
1. Introduction

Soft-sediment deformation structures (SSDS) re-
cord evidence of both sedimentary and tectonic 

processes, whether they occurred during/after 
sedimentation and before lithification (Seilacher, 
1969; Lowe, 1975; Allen, 1984, 1986; Maltman, 1984, 
1994a; Leeder, 1987; Pratt, 1994; Obermeier, 1996; 
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Abstract

Soft-sediment deformation structures play an important role in interpreting regional tectonics and basin evolution dur-
ing slumping events. The Satpura Basin is interpreted as pull-apart with a monoclinal northerly palaeoslope through-
out its evolution. The basin formed as a result of sinistral strike-slip faulting, induced by the ENE–WSW-trending 
Son-Narmada South fault in the north and the Tapti North fault in the south. We have analysed the slump folds within 
the basalmost Talchir Formation and related these to regional tectonics and palaeoslope changes in the Satpura Basin. 
The glaciofluvial strata of the Talchir Formation, exposed in the southern part of the Satpura Basin, record intricacies 
of folds created during slumping. Several fold styles can be distinguished, within alternations of competent sandstone 
and incompetent shale layers, some of which indicate buckling. Upright folds, resulting from pure shear, underwent 
rotation of their axial planes and fold axes during simple shear-dominated progressive deformation when the slump 
moved downslope. The soft-sediment deformation structures that we have studied show refolding patterns that closely 
resemble comparable folds known from lithified rocks. These layers with refolded structures are overlain by unde-
formed sediments, which proves that they are the product of a single ongoing slumping process, rather than of succes-
sive deformation events. Our analysis of their fold axes and axial planes, together with fold vergences and thrust direc-
tions within the slumps, suggests a mean slumping direction towards the southwest. Analyses of slump folds and their 
relationship with regional tectonics have allowed us to reinterpret basin evolution history. The southwesterly trending 
palaeoslope of the basin suggest that the slope of the basin was not uniform throughout its evolution. At the opening, 
the oblique slip fault, which trended NE–SW, generated due to movement along the ENE–WSW basin bounding faults, 
was more active and triggered slumping event within the Talchir deposits in the basin. With progressive overlapping 
of the basin-bounding faults, the Satpura Basin gradually tilted towards the north.
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Van Loon, 2009). SSDS are generally produced by 
reorganisation of original particles in sediments 
and sedimentary rocks. Studies of such SSDS have 
been carried out in a wide range of geological envi-
ronments, ranging from continental to coastal and 
marine, spanning from the Palaeoproterozoic to 
the present time (e.g., Allen, 1984; Maltman, 1994a, 
1994b; Maltman et al., 2000; Alfaro et al.,2002; Etten-
sohn et al., 2002; Mazumder et al., 2006, 2016; Van 
Loon, 2009, 2014; Perucca et al., 2014; Üner, 2014; 
Alsop et al., 2017, 2019; Hubert-Ferrari et al., 2017; 
Byun et al., 2019).

It was long believed that slump folds bore a 
similarity to folds developed in lithified rocks as a 
result of regional tectonics (e.g., Elliot & Williams, 
1988; Maltman, 1994a; Alsop et al., 2017, 2019). 
However, very few systematic fold analyses have 
been carried out for such folds (Woodcock, 1976; 
Farrell & Eaton, 1987; Waldron & Gagnon, 2011; 
Ortner & Killian, 2016; Alsop et al., 2019). Defor-
mation, often associated with recrystallisation, is 
the driving mechanism for folding in hard rocks, 
whereas folding within soft sediments is typically 

achieved due to relative structure variations de-
pending upon the ratio between sediment cohe-
sive strength and presence of pore fluids (Knipe, 
1986; Ortner, 2007); with folds and shears being 
formed by hydroplastic deformation where cohe-
sive strength exceeds fluid pressure. Waldron & 
Gagnon (2011) realised that the intensity of lithifi-
cation during folding could be estimated from the 
styles of folding in different mud and sand layers, 
and thus recognised soft-sediment folds. In spite of 
differences in the mechanism of folding for hard 
rock and soft sediments, the geometry of resultant 
folds is so close to one another that it is desirable to 
develop criteria to differentiate these various fold 
types (Alsop et al., 2017, 2019).

SSDS are caused by a number of driving forces 
such as gravitational instability, dewatering, lique-
faction-liquidisation, overloading, wave-induced 
stress and reverse density gradient (Allen, 1984; 
Moretti et al., 2011; Owen & Moretti, 2011). Synsed-
imentary extensional tectonics plays a vital role in 
the deformation mechanism and acts as driving 
forces for soft-sediment deformations during sed-

Fig. 1. A – Simplified geological map of the Satpura Basin, with basin-bounding faults and the location of the study area. 
Insert shows the distribution of Gondwana basins in the Indian peninsula, with indication of the Satpura Basin; 
B – Cross-section across basin-bounding faults of the Satpura Basin (modified after Chakraborty & Ghosh, 2005).
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imentation or prior to lithification. The Gondwana 
basins of peninsular India have traditionally been 
considered as extensional rift basins with evidence 
of fault-controlled synsedimentary subsidence. 
The Satpura Gondwana Basin of central India is 
believed to be a pull-apart structure (Chakraborty 
& Ghosh, 2005). Presence of slump folds within the 
basalmost Talchir Formation in the Satpura Basin 
provides evidence of synsedimentary tectonic pro-
cesses.

The aim of the present paper is to analyse the 
range of fold styles created during soft-sediment 
deformation with techniques commonly applied 
in hard-rock deformation, their subsequent modifi-
cation and orientation of palaeoslope, as well as to 
discuss the geological implication of the slumping 
event with respect to regional tectonics and evolu-
tion of the Satpura Basin.

2. Geological framework of the basin

The ENE–WSW trending Satpura Basin represents 
the most westerly among a series of basins occur-

ring along Narmada-Son-Damodar valley of penin-
sular India (Fig. 1A). Rock successions, about 5,000 
metres thick, range in age from Permian to Cre-
taceous and outcrop over an area of about 12,000 
km2, within this basin. The Gondwana strata in 
the basin are subdivided into lower Talchir, Bar-
akar, Motur and Bijori formations of Permian age 
and upper Pachmarhi, Denwa, Bagra and Jabalpur 
formations of Triassic to Cretaceous age. The pull-
apart structure of the basin is marked by two major 
ENE–WSW trending faults, i.e., the Son-Narmada 
South Fault (SNSF) in the north and the Tapti North 
Fault (TNF) in the south. Towards the west, the 
basin is limited by a NE–SW trending fault which 
links the strike-slip margins with an easterly ver-
gence (Fig. 1A; Chakraborty & Ghosh, 2005). The 
regional strike of the basin-filling strata is NE–SW. 
For a long time, the basin was believed to have had 
a northerly monoclonal dip (~5o) throughout its 
evolution (Medlicott, 1873; Crookshank, 1936; Raja 
Rao, 1983; Casshyap & Khan, 2000; Peters & Sin-
gh, 2001; Chakraborty et al., 2003; Chakraborty & 
Ghosh, 2005).

Fig. 2. Field photograph and line drawing showing slumped horizon intercalated between slightly deformed beds.
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There are number of intrabasinal normal faults 
that affected the basin-filling strata; these are pre-
dominantly: 1) an ENE–WSW trending set of faults 
subparallel to the basin margin faults in north and 
south and 2) both NE–SW and NW–SE trending 
cross-basinal faults. The basin has a typical asym-
metrical half-graben configuration with thickening 
of the basin-filling sediments towards northerly 
dipping faults indicating fault-controlled synsedi-
mentary subsidence (Fig. 1B) throughout its evolu-
tion, including during the deposition of the Lower 
Permian Talchir Formation that forms the focus of 
the present study. The thickening of hanging wall 
strata towards the basin-bounding fault planes is 
more evident in the Talchir sediments than in the 
overlying younger strata. This is due to the fact that 
the frequency of synsedimentary faults decreases 
towards the younger sediments (Raja Rao, 1983). 
The Talchir Formation is affected by faults more 
than the overlying sediments and crops out most-
ly along the southern part of the basin, with a few 
exposures in the northern part (Fig. 1A). Based on 
detailed facies studies, Chakraborty & Ghosh (2008) 
suggested that the Talchir sediments represented a 
thick glaciofluvial fan deposit produced by resedi-
mentation of debris dumped by glaciers along the 
shoreline. The SSDS present in the study area rep-
resent at distal glaciofluvial fan succession that is 
exposed in a tributary of the River Tawa, near the 
village of Pindrai.

As strata directly underlying and overlying the 
slumped unit remain horizontal, the area did not 
undergo tectonic deformation and slumps primari-
ly originated as a result of a synsedimentary defor-
mation event (Fig. 2). The difference in physical 
properties of the slumped unit with overlying and 
underlying strata leads to an impending instabili-
ty of the rheologic interface, which may ultimately 
suffer deformation under the influence of trigger-
ing mechanism.

3. Research methods

Detailed field mapping, coupled with structural 
analysis of folds and thrust faults, form the basis 
of the present study. The pattern of fold axes and 
axial planes, as well as the fold vergence compared 
with fault dip data, have been analysed in order 
to determine the slump transport direction. Clas-
sic techniques of structural geology, applied in 
lithified rocks, for instance in dip-isogon analysis 
(Ramsay, 1967), refolding of folds and their post 
buckle modifications, have been used in the pres-
ent study.

4. Slump fold analysis

The Talchir Formation exposed in the study area 
comprises (1) a basal boulder bed (2) massive, strat-
ified diamictites and (3) an alternate succession of 
sandstone and shale (Fig. 3). The basal boulder bed 
is composed mainly of boulders of granite, gran-
ite-gneiss, schist, amphibolite, quartzite etc., with 
striated and facetted clasts. The massive diamic-
tite is represented mainly by gravel-sized clasts of 
quartzite, granite, granite-gneiss etc., floating in a 
mud-rich matrix and appears as a matrix-support-
ed, ungraded conglomerate. A crude stratification 
is discernible in stratified diamictites. Slump folds 

Fig. 3. Section showing a slumped intercalated succession 
of alternating sandstone- and shale-rich layers. Note 
the presence of parallel-laminated sediments imme-
diately overlying and underlying the slumped unit.
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in the area are manifested within a ~6-m-thick bi-
laminate succession of sandstone- and shale-rich 
layers which alternate and are exposed along the 
river bed for about ~20 m (Figs 2, 3). There are five 
sandstone and four shale beds. The thickness of in-
dividual sandstone beds varies between 17 and 90 
cm and that of shale beds between 5 and 50 cm. The 
contact with underlying and overlying horizons 
with the slumped unit are exposed and character-
ised by the presence of shale with thin lenses of 
sandstone beds of varying thickness, similar to the 
deformed unit. The sedimentary strata overlying 
and underlying the slumped unit are undeformed 
or less deformed (Figs 2, 3) and suggest that struc-
tures formed during the slumping event preserve 
their original geometry and did not suffer from or 
undergo modification. The presence of slump folds 
within a bilaminate succession of sandstone and 
shale simplifies the analysis of folding, because the 
competent beds are separated from one another by 
a weaker or less-competent host.

In order to determine the slump transport direc-
tion, fold characteristics such as the direction of the 
fold axis, axial planes and fold vergence with thrust 
present in the area, have been noted and analysed. 
Fold axes are NW–SE trending, while fold asymme-
try varies along the exposure with SW-vergent folds 
predominating along the central and distal part of 
the slumped unit (Fig. 4). There are some NE-ver-
gent folds, developed mostly in the proximal part 
of the slumped succession, but they are very few 
in number. Fold axial planes dip variably towards 
the NE, as do thrust planes. Analysis of fold axi-
al planes, together with fold axis and thrust planes 
within slumps, suggests a southwesterly transport 
direction (Fig. 4).

4.1. Dip-isogon analysis

The dip-isogon technique is a widely used and 
well-established method for the classification of 
folds in lithified rocks. Elliot (1965) used the term 
dip-isogon for curves joining the points of equal 
dip on adjacent folded surface within a fold pro-
file. Ramsay (1967) described this method in detail 
and used the thickness parameter for geometrical 
classification of mesoscopic folds. In this method, 
in the cross section of the fold, the orthogonal lay-
er thickness (tα) is the perpendicular distance of the 
material between the tangent to the folded surfac-
es where each surface forms an angle (90 – α) with 
the axial surfaces. The value tα varies with the angle 
of inclination α. The ratio of tα to t0 (where t0 is the 
thickness of the two layers along the trace of axial 
surface on the folded profile), yields the parameter 
of normalised thickness

t’α = tα / t0

where t’α relates to the fold shape and can be record-
ed graphically. The graphs of normalised thickness 
t’α against dip angle α allow to define a number of 
fold classes (Ramsay, 1967). Ramsay’s Class 1 folds 
are represented by convergent isogons (Fig. 5B), 
while Class 2 folds have isogons consistently paral-
lel to the axial planes and are represented by paral-
lel isogons (Fig.5C) and Class 3 folds are represent-
ed by divergent isogons (Fig.5D).

In order to analyse slump fold geometries within 
the study area we have used the dip-isogon meth-
od (Fig.6). The dip-isogon analysis performed on the 
slump folds studied within the sandstone-rich layers 
shows a predominance of structures with convergent 

Fig. 4. Detailed mapping of the slumped unit, coupled with stereonet plot. In stereonet, fold axis (red circles), poles to 
axial planes (blue squares) and thrusts are shown as great red circles and poles as red squares. The measured slump 
transport is towards the west.
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isogon pattern (i.e., Class 1 geometry) and parallel 
dip-isogon pattern (i.e., Class 2 geometry) consistent 
with buckling (Fig. 6). The shale-rich layer displays 
Class 2 and 3 buckle folds (Fig. 6E, F). The more up-
right folds display a Class 1A, 1B or 1C buckle fold 
style in the proximal part of the slumped unit. Mov-
ing further towards the slump-transport direction, 

i.e., towards the west, the more inclined and recum-
bent folds are marked by Class 1C and Class 2 fold 
geometries, respectively. This suggests that folding 
in the study area suffered progressive deformation, 
resulting in rotation and tightening of fold axes to-
wards the flow-transport direction, whereas the axi-
al plane rotated into the plane of flow.

Fig. 5. A – Fold classification scheme after Ramsay (1967), based on dip isogon, layer thickness in fold hinge (t0) and 
orthogonal thickness (tα) measured at various angles (α) to reference plane; B – Three main fold classes as Class 1 
folds with convergent dip isogon with three subclasses (Class 1A, 1B and 1C); C – Class 2 folds with parallel- dip 
isogons; D – Class 3 folds with divergent dip isogons.

Fig. 6. Field photographs paired with t’α plots (A&B, C&D, E&F, G&H) towards down-slump transport direction. More 
upright folds display Class 1B or 1A fold styles. Inclined and recumbent folds show Class 1C and Class 2 geometries 
consistent with buckling. These folds display a progressive tightening with rotation and reduction in axial surfaces 
dip in a down-slope direction.
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4.2. Refolding patterns within the slump

On the basis of the relative orientation of the fold 
axes and axial surfaces developed during poly-
phase deformation of lithified rocks, Ramsay (1962, 
1967) proposed a classification scheme for refolded 
folds. This scheme was developed for folds that 
were superimposed upon each other and consid-
ered to have developed during the same orogen-
esis. This includes four types of fold-interference 
patterns (Fig. 7):
	– Type 0 Plane cylindrical fold, in which both the 

fold axis and the axial surface of early folds (F1) 
are planar and at high angles (Fig. 7A).

	– Type 1 Plan non-cylindrical fold, in which the F1 
fold axial surface is planar but the hinge line is 
curved within that plane (Fig. 7B).

	– Type 2 Non-plane, non-cylindrical fold, in which 
both the axial surface and the hinge line of F1 
folds are curved (Fig. 7C).

	– Type 3 Non-plane, cylindrical fold, in which the 
hinge of F1 is straight but the axial surface of the 
F1 fold is curved (Fig. 7D).
This scheme of classification of superimposed 

folding or fold interference has commonly been ap-
plied in hard-rock deformation, and can be used in 
a wide variety of sizes and settings.

Within the slumped unit of the Talchir Forma-
tion studied (Fig. 7E, F), Type 1 and Type 3 folds 

are developed. In view of the fact that the folded 
slump levels are overlain by undeformed sediments 
formed following the slump event, this suggests 
that the refolding was completed during a single 
slump event.

4.3. Post-buckle modification of slump folds

Ramsay (1967) suggested that folds with Class 1C ge-
ometries may result from Class 1B parallel folds by 
flattening. Further similar folds apparently seen in 
naturally deformed rocks perhaps resulted from an 
initial buckling mechanism (Ramsay, 1967). More
over, Farrell & Eaton (1987) showed that, depending 
upon the homogeneous flattening acting normally 
or parallel to the original Class 1B fold, may result in 
a Class 1C and Class 1A geometry. Hudleston (1973) 
documented that the simultaneous mechanism of 
buckling and flattening may yield folds with a Class 
1C geometry, and hence there is no need for succes-
sive episodes of fold development, with folds formed 
through progressive deformation in slump. Alsop et 
al. (2019) suggested that post-buckle processes rang-
ing from flattening, shearing to flow contributed to 
the final geometry of the slump folds. The initial 
buckle folds created by layer-parallel shortening re-
lated with pure shear is then progressively imposed 
with downslope-directed simple shear resulting in a 

Fig. 7. A–D – Fold interference pattern (Type 0 to Type 3) based on orientation of fold axes and axial planes (after 
Ramsay, 1967; Ramsay & Huber, 1987); E–F – Field photographs showing refolds within slumps in the study area.
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range of fold geometries (Alsop et al., 2019) (Fig. 8). 
The progressive rotation and tightening of upright 
buckles to overturned folds in the area is in accord-
ance with increasing downslope-directed, non-co-
axially dominated deformation (Twiss & Moores, 
2007; Dasgupta, 2008).

5. Discussion

5.1. Soft-sediment deformation structures

Analysis of the dip-isogon in the present study 
shows that a variety of folds, ranging from Class 
1 (1A, 1B, 1C) to Class 2 and Class 3 geometries, 
formed within the slumped unit. The more compe-
tent (i.e., sandstone – rich) layers show Class 1 and 
Class 2 geometries, while shale-rich layers (i.e., in-
competent) display Class 2 and 3 geometries. Price 
& Cosgrove (1990) demonstrated that such variable 
styles of folding allowed an individual fold to prop-
agate further along its axial plane without encoun-
tering significant accommodation problems around 
the fold axes. The more upright folds display a Class 
1 geometry consistent with buckling, created due to 
layer-parallel shortening associated with pure shear. 
The more inclined folds are characterised by Class 
1C and the recumbent folds have Class 2 geome-
tries. The initial pure shear, creating upright folds, 
was then progressively imposed and resulted in a 
range of fold geometries including more inclined 
and recumbent folds, with downslope-directed sim-
ple shear dominated by non-coaxial deformation.

Refold patterns created during deformation in 
lithified rocks were also recognised within slumps 
in the study area. Refolds within the slumped unit 
are truncated or overlain by undeformed sediments, 
suggesting that they formed through a single slump 
event and are not a product of the superposition of 

later events. Analysis of folds shows buckling to 
have been the predominant folding mechanism for 
slump folds present in the study area. Although hy-
droplastic particulate flow is the dominant mech-
anism for deformation in unlithified sediments, 
rather than recrystallisation in the deformation 
of lithified rock, the series of fold geometries pro-
duced are similar to each other.

5.2. Regional tectonics and basin evolution

All the traditional Gondwana basins of India have 
a graben or half-graben geometry. The Indian 
shield is a mosaic of a few Archaean cratonic blocks 
(Radhakrishna & Naqvi, 1986) and all of the pres-
ent-day Gondwana basins are located within the su-
ture zone between these cratonic blocks. The Early 
Carboniferous to Late Permian saw a series of tec-
tonic processes which are hypothesised to have con-
trolled the reactivation of Precambrian weak zones 
in the Indian continent and to have resulted in basin 
formation, initially as “Sag-type” that were later on 
converted into rift or pull-apart type basins (Biswas 
et al., 1993; Biswas, 1999). A detailed study of the 
Indian basins has revealed that the sedimentation 
in the Gondwana basins of India evolved through 
a complex interplay of faulting, changes in sea level 
and climate. Chakraborty et al. (2003) suggested that 
all Gondwana basins in peninsular India developed 
under a bulk, roughly E–W, horizontal extension of 
the rigid Indian basement. The pull-apart Satpura 
Basin is considered to have developed above a re-
leasing jog of a left-stepping strike-slip fault sys-
tem defined by the SNSF and TNF in consequence 
to the sinistral displacement along the WSW–ENE 
(Chakraborty & Ghosh, 2005) (Fig. 9).

The slump folds preserved in Lower Permian 
Talchir strata of the Satpura Basin offers an oppor-

Fig. 8. Schematic diagram showing 
folding created during SSD of 
competent beds.
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tunity for understanding the palaeoslope of the 
basin and for outlining the evolutionary history of 
the basin. As previously noted, the study of slump 
folds and progressive fold evolution during slump 
events, has yielded a downslope, southwesterly di-
rection. This suggest that the basin did not have a 
monoclinally northerly slope throughout its evolu-
tion. At the opening of pull-apart, the basin tilted 
and dipped towards the southwest. The southwest-
erly slope of the basin suggests that at the initia-
tion of the Satpura Basin the cross-fault trending 
NE–SW, generated due to movement along bound-
ary faults, was more active than the basin margin 
faults (Fig. 9). The synsedimentary faulting along 
this oblique slip cross-fault triggered the slump-
ing event within the Talchir sediments in the basin 
(Fig. 9). Moreover, with progressive offset and pull-
apart of the master strike-slip faults, a thorough 
basinal lineament developed which divided the en-
tire basin into two discrete grabens, separated by 
an intra-basinal horst. This may have resulted in a 
change of transport direction within the basin. The 
southwesterly palaeoslope of the slump sediment 
during Talchir deposition is evidence of the initial 
stage of pull-apart basin along oblique-slip fault 
linking master strike-slip faults, i.e., SNSF and TNF. 
With progressive overlapping of master strike-slip 
faults basin gradually tilted towards the north.

6. Conclusions

From the present study, the following conclusions 
can be drawn:
	– All potential fold styles, ranging from Class 1A, 

1B and 1C to Class 2 and 3 geometries are devel-
oped within slumps in the study area.

	– The more competent, sandstone-rich layer dis-
plays Class 1 and Class 2 geometries, while the 
more incompetent, shale-rich layer has Class 2 
and Class 3 geometries.

	– Upright folds created by pure shear underwent 
rotation of axial planes and fold axes during pro-
gressive simple shear-dominated deformation 
as the slump passes downslope under gravity.

	– We have recognised a similar range of refold 
forms in slumps in comparison to deformation 
in hard rocks.

	– The oblique slip fault linking the master strike-
slip faults of the basin was more active at the 
opening of the basin and induced slumping dur-
ing Talchir sedimentation.

	– The palaeoslope of the Satpura Basin was not 
uniformly north dipping but continuously 
changed throughout its evolution.
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