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in some of the fields surveyed, for instance, several commer-
cial hybrids from Kolar district. Testing the leaf samples
using indirect DAC—ELISA revealed the varying levels of
virus concentrations. TOLCBV antiserum was more effi-
cient than ToOLCBV rCP antiserum in detection of virus in
field collected samples (Table 1) Devaraja et al.”” successfully
produced monoclonal antibodies to ToOLCBV and detected
begomovirus infections in tomato samples, and other crop
and weed species.

Polyclonal antibodies produced using purified intact
virus and rCP of ToLCBYV presented here clearly demon-
strate the utility of the antisera in begomovirus detection
in field samples and reservoir hosts.
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The present communication is an attempt to study a
point-bar deposit using Ground Penetrating Radar
(GPR). The vertical as well as lateral variations in the
lithofacies and the continuity of the bounding surfaces
are delineated using the trench and GPR profiles. The
basal part of the point-bar at Angad indicates deposi-
tion under a near-continuous flow with minor changes
in velocity and direction giving rise to fining upward
planar cross-stratified sand facies typical of a point-bar
sequence. However, the sediments in the upper part
show high degree of lateral and vertical heterogeneity
in terms of facies development and is inferred to have
resulted due to deposition by high stage flood events
associated with cyclonic storms and the gradual waning
flow. The lithofacies assemblage and morphology of the
bar from head to tail-end suggest that the bar deposition
is mainly controlled by downstream accretion. The
sediment sequences of the point-bar exposed in trenches
and on GPR profiles are helpful in deciphering the
hydrologic regime of the depositing river channel.

THE Mabhi River arises in the Malwa Plateau, Madhya Pradesh
near Moripara and flows through the uplands and alluvial
plain in Gujarat before debouching into the Gulf of Cambay
(Figure 1). In the alluvial plain, it shows typical meandering
river morphology and is characterised by the presence of
extensive point-bars along its convex meander bends.
Point-bar deposits accumulate in response to lateral and/or
downstream migration of the river channel. The ability of the
river to move and deposit sediment depends on stream
competence, stream power, velocity of water, availability
and size of sediments at peak discharge. Moreover, the flow
conditions in fluvial systems having monsoon variability are
complex as for the Mahi River. In such cases, the study of
point-bar deposits becomes important as the fluctuations in
the near-channel water level are manifested in the form of
distinct sediment sequences. The variations in lithofacies in a
point-bar complex can be related to the variability in discharge
of the river in the near past, that is a function of seasonal
flood events. In this context, these modern river deposits
are well-studied elsewherel"l, however, in India, studies on
these deposits have been initiated recently’”. The basic
hindrance in establishing the stratigraphy of a point-bar is
the lack of lateral continuity in marking the lithofacies and
characteristic bounding surfaces, since sections can be
studied along trenches in a limited area. This problem can
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be addressed using imaging techniques, the Ground Penetrat-
ing Radar (GPR) being one of them. GPR imaging pro-
vides a continuous picture of the shallow subsurface
stratigraphy and has been extensively used in understand-
ing the fluvial environmental settings'*'>. Some aspects
of GPR such as instrument specification and physics are
beyond the scope of this communication and readers can re-
fer elsewhere for details'” ",

Here we present the results of a GPR survey carried out
over a point-bar deposit (Figure 2 a) and characterize its
facies distribution, sequential evolution and correlate the
lithofacies to the variance in discharge of the Mahi River
resulting due to seasonal flood events on a small timescale.
The Mabhi River in Gujarat falls under the semi-arid climatic
zone and the flow in the river is monsoon-related. Therefore,
the channel has a pronounced low discharge period and a
short flood period. The average annual rainfall over the Mahi
River basin is 850 mm and the mean annual discharge is
382 m’/s. The highest ever recorded level since 1959 (from
when continuous gauged records are available) downstream
of Wanakbori, a weir about 50 km upstream from Angad, was
about 60 m in 1973 and the discharge'® was 41208 m’/s.
The high flood level at Phajalpur just upstream of Angad
(Figure 1b) was 25 m and at Singrot (downstream of the
present site), it was 19.82 m. The total suspended sediment
load as measured at Kadana dam is about 1120 thousand met-
ric tons during monsoon and 6.3 thousand metric tons
during non-monsoon periods'®.

In the alluvial reaches of the Mahi River, each meander
bend has a point-bar and a large portion of it is exposed at
low flow level. The point-bar located on the left bank of the
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Figure 1. a, Map showing location of Mahi River basin. b, Mahi

River basin with locations discussed in text. Geomorphic zones are af-
ter Rachna et al.”.
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river near Angad was selected for this study (Figure 2 a). The
channel bed is 200 m wide at low flow level and the flood
plain, including the point-bar deposit extend here laterally
for 500 m at the maximum curvature of the meander and
4.5 km longitudinally. Several distinct bars appear to have
coalesced to form the present ridge and swale topography
in the river bed near Angad. Three distinct topographic levels
can be marked here. The lower level is about 1.5 m above the
low flow level, and the second level, i.e. that of the exposed
point-bar is 5 m above the low flow level. The third and
the highest level which is up to about 15 m from the point-
bar level is the terrace surface that has been assigned mid-
late Holocene age by Maurya er al.'”.

The trench sections of the point-bar near Angad show a lot
of heterogeneity in their upper parts (Figures 3 and 4). In
all, five exposed sections were studied (Figure 3) along a
single bar unit, one at the bar-head and two each in the inter-
mediate zone and the tail end. The sediments were identi-
fied based on the classification proposed by Miall'®. The
base of the bar-head section comprises Sp facies, which is
overlain by a 55 cm thick unit of Gp facies (Figure 3A). The
Gp unit is overlain by a 10 cm horizontally bedded gravel
layer; the top is marked by 30 cm thick Sp facies. Five
second-order bounding surfaces separating distinct facies
can be marked in this sequence (Figure 4 a). The second-
order surfaces record boundaries within mesoform depos-
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Figure 2. a, Geomorphic setting around Angad point-bar. Locations
of trench sections are marked from A-E. b, Layout map of GPR survey
showing position of transect lines (AL1 and AL2). Dashed square rep-
resents area of 3D survey.
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Measured trench sections (locations as in Figure 2 a) showing lithofacies assemblages (A, bar-head; B and C, intermediate zone; D and

E, tail-end). Lithofacies after Miall'® (Gp, Planar cross-bedded gravel; Gm, Massive gravel; Sp, Planar cross-bedded sand; Sh, Horizontal laminated
sand; Sl, Low-angle cross-bedded sand; Sm, Massive sand; Fl, Fine laminated silt, mud; Fm, Massive silt mud; Fr, Massive root bioturbated mud, silt.

C1-C4 are flood cycles.
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its and represent a change in flow conditions but no sig-
nificant time break'®. The maximum clast size in this unit is
in the range of 10-12 cm (Figure 4 b). The sections from the
intermediate zone are predominantly comprised of sand
facies either cross-stratified coarse sand (Sp) units with
mud balls, gravels and shell, or horizontally laminated
fine sand units (Sh, Figure 3 B, C). The presence of mud
clasts in the Sp facies indicates reworking of the bottom clay
drape unit and commencement of the next phase of depo-
sition. Three units of upward fining lithofacies bounded
by second-order surfaces are demarcated. The tail-end sec-
tions differ from the other sections in terms of preserved fa-
cies sequence (Figure 3D, E). In these sections, the typical
point-bar Sp facies is overlain by Fl and Fr facies which are
separated by intermittent sand horizons.

The GPR imaging was carried out along several transects
of the point-bar in this block to understand the heteroge-
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a, View of bar-head trench showing bounding surfaces and vertical variations in lithofacies. b, Close view of Gp facies showing coarser

neity in the sediment characteristics and lateral continuity.
The instrument used for GPR survey was GSSI SIR-20
system with 200 MHz monostatic antenna. A calibrated
survey wheel was attached with the antenna. To make the
operation easy, positions of the transect lines were marked
according to a pre-plan and the background noise creators
were removed from the transect line (Figure 2 b). Several
attempts were made to select the best acquisition parame-
ters. All the profiles were acquired with 512 samples/scan
and 16 bits/sample. Profiles AL1 and AL2 raised along
the tail-end bar zone are best-suited for our survey objectives
and are discussed at length later. The geophysical profiles
gathered in one- and two-dimension provide a limited view
of complex sedimentary deposits, but they can be viewed in
real time to locate the interesting zones by 3D data acqui-
sition. This step was followed to select our area of 3D in-
terest from profile AL2 (2D GPR data). Profile AL2
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Figure 5.

The 200 MHz radar data for line AL1 (see Figure 25 for location). @, Wiggle-mode representation of 30 m long GPR profile AL1. b,

Interpreted section of profile AL1 showing positions of air and ground waves. Broken line separates the upper-bar and lower-bar deposits. Low-
amplitude, discontinuous dipping reflectors interpreted as bounding surfaces are marked in lower bar deposits. Water table is marked with dotted
dashed line near 6.5 m depth. Note the changes in reflection strength from upper-bar sediments (unsaturated) and water-saturated sediments. Cir-

cled area marks high-angle diffraction due to tree roots.

showed some interesting zone near 45-60 m (distance axis)
area and was selected for 3D profiling. The 3D data were
collected from 10 x 10 m grid with 1m line interval and an
odometer-based survey wheel was attached with the antenna.
Software RADAN was used to improve the quality of data.
The traces were edited wherever necessary. Distance Nor-
malization Function and Static Correction Operation were
performed to establish a constant horizontal scale and accu-
rate depth calculation. The frequency spectrum was analysed
and the cut-off frequencies were used to eliminate the inter-
ference. The lower frequency noise was removed using IIR
(Infinite Impulse Response) filters. Stacking was applied
to reduce the local interference and file length. GPR data
show large-amplitude variations in heterogeneous medium.
This problem was solved using AGC (Automatic Gain Con-
trol) function which averages the data, emphasizes the low
amplitude signals and suppresses the high amplitude signals'.
Display parameters were set to make the data in printable
format. Interpretation of GPR profiles is based on correlation
of radar reflections with corresponding trench logs. The
correlation of trenches, vibracore and GPR data helps in
evaluating the sedimentary succession®.

ALl is a 30 m long GPR profile (Figure 5 a) taken with
dielectric constant 6 (~0.12 m/ns). Two uppermost high-
amplitude continuous reflections occur due to direct air
waves and ground waves respectively. The first continuous
return occurs as the energy travels directly from transmitter
to receiver through the air with high velocity (at near the
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speed of light, 2.998 x 10® m/ns). The next continuous returns
occur due to the changes in dielectric properties of the
medium (air to ground) and are not part of the strati-
graphic data. Trenches and cut-bank exposures indicate a
distinction between upper-bar (upper part of point-bar)
and lower-bar deposits. The upper-bar deposits contain
alternate horizons of fine sand and silty clay. This is also
observed in profile AL1 (Figure 5 b), where the interfaces
between upper-bar deposits are reflected with high-amplitude
continuous returns till 2.5 m depth. The lower-bar depos-
its correspond to low- to moderate-amplitude discontinuous
dipping reflectors. The dipping reflectors terminate at a
laterally continuous, moderate-amplitude, near-horizontal
reflector and are interpreted as a third-order bounding
surface. Third-order surfaces develop at the top of minor
bar sequences and are draped by mud facies indicating a
falling velocity stage of water, following which the depo-
sition of sediments resumes after a time lapse. These surfaces
therefore are indicative of bar reactivation'®, A distinct, con-
tinuous high-amplitude reflector is present at the position
of the water table. Low-amplitude reflections below the
water table are discontinuous and mark a water-saturated
zone (Figure 5b). The pattern of the reflectors suggests
that the lower-bar facies continue below the water table up
to a depth of 8 m at the base of the profile.

Similar reflectors continue further upstream as seen in
the profile AL2, which is also a two-dimensional profile,
60 m in length and 5 m in depth (Figure 6 a). The continuity
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The 200 MHz radar data for line AL2 (see Figure 2 b for location). @, A 60 m long interpreted GPR profile over the tail-end point-bar

deposits at Angad. b—e, The interpreted reflection patterns. Dotted square from 50 to 60 m represents the area of 3D interest. b, Three high-amplitude
continuous parallel reflections between 24 and 40 m marked as interfaces within the upper-bar deposits. ¢, Low to moderate amplitude discontinu-
ous parallel reflections from 25 to 36 m show minor sand lenses. 4, High-amplitude inclined reflections bounded by moderate amplitude reflections.
e, Moderate to low amplitude reflections from 40 to 57 m showing a mound-like structure, which is due to palaco-topography of bar deposits (see

Figure 7 b for lateral extension of these facies in Y-direction).

of air waves and ground waves is missing in this profile
from 18 to 23 m and 38 to 43 m distance. This may be due
to the changing surface conditions. Moisture variation in the
sub-surface is a cause of discontinuity of the upper two
reflectors”’. Four types of reflector patterns are observed
in this profile, marked here as continuous parallel, discontinu-
ous parallel, oblique and mound shaped (Figure 6 a). The
continuous patterns with high-amplitude and parallel re-
flections can be seen in Figure 6 b. The parallel reflections
with constant thickness are sand and fine silt of upper bar.
The discontinuous parallel reflections (Figure 6¢) are inter-

CURRENT SCIENCE, VOL. 89, NO. 1, 10 JULY 2005

preted as minor sand inter-beds or lenses. The oblique facies
(low-angle dipping reflections) indicate very coarse to
coarse sand with medium-scale cross-strata bounded by
third-order surfaces (Figure 6 d). Mound shaped reflec-
tions (Figure 6 ¢) which appear between 45 and 55 m (at dis-
tance axis), show a convex upward geometry. These
reflections can be traced till the water table and are in-
dicative of deposition over palaeo-topographic surface.
The convex upward surface is the fourth-order bounding
surface which demarcates the macro bed form top and points
to downstream migration of the bar'®.
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3D GPR image of selected part of study area (see Figure 6 a for location). Profiles follow a 10 m X 10 m grid. a, Data for cube were

collected using 200 MHz-monostatic antenna attached with an odometer wheel. Image shows northward-dipping reflections near 3 m depth, which
are interpreted as alternate facies of coarse sand and silt. b, The X-Y fences selected from the 3D cube showing facies continuity in X-direction and
their lateral extension in Y-direction. Tonal variation shows relative amplitude.

3D GPR profiles were acquired from a 10 m x 10 m grid
with 80 ns time window which helped in interpreting the
lateral extension of facies and their geometry. The cut-out
3D cube (Figure 7 a) shows northward-dipping facies in
X-direction and their lateral extension in Y-direction. A
fence presentation of 3D data (Figure 7 b) provides an
overall view of internal pattern of sediment deposition. It
is evident that the use of GPR has provided us with a more
vivid picture of the continuity in the lithofacies and the
bounding surfaces in all the three dimensions, which would
otherwise not have been possible.

The variation in lithofacies in the trench sections and their
continuity as seen in the GPR profiles point to a role of
diverse depositional microenvironments in the development
of the point-bar at Angad. Variation in the lithofacies that
occurs in the bar-head and bar-tail deposits in a short stretch
of less than a kilometre is striking. Bluck™ has demonstrated
that coarse bar deposits commonly develop preferentially
in the upstream part of the bends and may migrate down-
stream. However, the deposition of predominantly coarse
gravelly clasts at the bar-head, at an elevation of more than
3 m from the present low water level by a stream which
normally carries fine load, can only be attributed to occa-
sional high-stage flood event that may be associated with
cyclonic storms. It has been documented that from 1891 to
1970, 49 monsoon depressions have traversed through
this basin®. Crowley®* related the coarsening upward se-
quence (Figure 3A) to the changing water velocity and
depth over the bar crest during active bar growth due to
downstream accretion. The rivers that have incised into
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alluvium have high banks and a small non-monsoonal
flow channel, experience overbank flow only on few occa-
sions and hence the fluvial activity is restricted within high
banks™’.

In the intermediate zone (Figure 3B, C), where predomi-
nant sand facies are observed, the Sp facies made up of fine
and coarse sand is interrupted by a unit of massive gravel
representing plastic debris flow. The cross-stratified sand
facies is seen overlying this gravel depicting a high flow
and instantaneous settling, as is commonly seen in a flood
event. Three cycles of fining upward sequences are inter-
preted at Angad and the end of each cycle is marked by
the Sh facies. The horizontal or planar bed facies consisting of
fine-to-medium sand may be attributed to an upper-flow
regime plane bed condition, usually formed in shallow water
near the top of the point-bar”®. It is inferred that three dis-
tinct phases of current systems were operative in the
deposition of the different cycles at Angad, the time gap,
however, cannot be specified.

In the tail-end bar deposits, the Sp facies is readily dif-
ferentiated from the overlying facies typical of waning
flood events. In mixed load streams, the overbank depos-
its attain a considerable thickness and constitute a significant
part of the upper point-bar sediments®’. The sediment units
in this sequence are massive or finely laminated, indicating
only a partial preservation of the original flood sequence.
The formation of horizontal laminations is attributed to upper
flow regime during maximum flood. Clay drapes form at
the end phase of the flood by the settling of suspended mud
in places where local depressions stagnate flood waters. Four
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such flood cycle deposits can be marked here (Figure 3E).
The difference in the size of sediments in all the four cycles
indicates that the intensity of the flood events depositing
them was different. The silty clay units do show signatures
of bioturbation and induration, suggesting that the unit was
exposed for sometime before the next event of deposition
occurred. The third- and fourth-order bounding surfaces sug-
gestreactivation of deposition and accretion of the bar.

The preliminary results show that the point-bar lithofacies
at Angad in the Mahi River basin show a lot of heterogeneity.
The high frequency of low-order bounding surfaces indi-
cates variability in the discharge levels of the Mahi River.
There is a distinct trend of fining sediments from the bar-head
to the bar-tail, suggesting three phases of accretion in the
downstream direction. The sudden changes in the average
grain size within dominantly sandy sequences may be taken
as evidences of floods of variable energy. The point-bar
does not show any evidence of lateral accretion and the
presence of cut bank sections along these deposits suggests
that the bar is currently being eroded. Detailed GPR imaging
of point-bar has been helpful in tracing the continuity of
downstream accretion surfaces, as also in demarcating se-
quences of unique flood events. The study further highlights
the importance of point-bar deposits in understanding the
changing hydrological conditions of a river basin and prom-
ises the use of GPR imaging.
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