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ABSTRACT

The effects and influence of tectonic processes on the Anjarakandy, 
Thalassery, Mahe, and Kuttiyadi watersheds and rivers of the South 
Indian Granulite Terrain in Kerala were examined to determine their 
spatial heterogeneity. Drainage basin asymmetry (Af ), transverse 
topographic symmetry factor (T), hypsometric integral and curve 
(HI), longitudinal profile, stream length gradient index (SL), and 
stream concavity index (SCI) suggest heterogeneity in tectonic 
influence. Clusters of geomorphic anomalies in similar lithology 
rule out lithologic control on drainage development. However, the 
orientations of the drainage networks and predominant fractures/
lineaments compare closely and reveal strong tectonic influence. 
Though the watersheds are considered to be in an advanced stage 
of erosion by the low HI (<30) and high values of SCI, variations in the 
shape of the hypsometric curves and differences in the SCI values 
indicate the different influence of tectonic process from watersheds in 
the north to the south. Among the watersheds, the Mahe and Kuttiyadi 
are more sensitive to tectonic processes than the Anjarakandy and 
Thalassery and indicate spatial heterogeneity in the influence of 
tectonic activity, confirming the grouping of watersheds based on 
structural and drainage patterns.

Introduction

Quantitative assessment of geomorphic expressions of rivers, caused due to recent and 
ongoing tectonics is considered to be the quickest and most trusted method for generating 
baseline information about the tectonics in a region where the related data are otherwise 
rare. Since river systems are highly sensitive to changes caused by various geological pro-
cesses, such as folding, faulting, base-level change in relation to the sea level fall, or uplift, 
and also by a sudden change in lithology (Keller, 1986; Rhea, 1993; Štěpančíková, Stemberk, 
Vilímek, & Košťák, 2008), analysis of drainage networks, drainage-network patterns, and 
their orientations is being increasingly used, especially in the last few decades, to infer the 
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underlying tectonic and structural framework. Spatial characterizations of rivers and the 
river basins through morphometric and morphotectonic analysis are considered to be basic, 
essential techniques that give clues about the aerial, linear, and relief characteristics of the 
drainage basin and analyzed streams (Schumm, 1956; Strahler, 1964). In accordance with 
the increased understanding of stream networks, various geomorphic indices, which are 
powerful enough to identify and delineate the characteristic expressions associated with the 
stream networks, have also been proposed (Cox, 1994; Hack, 1973; Strahler, 1952, 1964). 
The most widely used geomorphic indices are drainage basin asymmetry (Af), transverse 
topographic symmetry factor (T), stream length gradient index (SL), hypsometric curve 
and integral (HI), valley floor width–valley height ratio (Vf), drainage basin shape (Bs), 
mountain-front sinuosity (smf), concavity, and steepness (Dehbozorgi et al., 2010; Garrote, 
Heydt, & Cox, 2008; Kale, Sengupta, Achyuthan, & Jaiswal, 2014; Keller & Pinter, 2002; 
Troiani & Della Seta, 2008).

Geomorphic indices, coupled with high resolution elevation datasets and geographical 
information systems (GIS), have equipped the analyst to quantify the geomorphic expres-
sions associated with river networks in a detailed manner (e.g. Ahmad, Bhat, Madden, & 
Bali, 2014; Dar, Chandra, & Romshoo, 2013; Ehsani & Arian, 2015; Elias, 2013; Özkaymak, 
2015; Toudeshki & Arian, 2011; Trevisani, Cavalli, & Marchi, 2010; Viveen et al., 2012). The 
present study aims to understand the spatial differences of the effect of tectonic processes 
in four adjoining watersheds and streams originating from the Western Ghats, India, and 
flowing through the hard crystalline rocks to reach the Arabian Sea. Geomorphic indices 
capable of differentiating the effects of tectonic influences and highlighting the expressions 
embedded in the streams are used to quantify the spatial heterogeneity of the region under 
investigation.

Regional geology and tectonic settings

The watersheds selected for the present study form a part of the South Indian Granulite 
Terrain (SIGT), composed of high-grade metamorphic rocks (granulite–amphibolite facies) 
of Archaean age. The SIGT is a composite continental segment, formed by the accretion 
of various crustal blocks, and is traversed by a number of intracrustal ductile shear zones 
(Drury & Holt, 1980; Radhakrishna, 1989; Prasannakumar & Lloyd, 2007). The Palghat-
Cauvery Shear System (PCSS), consisting of the Moyar, Bhavani, Palghat, Cauvery, and 
Attur shear zones, is the predominant structure that transects the SIGT. The Moyar shear 
zone (MSZ), forming the northwestern segment of the shear system, has a dominant NW–
SE to E–W trend and is in close proximity to the study area. Lithological variations in the 
area are represented by hornblende biotite gneiss, charnockite, quartzo-feldspathic gneiss, 
pyroxene granulite, banded magnetite quartzite, younger granite, gabbro, and mafic dikes 
(Praveen, Prasannakumar, & Mamtani, 2009). The rocks, except the younger granites and 
other intrusives, have been subjected to polyphase deformation and metamorphism result-
ing in mesoscopic- to microscopic-scale structures. Systematic analysis of the meso- and 
microfabrics in different segments of the shear zone has revealed multistage reactivation 
history (Prasannakumar & Lloyd, 2010). Such reactivations, during different periods, were 
responsible for both strike-slip and dip-slip movements of varying dimensions resulting 
in the exhumation of the crustal blocks of south India (Satheeshkumar & Prasannakumar, 
2009). Thus the lower crustal equivalents have been brought to the present level by processes 
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related to repeated uplift and erosion, as observed in other shield areas also. The Cretaceous 
age of the dike swarms (Radhakrishna, Maluski, Mitchell, & Joseph, 1999) indicates reac-
tivated tectono-thermal activity during Cretaceous–Tertiary time also. The anastomosing 
shear zones and associated structures, like faults and fractures, have hosted younger intru-
sives and have also served as conducive loci for potential localisation of stresses. Ancient and 
recent seismic activities in the vicinity of the area and elsewhere in the PCSS (Rajendran, 
John, Sreekumari, & Rajendran, 2009) reveal stress buildup and tectonic activities in various 
microdomains of the region.

Seismic activities: evidence of neotectonism

The study area, generally considered as tectonically stable, comes under Zone III in the 
seismic zonation map of India, indicating low vulnerability to earthquakes (Bureau of Indian 
Standards [BIS], 2002). However, earthquakes of varying magnitude (<2.5 to > 5 M, but 
with an increasing trend), experienced in the region during the last four decades, are being 
considered as tempting evidence of probable change in the tectonic framework of the region 
(Bhattacharya & Dattatrayam, 2002; Raj, Paul, Hegde, & Nijagunappa, 2001; Rajendran & 
Rajendran, 1996; Rajendran et al., 2009). The earthquakes, athough of low magnitudes, have 
caused fissures and cracks in the ground as well as buildings, and have affected the hydro-
logic regime as water-level fluctuation, bubbling effect in ponds/wells, and even collapse of 
wells (Singh, Mathai, Neelakandan, Shankar, & Singh, 2005). The locations of earthquake 
epicenters and associated phenomena in the region show proximity to the prominent faults/
lineaments present (Centre for Earth Science Studies [CESS], 2009; Rajendran et al., 2009). 
The increasing occurrence of earthquakes in the region can be considered as an indication of 
neotectonics, which, in turn, may influence the general characteristics of the rivers. Changes 
due to tectonic influence will be expressed as a variation in the valley floor (increase of gra-
dient) and longitudinal profile (presence of numerous knick points and rapids), increased 
aggregation and degradation along with the change in channel pattern, and river stream 
capture (Keller & Pinter, 2002; Schumm, 1986).

Study area

Four adjoining west-flowing rivers of varying dimensions, namely the Anjarakandy, 
Thalassery, Mahe, and Kuttiyadi, which originate from the Western Ghats, flow through 
midland rolling plains and drain into the Arabian Sea (Figure 1). Basic characteristics of the 
watersheds selected for the present study are summarized in Table 1. Among the watersheds 
selected, the Thalassery is the smallest, with a total area of 132 km2, and the Kuttiyadi is the 
largest (1320 km2). The others, the Anjarakady and Mahe, drain 421 and 394 km2 of land, 
respectively. The spatial appearance of the watersheds ranges from elongated to semi-cir-
cular, with varying dimensions in different parts. Irrespective of size and flow length, all 
the watersheds have a wide open river mouth near the coastal region. Spatial characteristics 
of the rivers selected include the presence of bedrock in more than 90% of flow length, 
while river segments in the lower reaches flow through alluvial or coastal plains. Terrain 
characteristics vary from high elevated hills (>2000 m above sea level) with steep slopes, 
escarpments, gently sloping midlands having small mounds, rolling plains, and low-lying 
coastal stretches with elevations <2 m above sea level.
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Most of the study area is composed of hard crystalline rocks and then by laterite, recent 
floodplain, and beach sediments. Another striking geological feature is the abundance of 
dolerite dikes with two prominent trends: NNW–SSE and ENE–WSW. Major structural 
features present in the area are faults (strike-slip), showing concordant orientation with 
dolerite dikes (Geological Survey of India [GSI], 1995). Parallel running numerous fractures/
lineaments subparallel to the dikes are also inferred from the satellite images.

The study region receives comparatively high rates of rainfall (>3500 mm), and the geo-
morphology of the terrain helps rainwater flow from the higher regions to reach the coastal 
plains within hours after the rainfall. Estimated annual average flow of the studied rivers 
varies from 155 M m3 (Thalassery River) to 1273 M m3 (Kuttiyadi River), which directly 
depends on the watershed area. Due to the high gradient and short distance of flow, the 
river action in the headwaters region is quite high, which favors transport of huge debris, 
derived from mass-wasting processes, to lower reaches of the streams. Denudational pro-
cesses and fluvial erosion have resulted in the development of various geomorphic features 
in the region. Geomorphologic features common to the western slopes of the Western Ghats 
are present in the study area also. These include a gradational change from structural hills 
in the uppermost region, followed by denudational hills, slopes, lateritic local planation 
surfaces, residual mounds, gently sloping valleys that change to low-lying features such as 
valley fills, flood and alluvial plains, and finally to beaches. Though the study area incliudes 
alluvial plains, coastal stretches occupy less area (<5%) of each watershed.

Methodology

The present analysis is an attempt to examine the influence and spatial variation of neo-
tectonic activity in the watersheds, particularly in stream networks. The impact of tectonic 
processes over the stream networks will be reflected in the morphological characteris-
tics, which vary depending on the severity of the tectonic activity and the response of the 

Figure 1. location map.
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lithological units to such processes. Morphotectonic impressions and their variations in 
the selected watersheds and rivers were assessed using drainage basin asymmetry (Af), 
transverse topographic symmetry factor (T), hypsometric integral and curve (HI), longitu-
dinal profile, stream length gradient index (SL), and stream concavity index (SCI), derived 
from the digital elevation model (DEM). Methodology and formulas used in the study 
are shown in Table 2 and are briefly explained. Though the study required data sets from 
different sources, the most important one is the DEM. Shuttle Radar Topographic Mission 
(SRTM) digital elevation data with a resolution of 30 m, downloaded from the website of 
the United States Geological Survey (http://earthexplorer.usgs.gov/) and used to extract 
the elevation details required for the present study. Other datasets used are Survey of India 
(SoI) topographical sheets and geological map of the region (Geological Survey of India) at 
1:50,000 scale. Landsat 8 Operational Land Imager (OLI) images, acquired on 22 December 
2015, were also used to extract structural features and prominent river networks of the area. 
ArcInfo ArcGIS 9.3 and SAGA 2.1.2 were used for the data processing (especially the DEM) 
and analysis. Digital elevation data extracted for the study areas were conditioned with the 
Fill DEM tool available in the ArcGIS Spatial Analyst to fill voids present in the DEM and 
make it suitable for further analysis. Information related to the occurrence of earthquakes 
in the region was also analyzed to consolidate the inferences made from the interpretation 
of geomorphic indices.

The river basin, channel networks, and structural features present in the region were 
analyzed with the generation and interpretation of rosette diagrams of stream networks 
(DEM derived) and lineaments (inferred from the Landsat 8 OLI image), before extracting 
the geomorphic variables. These rosette diagrams were prepared irrespective of stream order 
and length of lineaments to understand the structural control over the drainage pattern. 
The effect of tectonic disturbances in an area will be reflected in the stream shape, its ori-
entation, and the asymmetric nature of the watershed. Asymmetry of the drainage basins 
can be easily identified by calculating the drainage basin asymmetry factor (Af), which 

Table 2. Methodology and formulas used for the computation of geomorphic indices.

Geomorphic indices Equation Explanations

Drainage basin asymmetry (af) af = ((ar/at) × 100) ar – area of the basin to the right side 
of the major river

at – total area of the drainage basin
Transverse topographic symmetry factor 

(T)
T = Da/Dd Da – distance between the midline of 

the drainage basin and the active 
meander belt midline

Dd – distance between the midline and 
the basin divide

longitudinal profile elevation – distance plot X, y plot of elevation and distance 
along the river channel from head 
water to mouth

stream length gradient index (sl) sl = (ΔH/ΔL) × L ΔH – change in elevation of the reach
ΔL – change in length of the reach
L – total length of the channel to the 

point where the sl index is being 
calculated

hypsometric integral (hi) hi = (h
mean 

− h
min

)/(h
max 

− h
min

) h
mean

 – average height
h

min
 and h

max
 are the minimum and 

maximum height of the catchment
stream concavity index (sci) sci

i
 = 1 − 

∑1

i=0
 ((x

i 
− 

i + 1
)(y

i 
+ y

i + 1
)) x

i 
= upstream distance (m), and y

i 
= alti-

tude (m) at point i

http://earthexplorer.usgs.gov/
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facilitates identification of changes in stream patterns and displacements in response to 
tectonic forces that cause terrain tilting (Cox, 1994; Elias, 2013; Garrote et al., 2008; Hare 
& Gardner, 1985; Keller & Pinter, 2002). Any change in the equilibrium condition of the 
terrain due to uplift or tilt will be reflected as changes in the normal course of the river 
toward the direction of terrain tilt and variations of the rivers from the basin midline can 
be easily detected by comparing the area belonging to the right bank of the river with the 
total drainage area. The computed percentage will reflect symmetry and asymmetry of the 
basin. Af values far above or far below the threshold of 50% indicate asymmetry, and those 
close to the cut-off indicate the symmetric nature of a watershed.

Tectonic activities strongly influence the stream pattern, which will be manifested as 
changes in the symmetry with respect to the basin midline. The transverse topographic 
symmetry factor (T) is capable of detecting such changes (Cox, 1994; Cox, Roy, Van Arsdale, 
& James, 2001; Garrote et al., 2008; Keller & Pinter, 2002) in quantity (T index) and direction 
(T vector). The T index varies from 0 to 1, in tune with the severity of changes from basin 
midline, and indicates perfect symmetry and maximum asymmetry, respectively, while the 
T vectors correspond to the direction of oscillation with respect to the T index (Salvany, 
2004; Toudeshki & Arian, 2011; Virdi, Philip, & Bhattacharya, 2006). In the present study, 
the T index was analyzed for the total length of the major stream by selecting points to 
represent maximum, minimum, and no oscillation from the basin midline.

The graphical representation of the elevation-distance profile from origin to downstream 
of a river (the longitudinal profile) reflects the bed characteristics of the river. Ideally, the 
longitudinal profile of the stream with a smooth concave curve indicates steady-state equi-
librium of the channel. Any change in the smoothness of the concave curve indicates dis-
equilibrium condition of the riverbed due to the influence of geological processes that 
affected the region (Whipple & Tucker, 1999). Influencing factors can vary from tectonic 
process (uplift or faulting) to lithological variations (Antón, De Vicente, Muñoz-Martín, 
& Stokes, 2014; Hack, 1957, 1960; Jain, Preston, Fryirs, & Brierley, 2006; Leopold & Bull, 
1979; Rhea, 1993; Schumm, 1977; Trevisani et al., 2010). Hack (1973) proposed the stream 
length gradient (SL) index to analyze the response of streams to lithological changes and 
tectonic processes by considering unique length segments along the whole length of the 
stream. The SL index is capable of differentiating anomalies in the streambed by showing 
higher values than the neighbouring segments analyzed. These anomalies are present in 
the streambed as knickpoints (either as waterfall or rapids), which might have formed due 
to sudden changes in underlying lithology or faults/uplift of the region in response to the 
tectonic process (Keller, 1986; Štěpančíková et al., 2008; Troiani & Della Seta, 2008). In 
order to generate the longitudinal profile and SL index, stream channels were segmented 
to 500-m unique channels from the origin to the mouth. Further analyses were carried out 
based on the elevation information extracted using the starting, middle, and end nodes of 
these stream segments.

Strahler (1952) proposed the analysis of area–altitude relationships to find out the geo-
morphic evolution stage of the watershed/river basin through the analysis and interpretation 
of the hypsometric curve and hypsometric integral (HI). The shape of the non-dimensional 
area–elevation (hypsometric) curve and the area under the hypsometric curve are two com-
ponents capable of revealing the characteristics of the analyzed area (Hurtrez, Lucazeau, 
Lavé, & Avouac, 1999; Singh, Sarangi, & Sharma, 2008). The shape of the hypsometric 
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curve varies from concave to concave–convex and convex. At the same time, the value of 
HI indicates the percentage of the area remaining to be eroded.

The SCI is the measure of concavity or convexity of the channel based on the area meas-
urement taken from the normalized channel profile and the straight line connecting the 
highest and lowest points in the profile (Demoulin, 1998; Zaprowski, Pazzaglia, & Evenson, 
2005). SCI values can vary between negative and positive corresponding to the convexity 
or concavity of the channel. Higher positive SCI values represent concave channels with 
equilibrium or steady-state conditions, whereas negative values correspond to convex chan-
nels, indicating terrain transition. The SCI was generated for all four rivers by normalizing 
the elevation–distance plots (longitudinal profiles) and calculating the area between the 
profile and the diagonal line.

Results and discussion

Drainage and fracture pattern

Drainage pattern is generally controlled by the underlying lithology, structural features 
and terrain characteristics of the region, along with rainfall and runoff. Disturbances in 
the region, caused by geological processes such as uplift, faulting, or folding, will affect the 
equilibrium condition of the region and, hence, will affect the geomorphic characteristics 
of the stream networks which, in turn, will result in channel pattern changes and devel-
opment of sinuosity. Drainage networks derived from the DEM were used to assess the 
characteristic drainage patterns and stream orientations in each of the watersheds consid-
ered in the present study. Drainage networks of the Anjarakandy watershed show mixed 
characteristics dominated by dendritic and rectangular patterns, whereas the streams in the 
Thalassery watershed show only a dendritic pattern. At the same time, streams in the Mahe 
and Kuttiyadi watersheds have rectangular and trellis patterns along with the dendritic pat-
tern (Figure 2). Major portions of all the watersheds are covered with hard crystalline rocks, 
and the dominant drainage pattern observed is dendritic, but with variations at places. The 
variation of drainage pattern from dendritic to rectangular and trellis indicates the presence 
of structural control over the drainage pattern development. This points to the dominance 
of tectonic activity in the development of stream networks and pattern in the region.

Rosette diagrams were used to understand the dominant direction of streams and lin-
eaments present in the watersheds. A common pattern of stream orientation with major 
trends such as N–S, NE–SW, E–W and NW–SE was observed in the rosette diagrams of all 
four watersheds (Figure 2(a)). Lineaments/fractures also show orientation similar to the 
drainage networks. Major directions of orientation shown by the lineaments/fractures are 
N–S, NNE–SSW, ENE–WSW, E–W, and NW–SE (Figure 2(b)). Drainage networks present 
in the Anjarakandy watershed show three prominent directions of stream orientation, such 
as N–S, NE–SW, and E–W, with a less distinct NW–SE component; whereas lineaments or 
fractures present in the watershed show two major directions, N–S and E–W, which coin-
cide with those of the stream networks. Similar patterns of orientation are also observed 
in the Thalassery watershed, in which both the stream network and lineaments show com-
mon directions of orientation as NE–SW, E–W, and NNE–SSW, ENE–WSW, respectively. 
Drainage networks in the Mahe and Kuttiyadi watersheds show a common trend of N–S, 
NE–SW, E–W and NW–SE, similar to the other two watersheds, but the lineaments show 
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N–S, NNE–SSW, and E–W in the Mahe and NNE–SSW, NNW–SSE, and E–W trends in the 
Kuttiyadi watershed. Variations in drainage pattern and orientation of lineaments/fractures, 
inferred from images for the four watersheds, enable the grouping of the watersheds into 
two clusters: (1) Anjarakandy–Thalassery and (2) Mahe–Kuttiyadi. Overall, the inferred 
structural features and streams in the watersheds show a common orientation similar to 
that of the strike-slip faults and dolerite dikes (NNW–SSE, NW–SE, and NNE–SSW) pres-
ent in the region, except for noticeable differences in the Mahe and Kuttiyadi watersheds. 
This suggests the differential influence of structural features over stream characteristics in 
the area due to different episodes of tectonic activity in the region. These inferences can be 
addressed through the analysis and interpretation of geomorphic indices.

Drainage basin asymmetry (Af)

Af factors calculated for the watersheds under investigation show values above and below 
the 50% cutoff, indicating varying degrees of asymmetry of the watersheds with a prominent, 
general southerly tilt (Figure 3). Among the watersheds analyzed, the Anjarakandy shows 
the maximum value of 66%, followed by Kuttiyadi (63%), Thalassery (60%), and Mahe 
(43%). Though the study area, as a single unit, shows a common direction of tilt (SSE), it is 
also noted that, within the watersheds, the mouth regions of all the rivers, indicate varying 
directions of titling. This points towards the influence of structural features (strike-slip 
faults), present in the region, in producing varying directions of tilt. This assumption can 
be reinforced by the assessment of the topographic symmetry (T) factor, which facilitates 
segment-wise characterization of the terrain tilt in association with stream migration.

Figure 2. Drainage networks, faults and lineaments with corresponding rose diagrams: (a) for drainages 
and (b) for faults / lineaments.
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Transverse topographic symmetry factor (T)

Calculated T index values are given in Table 3, along with the zonal tilt directions of seg-
ments analyzed (Figure 3). Lower T values indicate the symmetric character of the river 
and suggest that the river follows the basin midline. On the contrary, the higher values 
indicate asymmetry of the river due to significant shift away from the basin midline. In 
the Anjarakandy watershed, the T index ranges from .06 to .90 and shows three prominent 
directions (SSE, NNW, and SSW) of stream oscillation or tilt. The Thalassery watershed 
suggests less asymmetry (T index varies from .05 to .40), with a prominent river oscillation 
to the SSE. The Mahe River shows a lateral shift of stream and basin from symmetrical to 
asymmetrical nature (T index varies from .07 to .63), with two major zones of oscillation 
direction, i.e. NNW and SSW. At the same time, the T index of the Kuttiyadi River ranges 
from zero (perfect symmetry) to .87, indicating the highest rate of stream oscillation in 
accordance to the terrain tilt with three prominent zones of stream oscillation directions 
such as N, S, NNE, NNW, and SSE. Zonal variations in the T index and vector confirm vary-
ing degrees of the effects of terrain changes in different segments of streams and watersheds 
as deduced from the assessment of drainage basin asymmetry factors.

Figure 3. lithology of the study area, with basin asymmetry (af) and transverse topographic symmetry 
factor (T) vectors showing stream migration direction and tilt directions.
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Longitudinal profile

Longitudinal profiles of all the analyzed rivers show varying patterns of concavity, con-
vexity, and the combination of concave and convex with flat segments (Figure 4). The 
longitudinal profile of the Anjarakandy River is concave, with changes in slope and minor 
steps in the lower and upper reaches, indicating zones of maximum variation in channel 
characteristics. A similar pattern is noticed in the Thalassery River, which also shows an 
open concavity with a small stretch of undulations. However, the Mahe River shows highly 
irregular characteristics, with convex–concave structures in the profile. The Kuttiyadi River 
shows an entirely different profile than the other three rivers, with a stepped profile having 
steep slopes, flat surfaces, and zones of maximum variation. The steep sloping nature of 
the profile indicates the steep slope of the terrain, with exposed rocky channels, whereas 
the flat surface corresponds to the reservoirs present at different levels of the river. These 
inferences were confirmed by validating the selected stream segments with a satellite image 
of the study area. In the longitudinal profiles, the segments marked as zones of maximum 
variation can be attributed to differences in lithology or the influence of tectonic processes.

Table 3. Topographic transverse symmetry (T) factor calculated for the selected segments with zonal 
tilt directions.
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Stream length gradient index (SL)

In the present analysis, SL index was calculated for all four major rivers for the individual 
segments derived from origin point to the mouth of the river and are shown in Figure 5. 
The SL index, calculated for the Anjarakandy River, varies from 10 to 734  m (average 
SL  =  113  m), with numerous abrupt variations in close proximity, whereas that of the 
Thalassery River ranges from 10 to 263  m (average SL  =  50  m), with common trends 
and minor variations. The SL index of the Mahe and Kuttiyadi Rivers show high values 
of 331 m (average SL = 69) and 3898 m (average SL = 159 m), respectively. Among the 
rivers analyzed, the Anjarakandy, Thalassery, and Mahe show highly varying graphs with 
numerous highs and lows, indicating abrupt changes in the SL index in nearby segments. 
The Kuttiyadi River shows an overall uniform SL index over the total length of the river, 
with three definite zones of variation.

Tectonic process will influence differently the development of landforms and stream pat-
terns in the region if the lithology of watersheds compared are different, i.e. sudden change 
in rock types from hard (crystalline rocks) to soft (sedimentary rocks) or vice-versa. In the 
present study, the four selected watersheds possess more or less similar lithology, with a 
slight change in areal distribution. Major types of hard crystalline rocks that cover most of 
the study area are charnockite gneiss, hornblende biotite gneiss, quartz mica schist, quartz 
mica kyanite schist, granite, and dolerite. Sedimentary formations cover less area and are 
found near the confluence point in the Arabian Sea (Figures 3 and 5). In the case of the 

Figure 4. longitudinal profiles marked with zones of maximum variations: (a) anjarakandy, (b) Thalassery, 
(c) Mahe, and (d) Kuttiyadi.
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Anjarakandy River, hard crystalline rocks are observed down to a flow distance of 70 km, 
while the river is found to flow through sedimentary formations for less distance (<3 km). 
Similar conditions were noted in the other three rivers, which flow through most of their 
lengths over the hard crystalline rocks. The Thalassery River, in its 28 km length, flows only 
3 km through sedimentary formations (floodplain deposits) in the lower segment. The Mahe 
River cuts across the hard rocks in its entire flow distance. In the Kuttiyadi watershed, the 
river flows <4 km through the floodplain deposit near the river’s mouth. The remaining 
70 km of the river flows through the hard rocks of various types described above.

A comparison of SL index plots, along with longitudinal profiles and lithology of the 
region, was carried out to assess the influence of lithological variation on the abrupt change 
in SL index and presence of knickpoints in longitudinal profiles. Though the watersheds 
possess different lithologies, sudden changes in the SL index and variations in the longitudi-
nal profiles marked as zones of maximum variation (knickpoints) occur in a single, unique 
lithology. This finding rules out the role of lithological variation in the abrupt change in SL 
index and variation in the longitudinal profile, and points towards the plausible influence 
of tectonic activity, which can change the base level through uplift resulting in the present 
characteristics of the rivers.

Hypsometric curve and integral

Hypsometric curves and integrals were calculated for all the watersheds considered in 
the present study and found to be concave with variations in smoothness (undulation) 
and with low areas under the curves, i.e. hypsometric integral (Figure 6). Differences in 

Figure 5. comparative plot showing lithology along the stream path with stream length gradient index 
(sl) and longitudinal profiles of the streams: (a) anjarakandy, (b) Thalassery, (c) Mahe, and (d) Kuttiyadi.
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the hypsometric curves can be attributed to the uplift caused by tectonic processes in the 
region, where relief corresponding to the area has been changed. HI values derived from 
an assessment of the areas under the hypsometric curves are .067 (Anjarakandy), .085 
(Thalassery), .11 (Mahe), and .12 (Kuttiyadi), respectively, indicating more erosion and 
associated dissection of the drainage basins. It should be noted that the HI shows a gradual 
increase from the north to the south side of the study area, indirectly pointing toward a 
variation in the effect of tectonic processes.

Stream concavity index

The SCI of rivers in the study area shows high positive values, indicating a high degree 
of concavity and steady state equilibrium conditions of the rivers (Figure 7). Among the 
rivers analyzed, the Anjarakandy shows the highest degree of concavity (.88), followed by 
the Thalassery (.85), the Mahe (.81), and the Kuttiyadi (.70), with a mean concavity of .81. 
Comparatively higher rates of SCI point toward the erosive power of streams with more inci-
sion. Normalized stream profiles also reflect the variation in the channel base represented as an 

Figure 6. hypsometric curves showing different characteristics of watersheds.
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irregular convex-upward portion, confirming the presence of knickpoints, and can be attrib-
uted to base-level changes caused by tectonic processes in the region. The observed pattern 
of spatial variability in SCI shows close resemblance to the distribution of HI, with maximum 
SCI value in the river on the north side, (Anjarakandy) to the minimum value in the Kuttiyadi 
River on the south side of the study area. This confirms the inference of spatial variation in 
the influence of tectonic process over the geomorphic characteristics of the rivers analyzed.

The findings of the present study were supported by the geomorphic evolutional history 
of the region modeled by Soman (2002). Though a major portion of the Kerala region is a 
part of SIGT, during the period of the Recent-Pleistocene, the region has undergone major 
geomorphic changes in response to sea-level changes and uplift of the terrain. Geomorphic 
processes, such as uplift of drainage basins and river courses, formation of drowned valleys 
and lagoons, and regression and transgression, were also occurring during the period. 
The knickpoints present in the analyzed streams can be linked to processes of uplift and 
sea-level change. Control of rivers and stream networks by the strike-slip faults running 

Figure 7. Normalized longitudinal profile with diagonal cut-off used to calculate the stream concavity 
index (sci) for (a) anjarakandy, (b) Thalassery, (c) Mahe, and (d) Kuttiyadi rivers.
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parallel to the west coast of Kerala and NNW–SSE direction has been well documented by 
Chattopadhyay, Kumar, and Chattopadhyay (2006) and by Valdiya and Narayana (2007). 
They suggested variation in the effects of these structural features over the drainage net-
works in the region by identifying the changes in a channel pattern from its normal course 
to having more loops and rectangular bends. Studies conducted by Rajendran et al. (2009) 
about the repeated occurrence of seismic events in Kerala pointed toward the reactivation 
of long-running, NNW–SSE trending lineaments/fractures. Repeated seismic events are 
surface manifestations of ongoing neotectonism, and their effects are found to vary spatially. 
This also reinforces the concept of spatial heterogeneity in the effects of tectonic processes 
in the region with almost uniform lithology.

Conclusion

Heterogeneous morphotectonic expressions of four medium-range watersheds with uniform 
lithology in the high-grade crystalline terrain were studied in detail to assess the spatial 
variation of influential factors on drainage development. Though the dominant drainage 
pattern of the four rivers (Anjarakandy, Thalassery, Mahe, and Kuttiyadi) is dendritic, the 
presence of rectangular and trellis drainage patterns indicates influence of structural features 
over the development and orientation of stream networks in the area. The stream networks 
are mostly oriented in N–S, NE–SW, E–W, and NW–SE directions and coincide with the 
dominant structural trends of the region (NE–SW and NW–SE). However, minor variations 
in the directions of stream orientation and structural features differentiate the watersheds 
into two groups: Anjarakandy–Thalassery and Mahe–Kittiyadi, suggesting spatial hetero-
geneity of controlling factors.

Geomorphic indices, particularly the basin asymmetry, T index, longitudinal profile, 
SL index, and the SCI indicate significantly different influence of tectonic process over 
the drainage systems. Though the basin asymmetry factor indicates a common direction 
(SSE) of terrain tilt, the T index and vector show varying degrees of stream oscillation in 
the watershed, with respect to differential terrain tilt. The dominant directions of stream 
oscillation, indicated by the T vectors, are NNE, NNW, S, and SSE, which coincide with the 
orientations of strike-slip faults/lineaments in the study area and confirm the differential 
influence over the directional tilt of streams. The characteristic convex–concave pattern in 
the longitudinal profiles, marked as zones of maximum variation, indicates the presence of 
knickpoints, which might reflect tectonic disturbance and/or variations in lithology. At the 
same time, the SL index shows abrupt changes in near segments, pointing toward changes 
in the base level. The SL indices of Anjarakandy, Thalassery, and Mahe show changes in the 
whole length of the river, whereas that for Kuttiyadi is different, with specific, defined zones 
of anomalies. A comparison with the longitudinal profile, lithology, and SL index graph 
facilitates identification of co-occurrence of the zones of maximum variation and high SL 
index in uniform (single) lithology, indicating more control of the tectonic process than 
lithological changes over the development of anomalies in the streambed.

The low values (<.12) of hypsometric integrals represent an advanced stage of erosional 
characteristics of river basin evolution. However, the characteristic variation of hypsometric 
curves of each stream indicates a different response of each watershed and variations in the 
effects of tectonic process in the region. Though the streams possess high concavity-caused 
valley incision, as shown by the SCI, differences in values (.70–.88) reflect the response of 
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each stream to tectonic processes. HI shows an increase in the area to be eroded from river 
basin from north to south, whereas the SCI shows a decreasing trend in the concavity of 
the streams from the northern end (Anjarakandy watershed) to southern end (Kuttiyadi 
watershed), revealing spatial variation in the process and its effects over the stream net-
works. Though the study area is mostly covered by Precambrian crystalline rocks with uni-
form characteristics, streams in the region have responded differently to tectonic activities 
(uplift or terrain tilting), which is well documented by the analysis of geomorphic indices. 
Occurrence of seismic events and allied phenomena in the recent past in the region con-
firms neotectonic activity and spatial heterogeneity in the influence of tectonic process and 
its influence over the development of river and river basin characteristics of those rivers 
originating from the Western Ghats of India.
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