
J. Mt. Sci. (2019) 16(12): 2828-2843                        e-mail: jms@imde.ac.cn                                            http://jms.imde.ac.cn 
https://doi.org/10.1007/s11629-018-5208-7 

 
 

 2828

Abstract: The present study area involves part of a 
deformed coalesced fan located along the Himalayan 
Frontal Thrust (HFT) on the east of river Tista near 
the India-Bhutan border. The area is marked by two 
spectacular E-W trending south-sloping scarps 
namely the Matiali (ca. 60 m) and Chalsa (ca. 90 m) 
Scarps and a north-sloping E-W trending Thaljhora 
(ca. 80 m) Scarp. Our work comprises of a 
comparative study of geomorphology and geologic 
history in the adjacent interfluves of Jaldhaka-Gathia 
and Neora-Murti rivers to understand the tectonic 
history of the area. We mapped the Jaldhaka-Gathia 
river interfluve at a 1:25,000 scale and report a 
hitherto unidentified northerly sloping small scarp of 
ca. 5m height named the Nagrakata Scarp. This scarp 
was identified using satellite images, DEMs, and total 
station survey. We interpret that the two north-
sloping, E-W trending scarps (Thaljhora and 
Nagrakata Scarps) are manifestations of steep limbs 
of anticlines over blind south-dipping back thrusts. 
Together they form a wrinkle-ridge pair behind the 
north-dipping HFT, which is manifested by south-

sloping Chalsa Scarp. We propose a plausible 
geomorphic model interpreting that deformation 
along the small fan in the Jaldhaka-Gathia interfluves 
is younger compared to fan deposition and 
deformation in the adjacent Mal-Murti interfluve. The 
most recent geomorphology of the Jaldhaka-Gathia 
interfluve is controlled by tectonism associated with 
the thrust below the Nagrakata Scarp where the 
youngest deformation episode is recorded to at 
around ~6 ka and is likely related to motion on a 
splay off of the thrust beneath the Thaljhora Scarp. 
 
Keywords:  Eastern Himalayas; Thaljhora Scarp; 
Nagrakata Scarp; Drainage; Back-thrust; Wrinkle-
ridge 

Introduction  

Detailed geological research in the eastern 
Himalaya lags behind that of the western 
Himalayas due to difficult logistics, heavy rainfall, 
and scanty exposures. Though systematic mapping 
of the Eastern Himalayas in India and Bhutan 
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(1:50,000 scale) has been done by the Geological 
Survey of India (GSI), this area still demands more 
critical and detailed scientific study. Most of the 
comprehensive geological studies in eastern 
Himalayas are restricted to the geology of the 
Higher and Lesser Himalaya, with only very 
limited work on the active geological structures in 
the foothills which record deformation of 
Quaternary deposits (Long et al. 2011; Saha 2013; 
Basu 2013). Deformation and uplift of the 
Himalayas has been active in the Quaternary.  This 
deformation controls many present and 
characteristic geomorphic features, such as tectonic 
scarps formed by active thrust faulting on the 
major thrusts of the Himalayas, along with 
transverse scarps formed by active normal and 
strike slip faults at high angles to the active thrust 
faults. 

The map traces of some of these faults make 
cuspate-lobate patterns suggesting the possibility 
of differential thrust fault growth or oroclinal 
bending (e.g., Ray 2006).  The Himalayan front 
itself is also sinuous in both the western and 
eastern parts.  Orogen-scale curvature at an 
intermediate scale is expressed as salients and 
recesses. The salient–re-entrant transitions are 
typically manifestations of lateral or oblique ramps, 
or tear faults (Mukul et al. 2014). Salients are 
normally associated with mountain fronts defined 
by frontal imbricate faults, whereas recesses are 
open to the foreland. The morphology of 
Himalayan salients, recesses, and associated cross-
structures reflect variations in the deformation 
kinematics along the length of the Himalayan arc 
over space and time.  

In the foothills of the frontal Himalaya, 
growing anticlines and the Himalayan Frontal 
Thrust (HFT) accommodate a significant part of 
the total plate convergence (Delcaillau 1992; Lave´ 
and Avouac 2000). For example, in the area east of 
Tista River, 11.1±1.5 mm/yr out of a total of ~40 
mm/yr (https://www.unavco.org/software/geodet 
ic-utilities/plate-motion-calculator) of shortening 
is taken up across a set of four E–W trending 
thrust faults: the Gorubathan, Matiali, Chalsa and 
Baradighi Faults (Mullick et al. 2009). 

In addition to the northerly dipping 
Himalayan regional thrusts, there are also south-
dipping back-thrusts in places, such as in the 
Sarpang re-entrant (Dasgupta et al. 2013; Dutta 

Gupta et al. 2017). When anticlines grow over a 
blind thrust fault as a result of both flexural slip 
folding of near-surface strata and the nucleation 
and growth of en echelon arrays of back-thrust 
faults, wrinkle ridge structures form as a 
geomorphic expression of that phenomena (Schultz 
2000) Wrinkle ridges occur in two principal forms: 
1) broad ridge, kilometers wide and meters high; 
and 2) sinuous, discontinuous, or echelon 
crenulations (“wrinkles”) located on or near the 
main wrinkle ridge (Schultz 2000). 

One major recess in the Darjeeling-Sikkim 
Himalaya located in the east of Tista River from the 
Gish River to Diana River; this area is segmented 
by the Chel-Mal, Mal-Murti and Jaldhaka-Gathia 
interfluves. Since the pioneering work of Nakata 
(1972), the area between the Chel and Murti River 
has attracted the attention of many workers, and 
considerable work has also been done on the 
neotectonics of Chalsa Fault and the Gish 
transverse zone (Mukul et al 2005; Mullick et al. 
2009; Kar et al. 2014; Goswami Chakrabarti et al. 
2013, 2014; Kumar et al. 2011). But in the east of 
Jaldhaka River, within Jaldhaka-Gathia interfluve, 
where the Chalsa Fault scarp fades out, remains 
less thoroughly studied. Our study focuses on 
reconstructing the Quaternary tectonics in the 
Jaldhaka-Gathia and Mal-Murti interfluve regions 
from a careful study of the the geomorphology and 
geology. We present a comprehensive study of the 
Gorubathan/Jaldhaka recess from the Mal River to 
the Gathia River.  The study area includes both the 
Mal-Murti interfluve and less studied Jaldhaka-
Gathia interfluve.   

1    Material and Methods 

1.1 Geomorphology and active structures in 
Jaldhaka Recess  

The 2400 km long arcuate Himalayan front is 
sinuous and is characterised by many salients and 
recesses in both the western and eastern Himalaya 
(Figure 1). The study area is located in a small 
recess in the Eastern Himalayan foothills named 
the Gorubathan (Mukul et al. 2014) or alternatively, 
the Jaldhaka recess (Dasgupta et al. 2013). The 
Jaldhaka recess occurs east of the Gish Transverse 
Zone (GTZ). This recess includes the development 
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of a wide piedmont with deformed alluvial fans and 
river terraces. From the Chel River to the Diana 
River, sharp, south-facing and north-facing scarps 
trending E-W within the piedmont parallel the 
major Himalyan thrusts. One such prominent 
north-sloping scarp, east of Jaldhaka River was 

identified and named the Thaljhora Scarp by 
Nakata (1972). Orthogonally, transverse 
lineaments are developed, and through which 
antecedent major drainages flow (Figure 2). One 
such prominent north-sloping scarp, east of the 
Jaldhaka River was identified and named as the 

Figure 1 Map showing the sinuous front of the Himalayan arc and salients and recesses separated by transition zones 
(yellow dashed line and labels) on a Google Earth image. The yellow rectangle denotes the Gorubathan/Jaldhaka 
recess, in which the study area is located. Inset: Major tectonic subdivisions of the Himalayas (after Gansser 1964). 

 

Figure 2 Positions of major rivers and structural lineaments in the Himalayan front piedmont zone between the 
Tista and Diana Rivers shown on a Cartosat 1 DEM base map. The yellow rectangle represents the present study area 
as well as that of Nakata (1972). 
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Thaljhora Scarp by Nakata (1972).  
The surface geology east of GTZ, which is 

marked at surface by the Gish River, is made up of 
Quaternary sediments forming part of a large, 
coalesced alluvial fan that extends from the Chel to 
Daina Rivers (Figure 2). This coalesced fan can be 
divided into three sub-areas: the Chel-Neora 
interfluve, Neora-Murti interfluve, and the 
Jaldhaka-Diana interfluve. The Jaldhaka-Diana 
interfluve is much less studied than the adjoining 
Neora-Murti interfluve. The major fan surfaces of 
this Jaldhaka recess were identified and mapped as 
Baikunthapur, Rangamati, Matiali, and Samsing 
surfaces, from south to north, and the river 
terraces as the higher, middle and lower terraces 
(Nakata 1989; Das and Chattopadhyay 1993a, b; 
Guha et al. 2007). Earlier workers did not 
differentiate fan surfaces in the Jaldhaka-Diana 
interfluve area from those of the Mal-Murti 
interfluve. In recent studies, the fan surfaces in the 
Chel-Jaldhaka interfluve have been mapped and 
interpreted as depositional fan surfaces and river 
terraces (Goswami Chakraborty et al. 2013; Kar et 
al. 2014; Ghosh et al. 2015). The south-sloping 
alluvial fans are interrupted by three E-W trending 
scarps. Among these, in the Chel-Murti interfluve, 
two are south-sloping and are named as Matiali 
(northern) and Chalsa (southern) scarps. The third 
scarp is north-sloping, is named as Thaljhora Scarp, 
and lies in the Jaldhaka-Gathia River interfluve 
(Figures 2, 3). 

The geology of the Jaldhaka recess is 
dominated by post-Siwalik fluvial and fan deposits 
characterised by coarsening-upward sediments 
that form a number of small, adjacent fans which 
coexist with large Tista mega-fan (Kar et al. 2014).  
Many previous workers have suggested that 
Himalayan tectonics controls the geological and 
geomorphological evolution of this area (Nakata 
1972, 1989; Guha et al. 2007; Goswami 
Chakrabarti et al. 2012, 2013). These fan surfaces 
are dissected by E-W trending tectonic scarps with 
ages between 33 ka and 22 ka (Guha et al. 2007). 
Recent studies have shown that the host fans 
started growing prior to ~171 ka and up to 72ka. 
Fan deposition was followed by degradation and 
deformation (Singh et al. 2016). The aggradational 
alluvial fans formed primarily due to climatic 
controls and were subsequently tectonically 
deformed to form the present day geomorphology 

(Goswami Chakrabarti et al. 2014). However, a 
second opinion exists which suggests that this fan–
terrace system was controlled primarily by the 
fluctuation of the Asian summer monsoon rather 
than by a significant influence of Himalayan 
tectonics (Kar et al. 2014). A recent palynological 
study, possibly supporting this second opinion, 
shows cyclic weakening and strengthening of 
monsoon in last ~50 ka in this region (Ghosh et al. 
2015). The south-sloping alluvial fans are 
interrupted by three E-W trending scarps. These 
include the Matiali (northernmost and south-
sloping) and Chalsa (southernmost and south-
sloping) scarps in the Chel-Murti interfluve. The 
third scarp is the north-sloping Thaljhora Scarp in 
the Jaldhaka-Gathia interfluve (Figure 3). The E-W 
trending, south-sloping scarps, viz the Matiali and 
Chalsa Scarps, have however been interpreted as 
having formed by deformation over the blind Main 
Boundary Thrust (MBT) and Himalayan Frontal 
Thrust (HFT) (Nakata 1972, 1989; Goswami 
Chakrabarti et al. 2013 and references therein). In 

 
Figure 3 Geologic-geomorphic map of the present 
eastern Himalayan front, Jaldhaka-Gathia interfluve 
study area. Line C-D denotes the line of the total station 
survey shown in Figure 4. 
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a recent study, Srivastava et al. (2017) proposed to 
locally name the MBT and HFT the Ramgarh 
Thrust. The origin of the Thaljhora Scarp remains 
to be explained.  

1.2 Methods 

We prepared a 1:25,000 scale geological-
geomorphological map by analysing the Survey of 
India Toposheet 73B/13, using Cartosat I DEM, 
and studying IRS P6 LISS IV MSS images using 
ERDAS Imagine Professional and ArcGIS 9.1 
software.  In addition, we did an extensive field 
study and focused total station surveys (Figure 3). 
We studied sediment from natural sections to 
understand both the sedimentation and timing of 
the important deformed geomorphic surfaces. The 
materials of different surfaces we were dated using 
the OSL method (Appendix 1) to constrain the 
timing of the depositional and deformation events. 
We constructed longitudinal and transverse 
profiles along depositional surfaces and river 
profiles using Global Mapper 15 software. 
Longitudinal profiles along key depositional 
surfaces were also constructed via our total station 
surveys (Figure 4). 

Finally, on the basis of our results, we attempt 
to construct a plausible model for the development 
of the landscape and drainages in the study area 
vis-a-vis the Quaternary tectonics. We use a 
schematic cartoon to summarize our interpretation 
of the landscape evolution, present-day 
geomorphology, and Quaternary tectonics of the 
study area (Figure 5). 

1.3 Materials  

The major geomorphic features and units that 
we mapped in the Jaldhaka-Gathia River interfluve 
are an alluvial fan surface, river terraces, and the 

fault scarps mentioned above. We have identified 
two depositional surfaces and two major river 
terraces in the Jaldhaka-Gathia River interfluve, 
which are different from the depositional surfaces 
of Mal-Murti interfluve area both in terms of the 
sediment character and antiquity. The latter is 
interpreted from the soil character, grain size, 
geomorphic forms, and OSL ages. In the following 
sections, we describe the character of these 
depositional surfaces, the nature of the river 

 
Figure 4 Total station survey profile C-D on the Thaljhora and Jiti surfaces across the Thaljhora and Nagrakata 
Scarps. See Figure 3 for the line of survey for the profile section. 

Figure 5 Interpretative and diagrammatic (not to 
scale) time-series cartoon showing the tectonic and 
geomorphic evolution of the landscape and the present 
day geomorphology of the Jaldhaka-Gathia interfluve 
study area. T1 and T2 mean Terrace 1 and Terrace 2 
shown in Figure 3.  
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terraces and scarps, and then compare them with 
similar landforms from the Mal-Murti interfluve.  
The upper-reach interfluve between the Gathia and 
Diana Rivers lies in neighbouring state of Bhutan 
or is heavily forested, so we concentrated our study 
within just the Jaldhaka-Gathia interfluve.  

There are two distinctly different depositional 
surfaces north and south of the Thaljhora Scarp 
(Figures 3, 5): the Jiti Surface and the Thaljhora 
Surface. The triangular surface north of the 
Thaljhora Scarp is bounded by the Jiti River to the 
north, the Thaljhora River to the south, and the 
Gathia River to the east. We named this surface the 
Jiti surface (Stage 2, Figure 5). The general slope of 
the surface is towards south. The Jiti surface has an 
average height of 325 m. This surface does not 
show a convex upward profile like fan surfaces do. 
The soil covering it is silvery grey. The material 
making up this surface is mainly boulders and 
pebbles with very thin sand beds. The pebble beds 
are dipping easterly and unconformably overly 
lower reddish-yellow cross-bedded sands (Figure 
6). The lower yellow cross-bedded sands correlate 
with material of the Thaljhora Surface and 
continue below the surface material covering the 
Jiti surface (Figure 6a, 6b). The silvery-grey Jiti 
surface is relatively young, considering its very low 
oxidation compared with any of the depositional 
surfaces in the Mal-Neora interfluve, as well as the 
depositional surface south of Thaljhora Scarp.   
This Jiti surface was earlier mapped as a high river 
terrace (HRT) by Nakata (1989), but it cannot be 
correlated with any of the high river terraces in the 
Mal-Murti interfluve area in terms of height, 
sediment character, or the oxidation of overlying 
soil. In the Mal-Murti interfluve area, the HRT is 
composed mainly of thick sand beds alternating 
with pebble beds.  

 The Thaljhora Surface is characterised by a 
highly oxidised red soil in the northern part and a 
brown soil in the southern part. Though this 
surface was mapped as the Rangamati surface by 
earlier workers, we re-interpret this as a much 
younger surface than Rangamati surface and 
named it the Thaljhora Surface (Figure 3). The 
Thaljhora Surface is made up of highly rounded 
boulders in beds along with thick sand beds. The 
general slope of this surface is towards south. 
(Stage 1, Figure 5). It is highly dissected by rivers 
and gullies, some with anomalous slopes other 

than the regional southerly slope of the surface. 
The N-S profile along this surface shows warping. 
The surface is deformed to form two, almost 
parallel, E-W trending ridges and valleys. The 
northern faces of the ridges are steeper than the 
southern faces and appear as scarps. The 
northernmost scarp is higher and is named the 
Thaljhora Scarp. The southern, lower scarp is 
named the Nagrakata Scarp (Figure 7). The average 
height of the Thaljhora Surface is 335-340 m. The 
western boundary of this surface is marked by a 
lineament characterised by a very high (~50 m) N-
S scarp with triangular facets (Figure 8a, 8b) along 
the eastern bank of the Jaldhaka River. The 
Jaldhaka River flows along this lineament along a 
sharp easterly bend. The eastern boundary of this 
surface is marked by another N-S lineament with a 
faceted scarp face which guides the course of the 
Gathia River (Figure 8c). The “block” between the 
Jaldhaka and Gathia River is uplifted compared to 
those along the Murti-Jaldhaka and Gathia-Diana 
interfluves. The northern part of this surface slopes 
towards southwest, while the southern portion 
slopes southeast (Figure 9). This surface includes a 
hump-like structure just south of the Thaljhora 
Scarp with maximum height of 375m. The soil and  

 

 
Figure 6 Photographs showing sediment comprising 
the Jiti and Thaljhora Surfaces: a) Coarse-grained 
boulder beds of Jiti surface overlying the pebble and 
sand beds of Thaljhora Surface. Inset: Sand beds with 
cross-bedding of the Thaljhora Surface below the 
sediment of Jiti surface. b) The Thaljhora and Jiti 
surfaces on the two sides of Thaljhora River. 
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sediment character are the same for both the hump 
and the Thaljhora Surface. There is no sharp 
vertical scarp between the Thaljhora Surface and 

this hump (Figure 10). 
In addition to mapping and studying the 

Thaljhora and Jiti surfaces, we also mapped and 
studied terraces along the major rivers. The T2 
terrace surfaces are high terraces present along the 
major rivers. They have been down-cut by the 
rivers. The elevation of the T2 terraces varies from 
260 m in north to 225 m in south and they are thus 
almost horizontal. These surfaces are characterised 
by a light yellow to yellowish-grey soil cover. The 
T1 surfaces are just above the modern flood plains 
present along all rivers in the study area. T1 
surfaces are characterised by grey soil, horizontal 
attitudes, and average heights of 180m. 

1.4 Drainages 

The Jaldhaka River is the major river in the 
study area.  Its tributaries are named the Jiti, 
Gathia, Diana and Khuji Rivers. Apart from the 
Jaldhaka River and its main tributaries, numerous 
additional small streams drain this area (Figure 11). 
There are two distinct drainage divides in this 
basin; these are marked by the Thaljhora and 
Nagrakata Scarps described above.  

 Streams in the area may be classified as: (i) 

 
Figure 9 a) Locations of the E-W profiles along X-X' 
and Y-Y' on the Cartosat 1 DEM. The profiles along the 
X-X' line north of the Nagrakata Scarp shows the b) 
westerly slope and along Y-Y' line south of that scarp 
shows c) easterly surface slope. 

 
Figure 7 N-S profiles across the Thaljhora Scarp from Cartosat 1 DEM (A-B), and our total station survey in Figure 4 
show warping of the Thaljhora Surface due to deformation by anticlinal folding.  The subsurface structural geology is 
interpreted in profile A-B. The location of profile A-B is shown in Figure 3.  
 

(a)                                                            (b)                                                                        (c) 

Figure 8 Geomorphic evidence for transverse (cross) faults along the Jaldhaka and Gathia Rivers: Triangular facets 
on the scarp along the eastern bank of Jaldhaka River as viewed from the south a) and the northeast b). c) Triangular 
facets on the scarp along the eastern bank of Gathia River as viewed from the east.   
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the streams flowing on the Jiti surface and (ii) 
those flowing on the Thaljhora Surface. Streams 
north of Thaljhora Scarp are totally confined to 
flowing on the Jiti surface. Streams originating 
from the Thaljhora Scarp flow southerly and, after 

crossing the Nagrakata Scarp, these small streams 
form deep gorges. All of the streams with deep 
gorges follow NNE-SSW lineament/faults parallel 
to the Gathia River and then join the Jaldhaka 
River in the southwest. 

The study area shows a parallel drainage 
pattern in general. All of the major rivers like the 
Jaldhaka, Gathia and Jiti Rivers follow abnormally 
straight courses The Jaldhaka River follows a 
straight course for a considerable distance, about 
8km, with only one significant sharp easterly bend.  
After that bend, it forms a broadly rectangular 
drainage pattern as it shifts distinctly towards east 
following E-W lineaments. The Jiti River also 
shows an abnormally straight, NE-SW trending 
course before meeting the river Jaldhaka (Figure 
11). 

River profiles along the Jaldhaka and Gathia 
Rivers show significant knickpoints where they 
cross the Thaljhora and the Nagrakata Scarps. The 
Jiti River also shows a major knickpoint where it 
crosses the Thaljhora Scarp. Even minor rivers, e.g. 
those originating from the Thaljhora hill, also show 
knickpoints where they cross the small Nagrakata 
Scarp (Figure 12). 

The Thaljhora River course is partially defined 
by a linear marshy patch of land just below the 
Thaljhora Scarp. This marshy patch shows a gentle 
slope towards west in western part and the 
relatively steeper slope towards east in eastern part. 
The profile of this part of Thaljhora River also 
shows an anomalous convex pattern (Figure13). 

There is another linear N-S trending marshy 
land marked by the Kurti River and present within 
the Thaljhora Surface south of Nagrakata Scarp 

Figure 11 Drainage map of our Jaldhaka-Gathia 
interfluve study area showing the relationship between 
the major and minor rivers and fault scarps. For 
comparison of drainage pattern and the relationship of 
drainage with the fault scarps, see the similar map for 
the adjacent Mal-Murti interfluve which was previously 
published by Goswami Chakrabarti et al. (2012). 

Figure 10 The highest area on the Thaljhora Surface represents a dome shaped hillock with no vertical scarp that is 
present along the western bank of Gathia River. Profile A-B was constructed is shown on accompanying index map 
and was constructed from Cartosat 1 DEM.  
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(Figure 11). 

2    Results  

2.1 Materials, surfaces, scarps, 
and active structures 

The river terrace and the fan 
surface sediment is essentially fluvial 
with coarsening upward sequences, 
but can be differentiated in terms of 
antiquity using colour, grain size 
variation, OSL ages, and deformation 
structures. 

The terraces formed along the 
eastern bank of Jiti River north of the 
Thaljhora Scarp formed by the fresh 
supply of young alluvial sediments 
and are characterised by loose grey 
coloured, pebble and boulder beds 
(Figure 6)  

The material below the Jiti 
surface is grey in colour with angular 
and subrounded boulders in beds 
resting over older fan material.  These 
older materials are similar to those 
below the Thaljhora Surface, and are 
comprised of cross-bedded sand and 

 

Figure 12 Longitudinal profiles of the rivers in the Jaldhaka-Gathia interfluve: A-A’: Gathia River, B-B’: Jaldhaka 
River, C-C’: Jiti River, and D-D’: a minor River. These profiles consistently show major knickpoints where these rivers 
cross the Thaljhora and Nagrakata Scarps. The index map and profiles were constructed from the Cartosat 1 DEM. 

 
a) 

b) 

Figure 13 Longitudinal profile along the Thaljhora River showing an 
anomalous convex pattern. a) The Cartosat 1 DEM showing the 
Thaljhora River; b) The profile along the line P-Q shows the slope 
towards the west is gentle and some portions, almost horizontal. 
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pebble beds. The older fan material is yellowish 
grey to reddish yellow in colour, indicating 
moderate oxidation. This contrasts with the low 
oxidation of the material below the Jiti surface 
which is manifested by its thin soil cover and grey 
colour. The older fan material resembles the 
material below the Thaljhora Surface just south of 
Thaljhora Scarp. The material of Jiti surface is thus 
resting over the older fan deposit that forms the 
Thaljhora Surface (Figure 6a).  

South of the Thaljhora Scarp, the situation is 
quite different. Here the depositional surface is 
characterised by a thick red soil cover and with 
thick sand and clay beds (Figure 14). The 
sediments beneath the Thaljhora Surface are 
coarsening upward and contain rounded pebbles 
and boulders in beds. The sediments lying to the 
south of the Nagrakata Scarp on the same surface 
are more oxidised with sand, clay and boulder beds 
containing very large granitic boulders (> 3m in 
diameter). Oxidation thus increases from Jiti 
surface to Thaljhora Surface and further south to 
the Nagrakata Scarp (Figure 14). 

We interpret this phenomenon of consecutive 
older materials towards south below the same 
depositional surface as due to the existence of a 
southerly dipping blind thrust underlying the 
Nagrakata Scarp, with the finer and older sand 
beds having been thrust over the boulder beds.  
The rivers that form deep gorges south of the 
Nagrakata Scarp have eroded the upper sand and 
clay beds and relict granitic boulders are scattered 

on the Thaljhora Surface as erosional remnants. 
Although the material below the Thaljhora 

Surface is characterised by coarsening upward sand 
and pebble beds, we also found distinct black and 
yellow clay beds as broad lenses below the 
Thaljhora and the Nagrakata Scarps within the fan 
material. These clay beds are indicators of 
deposition in low energy settings that likely 
resulted on the down-thrown sides of the blind 
thrust faults. Relative subsidence below the scarps 
is resulted in the bogging of river flow in those 
areas.  

Apart from the E-W trending faults manifested 
by E-W trending scarps, there are two cross-faults, 
along the Jaldhaka River in west, and the Gathia 
River in the east. They are evident by high vertical 
scarps with no river terrace risers and well-
developed triangular facets along the eastern banks 
of both rivers. Our total station survey (from the 
north of the Thaljhora Scarp to the south of the 
Nagrakata Scarp) shows deformation of the 
Thaljhora depositional surface to the exact height 
and slope of the Thaljhora and Nagrakata Scarps 
(Figure 4).   

The Jaldhaka-Gathia and Mal-Murti 
interfluves are cut by both E-W (parallel to the 
trend of the Himalayan thrusts) and N-S 
(transverse to the trend of the Himalayan thrusts) 
scarps. The Thaljhora Scarp is the most important 
and most spectacular E-W trending scarp.  It is a 
north-sloping, ca. 80m high, scarp, interpreted as 
having formed along the Main Boundary Thrust 

     
(a)                                                                                                            (b) 

Figure 14 Sediments below the Thaljhora Surface north (a) and south (b) of the Nagrakata Scarp. Materials south of 
the scarp are more oxidised and contain thicker sand beds than those north of the scarp.  In addition, sand appears 
only as lenses, not in thick beds within pebble beds, north of the scarp.  
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(MBT), and found at a similar latitude to that of the 
adjacent, south-sloping Matiali scarp mapped by 
Nakata (1989). Radiocarbon dating on sediments 
from the Thaljhora Scarp showed that the scarp 
deformed the alluvial cover after 27210±240 BP 
(Guha et al. 2007). Unlike the Chalsa and Matiali 
scarps, the Thaljhora Scarp is north-sloping. In 
addition, its slope is much higher than those of the 
Matiali and Chalsa Scarps.  Moreover, it has no 
breaks in slope as do the Chalsa and Matiali scarps 

(Goswami Chakrabarti et al. 2013). Finally, the 
north face of this scarp is steeper than its southern 
face (Figure 4). We found that the sediment of the 
Thaljhora Surface just north of this scarp dips 
northward at about ~20˚ (Figure 15). Our new OSL 
date for the grey sandy clay at the base of the 
northern face of the scarp is 37 ± 7 ka. Another clay 
bed from at ~10m high from the base of the scarp 
dates to 27ka (Singh et al. 2016). Both of these 
units are cut by the scarp (Figure 16). 

The southern limit of the study area is marked 
by the more diffuse, south-sloping Chalsa Scarp, 
which eventually dies out. The Chalsa Scarp is 
prominent up to the Murti-Jaldhaka interfluve. 
Then it bends towards south and, east of Jaldhaka, 
it becomes quite diffuse where it bends again 
toward the south and then dies out in the 
Jaldhaka-Gathia interfluve. 

Apart from the two scarps describe above, we 
also report for the first time the presence of an 
additional, small, ca. 5m tall, north-sloping scarp, 
which we call the Nagrakata Scarp, which is found 
between the Thaljhora and Chalsa Scarps cutting 
the Thaljhora Surface. The Nagrakata Scarp can be 
identified as a clear lineament on satellite images, 
toposheets, and DEMs. Moreover, it is quite easily 
discernible on our total station survey profile 
(Figure 4). This E-W lineament is also marked by 

Figure 15 Pebble beds of the Thaljhora Surface, 10m 
north of Thaljora Scarp, which dip north at  ~200. This 
represents the steep limb of the anticline developed 
over the south-dipping blind thrust below the Thaljhora 
Scarp. 

 
Figure 16 Sediments from material of Thaljhora Surface in the north and south banks of the Thaljhora River and in 
the south bank of the gully along the base of the Nagrakata Scarp. These samples were dated via the OSL method. The 
OSL results are given in Table 1.  
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the presence of an E-W gully. There are distinct 
unpaired terraces in the two sides of this gully 
(Figure 17). This scarp curves towards the 
northeast and dies out near the Kurti River. 

Two types of transverse scarps are observed in 
the study area: a) river terrace boundaries that are 
marked by the vertical risers or ‘scarps’, and b) 
NNE-SSW and NNW-SSE lineaments along the 
eastern bank of Jaldhaka and Gathia River which 
are marked by very high vertical scarps with 
triangular facets. These scarps are not associated 
with river terraces (Figure 8). In the northern 
portion of study area, the southeasterly flowing Jiti 
River meets the Jaldhaka River. Here the course of 
the Jaldhaka River is along an N-S lineament and 
that of Jiti River is along a NW-SE trending 
lineament. The NW-SE profile crossing the 
Jaldhaka and Jiti River shows two deep river 
valleys separated by high-ground which indicates 
subsidence or incision of the fan surface along the 
two river valleys that follow two cross-fault traces 
(Figure 18).  

2.2 OSL ages 

The cross-bedded, sandy clay of the Thaljhora 
Surface lies beneath an unconformity overlain by 
sediment of the Jiti surface, which at the northern 
bank of Thaljhora River, dates to 70 ± 15 ka by the 
OSL method.  This is the oldest dated material in 
the interfluve area that we studied (Figure 16). The 
grey sandy clay at the base of the northern face of 
the Thaljhora Scarp dates to 37 ± 7 ka and is at a 
higher elevation than the 70 ± 15 ka sandy clay 
described above. Another clay bed at ~10m high 
from the base of the scarp dates ~ 27ka (reported 
in Singh et al. 2016) (Figure 16).The yellow clay 
below the Nagrakata Scarp is exposed within an E-
W gully and was dated for the first time in our 
study at 5.7 ± 2.5 ka (Figure16). The OSL methods 
that we used to determine these ages are described 
fully in Appendix 1.   

2.3 Drainage patterns 

From the drainage map (Figure 11), we 
interpret that the drainage network in our study 
area is much younger than that in the Neora-Murti 
interfluve.  1st and 2nd order streams are common in 
the Jaldhaka-Gathia interfluve, whereas 3rd and 

higher order streams are abundant in Neora-Murti 
basin.  In addition, in the Jaldhaka-Gathia 
interfluve, the drainage pattern is controlled by the 
N-S faults, for example, along the Jaldhaka and 
Gathia Rivers.  Not a single river from north of the 

Figure 17 The western boundary of the lineament 
along the Nagrakata Scarp is marked by a prominent E-
W gully. Note: the unpaired terraces on the two sides 
of the gully. T2 (Terrace 2 shown in Figure 3) is the 
second highest river terrace from the river bed.  
 

 

Figure 18 Map showing NW-SE profile E-F crossing 
the Jaldhaka and Jiti River showing two deep river 
valleys separated by high-ground. The map and profile 
were constructed using the Cartosat 1 DEM.  
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Thaljhora Scarp crosses that scarp, whereas both 
the Juranti and Kurti rivers in the Neora-Murti 
interfluve both cross the Matiali and the Chalsa 
Scarps. This indicates a relatively younger age for 
the Thaljhora Scarp. The Thaljhora River also 
forms a linear lake with a gentle slope toward the 
west and a steep slope towards east at the base of 
the Thaljhora Scarp (Figure 13). The drainage over 
the Jiti surface shows neither the characteristic 
radial pattern of an alluvial fan nor does it show a 
convex upward surface profile similar to that of the 
Neora-Murti interfluve area that lies north of 
Matiali scarp.  Thus the Jiti surface does not 
represent an alluvial fan, but is rather a conical 
surface that likely formed by debris flow over the 
remnant of the Thaljhora Surface. The formation of 
Jiti surface is thus similar to that of Samsing 
surface which is interpreted as a debris flow over 
the T4 surface in the Neora-Murti interfluve 
(Nakata 1989; Goswami Chakrabarti 2013).  

The Jaldhaka River shows a sharp easterly 
bend parallel to the trend of the fault underlying 
the newly identified Nagrakata Scarp. The Jiti 
River in the NW corner of the study area flows 
along a NE-SW trending fault and meets the 
Jaldhaka River after crossing the Thaljhora Scarp.  

The interfluve between the Jaldhaka River and 
the Gathia River is elevated and has been uplifted 
relative to the adjacent Murti-Jaldhaka and Gathia-
Diana interfluve by two faults along these two 
rivers viz. the Jaldhaka and Gathia Faults (Figure 
9), but the amount of uplift is not same along the 
two faults. In northern portion of the fan surface, 
the surface is sloping towards WSW, whereas south 
of the Nagrakata Scarp, the surface slopes ESE; the 
fan sediments also dip ESE (Figure 19). We 
interpret this pattern as due to differential uplift 
along the Jaldhaka and Gathia faults which 
controls the movement along the cross-fault below 
the Nagrakata Scarp and causes rotation.  

3    Discussion 

We interpret that the dome shaped high-
ground along the western bank of Gathia River on 
the southern flank of Thaljhora Scarp is a part of 
the Thaljhora fan surface. There is no sharp break 
between the Thaljhora Surface and this high-
ground and the soil and sediment characteristics 

are also same for the two. Due to the differential as 
well as rotational deformation of the Thaljhora 
Surface, the NE part has experienced maximum 
uplift and thus high-ground formed there.  

The geomorphology of the area fits that of a 
wrinkle-ridge system (Schultz 2000), where the 
Thaljhora Scarp represents the ridge and the 
Nagrakata Scarp is the wrinkle (Figure 20). This 
wrinkle-ridge system formed over two south-
dipping thrusts, which are back-thrusts of the 
Himalayan regional thrusts viz. the MCT, MBT and 
HFT, which are north-dipping thrusts. The 
development of the topography in the area can 
further be explained by the formation of an active 
fold over a blind thrust that causes displacement of 
the ground surface as a function of geometry of the 
buried thrust fault, which is likely dipping at ~15° 
towards south and is linked to an even more gently 
dipping décollement associated with the major 
Himalayan thrusts (e.g., Ellis and Densemore 
2006). 

Figure 19 Sediments of Thaljhora Surface dipping 
toward the ESE south of Nagrakata Scarp. 
 

Figure 20 Characteristic of a wrinkle-ridge system as 
originally diagrammed by Schultz (2000). Compare this 
diagram to the observed profile shown in Figure 7. The 
comparison shows that a pattern very similar to the 
idealized one is observed in our study area. The angle ɑ 
denotes the angle between the slope of backlimb with 
the horizontal and β is the angle between the slopes of 
the forelimb with the horizontal. 



J. Mt. Sci. (2019) 16(12): 2828-2843 

 

 2841

Compared with that in the adjacent Neora-
Murti interfluve, deformation in our Jaldhaka-
Gathia interfluve study area is younger. OSL dates 
from the Neora-Murti interfluve indicate formation 
of the fan surface from about 171 ka to 72 ka; then 
deformation of the fan began with the fault 
activation and development of the Chalsa Scarp at 
about 41 ka. In contrast, the oldest material on 
Thaljhora Surface north of Thaljhora Scarp dates 
back to ~70 ka and the sandy clay bed from the 
base of Thaljhora Scarp is around 37 ka, and 
another clay bed from a slightly higher horizon 
formed at 27 ka.This indicates that this fan 
between the Jaldhaka and Gathia Rivers started 
forming at about 70 ka and at least two phases of 
activation of the blind thrust below the Thaljhora 
Scarp took place at approximately 37 ka and 27 ka. 
The Chalsa Scarp in the Neora-Murti interfluve 
represents a thrusting event that began at about 
~41 ka, but backthrusting that resulting the 
Thaljhora Scarp is younger and began at 
approximately ~37 ka (Guha et al. 2007; Singh et al. 
2016). The yellow, sandy-clay bed from the base of 
the Nagrakata Scarp exposed in an E-W gully gives 
an OSL age of ~6ka indicating that the thrusting 
that formed the Nagrakata Scarp is younger than 
~6ka. This provides evidence for the youngest 
thrusting event in this area, which is again much 
younger that the ~41ka thrusting that formed the 
Chalsa Scarp in the adjacent Neora-Murti 
interfluve (Singh et al. 2016). 

The present day geomorphology of our 
Jaldhaka-Gathia interfluve study area is 
dominantly controlled by back-thrusting which is 
manifested by the Thaljhora and Nagrakata Scarps. 
This back-thrusting system, specifically the splay 
on which the Nagrakata Scarp is formed, is active 
and developing. The geomorphology and drainage 
systems are to a lesser extent also controlled by N-
S trending cross faults along which the major rivers 
like Jaldhaka and Gathia flow. 

The sequence of the events forming the 
present-day geomorphology in the Jaldhaka-Gathia 
interfluve is as follows and is presented in Figure 5. 
An alluvial fan formed at the mountain front 
during late Pleistocene time before ~71 ka with the 
Thaljhora Surface as its top surface. This surface 
was then deformed via the formation of an 
anticlinal over the north-dipping Himalayan 
Frontal Thrust (HFT) whose expression in the 

landscape is manifested by the Chalsa Scarp (Stage 
1). 

A south-dipping back-thrust next formed 
north of the HFT surface trace (i.e., the Chalsa 
Scarp) at approximately 37 ka. Thrusting along this 
south-dipping back-thrust resulted in the 
formation of the north-sloping Thaljhora Scarp as a 
second anticline with a steep northern limb and 
created a pop-up structure (Stage 2). From the 
newly formed Thaljhora anticlinal hill and 
Thaljhora Scarp, minor south-flowing rivers were 
generated and began forming a dendritic pattern. A 
second phase of movement on the Thaljhora fault 
took place at about ~27 ka and caused uplift and 
incision and the higher terraces (T2) to be 
abandoned along the rivers. Initiation of Nagrakata 
Scarp as a result of a splay faulting of the Thaljhora 
fault south of the Thaljhora Scarp also took place 
around this time (Stage 3). 

Simultaneous thrusting on the HFT and back-
thrusting on the splay south of the Thaljhora Scarp 
at approximately 6 ka caused tear (cross) faulting 
with a rotational component. This movement 
resulted firstly the uplift of the newly formed 
Nagrakata Scarp to ca. 5 m and secondly the 
formation of different slopes north and south of the 
connecting cross-fault (Figure 10) (Figure 5, Stage 
3 and Stage 4). Due to its new anomalous anticlinal 
surface slope, minor rivers initiated south of the 
Nagrakata Scarp, started downcutting, and began 
forming deep gorges enhancing the parallel 
drainage pattern parallel to the major rivers like 
Jaldhaka and Gathia (Stage 4). Due to the 
anticlinal surface uplift, high-ground formed in the 
northeastern part of the Thaljhora Surface. 
Similarly, the southwestern part of the surface was 
also uplifted and a ca. 130 m scarp formed along 
the Jaldhaka River (Stage 4). 

Uplifted old and new depositional terraces 
formed along the rivers and record deposition 
between thrusting and back-thrusting pulses.  
Splay back-thrusting formed the Nagrakata Scarp 
and thrust older sediment of the Thaljhora Surface 
over younger sediment.  This was followed by the 
erosion of the older sediment north of the 
Nagrakata Scarp resulting in a difference in the soil 
character on the two sides of that scarp. Material 
on the southern side is more oxidised due to its 
greater antiquity (Figure 14). 
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4    Conclusions 

The formation of alluvial fans has been 
ascribed to two extrinsic factors: climate and 
tectonism. We concur that the Neora-Murti 
interfluve fan formed initially by a heavy sediment 
influx in the late Pleistocene due to climatic change 
and was then later deformed by thrusting and 
folding. From our study of the Jaldhaka-Gathia 
interfluve, we conclude that thrusting, back-
thrusting, and folding were the dominant causative 
factors in shaping this deformed fan segment. The 
geomorphological imprints of deformation that we 
interpret correlate well with known thrusts and 
cross (transverse) faults and were used to identify 
new back-thrusts and anticlines.  The formation 
and deformation of the fan segment in the 
Jaldhaka-Gathia interfluve are both younger than 
the age of the fans and deformation in the adjacent 
Neora-Murti interfluve. The geomorphology of the 
Jaldhaka-Gathia interfluve is dominated by the 
results of back-thrusting, unlike the Neora-Murti 
interfluve where it is governed by the movement on 
the thrust splays off of the regional MBT and HFT.  
In the Jaldhaka-Gathia interfluve, present-day 
geomorphologic development can be attributed to 
splay back-thrusting beneath the Nagrakata Scarp 
– this is the youngest faulting in this area. More 
detail sedimentological, paleoseismic, and geodetic 
studies would give an even better understanding of 
the relative importance of tectonics and climate in 
shaping the geomorphology of and of the seismic 

hazard posed to the Jaldhaka-Gathia interfluve 
region.  
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