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Abstract

The potholes are perceptible erosional features associated with bedrock
channels. They play an essential role in bedrock incision studies, but little
work has been published on the development of potholes, especially in Be-
drock Rivers in India. The present site-specific study aims to analyze the role
of physical properties of bedrock and associated structures in the process of
development of potholes and to classify the potholes based on their dimen-
sions. The Khari River gorge formed over Mesozoic Sandstone with six be-
drock terraces exposed along a confined segment of the river. The site is
manifested by strath terraces, grooves, potholes, and knick points. Three
stretches of Khari Gorge have been studied in detail for this purpose. The
pothole dimensions, joint orientations, rock mass strength, physical proper-
ties of rock, and placing of potholes to present active channels were meas-
ured. The analysis shows the inverse relationship between the size of pothole
and rock properties. The distance of potholes and active channels govern the
essential factor and manifest the role of flow hydraulics. The high density of
matured potholes near active channels over immature potholes supports pri-
mary control of hydraulics of flow over rock properties.

Keywords

Bedrock Gorge, Hydraulic Flow, Potholes, Mesozoic Sandstone, Kachchh
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1. Introduction

Potholes are common erosional features observed in the bedrock channel. In

most regions where potholes exist, they develop as the most significant bed-form
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type. Potholes usually form via abrasive work, initially in minor bed depression
that are weak zones due to the interaction between vertically oriented joints [1]
and zones of increased weathering [2] [3]. In association with potholes, the be-
drock channels have other erosional features such as grooves and immobile
boulder obstructions [4]. The turbulent flow of the river develops the eddy cur-
rent enters these initially minor depressions on the bed form. The shear flow
drags the sediments inward into the depressions and grinds against the sides and
bottom of the depression; this results in the development of major potholes. The
potholes typically have smooth and vertical walls along with the angular to
sub-angular sedimentary particles inside the depression which are responsible
for grinding and also for their formation. Episodically, stacked grinder particles
inside the pothole help in identifying the number of shear flow generation pe-
riods in the channel [5].

Potholes are mesoscale erosional landforms that are observed in a wide range
of climate, lithology, and channel type [6]. They are the concavity, developed by
the entrained grinders by the action of continued vortex action, while its mor-
phology is characterized by the hemispherical or cylindrical indentations exca-
vated in channel bed [7]-[11]. The sediment particles which are involved in the
erosion process are called tools. Bedload sediments that get entrained by the
vortex flow termed as grinders [10] are dragged into the tiny concavities present
on the bedrock by the vortex flow within the river channel. The grinder sedi-
ments get entrained by the vortices and contribute to erosion by impacting on
the wall surfaces. The tools residing on the bedrock roll and slide around the
pothole floor produce various erosive effects by the action of abrasion. Whipple
et al. [9] reported that a combination of suspended load and bedload is respon-
sible for the pothole formation in a rapidly incising stream. The vortex is a
product of interacting fluid in the stream and initial depressions along the river
bed [12]. Therefore the development of a pothole originates from a small de-
pression and grows in dimension as a response of the entraining of grinders as
the flow deflects onto a particular location which develops a cavity, influencing
the natural state of flux and result in excess erosion [13] [14] [8]. Sklar and Die-
trich [15] demonstrated that bedload is 2 to 3 orders of magnitude more erosive
than fine sediment in vortex driven experimental flow.

The present study focuses on the potholes that have developed in a peculiar
transect of Khari River, Kachchh. The Khari River originates from the central
mainland of Kachchh—the Katrol Hill and flows northward into the Banni
Plains of Kachchh [16] [17]. It is a bedrock river channel with several neotec-
tonic features like gorges, knick points, strath terraces, alluvial fans, offset
streams. Along the bedrock channel of Khari, a small segment near Bhuj town
exhibits deep gorge with rocky terraces and potholes on them [18] (Figure 1).
The potholes are stretched for a short distance along the river channel preserved
on the erosional terrace. The study also emphasizes the role of physical properties

of rocks and associated structures information of the hydrodynamic situations in
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Figure 1. Location map of the study area in the central mainland of Kachchh showing major faults of the
Kachchh basin (modified after Ngangom et al [19]). A view of Bedrock gorge of Khari River with bedrock
terraces.

the generation of potholes and grooves.

2. Geology and Geomorphology

Kachchh is a palaeo-rift basin formed during the Gondwana separation, with
large crustal blocks subsided during normal tectonics. Jurassic sediments depo-
sited on the subsiding crustal blocks as syn-sedimentary deposits [20] [21] [22].
End of Cretaceous characterized by the volcanic eruption and plutonic activities
concurrent with Reunion plume related activities in western India. Indo-Eurasia
collision is responsible for the basin reversal whence most primary faults viz.
NPF-Nagar Parkar Fault, IBF-Island Belt Fault, KMF-Kachchh Mainland Fault,
and NKF-North Kathiyawar Fault reactivated and also generated many second-
ary and transverse faults [20] [21] [23]. KHF-Katrol Hill Fault is one of the in-
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tra-basinal faults generated during basin reversal and extends E-W across the
middle part of Kachchh mainland uplift (Figure 1). The transverse faults are re-
sponsible for the segmentation of the E-W trending master and secondary faults
[21] [22] [24]. The KHF is mainly responsible for the central part of Mainland
uplift from where the rivers flow northward to empty water into the plain of

Banni.

3. Methodology

The presence of potholes has been correlated with the numerous factors includ-
ing surface irregularities in the bedrock such as joints or bedding planes that can
initiate flow separation and differential erosion [2] [25] [26] [27]; while veloci-
ties that are high enough to produce abrasion where bedload quantities are suffi-
cient to provide abrasive tools but not sufficient to cover the stream bed with a
thick alluvial sediments [2] [25] [26] [28] and changes in downstream gradient
which facilitate hydraulic flow transition and substrate erosion [28] [29]. Pothole
evolution has also been inferred based on the degree of incision of the active
channel [27]. The circulating flow is of importance in potholes enlargements.
The recirculating vortices are having axes oriented parallel to channel surfaces
and perpendicular to free streamflow. The hemispherical potholes are developed
when d/(2r) where d is pothole depth and T is the pothole radius [10].
Recirculating vortices, with axes, oriented parallel to channel surfaces and nor-
mal to free-stream flow, develop when d/(2F)>0.25 in hemispherical sculp-
tures, where d is sculpture depth and T is is the sculpture aperture radius [10].

With an area of 646 sq km and channel length 43 km, the Khari River is one of
the major tributaries of Pur River [16] [17]. The river rises in the Katrol Hill
range of Kachchh Mainland near Bharapar and flows through the rain shadow
zone before draining into Pur River. The Khari River flows mostly through
sandstone throughout its course while in its higher reaches, it flows through
shale. About 4 km west of Bhuj on Bhuj-Kodki road the river exhibits localized
deep gorge (~400 m long) with bedrock strath terraces in Cretaceous sandstone
and palaeochannel filled with alluvial deposits [18]. A basic dyke (23°15'N,
69°37'E) trends N100° across the downstream of channel developing a pond. A
similar kind of ponding is observed in the upstream side of gorge bounded by
two normal faults trending across the channel [18]. The Khari River is a
Non-perennial River; hence the channel remains dry through most of the year.
The lower reaches of the gorge is always filled with the seeping subsurface water.
The general trend of the channel at the studied site is N40° and reaches up to
~20 m depth. The width of the gorge is ~1.5 to 4 m, the narrow valley followed
upward by successive strath terraces are studded with numerous hemi-circular
to cylindrical potholes and grooves (Figure 2).

A total of six bedrock strath terraces have been identified, which exhibit dif-
ferent morphological characteristics in terms of pothole dimensions. In lower

reaches near Bhuj, the river drains into the localized narrower channel after
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Figure 2. Morphotectonic map of Khari River Gorge, showing strath terraces T1 to T5,
faults, dikes, ponding, palacochannel and major joints (modified after Thakkar et al

(18]).

passing through the knick point (23°14'N, 69°37'E). The topographic study is
characterized by the successive strath terrace on both banks of the gorge site and
also more than 250 potholes and grooves on those terraces. The terraces on the
west bank of the channel are more extensive as compared to the eastern bank of
the river (Figure 1 & Figure 3). The western side of the gorge segment is aug-
mented with several potholes and grooves (Figure 3). The sandstone as the be-
drock shows numbers of major and minor joints. It is observed that most of the
potholes are developed at the junction of the joints or along the joints [30] [31]
[32]. The river bed is devoid of any fluvial cover implying that the river is not
transport-limited. It is observed that a few potholes are developed on Terrace
T3, T4 and T5, while the lowermost T6 terrace shows the presence of trapped

grinders implying the dominance of tool effect [33].

4. Rock Strength Studies

In the present study, the rock strength was calculated on each terrace from up-
stream to downstream direction. The physical properties of rock were studied
using Rebound hammer for surface rock strength and compressive test for in-
ternal strength of rocks at the site.

4.1. Surface Hardness Calculation

The estimation of rock mass strength of in situ rocks along each traverse was
obtained using Schmidt rebound Hammer of N-type. Schmidt Hammer (SH), an
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Figure 3. Scaled model showing the classification of potholes as per maturity along the
terraces T3, T4 and T5. Red and yellow spots indicate immature and mature ones respec-
tively. Note the dyke passing across the gorge at the downstream end of the gorge. Also,
note the concentration of mature potholes near the gorge axis while most pothles are
found to the north bank of the gorge.

index method of determining uniaxial compressive strength [34] [35]. The
hammer measures the intensity of the rebound of a controlled impact on the
rock surface. As the hammer is pressed against the rock surface, the piston re-
leases energy, on impact is absorbed and part of the energy is transformed into
the sound of impact. The remaining energy represents the resistance by the rock
surface through the rebounding of the piston on impact. The R-value on SH is
the amount of piston moved back on impact [36]. In the present study, N-type
Schmidt Hammer was used on the rocks of each terrace along upstream-down-
stream traverse (Figure 4, Table 1). The rock mass strength was calculated using

the following equation
RMS = 0.1152* N'634 1)

where RMS is Rock Mass Strength, N is the rebound number for Schmidt re-

bound hammer.
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Figure 4. Graphs of RMS values along T3 and T4 terrace; note the sinuous nature of rock strength graph in T3
while T4 shows decreasing trend downstream.

Table 1. Table showing average rock mass strength taken out of hundreds of rock sites
along the terraces 3 and 4.

Rock Mass Strength (N/mm?) s
tandard
Terrace no. Range Mean .. CV* %
Max. Min. Deviation
Terrace 3 18.03 10.71 7.32 13.78 2.03 14.82
Terrace 4 25.71 16.28 9.43 18.48 3.11 16.02

*CV is coefficient of variation; Coefficient of Variation = (Standard Deviation)/Mean.

4.2. Internal Hardness Assessment

The sandstone specimens from the site were collected along each terrace and
tested in the Compressive Strength Testing Machine (CTM) to determine the
internal strength of rocks. The compressive test was performed using the Indian
Standard Code 9143: 1979 Reaffirmed 2001 [37]. The sandstone samples were
collected, reshaped and faced as per specification in IS codes. The surface of the
testing disc and specimen were wiped clean. The clean specimen was kept on the
lower disc in such a way that the axis of the specimen aligned with the centre of
thrust of the spherical seat. As the load was gradually increased over the speci-
men, the movable portion of the spherically seated disc was adjusted to ensure
uniform loading. The specimen was subjected to continuous loading at a con-
stant stress rate so that the failure of the specimen was observed between 5 to 15
min. The average internal strength of sandstone specimens at Khari gorge is
43.57 Kg/cm® (Table 2).
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Table 2. Table showing average internal strength and physical properties of the bedrock
at Khari River Gorge site.

Sr. No. TYPE OF TEST RESULTS
1 Compressive Strength, kg/cm® 43.75
. Specification as per
2 Porosity, % 10.73
IS: 383:2016
3 Specific Gravity (Kg/ cm?) 2.38
4 Water Absorption, % 0.86

4.3. Physical Properties Assessment

In the present study, the physical properties viz. Porosity, Water Absorption and
Specific gravity of sandstone along Khari gorge were studied using the procedure
described in Indian Standard Code 13030:1991 reaffirmed 2001 [38] to under-
stand the nature of sandstone observed along Khari River. The values of Porosi-
ty, Water Absorption and Specific gravity are as given in Table 2.

5. Pothole Occurrences in Sandstone Bedrock

The potholes are the carved cylindrical depressions in the bedrock river plat-
form, which are developed by the abrasion work of grinding material against the
platform through vortex action [30] [31] [32]. The authors have observed several
faults running across the channel and also parallel to the axis of the gorge. A ba-
sic dyke trending across the channel/ gorge is observed to the downstream of the
gorge where it opens to the broader river valley. The joints and fractures found
in the sandstones at Khari River Gorge are mostly trending parallel to the gorge
trend, i.e. the transverse trend which is considered as the Quaternary tectonic/
neotectonic trend of the mainland of Kachchh due to faulting and up warping of
the area [24]. At the study site, two kinds of potholes were observed depending
on the location of pothole occurrence. A large number of potholes were ob-
served near the junctions of two sets of joints and few were away from the joint
plane. The potholes near or on the intersection of joint sets were having nearly
equal width and depth ratio. The shape of the potholes developed near the junc-
tion was almost perfect cylindrical while a few potholes observed away from the
joint plain have a nearly hemispherical shape. These potholes may have formed
through the deepening and widening of grooves by grinding action of the grind-
ers (Figure 5).

6. Pothole Dimension and Maturity Studies

In the present study, for the convenience of taking readings for potholes maturi-
ty and dimension, the gorge site is divided into three segments downstream, up-
stream, and middle reaches of the terraces. The pothole geometry was calculated
in all the terraces with an interval of ~10 m. The observation lines were nearly
parallel to the channel flow direction. For the quantitative analysis of the pothole
size and shape, depth and length of each pothole were measured along the ob-

servation lines (Figure 6). The length and depth of potholes were measured in
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Figure 5. Photos showing pothole occurrences along Khari River Gorge. (A)-(C) Pothole
formation along joints intersection (D)-(F) Orthogonal Joints in sandstone at Khari
Gorge site. (G) Rose diagram showing orientation of major joints along terrace T3, T4,
T5. Note the principle joint direction is NE-SW.
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Figure 6. Photos showing differential carving and geometries of bedrock surface and
potholes along the Khari Gorge. (A) Cavernous and dented surface of the exposed T3
bedrock terrace with long grooves and potholes (B) Inner view of Khari River Gorge
showing sculpted side walls and coalescences of large pothole into narrow gorge (C)
Large size of potholes in the middle of the bedrock river eroding below the pothole sur-
face (E) The shallow oblate hemispherical pothole exposed on the bedrock terrace of
Khari gorge site (D) Cylindrical pothole with large abrasive rocks entrapped inside.

all terraces because many potholes are not perfectly circular. Numerous potholes
were observed to be hemispherical which follows the equation d/(2F)>0.25
where d is the depth of pothole and r is the radius of the pothole [2] [17] [25].
The average pothole length and average pothole depth were calculated by sum-
mation of total pothole length divided by the number of potholes present on the

respective terrace, the same way for an average depth of potholes (Table 3).
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Table 3. Table showing average depth and length of potholes observed along each terrace.

Max Min Standard

Terrace No. (cm) (cm) Range Mean deviation CV* (%)
Average depth
T-3 290 5 285 68.75 54.57 79.37
T-4 170 5 165 57.81 43.90 75.94
T-5 415 5 410 71.99 70.27 97.62
Average length
T-3 400 15 385 84.51 60.83 71.98
T-4 180 20 160 67.19 43.65 64.97
T-5 370 9 361 69.93 50.61 72.38

*CV is coefficient of variation; Coefficient of Variation = (Standard Deviation)/Mean.

7. Discussion

The compressive strength of sandstone rock along Khari River Gorge observed
was 43.57 Kg/cm® and had 10% porosity (Table 2) which suggests that sandstone
at Khari River Gorge exhibits a high degree of resistance towards erosion and
detachment of material from bedrock. The presence of densely populated po-
thole along such high resistance sandstone may have created through the action
of high magnitude flow [39] [2]. The study enlightens the fact that the velocity
and shear stress in the area, which depends on the channel gradient and the
amount of abrading tools integrally affect the ability of the stream to erode the
bedrock to form a sculpted landform. The study also emphasizes the role of hy-
draulics of flow and rock mass strength in the erosion of the bedrock river.

The large mature potholes observed along the joint line, developed by the ex-
ploitation of joints (Figure 5). The detail field observations on joint pattern and
trend of joints along with terraces suggest that orientations of many potholes are
along the joints orientation. Potholes may have developed due to the exploita-
tion of bedrock material along the joint plane by abrasion tool transported as
bedload or suspended load, which may have eroded and deepened, resulting in
the formation of potholes. At study site large potholes were reported along the
joint plane and along the junction of joints which may have been developed due
to the exploitation of bedrock material along the joint plane (weak plane) by ab-
rasion tool transported as bedload or suspended load. Other than these individ-
ual potholes which are situated away from the joint plane may have developed as
a result of the localized detachment of host rock due to excavation by abrading
tool. The massive thick bedrock, the Bhuj sandstone has supported the potholes
which are further combined and collapsed during the last phase of maturity. The
average pothole depth has been found to decrease as moving towards down-
stream direction on terrace T3 to T5. This supports the increased vertical ex-
ploitation of bedrock on terrace T3 as compared to terrace T5. The average

length of potholes has found to increase downstream in terrace T5 to T3, sup-
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ports the horizontal growth of pothole against vertical growth (Figure 7(A) and
Figure 7(B)) The massive thick bedrock at terrace T5 has supported in devel-
opment of larger potholes with average length of 1m and average depth of 1m
(Figure 7(A) and Figure 7(B)). The occurrences of multiple erosion features
such as potholes grooves observed at the Khari Gorge site are evident of maxi-
mum energy dispense where the flow depth and velocity may have been high
during high precipitation periods (Figure 6). River born mechanical weathering
of bedrock depends on the hydraulics of flow along with nature and amount of
abrasive tool incorporated with rock mass strength [6]. The primary purpose of
the study was to evaluate the physical properties of bedrock and associated
structures in bedrock to bring out the pothole morphology.

The average length and height of potholes along each terrace are given in Table
3. The relation between average pothole length and height increases as one
moves in downstream direction on Terrace 3. This is a result of the up-warping
in the upstream region of the terrace T3 which has resulted in an advanced stage
of erosion downstream of the channel. The average pothole depth and length
reaches a maximum in the middle of the terrace T4 and T5, which is due to
change in downstream gradients creating hydraulic jump which supports the
change of flow to semi turbulent into turbulent. The majority of potholes are

immature in shape (Ze, hemispherical) whereas few are nearly mature (Ze,

69°37'

\\
1l
I\lll“llllllll\

l”l
" T4 ‘||“ o Mature Pothole
Immature Pothole

Figure 7. (A) Graphical representation of the relation between downstream distance and pothole length for
the Khari River Gorge site. (B) Graphical representation of the relation between downstream distance and
pothole depth for the site of study.
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cylindrical). The immature shaped potholes occur away from the main channel
while mature shaped potholes occur near the main channel.

The large potholes observed near the main channel axis of the river, while
many large potholes were collapsed and have attained the main channel of the
river (Figure 3). The relation between depth and length of the potholes is in-
creased in the middle reaches of the channel indicating the significant role of
channel gradient and the flow hydraulics in the channel. It appears that the in-
crease in the gradient of the channel and occurrences of high magnitude floods
and large flow with long intervals had empowered the flow to exceed the rock

resistance and erode the bedrock through the formation of potholes and grooves.

8. Conclusions

The following significant outcome is drawn out of the present study on pothole
formation in the sandstone bedrock river of Kachchh. Since the present-day
continental positions are set during the Quaternary period and have not changed
much of their latitudes and climate zones, the bedrock landscape carving like the
present study site would suggest intensive tectonic perturbations followed by the
intense wet-dry climate cycles that maintained persistent hydraulic flow and se-
diment supply. Gorges in association with the potholes and grooves are thus the
functions of climate, tectonics, rock strength, joint directions, lithology and time.
Hence substantial site and region specific contributions are summarized here.

1) The maturity of potholes increases near the Khari Gorge axis due to in-
creased water velocity along the axis.

2) The potholes are common at intersect of two joints. The joints control the
orientation and initiation of potholes. The zones of weakness provide the place
for grinder materials to get an arrest and incise the substrate into smaller de-
pression latter converting into potholes.

3) The strength of bedrock much depends on structures in lithology and po-
rosity of the rock. The presence of matured potholes near to active channels is a
result of strong flow hydraulics rather than the control of rock properties.

4) In the younger terraces due to coalescence of potholes, they seem mature
and have attended large dimensions. The high magnitude flows may have per-
sisted for a substantial period, which has resulted in carving through high degree
resistive rock at Khari River Gorge.

5) The presence of localized gradient, jointed bedrock, and availability of abrad-
ing tool coupled with high magnitude flow increase the erosive power of the stream.

6) The precipitation during the wet period plays an essential role in pothole
growth and high discharge resulting from flash floods serves driving force in the
development and modification of potholes. This indicates that a conducive cli-

mate also played a significant role in pothole formation in Kachchh.
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