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Abstract
Dynamic channel bed potholes or sculpted forms (circular, elliptical, oval, elongated, etc.) on riverbeds are generally 
formed due to the variation of lithology with structures and dominant fluvio-hydrological processes. Most of the chan-
nel bed potholes are confined at Bhakuyadi, Guridih and Ghatsila on Precambrian Chhota Nagpur granitic gneiss and 
tonalite gneiss of the river Subarnarekha and its tributaries. A total of 215 channel bed potholes are studied at three sites 
[Site 1 Bhakuyadi (n = 115), Site 2 Guridih (n = 65) and Site 3 Ghatsila (n = 35)]. The main objective is to find out the multi-
dimensional growth on Precambrian bed rock channel and analyze the role of fluvio-hydrological factors toward their 
growth. Geospatial, fluvio-hydrological and statistical techniques have been applied to find out the potholes dynamic on 
lithological diversity of extended part of the Chhota Nagpur plateau of gneissic complex. Lineament features have been 
extracted using different SWIR and VNIR bands of two specific images like ETM and ASTER. Arc Hydrology tool (Hydro tool 
of ArcGIS) has been used to delineate stream networks and watershed of river Subarnarekha. Morphology of potholes 
like shape–form analysis has been done through morphometric index such as Surface Index, Bottom Index and Vertical 
Index. Downward and sideward potholes growth rate are calculated using mathematical indices, and depth–radius ratio 
has been assessed applying descriptive statistics. The results show that the multi-dimensional growth or pothole dynam-
ics are immensely regulated by local condition such as rock types with structural imprints (fractures, joints, etc.). The 
absence of micro-geological structures on others lithological unit have failed to give birth to multi-dimensional growth 
of channel potholes along the flow path of river Subarnarekha and its tributaries within the Subarnarekha watershed. 
Chhota Nagpur granitic gneiss and tonalite gneiss with structural signatures help to form channel bed potholes within 
the flow path of river Subarnarekha and its tributaries. Statistical analysis reveals that there is a strong positive correlation 
between depth and radius of potholes. Subsequently, fluvio-hydrological factors (like corrasion, cavitation, hydraulic 
action, change of channel gradients, monsoonal bankfull discharge, etc.) clearly reflect the dynamic growth of channel 
bed potholes specifically during monsoonal months.
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1 Introduction

Potholes are common but significant fluvial geomor-
phic imprint on bed rock channel. Basically, potholes 
are defined as the various kinds of openings or holes in 

both soft and hard bed rock channels due to multi-flu-
vio-hydrological reasons [1]. Today, not only the stream 
potholes in Guangdong but also wind-eroded potholes 
in Hebei and glacial eroded potholes in Inner Mongolia 
are considered for space-specific thorough investigation 
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[2–4]. In recent years, process-oriented studies have 
been conducted on channel bed incision or bed rock 
potholes through multi-dimensional temporal and spa-
tial scales [5–10] but various unanswered questions 
indicating discrete locational and erosional events [11, 
12]. The micro-isolated or continuous circular, elliptical, 
triangular, oval and elongated channel bed depressions 
are generally exposed due to lithological, structural and 
dominant fluvio-hydrological attributes. The multiple 
sculpted forms on channel bed have already been quan-
tified in stream hydrology [13, 14]. In large scale, pot-
holes are developed within the bedrock channels where 
mechanically weak zones such as intersection between 
vertical and horizontal joints, multiple joints and finally 
fluvio-hydrological processes like abrasion, corrosion 
and cavitation are much more active [15]. Local channel 
bed weathering processes enhance the development 
of potholes [16]. Goode and Wohl [17] also considered 
erosional bed forms such as grooves, immobile rocks and 
boulder obstructions that are partial reasons behind the 
development of small channel potholes. Based on empir-
ical data, a mathematical model has been designed to 
grow potholes considering the radius and depth [12, 18].

Alexander [19] classified potholes into three types on 
the basis of their origin: (1) eddy holes; (2) gouge holes; 
and (3) plunge pool holes. Based on morphology, potholes 
are also classified into vertical and lateral types. Cylinder 
or circular-shaped vertical potholes exposed on the chan-
nel floors that have depth comparable to their width and 
complete circumferences but where subsequent breach-
ing occurs such shape gets distorted [20] in case of lat-
eral potholes that are located on the sides of the channel 
embankment which have incomplete circumferences and 
are generally found in groups on the channel bed outcrop 
in the downstream direction. Such potholes are not circu-
lar in view with over hanging roofs with superficially tafoni 
alike [21]. Generally, the lateral potholes are found in coni-
cal basins and these are usually submerged during bank-
full discharge [22]. Thompson [23] clearly highlighted that 
lateral potholes are not completely breached with respect 
to vertical potholes due to the location on the flank of the 
channel. Vertical potholes shape develop where the mix-
ing length of the vortex with respect to water depth is 
higher [24].

A scientific study conducted in upper Dingjiang River 
(China) on multiple channel potholes development reveals 
that there was no as such relationship between joints and 
granite bedrocks [25], whereas another study on Shiduxi 
River also shows that granite bedrock channel and joints are 
influencing the development of potholes [26]. Similarly in 
the inland of northern China, the long axes of wind formed 
potholes are largely controlled by climatic factors and 
these are exposed on granitic rock [27]. The fundamental 

relationship between mean radius or diameter and depth 
of stream potholes is log linearity trend [12, 18].

Micro-channel bed feature or pothole is exposed in dif-
ferent locations on the channel bed of Subarnarekha and 
its tributaries. It is assumed that this spectacular channel 
bedrock feature is well developed by active fluvio-hydro-
logical processes and geological factors through hundreds 
to thousands of years. The main objective of the scientific 
study is (1) to ascertain the reasons behind uneven and 
multi-dimensional growth of potholes along the bedrock 
channel path and (2) to find out fluvio-hydrological response 
to pothole growth.

2  Materials and methods

2.1  Area of the study

The rain-fed river Subarnarekha originates near Nagri vil-
lage (23°18′02″N and 85°11′04″E) in the Ranchi district 
of Jharkhand. Out of the total travel distance of 395 km, 
269  km flows in Jharkhand, 64  km in West Bengal and 
62 km in Odisha. The catchment area of Subarnarekha River 
is about 19,296 sq.km and lies between 21°29′N to 23°33′N 
and 85°9′E to 87°27′E. It flows in the northeast corner of 
the Chhota Nagpur plateau of the Indian peninsula. Liter-
ally, the word Subarnarekha means ‘Streak of Gold’ [28, 29]. 
The main right bank tributaries of Subarnarekha River are 
Rarhu (50 km), Kanchi (80 km), Karkari (120 km), Kharkai 
(145 km), Garra (55 km) and Sankh (30 km), and the left 
hand tributaries are Jhumar (35 km) and Dulung (75 km) 
(Table 1). In ancient time, gold was mined at a village Piska 
near the source of the river. Kharkai is the largest tributary 
of the Subarnarekha which originates from the Simlipal 
massif in Mayurbhanj district (Odisha) and it is also called 
as gold-bearing river. The placer gold deposit is also found 
in the bed of some tributaries of Kharkai River like Sanjai, 
Sanhua and Bonai [30]. Numerous channel bed potholes are 
immensely confined in different stretches of Subarnarekha 
and its tributaries, but three dominant sample sites [Site 1 
Bhakuyadi (n = 115), Site 2 Guridih (n = 65) and Site 3 Ghat-
sila (n = 35)] have considered for detailed study. The geo-
graphic coordinates of the above-mentioned sites are—(i) 
Site 1 Bhakuyadi (23°13′13.8504′′N; 85°51′30.2688′′E), Site 2 
Guridih (23°20′26.1888′′N; 85°36′31.68′′E) and Site 3 Ghatsila 
(22°34′12.9216′′N; 86°28′54.6636′′E).

2.2  Output of different thematic maps applying 
geospatial methods

2.2.1  Lithological map

For the comprehensive study on irregular distribution 
of channel bedrock potholes, lithological map (Fig. 1) of 



Vol.:(0123456789)

SN Applied Sciences (2019) 1:494 | https://doi.org/10.1007/s42452-019-0516-2 Research Article

Geological Survey of India has been used and digitized 
by ArcGIS 10.5 software following the geographic coordi-
nate systems (WGS: 1984, WKID: 4326, Authority: EPSG). 
Both Precambrian bedrock type and alluvial/gravel ter-
races are formed within the tributaries of Subarnarekha 
river. These are draining from the western margin of the 
Ranchi plateau such as Raru, Kanchi, Garra, Kharkai and 
Jamir [30]. Various Precambrian high-grade metamorphic 
and igneous rocks as well as alluvium deposits have also 
been thoroughly identified in different pockets of Sub-
arnarekha River and its tributaries. Moreover, first- and 
second-generation structural imprints have been detected 

through handheld Garmin GPS Etrex 30 × receiver during 
field visit at different sample sites. Gecoding method has 
been applied to know the actual location of the sites of 
potholes. After extraction of lineaments from the satellite 
image on remote sensing platforms, few cross-verification 
study has also been conducted.

2.2.2  Elevation, slope, slope aspects and drainage network

Shuttle Radar Topography Mission (SRTM) digital elevation 
model (DEM) data of study area have been download from 
https ://earth explo rer.usgs.gov/. DEM of the Subarnarekha 

Table 1  Important right and left bank tributaries with their catchment area (in sq.km) of Subarnarekha River. Source: Survey of India (1923–
1979)

Sl. no. Name of the important tributary Left/right bank Total length in km Catchment 
area in sq.km

Total basin 
area in %

Annual yield in 
million cubic m

1. Rarhu Right 50.00 622.00 3.22 250.00
2. Kanchi Right 80.00 103.60 5.37 750.00
3. Karkari Right 120.00 1575.00 8.17 950.00
4. Kharkai Right 145.00 5825.00 30.19 3300.00
5. Garra Right 55.00 483.00 2.50 200.00
6. Sankh Right 30.00 196.00 1.02 80.00
7. Jumar Left 35.00 182.00 0.94 70.00
8. Dulung Left 75.00 1173.00 6.08 500.00
9. Remaining streams of right bank Right 4812.00 24.94 970.00
10. Remaining streams of left bank Left 4760.00 17.64 870.00

Total 19,296.00 100.00 7940.00

Fig. 1  Geological map with 
stream network of Sub-
arnarekha watershed

https://earthexplorer.usgs.gov/
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watershed has been reprojected in Universal Transverse 
Mercator (UTM), Zone 45N from geographic coordinate 
systems (WGS 1984) to get the actual ground elevation 
(Z value). This watershed DEM consists of 2,483,095 pix-
els having 90 m spatial resolution. Using spatial analysis 
surface tool, automatically slope (value) and slope aspect 
(direction) have been extracted and reclassified into nine 
zones (Fig. 2) (Table 2). Applying ArcHydro tool on ArcGIS 
10.5 software platform, original DEM has been transferred 
to filled DEM. Flow accumulation is calculated from the 
flow direction grid. Each pixel was given a value equal to 
the number of pixels which is drained through a given 
pixel for the flow accumulation. The stream network 
(Fig. 2) is extracted by assigning the pixels higher than 
the threshold of 250 using the raster calculator. Trial and 
error method has been used for minimum accumulation 
threshold value in bedrock channel [31, 32].

2.2.3  Delineation of watershed

Watershed of the Subarnarekha is delineated using SRTM 
DEM and topographical map. SRTM DEM and topographi-
cal map are maneuvered in ArcGIS 10.5 software using the 
ArcHydro tools following projected coordinate systems 
(WGS 1984, UTM Zone 45 N). The projected coordinate 
system is applied for the calculation of watershed area, 
drainage basin area, length of the river and other geomor-
phic features of the study area. The principal water divide 
of Subarnarekha River is delineated from topographical 
maps using manual digitizing of the black line in ArcGIS. 
Survey of India topographical maps scaled at 1:50,000 are 
georeferenced using UTM projection (Zone 45N) which is 
the national coordinate system. Secondly, drainage net-
work is extracted from DEM having 20-m contour interval 
applying the hydrology tool set in ArcGIS. Various methods 

Fig. 2  Slope and slope aspect map of Subarnarekha watershed prepared by using SRTM DEM

Table 2  Slope and slope 
aspects extracted from SRTM 
DEM using ArcGIS 10.5

Class Slope value in degree Slope aspects

Class I 0–1.52 Southeast, east, north, flat
Class II 1.53–3.80 South, southwest, north, southwest
Class III 3.81–6.85 South, southeast, southeast, north, flat
Class IV 6.86–10.28 Southwest, southeast, north, northwest, south
Class V 10.29–13.89 West, south, southwest, flat
Class VI 13.90–17.70 Southwest, north, east
Class VII 17.71–21.89 East, southwest, southeast, flat
Class VIII 21.90–27.03 West, southeast, north, flat
Class IX 27.04–48.54 North, east, southwest, flat
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and techniques have been applied for extracting the drain-
age networks from DEM which is documented in different 
literatures [33–37].

2.2.4  Extraction of lineament

Lineaments are basically linear or curvilinear features of 
structural weakness of the earth surface that is detected 
from the imageries applying geospatial techniques. Line-
ament features have been extracted using different bands 
of two specific images, namely ETM and ASTER. ETM image 
is composed of 6 VNIR and SWIR bands with a spatial res-
olution of 30 m along with the panchromatic band 8 of 
15 m spatial resolution. On the other hand, ASTER image 
consists of 3 VNIR bands having a spatial resolution of 

15 m and SWIR bands of 30 m spatial resolution. These 
images are fused, and the lineaments are extracted from 
the bands following LINE module based on edge filtering 
techniques using PCI Geomatica V 9.1.0 software (Table 3).

2.2.5  Lineament density

Using frequency or length against azimuth histograms [38, 
39], and lineament density maps [39, 40], subsequently 
lineaments are analyzed. A lineament density index of 
study area is calculated considering the total length of 
lineaments per unit area (km/km2) as follows: L = 

∑N

i=1
xi 

km/km2 where L stands for total length of lineament, N 
for number of lineament and xi for length of lineament 
number i. The watershed is categorized into five lineament 
density zone (Fig. 3). There is a close relationship between 
lineament density and multi-directional growth of pot-
holes on bedrock channel of Subarnarekha and its tribu-
taries in the extended part of the Chhota Nagpur plateau 
of Indian peninsula. Micro-lineament length and density 
have calculated from three sample sites [Site 1 Bhakuyadi 
(n = 115), Site 2 Guridih (n = 65) and Site 3 Ghatsila (n = 35)] 
on remote sensing platform.

2.3  Fluvio‑hydrological techniques

2.3.1  Erosional matrix of potholes growth

Fluvio-hydrological phenomenon accelerates the 
dynamics of bedrock channel potholes and specifically 
downward (z) and outward (y) growth that depends on 

Table 3  Parameters used for the PCI—line module of each data 
kind, FTHR—specific threshold for error fitting, LTHR—specific 
threshold for curve length, RADI—specific radius of filter (pixels), 
ATHR—specific threshold for angular differences, DTHR—specific 
threshold for distance link (pixel), GTHR—specific threshold for gra-
dient (in edge pixel) (PC Geomatica V 9.1.0 Guide, 2003)

Sl no. Parameters ETM and ASTER 
image values

1. FTHR 3
2. LTHR 30
3. RADI 10
4. ATHR 30
5. DTHR 20
6. GTHR 100

Fig. 3  Lineament density map 
using ETM and ASTER image 
consisting of three VNIR bands 
having a spatial resolution of 
15 m and SWIR bands of 30 m 
spatial resolution
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spatial distribution of surface erosion rate. Depth and 
radius ratio often simulates architectural growth of pot-
holes. Generally, space–time-specific downward growth 
may be decreased or increased but outward or wall side 
growth is not restricted in case of exposed lineaments 
on bedrock channel. Volume of erosion of floor and wall 
is quantified by the general equations (Vw/Sw where Vw 
is the volume eroded from the wall and Sw is the wall 
surface area) and regulated by the spatial variation of 
surface erosion rates.

Pothole dimensions or dynamics largely depend on 
ratio between depth and radius applying the equation

where r is radius, d stands for depth, k = 2.3 (constant value) 
and � = 0.57 (constant value). The relationship between d 
and r is calculated from different stretches of the channel 
and plotted on the graph.

Pothole dynamics or the enlargement of the depth 
and radius along the z–y plane requires energy or cur-
rent of the water along with accompanying sediments 
and it is expressed by y = k z� and the volumetric change 
of pothole floor and side walls can be expressed by inte-
grating Eq. (1) along with the z axis,

where Vf stands for total volume eroded from a pothole 
floor between two space–time intervals (n, n + 1), Z is the 
primary location of the pothole and k is the regression 
coefficient.

The quantification of the volume of eroded materi-
als from the above site can be obtained by applying the 
equation

where y stands for radius of the potholes, Zn is the ero-
sional depth, Yn is primary radius and Yn + 1 is the sec-
ondary radius of the potholes. The enlargement of the size 
of the pothole from the initial to secondary step can be 
derived by applying the equation

where Zn is the initial floor of pothole, Zn + 1 stands for 
erosional pothole floor at secondary stage and k means 
regression coefficient.

(1)r̄ = kd𝜀

(2)Vf = �k2

Zn+1

∫
Zn

Z2
dz

(3)2Zn

Yn+1

∫
Yn

ydy

(4)�(Zn + 1 − Zn)y2
n+1

− �k2

Zn+1

∫
Zn

z2�dz.

2.3.2  Morphometric parameters of potholes

Around 215 samples of potholes have been collected from 
the three sites [Site 1 Bhakuyadi (n = 115), Site 2 Guridih 
(n = 65) and Site 3 Ghatsila (n = 35)] of Subarnarekha River 
in the year 2017–2018 and important morphometric 
parameters like (1) maximum vertical depth (D), (2) larg-
est diameter of the surface (Smax), (3) smallest diameter of 
the surface (Smin), (4) largest diameter at the bottom (Bmax), 
(5) smallest diameter at the bottom (Bmin), (6) external 
shape, etc., are used to analyze the relationship between 
them. Similarly to understand the site specific relationship 
between the above-mentioned variables for the growth of 
potholes, three important morphometric indexes are also 
applied like (1) surface Index (SI = Smax/Smin), (2) Bottom 
Index (BI = Bmax/Bmin) and (3) Vertical Index (VI = D/rsmax).

2.4  Statistical techniques

An exploratory analysis is done to find out the dimensional 
relation among the parameters, and suitable statistical 
techniques have also been applied to know the consist-
ency and actual relationship between the variables. Cor-

relation (r = 
n(

∑

xy)−(
∑

x)(
∑

y)
�

�

n
∑

x2−(
∑

x)2
��

n
∑

y2−(
∑

y)2
�

 ), standard deviation 

(SD =

�

∑

(x−x̄)2

n
 )  a n d  co e f f i c i e nt  o f  va r i at i o n 

(CV = SD

Mean
× 100%) are applied to reveal multi-dimensional 

growth rate of the potholes on the bedrock channel of 
Subarnarekha and its tributaries.

3  Results

3.1  Pothole dynamics at different Precambrian 
geological sites

3.1.1  Relationship between lithology and lineament

According to Geological Survey of India (GSI), Indian Shield 
is occupied in most of the part of Subarnarekha river basin 
and Precambrian igneous and metamorphic rocks are also 
exposed in different parts of the basin. Similarly, Younger 
geological formation such as Tertiary gravels/sediments, 
Pleistocene alluvium and Holocene alluvium is also occu-
pied in the lower part of the Subarnarekha river basin 
mainly in the south and southeastern part of Ghatsila. 
The principal lithological associations are Chhota Nag-
pur granitic gneiss, Proterozoic metasediment (Chaibasa 
formation), iron ore group with iron ore deposits, Tertiary 
gravels, Singhbhum granite, recent alluvium, Pleistocene 
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alluvium, older metamorphic group, basic rock in iron ore 
group, Mayurbhanj granite, Mafic lava, Mafic intrusive, Kol-
han group and Dhalbhum formation with metamorphic. 
The various age rock formations are found throughout 
the basin of the Subarnarekha. The older metamorphic 
group of rocks (3.8 billion years old) with tonalite gneiss is 
confined in the Mayurbhanj district of Odisha, and recent 
alluvium which is deposited on the lower part of the basin 
is basically toward the Bay of Bengal at the mouth of the 
river. These principal litho-units consist of iron, copper, 
gold, limestone, dolomite, chinaclay, uranium, chromium, 
vanadium, kyanite, asbestos, apatite, talc, etc.

Dominant sites of channel bed potholes have been 
identified on the channel bed of Subarnarekha and its 
tributaries (Table 4).

Except Garanala confluence point (metasediment), all 
the sites are situated on Chhota Nagpur granitic gneiss 
and tonalite gneissic belt. Prominent large-sized and 
multi-dimensional growth of potholes is confined mostly 
on the upstretch of Subarnarekha and its tributaries 
like Rarhu and Kanchi due to its moderate to high line-
ament density (10.5–19.40 km/sq.km) although high to 
very high (19.41–30.72 and 30.73–51.54 km/sq.km) line-
ament density (Fig. 3) has been confined in the eleva-
tion zones of 321–500 m and 201–960 m within the Sub-
arnarekha watershed. There are no surface or subsurface 
streams which are flowing on the high/very high eleva-
tion zones (Fig. 2), but all channel bed pothole sites are 
located between 0°–2.60° and 2.61°–7.40° slope zones. 
High lineament density and very high lineament den-
sity (19.41–30.72 and 30.73–51.54 km/sq.km) are found 
on Dhalbhum formation and unclassified metamorphic, 
metasediment, tonalite gneiss, Singhbhum granite, etc.

3.1.2  Fluvio‑hydrological response to potholes growth

As Subarnarekha watershed is situated in the moder-
ate to high rainfall zone of Indian Peninsula, it receives 
significant volume (about 28,609 million cubic meters) 
of precipitated water (June–September) every year [28], 
while in the non-monsoonal months, Subarnarekha and 
its tributaries run almost dry path. If the whole year is 
taken into consideration (Table 5), the annual mean river 
discharge stands 392 m3/s (13,843 cubicft/s). Around 20 
different sized multipurpose dams/reservoirs have been 
constructed across the Subarnarekha River and its tribu-
taries (Source: Water Resources Information System of 
India, 2014). As a result, its upper and middle reaches 
become sluggish and behave like a stagnant water pool 
during dry seasons. Fluvio-hydrological processes play 
a significant role for spatiotemporal growth of channel 
bed potholes [41]. Monsoonal rainfall and subsequently 
fluvio-hydrological parameters help to enlarge channel 
bed potholes as well as give birth to new potholes on 
rejuvenated channel beds of Chhota Nagpur plateau of 
Indian Peninsula [42]. Landscape morphology and flu-
vial hydrodynamics also directly influence to grow new 
potholes on highly jointed and fractured channel bed 
of Precambrian rocks (Chhota Nagpur plateau) (Fig. 4). 
Monsoonal flood with bankfull discharge eventually 
affects the growth of potholes and occasionally creates 
its new form [43]. On the upstretch of Subarnarekha 
River, knickpoints accelerate stream energy and simul-
taneously channel planform has been subsequently 
modified due to the variation of river hydrodynamic 
processes.

Table 4  Dominant pothole sites on different surface litho-units within the Subarnarekha watershed

Sl. no. of the 
sample sites

River Landmarks/places Coordinates Dominant surface lithology

Latitude (N) Longitude (E)

1. Subarnarekha Near Bhakuyadi 23.220525 85.857749 Chhota Nagpur granitic gneiss
2. Rarhu Guridih (near Jonha Falls) 23.340143 85.610417 Chhota Nagpur granitic gneiss
3. i. Subarnarekha—Lokjhoria con-

fluence
Near Haridungri (Ghatsila) 22.570309 86.482017 Tonalite Gneiss

3.ii. Subarnarekha—Kharsoti conflu-
ence

Bagula (Ghatsila) 22.538456 86.490046 Tonalite Gneiss

3.iii. Subarnarekha Moubhandar (near Ghatsila) 22.599789 86.440165 Tonalite Gneiss
3.iv. Subarnarekha Near Nuagoan (near Ghatsila) 22.578835 86.475202 Tonalite Gneiss
4. Subarnarekha Malghonghsa 23.452903 85.638523 Chhota Nagpur granitic gneiss
5. Kanchi Tarub (near Dassam Falls) 23.146592 85.467152 Chhota Nagpur granitic gneiss
6. Kanchi Taro 23.133134 85.362399 Chhota Nagpur granitic gneiss
7. Kanchi Near Pangura 23.118612 85.598102 Chhota Nagpur granitic gneiss
8. Subarnarekha Saram (near Hundru Falls) 23.45086 85.666802 Chhota Nagpur granitic gneiss
9. Subarnarekha Near Garanala 22.644231 86.390832 Proterozoic metasediment
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 (i) Out of nine sites, three sample sites (where sculpted 
potholes Site 1 n = 115, Site 2 n = 65 and Site 3 
n = 35) have been selected and various field data 
were collected for detailed study. Applying Eq. (1), 
the dynamic growth of potholes shows positive 
relationship between depth and radius among 
these above-mentioned three sites [Bhakuyadi 

(n = 115), Guridih (n = 65) and near Ghatsila (n = 35)]. 
As the Subarnarekha and its tributaries (in case of 
upstretch) are flowing on rejuvenated landform, 
channel flow paths are restricted within the nar-
row passage (in case of Chhota Nagpur granitic 
gneiss and tonalite gneiss). Sudden monsoon river 
flow velocity and fluvial erosional processes tend 

Table 5  Hydro-geomorphological detail of Subarnarekha River

Catchment area in different states Total 
length 
(km)

Mean width 
(m)

Mean 
discharge 
(cubic m/
sec)

Jharkhand Odisha West Bengal

Catchment 
area (sq.km)

Percentage 
(%)

Catchment 
area (sq.km)

Percentage 
(%)

Catchment 
area (sq.km)

Percentage 
(%)

13,193.00 98.40 3114.00 16.10 2989.00 15.50 395 1123.85 392
Total catchment area—19,296.00 sq.km
Total catchment area—100.00%

Fig. 4  3D model of stream up-stretch of Subarnarekha river gen-
erated by using Google Earth and ArcGIS 10.5 software. (A) Upper 
stretch (B) Middle stretch (C) Lower stretch of Subarnarekha river 
(D) lateral potholes growth into elliptical shape (E) round shape 
pothole with infilled sediments (F) amalgamation of two potholes 
(G) elongated shape pothole (H) new micro sculpted potholes on 

structural weakness (I) side all growth of potholes (J) multi-direc-
tional growth of potholes along the existing structural weakness 
(K) plunge pool hole (L) volumetric change of potholes from ini-
tial area to secondary area (M) pothole with micro habitat (N) new 
birth of potholes along the joints and fractures (O) prominent hori-
zontal joints on granitic gneiss at Bhakuyadi site
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to enlarge multi-directional growth of potholes 
along the existing structural weakness (Fig. 4). The 
relationship between d and r is calculated from 
three sites of the channel and plotted on the graph 
(Fig. 5).

 (ii) Applying Eqs.  (2) and (3), the study brings the 
enlargement of the depth and radius along the 
z–y plane (z—downward and y—outward) and the 
volumetric change of potholes floor and side wall. 
Applying Eq. (2) Zn ∫ Yn+1

Yn
ydy in site 1 Bhakayudi 

(n = 115), two samples have been measured. From 
sample 1, we got y = 110 cm (radius of the pot-
hole), Zn = 190 cm (erosional depth), Yn = 110 cm 
(primary radius), Yn + 1=120 cm (secondary radius). 
The initial area of the pothole was 144,508.56 cubic 
m, whereas the secondary area was found to be 
171,977.13 cubic m. Thus, the pothole area has 
been enlarged by 27,468.57 cubic m (1.19 times). 
Similarly, in case of sample 2, y = 85 (radius of the 
pothole), Zn = 120 cm (erosional depth), Yn = 85 cm 
(primary radius), Yn + 1 = 97 cm (secondary radius). 
The data recorded show that the pothole has 
grown from 54,497.14 cubic m (from initial area) 
to nearly 70,970.74 cubic m area in the secondary 
areas, resulting in the growth of 16,473.60 cubic m 
area with 1.30 times.

 (iii) Applying Eq. (4), it is clearly stated that the enlarge-
ment of the size of the potholes from the initial 
stage to secondary stage is due to shifting of vor-
tex of turbulent flow along the flow direction and 
simultaneously circular- or round-shaped potholes 
are converted to elliptical, oval and sometime elon-
gated shaped depression. At sample Site 1 Bhakuy-
adi (n = 115), it has been noticed that large-sized 
elongated or elliptical potholes engulfed many 
small sculpted channel bed potholes due to multi-
directional growth along the joints and fractures 
on the granitic gneiss channel bed of Subarnarekha 

(Fig. 4). Applying Eq. (4), total area of the individual 
of the pothole is calculated (depth and diameter), 
and further considering the length of the joints/
fractures and expected circumference, the displace 
material will be calculated.

3.2  Morphology of potholes

3.2.1  Shape–form analysis applying morphometric 
and statistical parameters (Site 1 Bhakuyadi n = 115)

Various statistical and morphometric parameters have 
been applied to analyze the spatial relationship between 
and among the variables. In case of sample Site 1 Bhakuy-
adi n = 115 (Table 6), the largest surface and bottom diam-
eters (Smax and Bmax) are 220.00 cm and 170.00 cm, respec-
tively, whereas the smallest diameters at the surface and 
bottom (Smin and Bmin) are 42.00 cm and 37.00 cm. On the 
other hand, the maximum vertical depth (D) is 190.00 cm, 
while mean depth is 60.96 cm. Statistical parameter like 
coefficient of variation in % (cv) shows that Smax and Bmax 
are more consistent with respect to Smin and Bmin. From 
the sculpted forms (n = 115) applying the parameters Smax, 
Smin, Bmax, Bmin and D and their interrelationship, it is found 
that 76 potholes are in cylindrical, 14 in elliptical and 25 
in elongated forms.

3.2.2  Shape–form analysis applying morphometric 
and statistical parameters (Site 2 Guridih n = 65)

With respect to sample Site 2 Guridih n = 65 (Table 7), 
the largest surface and bottom diameters (Smax and Bmax) 
are 190.00 cm and 126.00 cm, respectively, whereas the 
smallest diameters at the surface and bottom (Smin and 
Bmin) are 17.00 cm and 15.60 cm. On the other hand, the 
maximum vertical depth (D) is 165.00 cm, while mean 
depth is 38.20 cm. Coefficient of variation (in %) shows 
that Smax and Bmax are more consistent with respect to 

Fig. 5  Plot of pothole radius (r) versus depth (d) and regression lines for sample potholes at each study site a Bhakuyadi (n = 115), b Guridih 
(n = 65) and c Ghatsila (n = 35)
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Smin and Bmin. From the sculpted forms (n = 65) applying 
the morphometric parameters Smax, Smin, Bmax, Bmin and 
D and their interrelationship, it reveals that 35 potholes 
are in cylindrical, 17 in elliptical and 13 in elongated 
forms. Surface Index (SI), Bottom Index (BI) and Vertical 
Index (VI) (5.58 cm, 4.03 cm and 1.73 cm) data reflect 
a significant variation among these variables (after 2 
feet depth).

3.2.3  Shape–form analysis applying morphometric 
and statistical parameters (Site 3 Ghatsila n = 35)

In case of sample Site 3 Ghatsilan = 35 (Table 8), the largest 
surface and bottom diameter (Smax and Bmax) are 138.00 cm 
and 92.00 cm, respectively, whereas the smallest diameter 
at the surface and bottom (Smin and Bmin) are 36.00 cm and 

26.00 cm. On the other hand, the maximum vertical depth 
(D) is 138.00 cm, while mean depth is 27.96 cm. Coefficient 
of variation (in %) shows that Smax and Bmax are more con-
sistent with respect to Smin and Bmin. Therefore, it is found 
that the growth of both top and bottom apertures is con-
nected to the fluvio-hydrological parameters. Applying the 
morphometric parameters of potholes (Smax, Smin, Bmax, Bmin 
and D) and their interrelationship, it reveals that 16 pot-
holes are in cylindrical, 11 in elliptical and 8 in elongated 
forms. Surface Index (SI), Bottom Index (BI) and Vertical 
Index (VI) (3.83 cm, 3.53 cm and 2.00 cm) data show no sig-
nificant variation due to less microstructural imprints like 
fractures and joints with respect to the above-mentioned 
two sites.

Table 6  Statistics of erosional channel bed potholes of Subarnarekha river site—Bhakuyadi (n = 115)

Largest radius/diameter at the surface (Smax), smallest radius/diameter at the surface (Smin), maximum vertical depth (D), largest radius/
diameter at the bottom (Bmax), smallest radius/diameter at the bottom (Bmin), Surface Index (SI), Bottom Index (BI) and Vertical Index (VI)

Parameters Smax Smin D Bmax Bmin SI BI VI

Radius (cm) 110.00 21.00 85.00 18.50 5.23 4.59 1.72
Diameter (cm) 220.00 42.00 190.00 170.00 37.00
Mean (cm) 49.50 (radius) 25.10 (radius) 60.96 40.81 (radius) 23.92 (radius)
Standard deviation (SD) 7.07 5.00 7.81 6.40 4.89
Coefficient of variation in % (cv) 14.28 19.92 12.80 15.68 20.37

Table 7  Statistics of erosional channel bed potholes of Rarhu river site—Guridih (near Jhona falls) (n = 65)

Largest radius/diameter at the surface (Smax), smallest radius/diameter at the surface (Smin), maximum vertical depth (D), largest radius/
diameter at the bottom (Bmax), smallest radius/diameter at the bottom (Bmin), Surface Index (SI), Bottom Index (BI) and Vertical Index (VI)

Parameters Smax Smin D Bmax Bmin SI BI VI

Radius (cm) 95.00 17.00 63.00 15.60 5.58 4.03 1.73
Diameter (cm) 190.00 34.00 165 126.00 31.20
Mean (cm) 28.50 (radius) 16.50 (radius) 38.20 21.38 (radius) 17.65 (radius)
Standard deviation (SD) 5.38 4.12 6.16 4.58 4.24
Coefficient of variation in % (cv) 18.87 24.96 16.12 21.42 24.00

Table 8  Statistics of erosional channel bed potholes of Subarnarekha river site—near Ghatsila (n = 35)

Largest radius/diameter at the surface (Smax), smallest radius/diameter at the surface (Smin), maximum vertical depth (D), largest radius/
diameter at the bottom (Bmax), smallest radius/diameter at the bottom (Bmin), Surface Index (SI), Bottom Index (BI) and Vertical Index (VI)

Parameters Smax Smin D Bmax Bmin SI BI VI

Radius (cm) 69.00 18.00 46.00 13.00 3.83 3.53 2.00
Diameter (cm) 138.00 36.00 138 92.00 26.00
Mean (cm) 24.60 (radius) 12.56 (radius) 27.96 19.98 (radius) 16.83 (radius)
Standard deviation (SD) 5.00 3.60 5.29 4.47 4.12
Coefficient of variation in % (cv) 20.32 28.66 18.91 22.37 24.48
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4  Discussions

4.1  Pothole dynamics controlled by lithology 
and lineament

Uneven distribution and multi-dimensional growth rate 
of channel potholes are due to lithological variations and 
presence of first-, second- and third-generation structural 
imprints (fractures, joints, etc.) on the channel beds [44]. 
Chhota Nagpur granitic gneiss and tonalite gneiss with 
structural signatures prefer to develop channel bed pot-
holes within the flow path of Subarnarekha River and 
the above-mentioned tributaries. In case of Saram (near 
Hundru falls) and Malghonghsa sites of Subarnarekha 
and Guridih (near Jhona falls) of Rarhu, plunge pools 
like potholes are existed due to direct falling of water or 
existing of knick points. Saram, Malghonghsa and Guridih 
sites reflect above 10° surface slope or channel gradient. 
Slope and slope aspect maps (Fig. 2) show moderate to 
high (12.5°–20.36° and 20.37°–40.54°) degree of slope with 
multi-directions due to lithological variations. Most of the 
channel bed potholes are situated on Chhota Nagpur gra-
nitic gneiss and tonalite gneissic belts except Garanala 
confluence points (metasediments) due to its moderate to 
high lineament density (10.5–19.40 km/sq.km) and com-
paratively low strength with respect to other rocks within 
the watershed. At the initial stage, lithology with structure 
and fluvial erosional processes help to accelerate the initia-
tion and growth of potholes.

As a result, the micro-potholes are being initiated and 
gradually developed in the above-mentioned gneissic 
rocks on the channel path of Subarnarekha and its tribu-
taries. On the other hand, potholes are almost absent in 
case of other rocks which also lie on the same channel 
path.

Firstly dominant sculpted forms are confined in the 
upstretch of Subarnarekha watershed due to the pres-
ence of series of knickpoints on the channel beds of 
Rarhu, Kanchi and Subarnarekha. Secondly, isolated and 
scattered small-sized potholes are also found on the chan-
nel bed of Karkari and Kharkai tributaries of Subarnarekha 
due to the absence of knickpoints (along the long profile) 
and low channel/hydraulic gradients. Valley slope, pres-
ence of multi-structural elements of bedrock channel and 
high to moderate stream power/velocity, discharge with 
sediment loads help to give birth to fundamental fluvial 
erosional forms on the channel beds of principal and tribu-
taries streams in the upper stretch section of the above-
mentioned watershed.

4.2  Fluvio‑hydrological factors controlling pothole 
growth

The bottom and wall of the potholes are almost polished 
surface for the Subarnarekha channel bed and its tribu-
taries. The mechanical abrasion/corrasion is predominant 
during the formation of potholes on granitic and gneissic 
rocks. Chemical corrosion (differential dissolution) is also 
simultaneously acting at the initial growth and develop-
ment of channel potholes [45]. Due to continuous friction 
between turbulent fluid and potholes side wall, side wall 
materials along the fracture plane suddenly collapsed and 
create eddies within the turbulent flow and lateral growth 
rate of potholes continuously increase with depth in dif-
ferent sites within the channel planform (Fig. 4). During 
rainstorm periods, different sized pebbles and sediments 
(mainly coarse-grained quartz, feldspar sands, etc.) act as 
mechanical grinders to erode the floor and wall of almost 
every pothole [45, 46]. Hydration and granular weather-
ing are prominent on the side wall of the pothole due to 
alternate wet and dry phase, whereas disintegration of the 
pothole floors is being restricted due to consistent pres-
ence of water at the bottom of the hillside potholes [45]. 
Similarly, biological activities take place in the water of 
potholes and various acids discharged which reduce the 
strength of rocks [46].

The enlargement of the size of the potholes from the 
initial stage to secondary stage is due to shifting of vortex 
of turbulent flow along the flow direction, and simultane-
ously circular or round-shaped potholes are converted to 
elliptical, oval and sometime elongated shaped depres-
sion. At sample Site 1 Bhakuyadi (n = 115), it has been 
noticed that large-sized elongated or elliptical potholes 
engulfed many small sculpted channel bed potholes due 
to multi-directional growth along the joints and fractures 
on the granitic gneiss channel bed of Subarnarekha. Thus, 
it is clearly indicated that the growth of both top and bot-
tom apertures is connected to the dependence of erosive 
processes through a positive feedback. Surface Index (SI), 
Bottom Index (BI) and Vertical Index (VI) (5.23 cm, 4.59 cm 
and 1.72 cm) data show great variations at particular site 
due to its multi-structural imprints and variation of fluvio-
hydrological regime. Thus, elliptical and elongated form 
types are not maintaining the general form rules due to 
sudden change of channel gradient, stream power and 
presence of multi-structural elements.

In case of Guridih Site 2, the growth rate of sideward 
and downward is linked to the dependence of fluvial ero-
sional processes and sudden existence of hydraulic drop 
(due to change of channel gradient) by a positive feedback 
mechanism. In case of cylindrical potholes, downward 
growth rate is more or less stopped due to fixed vortex 
point (x) and the large particles occupied on bottom floor 
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of the potholes. In some cases (Smax > D or Bmax > D), it has 
been observed that sidewall growth rate is enlarged due 
to inclination of vortex axis. As a result, along the surface 
fracture/joints plane conversion takes place from cylindri-
cal shape to elliptical or elongated shape. At that situation, 
energy has been released in the edge of the sidewall.

At Site 3 Ghatsila, Surface Index (SI), Bottom Index (BI) 
and Vertical Index (VI) (3.83 cm, 3.53 cm and 2.00 cm) data 
show no significant variation due to less microstructural 
imprints like fractures and joints respect to the above-
mentioned two sites. At lower stretch (from Ghatsila to 
confluence), Subarnarekha River has low velocity, channel 
gradient and wide width. As a result, potholes were devel-
oped on gneissic channel bed through longer time span 
by natural fluvial processes with favorable geological envi-
ronment. Applying Eqs. (2–4) at three sites (Subarnarekha 
and its tributaries), most of the potholes are found cylin-
drical shaped following elliptical and elongated shaped. 
But many potholes at Guridih and Bhakuyadi sites have 
been observed with no such above-mentioned shaped 
during their initiation and gradual growth stage because 
of the complexity of lithological as well as fluvio-hydro-
logical factors although many authors [47] opined that 
individual stream potholes have sometime common but 
their own identical shape.

4.3  Relationship between depth and radius 
in the growth of potholes

The marine potholes show higher average D/h ratios than 
the stream potholes because streams/rivers posses greater 
erosional probability of bed rock in comparison with 
marine beachrock [46]. Ji et al. [46] observed that marine 
waves bring small- to moderate-sized drilling tools for the 
development of coastal beach potholes, while streams/riv-
ers carry different sized drilling tools (during devastating 
flood) to form the channel bed potholes considering the 
hydraulic power. During the maturity stage of river pot-
holes, usually depth exceeds the diameters and hence D/h 
is a scientific indicator of hydraulic power [46].

There is a close relationship between depth and radius 
of individual channel bed pothole, and sometimes, it is very 
difficult to find out the relationship between depth and 
radius due to dynamic fluvial hydraulics and complicated 
geological structures. Extensive field-based study had been 
conducted at three sample sites (Site 1 Bhakuyadi n = 115, 
Site 2 Guridih n = 65 and Site 3 Ghatsila n = 35) to calculate 
side wall and downward growth on Precambrian rock strata. 
Individual depth, radius/diameter and form are measured 
during pre-monsoon with the help of measuring tape. The 
well-defined relationship between depth and radius (sample 
Sites 1, 2 and 3) is strong evidences to support enlargement 
of potholes along y and z direction. Progressive change of 

potholes provides large diameter/radius but shallow depth, 
and it gets gradually increased in shape and form through 
time. The effect of amalgamation of potholes brings sudden 
new shape but through long span of time, potholes subse-
quently maintain symmetrical depth–radius ratio (Fig. 4). In 
case of multi-joints and fractures, bottom diameter/radius 
is restricted and initial vortex point has been shifted toward 
the side wall. As a result, along the structural weakness new 
micro-sculpted form is being formed in asymmetrical direc-
tion. A total of n = 215 studied potholes from three sample 
sties on channel beds of Precambrian geological sites, it is 
estimated that the vertical depth threshold (VDT) is 60 cm 
after which the further downward growth is almost stopped 
leading to commencement of sidewall growth due to the 
existence of geological structures within the VDT. Ji et al. 
[46] applied the formula D = Nh + M (where D is the mean 
diameter, h is the depth, N is the relative ratio between 
deepening and widening of pothole and M is critical size 
of mean dimensional threshold) to understand the pothole 
depth and diameter relationship for different categories of 
potholes and it is found that the growth of mean diameter 
(D) of pothole increases linearly in proportion to the depth 
(h) of pothole. The above-mentioned proved hypothesis is 
widely applicable for river/stream pothole during the ini-
tiation phase and gradual growth of the pothole. In other 
cases, erosion rate is faster at the pothole floor than wall for 
stresses released on grinders within the pothole. Similarly, 
erosion on the pothole floor is greater than the wall due to 
the coarser grinder materials which are acting on the floor 
of pothole. The large-sized sculpted potholes are found at 
both the sites like Bhakuyadi and Guridih, and coarse sands, 
pebbles and small cobbles are also found within the floor of 
the potholes. These materials swirl within the pothole and 
gradually erode the valley floor and walls during devastating 
flood or high discharge in the monsoon period. In few cases, 
larger blocks are also trapped within the potholes. These 
blocks normally arrest to erode the side wall as well as valley 
floor from the erosion. At Bhakuyadi, most of the potholes 
are occupied in the intersection of joints and fractures which 
can increase the gradual growth of the pothole over time.

In order to acquire the growth rate of the sculpted 
forms, the morphometric parameters (mean radius, 
depth and shape) are used. The study (at three sample 
sites) found that when the mean radius is greater than the 
depth, then the directional growth will be increased, but 
if the depth is greater than mean radius, then the sidewall 
growth rate will be restricted. In case of oval and elon-
gated shaped potholes, mean radius does not give enough 
information regarding the growth because multi-struc-
tural elements accelerate multi-directional growth as well 
as rapid increase in radius/diameter (Fig. 4). The log–log 
linear relation between the depth and radius of three sites 
(Site 1  Bhakuyadir2 = 0.711, Site 2  Guridihr2 0.914 and Site 3 
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 Ghatsilar2 0.913) reveal that there is strong linear propor-
tional relationship (Fig. 5).

5  Conclusions

The comprehensive study of bedrock potholes on the 
channel bed of Subarnarekha and its tributaries (at dif-
ferent stretches in Precambrian sites) of Chhota Nagpur 
plateau of Indian peninsula shows systematic and funda-
mental theory building results such as

 (i) The origin, location, growth and potholes dynam-
ics are largely controlled by local condition such 
as lithology with structure and fluvio-hydrological 
attributes. The formation of hydraulic drops at dif-
ferent stretches is due to the existence of knick-
points along the course of Subarnarekha River and 
its tributaries. The moderate to high lineament den-
sity (10.5–19.40 km/sq.km) exists on Chhota Nag-
pur granitic gneiss, tonalite gneiss and Singhbhum 
metasediments. Similarly, the dominant potholes 
are confined in the above-mentioned Precambrian 
geological sites due to the presence of multi-struc-
tural elements (joints, fractures, etc.).

 (ii) The result of statistical analysis shows that there is 
a strong positive correlation between depth and 
radius of potholes. Similarly, the gradual sidewall 
(y) and downward (z) expansion indicate consistent 
growth.

 (iii) A total of n = 215 studied potholes from three 
sample sties on channel beds of Precambrian geo-
logical sites of Indian peninsula, and it is ultimately 
found that the vertical depth threshold (VDT) is 
60 cm (approx.).

 (iv) Considering the mathematical equation (y), it is 
clearly revealed that the enlargement of the size of 
the potholes from initial stage to secondary stage 
is mainly due to shifting of vortex, and as a result, 
circular/round-shaped potholes are converted to 
elliptical/oval/elongated shaped potholes (pres-
ence of surface multi-directional structural weak-
ness). At Site 1 Bhakuyadi (n = 115), the amalgama-
tion process is still active due to rapid change of 
channel gradient and presence of joints, fractures, 
etc.

 (v) The study of fluvio-hydrological response within 
Subarnarekha watershed clearly reflects localized 
fluvio-hydrological factors (like corrasion, corro-
sion, cavitation and hydraulic action, etc., change 
of channel gradient, monsoonal bankfull discharge 
and formation of hydraulic drop) control the 
dynamics of bedrock channel potholes.

 (vi) Applying morphometric indexes like Surface Index 
(SI), Bottom Index (BI) and Vertical Index (VI) at 
Bhakuyadi (n = 115), Guridih (n = 65) and Ghatsila 
(n = 35), it is found that most of the channel bed 
potholes are cylindrical form although elliptical and 
elongated form types of potholes are also found 
due to sudden change of channel gradient, stream 
power and poly-directional joints and fractures on 
gneissic and granitic rocks.
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