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Chute channels in rivers flowing on bedrock are
uncommon and shaped under limited range of fluvial
conditions. This study presents a mechanism of initia-
tion and further development of a chute canyon in the
Deccan Trap bedrock along the course of River Par in
western India. Based on field evidences, OSL dating,
hydraulics and resistivity of the dykes, we hypothesize
that the morphology of the canyon is a result of inter-
play between flood-evoked excavation of a dyke by
head-cut migration of gullies from the downstream
end of the forming chute and downstream extension
by undercutting process. Intermittent slope failure
and plucking have contributed to the widening and
deepening of the chute canyon.
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A primary process in the evolution of meandering rivers
is the development of meander cut-off. Geometrically,
cut-off reduces morphological complexity of the mean-
dering rivers irrespective of whether they develop in old
floodplains, bedrock, subtropical grasslands, tropical
rainforests, permafrosts, desert edges, alpine meadows or
even on Mars'’. In general, there are two cut-off
processes that give rise to meander cut-off, viz. neck cut-
off and chute cut-off*’. The neck cut-off is a process that
results from bank collapse after maturing meanders have
migrated into one another”'’. The chute cut-off occurs
when floods incise a channel or chute that evolves into
the dominant carrier of the river discharge'™''. By defini-
tion, chute cut-off is the formation of a new channel
across an inner bend sediment deposit or floodplain
peninsula enclosed by a meander loop, which usually
results in gradual closure of the abandoned channel by
sedimentation'?. The new channel is called the chute
channel and the abandoned channel as the chute cut-off.
The term ‘chute cut-off” is used when a stream reduces its
length through cutting a new channel by following a
swale or depression across the inside of a meander
bend'%.

*For correspondence. (e-mail: pramodkumarhire@gmail.com)

CURRENT SCIENCE, VOL. 120, NO. 9, 10 MAY 2021

In the published literature, the mechanisms of forma-
tion of chute cut-offs have received less attention com-
pared to the neck cut-offs™'*"'>. Three mechanisms have
been proposed in the literature to explain chute cut-off
formation, viz. embayment formation and extension™',
head-cut propagation'""'”'"® and swale enlargement™'® 22,
A chute cut-off may form by one or more than one of
these mechanisms'®. Each mechanism requires specific
conditions.

Chute channels and chute cut-off in the bedrock com-
pared to alluvial channels are rare. They are uncommon
features. To the best of our knowledge, chute channels in
the bedrock have not been documented in the Indian
subcontinent till date. However, occurrence of abundant
loops and course-straightening in bedrock channels have
been reported in the Narmada — the largest west-flowing
river of India near Dardi, Madhya Pradesh, India”. We
have observed a chute channel and well-preserved chute
cut-off along River Par in Mendha village, Kaprada taluk,
Balsad district, Gujarat. The chute cut-off has developed
here in the Deccan Trap bedrock. The study of chute
channel at Mendha comprises: (i) understanding the
mechanism of formation of the unusual Mendha Chute
Canyon (MCC), and (ii) to determine the date of initia-
tion of the MCC and its further development. We hypo-
thesize that the chute canyon was primarily initiated and
further shaped by excavation of a NNW-SSE-oriented
dolerite dyke.

Physiographic settings

The Par is a meandering river on the bedrock with an
average sinuosity index (Si) of 1.74. It flows for 142 km
in western India (Figure 1). The study area on the
river course is a NNW-SSE-oriented chute channel near
Mendha village (20°23°16.44”N, 73°16’45.93”E; Figure
1). We have named it as the ‘Mendha Chute Canyon’, as
it is a canyon that has developed in a chute channel. The
MCC is located 82.42 km downstream from the source of
River Par which originates at 982 m amsl at Harantekdi,
Maharashtra, India. Out of total 1664 sq. km area of the
Par Basin, the upstream catchment area of the MCC is
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Figure 2. Geological map of the study area.

1207 sq. km (Figure 1). The geology of the study area
comprises horizontally bedded Cretaceous Eocene
Deccan Trap basalts and dykes (Figure 2). Field studies
have highlighted eight morphological characteristics of
the MCC.

(a) The MCC is remarkably linear for 600 m, with almost
vertical and relatively rough canyon walls (Figure 3).
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Physiographic map of the Par Basin in Western India.
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Figure 3. Photograph showing a cross view of the constricted Mendha
Chute Canyon (MCC) and highly eroded dolerite Dyke (D;) at begin-
ning of the MCC.

(b) The Par flows with smooth bends all through its
course; nevertheless, at the MCC there is an anomalous
angularity in the bend.

(c) The width-to-depth ratio of the MCC is remarkably
small (depth = width), i.e. 0.71. This is mainly attributed
to a narrow (42 m) and deep (59 m) channel, including a
9 m deep pool that contains water throughout the year
(Figure 3).

(d) The MCC is vertically incised into a spur (Figure
4 a and D).

(e) The Par is notably wide, immediately upstream and
downstream of the MCC. Maximum expansion of the
channel is about seven times proximately downstream of
the MCC, where a huge expansion bar (1.85 sq. km) has
been formed with giant boulders (Figure 4 a). The largest
boulder with 6200 mm intermediate axis (i-axis) is depo-
sited at the beginning of expansion bar.
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(f) The average gradient of the MCC is 0.00167 m/m,
which is much steeper than alluvial reaches.

(g) A 3-4m wide dolerite dyke-1 (D;), with crude
columnar joints occurs at the beginning of the MCC
(Figure 3), oriented in the same direction of the canyon
(NNW-SSE) (Figure 2). The dyke has also been traced
downstream of the MCC and in an adjacent tributary of
the Par, namely River Nar. Another (WNW-ESE) dole-
rite dyke-2 (D,) crosses D, at the beginning of the MCC.
Remnants of D; and D, are observed on the canyon walls
as well as on the bed.

An excellent, well-preserved chute cut-off with fine
sediments on the bed has been disclosed at an elevation
of 25 m from the bed of the MCC (Figure 4). The average
gradient and length of chute cut-off are 0.0005 m/m and
2 km respectively.

Materials and methods

The entire study is primarily based on field observations.
A thorough evaluation of the hydraulic controls on chute
incision is basic to a better understanding of how chute
channels and chute cut-offs occur’. Therefore, to under-
stand flood hydraulics and hydrodynamics of the MCC,
cross-sectional and longitudinal profile auto-level surveys
were carried out. In order to study the role of dykes in
shaping the MCC, the Schmidt hammer rebound values
(N) were derived using N-type Schmidt hammer. The N
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values were used to estimate the rock mass strength
(RMS), i.e. the specific properties of the rock mass that
control its strength®. We collected a sediment sample
from the chute cut-off for optically stimulated lumines-
cence (OSL) dating. Furthermore, textural analysis of the
sediments has been carried out to understand its fluvial
origin. In order to evaluate the mobility of the coarse
sediments, theoretically from the MCC, the sediment-
transport equations were computed for the largest boulder
deposited at the beginning of the expansion bar?.

Mechanisms for formation of the MCC

The chute channels in bedrock rivers are rare and develop
under limited range of fluvial conditions. The MCC has
not been formed by the normal processes that occur on
the floodplains of alluvial rivers. Moreover, it was not
possible to form the chute canyon due to floods alone.
Evidences to the probable mode of origin of the MCC are
provided by the alignment and remarkable linearity of the
canyon (distinctly seen on the SOI topographic map and
satellite image of the area), presence of patches of
dolerite dyke in the bed of the river and on the canyon
walls, well-preserved chute cut-off and the dominance of
coarse angular debris in the form of an expansion bar
immediately downstream of the canyon. It is well-defined
from the size, angularity and lithology of the boulders of
the expansion bar and its proximity to the canyon that
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they are detached from the MCC. It is evident in the field
that majority of the boulders (perhaps all) of the expan-
sion bar have been derived by the detachment, frequent
slope failures (rockfall), localized transportation and
deposition downstream of the MCC.

It is noticeable from field observations that the MCC is
mainly sculpted in a spur (Figure 5a and b). The dotted
contour lines of 115 m, on both sides of the MCC,
represents a cut-spur. The aforesaid spur was continuous
before the formation of the MCC. The curved line con-
necting points 4, B and C represents chute cut-off (abun-
dant meander) and the reach from points 4 to C shows the
current path of the MCC. We have calculated slope of
chute cut-off (4—B—C) and the MCC (4-C) by an auto-
level survey to find the gradient. The gradient of the
chute cut-off (4-B—C) is 0.0005 m/m and that of
the MCC (4-C) is 0.00167 m/m.

In order to determine date of the event of the last expo-
sure of sediments to sunlight or burial ages at the chute
cut-off, a sample was collected for OSL dating using the
single aliquot regenerative-dose (SAR) protocols*™*’. The
age of the sediment sample is 19.577 £ 0.958 ka implying
that the deposits were laid down over a span of the Mid-
dle Pleistocene during the last glacial maximum (LGM)
stretching from 12 to 25 ka centred on ~21 ka. It, therefore,
suggests that the channel was active during this period
and an excavation of the MCC must have occurred pri-
marily after the Middle Pleistocene. In this connection, it
is interesting to note that the formation of the MCC is
associated with early Holocene Climatic Optimum (~9—
7 ka) and stronger monsoon/rapid rise in sea level”™ .
We, therefore, propose that the MCC is mainly shaped
due to infrequent large-magnitude floods of the Holo-
cene, with immense competence. The formation of the
MCC and plugging of the chute cut-off proceeded con-
currently and gradually. The chute cut-off was active dur-
ing the dated period (19.577 £ 0.958 ka), and deposited
sediments until terminal closure of the chute cut-off was
complete.

In order to understand depositional environmental con-
ditions of the chute cut-off, a sediment sample was col-
lected for textural analysis. The sediment of chute cut-off
belong to mainly dark yellowish-brown (10 year 4/4) hue
group, according to Munsell notation. The textural charac-
teristics of the sediment noticeably suggested the compo-
sition of fine sand to clay on the Udden—Wentworth
scale, indicating that the sediment is of fluvial origin.

It is important to understand the triggering mechanisms
for the formation of the MCC. Absence of remnants of
potholes or grooves on the canyon bed and walls suggests
that the normal processes of vertical erosion or down-
cutting through potholes have not contributed to the shap-
ing of this canyon. In fact, the presence of dykes at the
beginning, on the wall and at the end of the MCC, and
huge blocks of dyke deposited downstream of the MCC
support the hypothesis that the latter was primarily

1510

initiated and further shaped by excavation of the NNW—
SSE-oriented dolerite dyke (D,) (Figure 4a and b). A
strong and unequivocal evidence to support the above-
mentioned process, i.e. formation of canyon by excava-
tion of the dyke is the Sandan Slot Canyon (SSC) on the
crest of the Western Ghat in the Deccan Traps™.
Furthermore, a similar process is in operation at Chornali
Juvenile Slot Canyon in the close vicinity of SSC and
Nane Ghat at the source of River Kukadi*’. Thus, there is
little doubt that the MCC has been formed mainly by the
excavation of a dyke. Moreover, the coarse sediments,
predominantly made of non-dyke material, at the expan-
sion bar suggest that intermittent slope failures have con-
tributed in the widening of the canyon after removal of
the dyke.

We anticipate that the excavation of the MCC must
have started by extension and headward erosion of gullies
(G, and G,), originated over the spur from the opposite
sides along D, (Figure 4a and b). Gradually, the head-
cuts migrated from the downstream end of the forming
chute, progressively capturing an increasing fraction of
the over-bank flow and finally causing the cut-off of the
original bend. Concurrently, the process of downstream
extension by undercutting might have operated at the bot-
tom of G;. The inception of the MCC was controlled by
shear stress distribution at the outer bank, downstream of
a bend apex (Figure 4 a and b). For about 1 km upstream
of point 4, the channel was straight and before the forma-
tion of the MCC, there was an abrupt curve after point 4
(Figure 5a). As a result, downstream extension process
was initiated by concentration of in-channel flow velocity
and shear stresses at the outer bank (from where the
present MCC begins). The process was accelerated due to
existence and junction of D; and D, at the bottom of G,
(Figure 4 a and b). D,, compared to D, is highly resistant
(rock mass strength = 82.3 N/mm?); therefore, due to
incessant operation of the process, the channel was grad-
ually shifted by excavating relatively less-resistant D,
(rock mass strength = 66.77 N/mm?). Eventually the loop
(A-B-C) was short-circuited and the new channel (4-C)
was carved.

Field evidences show that the erosion mechanism was
excavation of the dyke material predominantly by pluck-
ing (also known as quarrying and jacking), rather than
abrasion. The joint-bounded columns are susceptible to
plucking-type erosion in which the pressure fluctuations
associated with vertical vortices (kolks) lift sections of
the columns®®. The remnants of D; and D, observed on
the bed and wall at the beginning of the MCC, display
crude columnar jointing. The prominent horizontal joints
have distinctly favoured the removal of joint-defined
dyke blocks by hydraulic forces. Likewise, strong
hydraulic forces are produced within the narrow MCC
during high-magnitude floods following heavy monsoon
rainfall. The canyon catchment with 1207 sq. km area,
receives abundant monsoon rainfall, e.g. the average
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annual rainfall at Peth raingauge station is 2603 mm (Fig-
ure 1), which is mainly confined to the monsoon months
(June—September) and occurs in multiple wet spells™*.

In order to understand the role of hydraulic forces gen-
erated during high-magnitude floods, we have estimated
hydraulic parameters such as boundary shear stress (7),
stream power per unit area (w), Froude number (Fr)
and Reynolds number (Re) for the well-known 1968
catastrophic flood event with the help of the following
equations®*°

7= yRS, (1)
w=yOS/w, 2
Fr=7/(gR)"?, 3)
Re=VR/v, “)

where 7is the boundary shear stress (Nm 2), ythe specific
weight of clear water (9800 Nm ), R the hydraulic radius
or mean depth of water (m), S the channel slope, @ the unit
stream power (Wm?), O the discharge (m’s™'), w the
water surface width (m), Fr the Froude number, v the
mean flow velocity (ms'), g the acceleration due to
gravity (9.8 ms %), Re the Reynolds number, v is the
kinematic viscosity (1 x 10”7 m® s™' for water temperature
of 20°C)*.

Another related measure of erosional power of flows is
the critical velocity for initiating cavitation (¥,)**’

V,=2.6(10 + D)"?, (5)

where V. is the critical velocity for the inception of
cavitation (m s ') and D is the flow depth (m s™").
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The existence of large boulders deposited downstream
of the MCC, in the form of an expansion bar, provides
some clue to the competence of the flows. In order to
theoretically evaluate the mobility of the coarse sediment
deposited immediately downstream of the MCC (Figure
2) the sediment-transport equations were used and the
approximate minimum critical values of unit stream
power (@), bed shear stress (7) and mean velocity (V)
that could initiate cobble and boulder movement were
estimated. The equations used in the boulder transport
calculations are as follows™

®=0.079d,'?", (6)
7=0.17d,, (7
v =0.065d,"°, (8)

where d, is the intermediate diameter of the grain (mm).
The August 1968 flood is recognized as the largest
ever recorded event in the basin with a magnitude of
23,820 m’ s”' Nanivahial, Gujarat (Figure 1). This event
has produced flooding with magnitude of 20,056 m® s ' at
the MCC. The estimated values of mean velocity, bed
shear stress and unit stream power per unit boundary area
of the August 1968 flood for the MCC are 16.62 ms ',
2306 Nm* and 38,322 Wm 2 respectively. According to
anecdotal evidence, a huge boulder with 6200 mm i-axis
was detached from the bed at the middle of the MCC and
deposited ~350 m from its initial location during the
August 1968 catastrophic flood event. The theoretical
values of mean velocity, bed shear stress and unit stream
power required for entrainment of this boulder are
512ms "', 1054 Nm * and 5176 Wm * respectively. The
estimated values of these variables are several orders of
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magnitude higher for the August 1968 catastrophic flood
event. Therefore, the Par was capable of moving the
boulder with 6200 mm i-axis during the August 1968
catastrophic flood event. Such strong, high-magnitude
floods in the MCC are capable of dislodging blocks of
jointed rocks from the canyon side-walls due to rockfall
(channel boundary), and transport them to the deposition-
al site downstream. The accumulation of angular boulders
at the expansion bar supports this inference. The analysis
further shows that cavitation had occurred at the MCC
during the August 1968 flood, as the critical velocity
required for inception of cavitation is 16.12 ms™'; how-
ever, the estimated velocity for the 1968 catastrophic
event is 16.62 ms'. Such extraordinary floods following
torrential monsoon rainfall and intense fluvial erosion,
predominantly plucking, are significant in sculpting the
MCC.

Thus, shaping of the MCC appears to be a four-stage
process: (i) Excavation of dyke initiated by extension and
headward erosion of gullies and downstream extension by
undercutting, mainly due to strong hydraulic forces
induced by high monsoon runoff. (ii) Excavation process
propagated upstream along the dyke and migration of the
head-cuts from the downstream end of the developing
chute. Eventually this result in short-circuiting of loop
and carving of a new channel. (iii) Extraordinary floods
following torrential monsoon rainfall and intense fluvial
erosion, predominantly by plucking, are significant in the
sculpting the MCC. (iv) The unstable, exposed, near-
vertical walls occasionally fail and contribute huge rocky
blocks to the canyon bottom and expansion bar.

Conclusion

This article explains the formation of the uncommon
MCC on the basis of recent studies of the position of
chute cut-off, location of dykes, well-sorted, fine-grained
sediment of the chute cut-off and its date, coarse sediment
deposited immediately downstream of the MCC, and
flood hydraulics and hydrodynamics. The principal infe-
rence is that the MCC was initiated and further shaped
due to excavation of a dyke by high-magnitude monsoon
floods. The formation of the uncommon MCC in the
bedrock has been ascertained by an unusual association
of site-specific factors (geological, climatic, hydrological
and geomorphological).
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