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The coastline constitutes a very sensitive geomorphic domain constantly subjected to dynamic
coastal processes. The study of its ever-changing physiography and stratigraphy provides a wealth
of information on its history and evolution, in many cases at decadal and annual scales. The present
study was carried out on the Modwa beach complex between Rawal Pir and Modwa, about 10 km
east of Mandvi on the northern coast of the Gulf of Kachchh. The Modwa spit is a 7-km long
WNW-ESE trending prograding amalgamated beach ridge complex that is about 0.5 km wide at
its western end and 1.5km wide at its eastern end. This Ground-Penetrating Radar (GPR) survey
delineated a variety of the radar surfaces and radar facies which reflects not only large scale
sedimentary architecture, but depositional facies of the beach ridge complex. These are bounding
surfaces separating the radar facies outline beach ridge (br), washover (wo), coastal dune (cd)
and swale (sw) depositional environments. The internal sedimentary structures like tangential,
parallel, concave and convex upward stratifications could also be visualized from the GPR profiles.
The architecture suggests the formation of this complex due to a combined process of eastward
littoral drift of locally derived sediments and its onshore deposition by storms and eolian activities.

1. Introduction

Reconstruction of past sedimentary environ-
ment is possible using data describing sediment
body geometry, internal architecture and phys-
ical and biological structures, and the textural
and compositional characteristics of the sediments.
Examination of the shallow subsurface sedimen-
tary architecture has been attempted by digging a
trench or hunting for a natural section. It is usually
very difficult to encounter such exposed sections
in an active coastal depositional system subjected
to episodic erosion by storm events. Digging a
trench is also costly and many times not permitted
due to environmental impact. Ground-Penetrating
Radar (GPR) proves to be an important non-
invasive tool in studies of coastal landforms and
depositional environments due to its capability to
image the sedimentary structures and depositional
architecture in the shallow subsurface. Correctly

processed radar profiles have been used success-
fully to construct the radar stratigraphy in both,
ancient and modern sand bodies (Jol and Smith
1991; Gawthorpe et al 1993). The use of GPR
in sedimentology requires systematic collection,
processing and interpretation of the radar profile
with awareness about distortions of reflection and
the reception of discrete pulses of high frequency
electromagnetic waves by the sediments in varied
textural and moisture conditions.

To understand the ongoing coastal processes,
examination of its sedimentary architecture up to a
shallow depth is useful as it represents the dynam-
ics during the recent past. The present work is
focused on evaluating the GPR technique in under-
standing the shallow subsurface architecture of
part of an amalgamated beach ridge complex. The
Modwa area was selected for this study because
of its clean sand and good exposure on the north-
ern coast of the Gulf of Kachchh. The sand of the
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Figure 1.

Modwa beach complex range in size from —0.5 phi
to 1.5 phi having about 92% of quartz and a very
less amount of the magnetic minerals. To check the
radar penetration depth and distinct reflection of
the ground water table, a pit of 2m depth was dug
at the starting point of the profile collected on the
Dhrabudi Mata coast.

2. Study area

The coastline of the Kachchh exhibits three
distinct depositional energy domains that have
unique geomorphological attributes. The north-
eastern part between Sir Creek and Kori Creek
exhibits a network of tidal channels and has been
classified as the deltaic coast by Kar (1993). The
coastline between Narayan Sarovar and Jakhau has
irregular nature whereas, from Jakhau to Khuada
it is relatively straight; a sandy amalgamated beach
ridge/dune complex and wide tidal flats character-
ize the remainder of the coastline (figure 1). This
study was carried out in the area between Rawal
Pir and Modwa, about 10 km east of Mandvi. This
part of the coastline is characterized by a 7-km long
WNW-ESE trending prograding beach ridge com-
plex that is about 0.5km wide at its western end.

Regional geomorphic setup of the Kachchh coastline (after Kar 1993).

The beach is about 1.5 km wide at its eastern end
(figure 2a). The adjacent coastline shows ancient
and active tidal flats with muddy sediments abut-
ting against the sandy coastal plain (figure 2b).
The satellite image clearly shows a linear pattern
formed due to preferred growth of the vegetation
(mainly Acacia and its species) along the swales
between the beach ridges due to the availability of
water (figure 2a). The orientation of these swales
and beach ridges define the progradation process as
being a result of eastward littoral drift of sediment.
An active spit growth at the eastern end provides
evidence for this inference (figure 1). A wide inter-
tidal and associated supratidal domain exhibits a
variety of depositional sub-facies such as ridge-
runnel-berm, berm plain, swash, washover — fore-
shore and backshore dunes. Patel et al (2001) have
also discussed the ravine zone in the coastal plain
associated with the rivers like Kharod, Rukmavati,
Phot, Nagavanti and Bhukhi.

3. GPR studies
3.1 Principle and application

GPR that is also known as ground-penetrating
radar, subsurface penetrating radar, subsurface
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Figure 2.

“ GPR Transects

(a) A GoogleEarth image showing Modwa beach-ridge complex. A number of beach ridges are seen due to

linear confinement of the vegetation along swales. Active growth of the spit can also be seen at its southeastern end.
(b) Geomorphic setup of the Modwa and adjoining coastal area.

radar, georadar or impulse radar is a non-
destructive geophysical technique which detects
electrical discontinuities in the shallow subsur-
face using a system setup that can generate,
transmit, receive and record the discrete pulses
of high frequency (1 to 1000 MHz) electromag-
netic energy (Neal 2004). Although the technique
has been employed in a variety of sedimentary
environments, it is not very simple to interpret
the radar profiles due to the complexity of the
deposits and multiple returns of the waves. In
geological material, the propagation of electromag-
netic waves is controlled by properties like rela-
tive dielectric permittivity (er), relative magnetic
permeability (ur) and electrical conductivity (o).
When a propagating electromagnetic wave encoun-
ters a distinct discontinuity with respect to er,

ur or o, some energy is reflected which is pro-
portional to the magnitude of the relative change
in these properties (Reynolds 1997; Van Dam and
Schlager 2000). Very commonly the water table,
sedimentary structures and lithological boundaries
become visible in radar profiles for these reasons.
A depositional (bedding) plane in sediments is a
product of changes in sediment composition and
changes in size, shape, orientation and packing of
grains (Collinson and Thompson 1989). A num-
ber of studies have successfully shown relation-
ship between the GPR reflections and sedimentary
structures especially with the help of rigorously
processed data (Annan 1999; Neal and Roberts
2000; Corbeanu et al 2001; Jol et al 2002; Hammon
et al 2002; Buynevich and FitzGerald 2003; Neal
et al 2003 and Neal 2004). The technique has been
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successfully employed using same GPR system in
India wherein the correlations between the reflec-
tions and subsurface reflectors were established by
trenching (Sridhar and Patidar 2005; Maurya et al
2006).

3.2 Data acquisition and processing

The Geophysical Survey Systems Inc, USA (GSSI)
make SIR-20 GPR system has been used for the
present study. A 200 MHz center frequency mono-
static shielded antenna attached with an odome-
ter based survey wheel was dragged continuously
along the selected profile line (figure 2) to acquire
the GPR data. The positions of end points of
these profiles were recorded using Geoexplorist 210
GPS. The profiles were collected in distance mode
with 512 samples/scan and 16 Bits/sample reso-
lution. The range of the time window defer from
100-160 ns. Some long profiles were raised along
the profile line and some interesting transects were
repeated and marked for the final data acquisition.
The post processing of data was carried out using
the Radan software.

The raw GPR data contain interference from the
external objects and subsurface discontinuities in
the form of noise. These GPR signals were ana-
lyzed in the frequency spectrum and the band pass
filters were used to remove the noise. The decon-
volution and migration functions were applied to
remove the effect of scattering of signals and to
rearrange the dipping reflections at their true posi-
tion (Annan 1999; Jol et al 2002; Costas et al
2006). The post-processing also included the appli-
cation of automatic gain control (AGC) function

Major radar facies encountered in the GPR profiles of Modwa complex.

to make low-amplitude signals more visible. The
GPR system noise can be readily identified due to
its appearance at regular interval along the profile,
having relatively consistent amplitude (Annan and
Daniels 1998). Gawthorpe et al (1993), McMechan
et al (1997) and Corbeanu et al (2001) have demon-
strated the GPR applications in sedimentologi-
cal characterization of the sand bodies in ancient
geological records.

3.3 GPR profiles

Total eight GPR profiles were collected from the
Modwa beach complex near Dhrabudi Mata tem-
ple and Modwa fishermen village. Five profiles were
taken continuously on a road from the Dhrabudi
Mata temple to the foreshore area. However, due
to the unfavourable ground conditions, these pro-
files are not of very good quality. It is also not
possible to present all the profiles due to its repet-
itive nature and hence, two best profiles out of
these eight profiles are described here under that
sample the gross characteristics of the radar facies.
Based on the previous studies (Neal 2004; Costas
et al 2006) and the typical nature of the tangential,
concave upward, concave downward and parallel
reflectors, four radar facies have been recognized
(figure 3).

3.3a Profile I

This profile was taken from south to north direc-
tion normal to the shoreline, starting from the
berm-line to backshore dune field. The 30 m long
profile was initiated from 22°48.306’'N; 69°24.497'E
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Figure 5. (a) 200 MHz GPR profile in wiggle mode from the Modwa village. (b) Various radar surfaces Sibs to Sabs

(bs — bounding surface) and radar facies Rf; to Rf; can be seen from this. Radar facies br — beach ridge, sw — swale,
wo — washover and cd — coastal dune also exhibit typical tangential, concave upward and downward internal reflectors.

and ended at 22°48.325'N; 69°24.503'E. The top-
most uniform reflections represent air waves that
are followed by very distinct high amplitude
reflections visible as a thick black line are derived
from the ground waves and are seen up to the
depth of 0.8m (figure 4). Another very promi-
nent reflection can be seen at the depth of 3.5 to
4m (75ns) in the form of two thick lines. This
represents the ground water table (Costas et al

2006). The water is of brackish nature. A dis-
tinct line at the depth of 8 m can also be seen
along the complete length of profile. Its uniform
amplitude and depth suggest that it is the sys-
tem noise. Although, attenuation of the radar
signals becomes profound below this reflection,
the continuation of the inclined reflectors can be
still seen. As the dug well data in the nearby
coastal plain indicate much deeper (more than
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30m) occurrence of the Pre-Quaternary substrate,
the possibility of this continuous reflector being
underlying coastal plain hard ground is ruled out.
The profile (figure 4) clearly shows three radar
surfaces that bound the radar facies characterized
by its own style of reflections. Following the pro-
cedure suggested by Neal (2004), these surfaces
have been designated as the bounding surfaces
(Sibs, Sybs and S3bs) whereas, the facies as Rf; to
Rf, with abbreviations represent its depositional
environments.

The radar facies characterized by continuous
sub-horizontal, parallel and very gently seaward
dipping and concave downward with relatively
higher landward dipping reflections are interpreted
as the beach ridge (br) reflections (Psuty 1965;
Collinson and Thompson 1989). Near the base
of a beach ridge mainly horizontally laminated
sand units are found separated by an erosional
surface from the substrate; the concave down-
ward units follow this towards the land which
may be interpreted as the swash or washover
facies (wo). The cross bed sets and cosets have
been successfully recognized within the GPR by
Corbeanu et al (2001). The washover facies are
reflected by discontinuous, relatively more inclined
landward dipping (7°—12°), low amplitude reflec-
tors with tangential-oblique configuration. Dur-
ing exceptional high tides aided by storms, more
sediment can be eroded from the subtidal and
intertidal areas and deposited further landward
in the form of washover fans (Schwartz 1982;
Neal et al 2003; Reineck and Singh 1980). The
small scale reflectors containing radar facies which
dip in different directions and at different angles
with occasional discontinuous bounding surfaces
are described earlier as eolian deposits by Schenk
et al (1993), Van Heteren et al (1998) and Costas
et al (2006). Here it is considered as coastal dune
(cd) facies as it occurs at a higher elevation towards
land.

3.3b Profile 11

Like the previous one, this 46 m profile was also
collected from south to north between 22°47.604'N;
69°26.070'E and 22°47.630'N; 69°26.077'E (fig-
ure 5). As discussed in the first profile, the promi-
nent reflections pertaining to the air and ground
reflections as well as the system noise are quite vis-
ible at the top of the profile and at 7.5m (125 ns)
depth, respectively. The profile exhibits four radar
surfaces. S;bs marks the top of an ancient beach
ridge at the depth of about 6 m, as it is charac-
terized by more or less parallel radar facies. This
can be seen overlain by the coastal dune facies.
The radar surface S; demarcates a unique package
that exhibits sub-parallel to slightly discontinuous

facies (Rfsbr) related to the subsequent beach
ridge towards south, separated by a depression
hosting another parallel radar facies (Rfssw). The
Rfsbr grades upward into the cross bedded reflec-
tion showing dips in both the directions. This
Rfjcd pertains to the wind built upper part of
the beach ridge and Rfssw can be described as a
swale between two successive beach ridges (Otvos
2000). An undulating radar surface S;bs sepa-
rates the parallel to sub-parallel prominent reflec-
tions that grade into gently southward dipping
cross-bedded facies (Rf;cd) which has been inter-
preted as obliterated or slightly modified coastal
dune facies in the light of the ground truth. In total,
this radar profile manifests the prograded nature
of the Modwa beach complex with its aggradation
mainly due to the eolian processes.

4. Discussion and conclusion

The study of the ever-changing physiographic and
stratigraphic record of the coastal depositional sys-
tem provides a wealth of information on its past
history at much higher temporal scale; in many
cases decadal and annual (Moore et al 2004). There
exists a very delicate balance between the tides,
currents, waves and onshore winds that shape out
the overall architecture of the coastal sediment
bodies. Observation and understanding of such
record can be used in a predictive manner to under-
stand the possible effect of anthropogenic activities
in the area as the coastlines which are becom-
ing favoured sites for economic hubs in recent
times. The Modwa area is one such area, lying
within the upcoming Mundra Special Economic
Zone.

Because of the non-destructive nature and
capabilities of repetitive observation, the GPR
technique is gaining popularity among earth sci-
entists interested in shallow depth. The survey
carried out under this study could demonstrate
recognition of various sedimentary reflectors that
can be suitably interpreted as bounding surfaces
and facies, manifesting a gross sedimentary archi-
tecture of the body. The study indicates major
radar surfaces that delineate depositional facies,
reflecting the dynamic nature of this beach ridge
system. These bounding surfaces and radar facies
delineate beach ridge (br), washover (wo), coastal
dune (cd) and swale (sw) depositional facies. Simi-
lar facies have been identified by adopting the prin-
ciples of radar stratigraphy in the coastal areas
of England (Neal and Roberts 2001; Neal et al
2002, 2003). The GPR data and the surface expres-
sion of the amalgamated beach ridges, outlined
by vegetated linear swales (figure 2a), confirm
the progradational history of the Modwa beach.
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The first order radar surfaces enclose beach ridge
facies formed in response to the onshore and long-
shore currents. These surfaces form subparallel to
gently seaward dipping reflectors. The sediment
depositing on top of this facies characteristically
shows landward dipping reflectors which indicate
washover fan deposition (Reineck and Singh 1980).
The washover fans generally resulted during the
increased water level with more sediment known as
heavy sea (Andrews 1970) which happens during
the storms. The Gulf of Kachchh has a history of
storm events, many being very devastating, during
recent times. The upper part of the Modwa com-
plex in near shore areas near Dhrabudi Mata tem-
ple as well as in distal parts like Modwa village
is composed of coastal dunes that exhibit tangen-
tial and concave downward reflectors in a stacked
manner. The onshore winds in the study area are
mostly southwesterly having a velocity of 15km/h
during calm season that becomes stormy dur-
ing the summer monsoon (May—August months).
Being semi-arid to arid climatic zone, the eolian
deposition is almost a continuous process along the
Kachchh coast. The study of sediment transport
in the gulf region has indicated that the sediments
enter into the mouth of the Gulf of Kachchh from
north as well as south directions and its move-
ments are season dependent (Kunte et al 2003).
The Gulf of Kachchh has a well defined high veloc-
ity tidal stream in the central part and also the
ebb tide jets that does not allow significant long-
shore transportation of the sediments derived from
the Indus River (Nair et al 1982). So, the sedi-
ments constituting the Modwa complex must be
derived from the local source. From the architec-
ture, it appears that the progradation of Modwa
beach complex is chiefly due to the eastward lit-
toral drift and onshore monsoon winds which redis-
tribute the sediments derived from the Tertiary
rocks of the coastal plain, and drained by the
Rukmavati River that debouches at the western
end of the complex (figure 1). Part of the sedi-
ments must be drawn from the erosion of the older
beach ridge complex near the mouth of the Ruk-
mavati River as can be seen in the form of 3—
4m high cliffs exposing the ancient beach ridge
sediments. Although, several wave built and wind
built facies could be delineated within the promi-
nent radar surfaces, unavailability of the absolute
ages does not allow deducing the evolutionary his-
tory of the Modwa beach-dune complex in this lim-
ited study. Studies on neotectonic activities (Kar
1993; Maurya et al in press), roles of dynamic pro-
cesses (tides, waves, currents and winds) and a
dependable geochronology is highly warranted to
reconstruct the morpho-dynamic evolution and his-
tory of this beach ridge complex during the recent
geological past.
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