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Soft-sediment deformation structures have developed
in a major slump at Itola in the Dhadhar river basin
of Gujarat alluvial plain. The slump plane parallels
the active Dhadhar lineament. Pseudonodules, pinch-
ing and folding, convolute folds, concave-up paths,
clay diapirs, flamed convolutions and minor faults are
the major deformational structures identified. Radio-
carbon dating of an associated charcoal layer has
given a maximum age of 5570 + 30 yr BP. The soft-
sediment deformation structures conform to the crite-
ria for attributing them to a seismic event during
Mid-Late Holocene.

RECOGNITION of past seismic events is important for un-
derstanding the seismic phenomena in areas experiencing
earthquakes, such as western India. Soft-sediment defor-
mation structures formed during or shortly after deposi-
tion of horizontal sedimentary layers in Quaternary
geological records are important indicators of past
seismic activityl"s. We report here soft-sediment defor-
mation structures developed in the sediments of a large
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slump structure at Itola in the Dhadhar river basin of Gu-
jarat alluvial plain (Figure 1 a, b).

The geomorphic evolution of Gujarat alluvial plain has
primarily been attributed to Holocene tectonic activity
based on detailed studies on fluvial geomorphology and
the exposed Late Quaternary sequences of the Sabarmati,
Mahi and Narmada basins®. A recent study of the Dhad-
har basin has also indicated that it has evolved as a result
of regional phases of tectonic movements during Quarter-
nary’. The course of the Dhadhar river which originates
in the Aravalli uplands is controlled by ENE-WSW
trending Dhadhar lineament in the alluvial plain. The
river, before meeting the Gulf of Cambay, exhibits a
deeply incised channel and several entrenched meanders
all along its course in the Gujarat alluvial plain. Three
distinct geomorphic surfaces have been observed in the
Dhadhar valley’ (Figure 1b). The oldest surface is the
vast alluvial plain comprising sediments which are com-
parable to the Late Pleistocene sediments of the neigh-
bouring Mahi and Narmada river basins. The second
surface comprises an extensively dissected zone in the
vicinity of the river channel which along with the incised
cliffs has been attributed to tectonic uplift of the area
during Early Holocene®. The youngest surface is an up-
lifted Holocene valley fill terrace. A similar geomorphic
set up is reported from the Sabarmati, Narmada and Mahi
river basins®®, which points towards the geomorphic evo-
lution of Dhadhar valley in response to regional-scale
tectonic activity along the subsurface Cambay basin
faults.

The exposed sediment succession at Itola forms part of
a large slump structure that laterally extends for about
25 m. The slump plane trends in ENE-WSW direction
which is parallel to the Dhadhar lineament (Figure 1b).
The exposed sediment succession is about 6 m thick and
consists of several horizons of sands, silts and clays with
thin layers of charcoal (Figure 1¢). Soft-sediment
deformational features are observed mainly within the silt
and clay horizons intercalated with thin layers of terri-
genous charcoal. Radiocarbon dating of a charcoal sam-
ple from this horizon (Figure 1¢) gave an age of 5570 *
30 yr BP.

The various soft-sediment deformation structures iden-
tified include pseudonodules, pinching and folding,
minor faulting, contorted structures which include convo-
lute folds, concave-up paths, and intruded structures like
clay diapirs, flamed convolutions, isolated flamed struc-
tures and sand dykes. The pseudonodules observed are of
different morphologies consisting of isolated masses of
sands present in the clayey deposits (Figure 2a). The
pseudonodules are generally irregular and resemble drop
and sag-type structures described by Steward’. The for-
mation of sand nodules by shaking effect has been
experimentally proved by Kuenen'®, who simulated the
deformational behaviour of sand overlying the clay. The
formation of sand nodules in the area can be explained in
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Figure 1.

a, Location map; b, Generalized geomorphic map showing major surfaces and structural fea-

tures and ¢, Litholog of the Itola terrace section showing position of the dated charcoal.

Figure 2. Line drawing over photograph showing a, pseudonodule
(ps), microflame (mf) and concave-up path (cp) structures and b,
Pinching and folding developed due to subsidence of the overlying
silty sand in clay.
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a similar way. The overlying sand has subsided into the
clay unit and got enclosed by the clay resulting in de-
tachment of the sand and formation of pseudonodules
under the effect of shaking''. Pinching and folding have
been observed at several places in the alternating clay
and silt horizons (Figure 2 b), and are formed due to lig-
uefaction causing subsidence in the overlying silt hori-
zons. The horizons showing maximum pinching and
folding may have experienced maximum subsidence
(Figure 2 b).

Convolute folds were found at several places, which
are laterally diffused into completely undeformed hori-
zon of similar composition and texture. Such folds have
been defined as distorted stratifications that form later-
ally alternating convex and concave-upward morphol-
ogy'?. Concave-upward structures (cp), the laminae of
which show the concentration of clays are identified as
concave-up paths12 (Figure 3 a—c). These structures (cp)
form a series of folded layers that closely follow the con-
cave-up shape of the synclines. The concave-up paths at
places are bifurcated (bep; Figure 3 b, ¢) or contorted into
small folds (fp; Figure 3 b). At places, the boundaries of
the paths locally curve up to form microflame structures
(mf; Figure 3 b, ¢). Chaotically disturbed irregular convo-
lute structures'? (ic) were also noticed (Figure 3 b) with
irregular morphology and size. Clay diapirs (dp) have
been recognized at places in the deformed horizons, in-
truding and deforming the overlying silts and sands (Fig-
ure 3 ¢). They range in height from 2 to 3 cm and are up
to 2 cm in width. Alfaro e al.”® describe such deforma-
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tional structures as displaying a mushroom shape. Nu-
merous minor faults showing normal movement have
been found (Figure 4 a, b). The trend of the fault plane is
parallel to the ENE-WSW trending Dhadhar lineament.
Injection of sand along the fault plane is clearly seen.
These structures appear to have formed due to a seismic
event.

The recognition of earthquake tremors in sedimentary
record is tenuous. The detection of imprints of seismic
activity in ancient succession, if possible, is of para-
mount importance as it provides valuable insight into

Figure 3. a, b, Photograph and line drawing showing microflame
(mf), folded path (fp), concave-up path (cp), bifurcated concave-up
path (bep) and irregular convolution (ic); ¢, Line drawing over photo-
graph showing diapirs (dp), concave-up path (cp), bifurcated concave-
up path (bep) and microflame (mf).
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basin dynamics”. The main mechanisms of soft-sediment
deformation include sudden sediment loading, gravity-
induced mass-movement, storm impact and seismic
shocks'®. Deformation in unconsolidated sands requires
the action of a deformation mechanism to reduce sedi-
ment strength'®. The deformational process involved in
the formation of structures found in the Dhadhar river
basin can be fairly different. It is quite possible, for
instance that a complex structure formed because of the
reworking and redeposition of previously deposited
sediments by a slump. The sandy material within the
slump may partly sink down in the clayey substratum to
form loadcasts or pseudonodules or these structures may
be broken up by small-scale faults resulting from a sud-
den force due to an earthquakc”.

The occurrence of seismically-induced soft-sediment
deformation structures is in conformity with the available
neotectonic and palaeoseismic record of the Gujarat allu-
vial plain. The Dhadhar river basin lies very close to the
Jambusar—-Broach block of the tectonically-active Cam-
bay basin®. The area also lies in close vicinity of the
Narmada—Son Fault (NSF) which has witnessed major
earthquakes in recent times (Broach earthquake of 1970
of magnitude 5.4 and Jabalpur earthquake of 1997 of
magnitude 6)'®'°. Occurrence of earthquakes during his-
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Figure 4. a and b, Photograph and line drawing showing minor fault-
ing and injection of sand along the fault plane.
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torical times is also known from the Gujarat alluvial
plains. Two earthquakes in the Jambusar—-Broach block
of the Cambay basin shook the area in [821 and 1935
(ref. 18), which suggests continuing instability of the
Cambay basin during the recent past as well. Radiocar-
bon dating of a charcoal sample from the deformed strata
has yielded an age of 5570 % 30 yr BP. The age obtained
indicates the time of formation of the sample. Since the
sample dated is of terrigenous charcoal deposited along
with the surrounding sediments, the seismic event is cer-
tainly younger than the obtained date. Younger Mid-Late
Holocene seismic events have been reported from the
Gujarat alluvial plain®. Maurya et al.®® reported soft-
sediment deformation structures attributed to a seismic
event bracketed between 3300 and 2800 yr BP from the
neighbouring Mahi river basin. Further northwest, Rajen-
dran et al.*' have identified an event of ~3000 yr BP at
Dholka near Ahmedabad. On a preliminary basis, the lig-
uefaction feature reported from Dholka®' appears to be
comparable with the palaeoseismic event reported from
the lower Mahi basin®. At present there is no direct evi-
dence to link the seismic event seen at Itola with the
event reported from the Mahi basin. However, the event
delineated in the present study is definitely younger than
5570 £ 30 yr BP. Since no other dated palaeoseismic
events are known from the surrounding region, no defi-
nite correlation of the event can be attempted.
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