flames of medium-grained
sandstone are short, broad-crested, and formed in different
orientations (arrows). Length of the hammer is 30 cm
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restricted below large sand volcanoes formed at the sedi-
ment–water interface. However, in the present field area,
no such direct association has been observed.

5.2 Driving force
Following Owen et al. (2011), the principal driving forces
for most soft-sediment deformations include: gravita-
tional forces acting along slopes, unequal loading along
sediment–water interface, gravitational instabilities,
shearing by current and/or biological or chemical distur-
bances. However, in the present case, in absence of
slopes and evidence of biological and chemical distur-
bances, it can be comprehended that the driving forces
behind most of the structures belong to the unequal
loading, gravitational instability or shearing by the
current. The load and flame structures and the faults are
definitely post-depositional. The driving force for the
load and flame structures is unequal loading along the
sediment–water interface leading to differential liquefac-
tion of the sediments. On the contrary, the driving force

for the water-escape structures including sedimentary
dykes and complexly deformed layers is gravitational
instability and/or current shearing, leading to the
upward flow of the liquefied and fluidized sediments.
Stratigraphically restricted deformed laminae with un-
deformed upper and lower boundaries imply syn-
depositional deformation processes as a result of the
current drag on partially liquefied sand, where liquefac-
tion might have been triggered by various agents (Owen
1995; Bhattacharya and Bandyopadhyay 1998). These de-
formed laminae attest to upward escapes of pore fluids
and resettling of grains under an increased fluid-
pressure head (Owen 1995).

5.3 Trigger for liquefaction — seismic versus aseismic
It is well known that besides rapid sedimentation, many
other processes like large pounding storm waves, sudden
dumping of large sediment gravity flows, slumping along
slip planes, or the density contrast due to changes in

Fig. 11 Field photographs of different types of water-escape structures. a Vertical column of coarse-grained sandstone (arrow) piercing through
the overlying beds causing their deformation due to water-escape; b Inverted funnel-shaped water-escape structure sharply piercing (arrows)
across cross-beds; c Upward protrusion of beds producing inverted ‘V’s (arrows) due to water-escape at different beds at different times; d Sand
dykes (arrows) cutting across all overlying layers and mixing with overlying deformed layers; e The bulging successive thick sandstone layers
caused by water escaping upwards led to a stacked inverted ‘V’-like deformation, producing chevron bending of several layers (black arrows);
f Truncation of a water-escape structure (arrow) by the overlying foreset, indicating the syn-sedimentary nature of the deformation structure.
Length of the pen in (a), (c), (f) is 14 cm; length of the hammer in (b), (d), (e) is 30 cm
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sediment cohesion and water depth as in tidal flats, may
play major roles in triggering liquefaction in unconsoli-
dated sediments. Rare events such as meteorite impacts,
volcanic eruptions, tsunami waves or over-steepening of
the slopes may also lead to the formation of SSDS (Alva-
rez et al. 1998; Debacker et al. 2001; Alberti et al. 2017).
Apart from these aseismic sources, seismic shocks
caused by earthquakes are considered as another
possible triggering agent for many of the soft-sediment
deformation structures, as propounded by Bhattacharya
and Bandyopadhyay (1998), Moretti and Ronchi (2011),
Sarkar et al. (2014).
In the studied Barren Measures Formation rocks, de-

tailed sedimentological analysis negates the possibility of
most of these aseismic agents as triggers. The supportive
reasons for such an argument are listed below:

(1) Facies analysis reveals sedimentation in a high-energy
fluvial-dominated setting with some tidal influence
(Fig. 2). Signatures of open marine waves including
storm waves are not evident in the study area since
we have not observed any wave-generated bedforms
(e.g., wave ripples, combined flow ripples, etc.) or

storm-generated primary sedimentary structures
(e.g., hummocky cross-stratification). Thus, the possi-
bility of large pounding waves as triggers for
liquefaction is discarded.

(2) Facies architecture reveals the deposition of
sediments mostly within channels and flood plains,
controlled by fluvial and tidal processes. Distinct
facies representing the emplacement of large
sediment gravity flows, in the form of thick-bedded
massive sandstones or matrix- to clast-supported
conglomerates, are not observed in the study area.
The absence of such deposits suggests that any type
of sediment-gravity flows was absent during the de-
position of the studied succession. So the chances
of triggering the liquefaction by sudden dumping of
large sediment gravity flows seem unlikely.

(3) In the study area, no major or significant evidence
of slip planes triggering large-scale slumping of soft
unconsolidated sediments, such as creep or slide on
a slip plane, is observed. In the study area, the mere
absence of such slip planes and the absence of
slump structures remove the option for slumping
along some slip planes as possible triggers.

Fig. 12 a Outcrop showing syn-sedimentary faults and associated deformation features. Details of the areas marked by b, c and d are shown in
sub-figures (b), (c) and (d), respectively; b Syn-sedimentary fault showing a shifting of laminae (arrows) along the fault plane; c Multiple syn-
sedimentary faults (yellow arrows) showing distinct shifts of the laminae. Note the upward flow of material (sand) (red-white arrow) along the
fault plane; d Upward and downward bending of laminae (red arrow) due to the combined effect of fault dragging (yellow arrows) and fluid-
escape. Note minor contortions (black arrow) in the laminae at the right end of the photograph. Length of the hammer in (a), (c) is 30 cm; length
of the pen in (b) is 14 cm
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(4) Though tidal sediments are abundant near the
middle–upper part of each fining-up cycle, the pos-
sibility of a density contrast due to a change in sedi-
ment cohesion and water depth, which frequently
occurs in tidally influenced settings (tidal flats),
seems unlikely there. Such density contrasts com-
monly form bed-scale deformations (Greb and Ar-
cher 2007) and are capable of producing structures
as large as those found in the study area (Chiarella
et al. 2016). Since the tidal structures found in this
study area indicate relatively lower energy condi-
tions of the tidal currents, possibly formed more to-
wards the continental side, a possible role of tidal
currents in forming the large deformation struc-
tures in the present case can be ruled out.

(5) The sharp truncation of many deformed layers by
overlying undeformed beddings signifies the syn-
sedimentary nature of deformations, which indi-
cates deformations taking place at the sediment–
water interface just after the deposition of the af-
fected beds/layers but before the deposition of the
overlying beds/foresets. In addition, most of the
overlying units are foresets in the large cross-strata,
which are deposited one by one and not all at a
time. Based on the above discussion, causes like the
rapid sedimentation or the density contrast cannot
be considered as valid triggering agents.

(6) Another possible factor that can cause a large
amount of liquefaction is impact shaking (Alvarez
et al. 1998). However, in the study area, no
supportive evidence of impact-related shaking is
found. These deformation structures also do not
match with those described by Alvarez et al. (1998).
So the possibility of impact shaking is also discarded.

(7) Volcanic activity can be another possible trigger
agent for large liquefaction. But the Gondwana
sedimentation, and in particular the sediments of
the Barren Measures Formation, were formed in a
craton-interior half-graben basin, where no volcan-
ism occurred during sedimentation (Biswas 2003).
Thus, the scope of volcanic activities is negated as
possible triggering agents for the formation of
present SSDS.

(8) Since the signatures of large pounding waves are
absent, as discussed earlier, the scope of tsunami
waves as possible triggering agents is also not
considered as valid.

As the absence of other possible triggering mecha-
nisms as discussed above, earthquakes of variable magni-
tude in the nearby are considered as an alternative
possibility for such deformations. The following features
observed in the studied SSDS may be considered as sup-
portive evidence in favor of triggering by earthquakes:

(i) Considerably large size of many of the structures
(Fig. 7) indicates a large amount of liquefaction,
where the entire bed was affected. Such large-scale
liquefaction is possible only when a large shaking
effect is affecting the beds, like a passing surface
seismic wave generated from a nearby epicenter.

(ii) The occurrence of the deformed beds in irregular
periodic intervals separated by undeformed cross-
stratified beds (Fig. 5), indicates recurrent but non-
periodic shaking of the beds. Earthquakes occur in
irregular intervals, which will affect the unconsoli-
dated to semi-consolidated sediments repeatedly.
The effect will be the strongest close to the
sediment–water interface, and will gradually wane
downward.

(iii)Heterogeneous assemblages of structures in the
beds with upward and lateral changes in the
intensity of deformations indicate multiple phases
of liquefaction and fluidization by separate
individual seismic shocks in response to distinct
events (Figs. 7, 11, 12).

(iv)The deformed beds contain an association of
different SSDS, viz., large complexly deformed
layers (Figs. 6, 7), growth faults with the flow of
sediments along fault planes (Fig. 12), and various
large water-escape structures including sand/silt
flows and chevron up-bulging beds (Fig. 11c, e),
which resembles closely with those described
already from seismically induced deformed horizons
in other areas of the world in terms of appearance
and nature of complexity of deformations (Bhatta-
charya and Bandyopadhyay 1998; Moretti and
Sabato 2007). However, the present deformation
structures are much larger in dimension than those
described as seismically-generated structures from
other areas.

All these criteria together point to a seismic origin for
most of the soft-sediment deformation structures in this
study area. Meanwhile, the beds containing SSDS are
identified as ‘seismites’ based on the following criteria, as
listed initially by Owen and Moretti (2011), and later on
by Bhattacharya et al. (2016) and Jha et al. (2017): (1) re-
peated occurrence of the deformed beds in irregular in-
tervals, separated by undeformed beds in stratigraphic
section; (2) complex nature of the deformation, evident
with multiple phases of deformations in unconsolidated
to semi-consolidated stage; (3) association with active
fault systems, which may generate earthquakes as poten-
tial triggers; (4) gradual increase in the intensity and fre-
quency of deformations near to the epicenter; and, (5)
lateral continuity over long distances.
As discussed earlier, the studied SSDS-bearing beds es-

sentially fulfill the above criteria (1), (2) and (3). Biswas
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(2003) proposed early syn-rift conditions during the
sedimentation of the Barren Measures Formation, which
involved the activation of multiple fault systems in the
near vicinity (Fig. 1b). However, the lateral continuity of
the beds cannot be traced, as the beds are only exposed
in the studied Godavari River section. Based on the
present study with detailed documentation of the nature
of the deformation structures, we consider that even in
the absence of proper evidence of lateral continuity, the
studied SSDS-bearing beds represent seismites due to (i)
fulfilling most of the characteristic criteria for seismite
definition; and, (ii) large size of the deformation features
within very coarse-grained sandstones, which needs a
high-energy event to liquefy and support the grains in
suspension. Furthermore, Moretti and Van Loon (2014)
proposed for the possibility of seismites without signifi-
cant lateral continuity.

5.4 Implications on palaeodepositional environment and
palaeogeography
Frequent earthquakes caused by repeated reactivations
of fault systems are common phenomena in rift basins,
including the Gondwana basins (Ghosh 2002; Biswas
2003; Bhattacharya et al. 2016). Repeated reactivation of
faults in a rift basin commonly results in the subsidence
of basin marginal parts (West 1962). Consequently, seis-
mites caused by fault reactivations are good evidence for
the basin marginal subsidence (Bhattacharya et al. 2016;
Jha et al. 2017). The concentration of the studied SSDS
within the coarser clastics at the base of the cycle sup-
ports the repeated reactivation of faults in the half-
graben-type Pranhita-Godavari Valley and the conse-
quent sagging of the basin during the sedimentation of
the Barren Measures Formation. Due to the half-graben
nature of the basin, each sagging resulted in more space
in terms of rising the base level, and then caused the
onlap of the tidal-influenced depositional system over
the fluvial system. This onlap did not hamper the fluvial
supply but changed the ratio of suspension fallout over
the bedload deposit in the progressive basin filled sedi-
ments, with the landward side remaining undisturbed
tectonically. Thus, the landward incursions of tidal cur-
rents associated with the basinward sagging resulted in
fluvial to fluvio-tidal transgressive successions within the
early syn-rift tectono-sedimentary setting.

6 Conclusions
The long-standing debate on the actual designation of
‘seismites’ rests on the identification and demarcation of
certain parameters, as described by Owen and Moretti
(2011), and further analyzed by Moretti and Van Loon
(2014). The soft-sediment deformation structures in the
Barren Measures Formation in the Pranhita-Godavari
Valley are distinct as they are unusually large, very

complex and occur mostly in pebbly, coarse-grained
sandstones. The truncated, syn-sedimentary nature of
these structures signifies that the trigger for liquefaction
was confined at or near to the sediment–water interface
before the deposition of the next overlying bed. In the
absence of other possible triggering mechanisms, such
instantaneous, quick shaking causing huge amount of li-
quefaction could be caused by earthquake shocks only.
The studied SSDS-bearing beds thus lead us to a new
paradigm for defining seismites, which is actually a
minor modification of the list of criteria proposed by
Owen and Moretti (2011). Thus, the occurrence of ex-
tremely large SSDS, mostly truncated at the top by over-
lying undeformed beds, developed in very coarse-grained
sediments can also be counted as an important param-
eter for identifying earthquake shocks, even if some of
the criteria (e.g., lateral persistence) listed by Owen and
Moretti (2011) are missing.
In addition, the studied seismites of the Barren Measures

Formation in the Pranhita-Godavari Valley imply that:

(1) Seismic shocks triggered by earthquakes of
moderate to high magnitude were frequent and led
to instantaneous liquefaction and fluidization of
unconsolidated sediments.

(2) Earthquakes were triggered by syn-sedimentary
fault reactivations.

(3) The occurrence of seismites in a succession with
upward increasing effects of marine influence
attests to a close link between sedimentation and
fault-induced basinal subsidence.

(4) The present seismites signify as one kind of marker
to an active syn-rift tectono-sedimentary setting in
the eastern Peninsular India during the Permian.
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