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The Gorubathan recess in the Darjiling frontal Himalaya is an unusual and unique region in the Himalaya
as the Ramgarh thrust (RT) rather than the MFT deﬁnes the mountain front and the width of the Himalayan arc or the N-S aerial distance between the foreland (27.0947 N, 88.8744 E) and the Tibet Plateau
(27.6781 N, 89.1175 E) is merely ~70 km here. South of the mountain front, blind faults have deformed
several Quaternary alluvial fans and formed scarps over a ~35 km N-S zone. We ﬁrst used ﬁeld observations and fold-thrust belt concepts to re-interpret thrust nomenclature and geometry in the recess by
correlating structures and lithology with the adjacent Dharan salient across the salient-recess separating
Gish Transverse fault (GTF) and renamed the locally recognized faults to their regional equivalents. We
then used Real Time Kinematic Global Navigation Satellite Systems (RTKGNSS) corrected SRTM 30 m CBand data to compute geomorphic indices along with their uncertainties. Our results indicated that
neotectonic deformation has generated an active but mature landscape in the Gorubathan recess.
Quantitative topographic proﬁles based on RTKGNSS measurements reveal neotectonic warping and
formation of geomorphic scarps on the fan surfaces. Geomorphic scarps form due to motion along
thrusts but are not actual fault scarps. These proﬁles were used to model topographic growth and
perturbation of fan slopes by active thrusting and fault-propagation folding by Boundary Element
Method based dislocation modelling. Results indicate activity through much of the Quaternary on the
Ramgarh thrust, a hanging wall imbricate and a rejoining splay in its footwall as well as the Main
Boundary thrust. Comparison of modelled and measured topographic proﬁles in the recess points to
erosion of the fault-related scarp-tops in the deformed alluvial fans on the windward side of the SW
monsoon in both the Gorubathan and the Samsing-Matiali fans. Our integrated methodology improves
the understanding of coupled fault-generated deformation and topographic growth and may be applied
across the entire Himalayan front.
© 2017 Elsevier Ltd and INQUA. All rights reserved.
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1. Introduction
The Himalaya, a creation of continent-continent collision, is an
active tectonic belt where continuous northward drift and underthrusting of the Indian Plate beneath the Tibetan Plate has made
the entire adjacent terrain geodynamically active (Lyon-Caen and
Molnar, 1985; Ni and Barazangi, 1984). The Main Frontal thrust
(MFT), also known as the Himalayan Frontal thrust (HFT), is the
youngest of all the major thrusts and by deﬁnition transports Upper
PlioceneeLower Pleistocene Siwalik succession over the Middle

* Corresponding author.
E-mail address: malaymukul@iitb.ac.in (M. Mukul).

PleistoceneeHolocene sediments of the Indo-Gangetic plains (e. g.
Nakata, 1972). The zone between the Main Boundary thrust (MBT)
and the Main Frontal thrust (MFT) exhibits evidence of Quaternary
deformation resulting from the continuous movement of the Indian
plate (e. g. Mukul, 2000; Chaudhri and Chaudhri, 2001; Valdiya,
2003; Jayangondaperumal et al., 2011; Thakur, 2013; Srivastava
et al., 2016 and references therein) and is also recognized as the
contemporary deformation and topographic front of the Himalayan
fold-and-thrust belt (e. g. Gansser, 1964; Seeber and Gornitz, 1983;
Srivastava and Mitra, 1994; DeCelles et al., 1998; Barnes et al., 2011;
Srivastava et al., 2016). It has also been suggested that the MFT is
the surface/near surface expression of the Main Himalayan thrust
ment to the
(MHT) (Zhao et al., 1993) that forms the basal decolle
Himalayan wedge (Lave and Avouac, 2000; Mukul, 2000; Bilham
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et al., 2001). When locked, strain accumulates along the MHT under
the Greater Himalaya and is released during great earthquakes
(Magnitude > 8.0) that unlock the MHT and transfer slip all the way
along the MHT from the hinterland to the MFT in the foreland (Lave
and Avouac, 2000; Mugnier et al., 2013); this typically occurs when
the Himalayan wedge builds critical taper (Mukul et al., 2007). The
MFT, therefore, is activated only when slip along the MHT reaches
the Himalayan front during great earthquake events.
The continued deformation in the Himalaya resulted in the
development of an evolving foreland basin (e. g. Burbank et al.,
1996; DeCelles and Giles, 1996) whose stratigraphy was
controlled by the mountain belt which, in turn, affected its structural evolution (Chapman and DeCelles, 2015) as the mountain
front of the Himalaya migrated south. The foreland basin and the
present-day mountain front of the Himalaya are characterized by
numerous large low-gradient Quaternary mountain-attached alluvial fans that may or may not coalesce into megafans (fan area
>10,000 km2) in the distal foreland (e. g. Sinha Roy, 1981; Singh
et al., 2001; Singh, 2004; Gibling et al., 2005; Sinha et al., 2005;
Suresh et al., 2007; Tandon et al., 2008; Chakraborty, 2010;
Chakraborty and Ghosh, 2010; Sinha et al., 2014). The mountainattached alluvial fans were typically dissected by the modern
rivers emanating from the mountain belt. The migrating Himalayan
front tectonically cross-cut these fan systems by tilting, folding and
uplifting them (e. g. Nakata, 1989; Singh et al., 2001; Malik and
Nakata, 2003; Delcaillau et al., 2006; Kumar et al., 2006, 2010;
Singh and Tandon, 2007; Singh and Tandon, 2010). Therefore, the
proximal foreland throughout the Himalaya is tectonically active
and many of the Quaternary fan and terraces of the frontal Himalaya have primarily been attributed to the ongoing tectonic
movements (e. g. Singh et al., 2001; Chakrabarti-Goswami et al.,
2013).
The Himalayan boundary is wedge-shaped in N-S cross-section
and sinuous in plan (Mukul, 2010). Five major thrusts of the
Himalaya, from north to south, are the Main Central thrust (MCT),
Munsiari thrust (MT), Ramgarh thrust (RT), Main Boundary thrust
(MBT), and the Main Frontal thrust (MFT). These thrusts are related
to past and present mountain fronts as major topographic breaks
are associated with them. Salients and recesses are the characteristic features associated with sinuosity of the Himalayan front in
map-view (Marshak, 2004; Mukul, 2010). In the western and
eastern Himalaya, Dehradun recess/re-entrant, Nahan salient,
Kangra recess/re-entrant (Karunakaran and Ranga Rao, 1979;
Thakur and Rawat, 1992; Powers et al., 1998; Dubey et al., 2003;
Jayangondaperumal et al., 2010; Singh and Tandon, 2010) and
Dharan salient-Gorubathan recess pairs have been recognized
respectively (Mukul, 2010) (Fig. 1). The salient-recess transition
zones are typically lateral or oblique ramps or tear faults (Marshak,
2004). Salients are associated with a mountain front deﬁned by
frontal imbricate fans or schuppen belts (e.g. Nahan salient; Dharan
salient) (Boyer and Elliott, 1982). Recesses, on the other hand, may
be open to the foreland (e.g. Gorubathan recess in the eastern
Himalaya) or may contain intermontane, longitudinal valleys or
Duns (e.g. Dehradun and Kangra recesses in the northwestern
Himalaya). The Duns are characterized by a frontal topographic
high formed as a result of fault-related folding associated with a
single thrust fault (e.g. MFT) as seen in the Dehradun (Powers et al.,
1998; Jayangondaperumal et al., 2010; Singh and Tandon, 2010;
Srivastava et al., 2016) and Kangra recesses (Karunakaran and
Ranga Rao, 1979; Thakur and Rawat, 1992; Powers et al., 1998;
Dubey et al., 2003; Singh and Tandon, 2010). Non-Dun type recesses (Mukul, 2010) are open to the foreland and sediments carried by the rivers that drain the recess are ﬂushed out directly into
the foreland. Therefore, Himalayan salients, recesses and associated
transitional structures have implications on the variation of the

deformation kinematics along the length of the Himalayan arc over
space and time (Yin, 2006; Mukul, 2010).
The Gorubathan recess in the Darjiling frontal Himalaya is an
unusual and unique region in the Himalaya. First, the mountain
front here is deﬁned by the RT (Matin and Mukul, 2010), previously
named the Gorubathan-Jiti fault (Nakata, 1989), that carried Proterozoic Daling phyllites over Paleozoic Gondwana sandstones.
Next, the strike-perpendicular width of the Himalayan arc is minimal here as the N-S aerial distance between the foreland
(27.0947 N, 88.8744 E) and the Tibet Plateau in the Yadong-Gulu
rift (27.6781 N, 89.1175 E) is merely ~ 70 km. Finally, distinct
geomorphic surfaces and scarps are observed on alluvial fans
deformed by blind faults up to ~35 km south of the mountain front
(Nakata, 1989; Guha et al., 2007; Goswami et al., 2012; ChakrabartiGoswami et al., 2013; Kar et al., 2014). This unique setting, wherein
the Quaternary section is deformed up to ~35 km south of the
mountain front by all major thrusts younger than the RT, makes the
Gorubathan recess a unique and an ideal location to study Quaternary deformation in the Himalaya. Moreover, the existing
studies in the area (Guha et al., 2007; Goswami et al., 2012;
Chakrabarti-Goswami et al., 2013; Kar et al., 2014) have been
largely local in extent and restricted to the Samsing-Matiali Quaternary alluvial fan. Therefore, there is a need to expand these to a
more regional context of deformation in the Himalayan front.
Further, the kinematics of deformation reported in the Quaternary
alluvial fans is unconstrained and quite confusing. For example,
ramp anticlines or fault-bend folds (e.g. Boyer and Elliott, 1982;
Fossen, 2010) have been associated with fault-propagation
folding without any justiﬁcation or constraints (Goswami et al.,
2012; Chakrabarti-Goswami et al., 2013). Also, there is no
mention why fault-propagation folding is the more appropriate
model to explain deformation in the Quaternary alluvial fans.
Finally, the co-existence of active normal and thrust faulting in the
frontal Himalaya (Goswami et al., 2012; Chakrabarti-Goswami
et al., 2013) requires a kinematic explanation and better
constraints.
The purpose of this paper is to exploit the exposures of
deformed Quaternary alluvial fans in the ~35 km zone south of the
mountain front in the Gorubathan recess to understand frontal
Quaternary deformation and associated topographic growth in the
context of a modern fold-thrust belt salient-recess setting in the
eastern Himalaya. We also provide new high-resolution, ﬁeldbased digital topographic data for constraining the topography and
then use a Boundary Element Method based numerical model to
explore the co-evolution between Quaternary deformation and
topographic growth in the Gorubathan recess to understand the
relationship between tectonically generated topography in the
deformed alluvial fans and it's modiﬁcation by erosion. This integrated approach (combining contemporary fold-and-thrust belt
theory, tectono-geomorphic ﬁeld data, and dislocation modelling)
improves the understanding of Quaternary deformation and
topographic growth in elastico-frictional settings like the Gorubathan recess with implications across the entire Himalayan front
and active collisional wedge development worldwide.

2. Geological setting
The sinuous salient-recess nature of the Darjiling Himalayan
front was deﬁned by the Dharan salient-Gorubathan recess pair
that are separated by the Gish Transverse Zone (GTZ) at high-angle
to the E-W trend of the major Himalayan thrusts (Mukul et al.,
2009; Mukul, 2010) (Figs. 1 and 2). We brieﬂy summarize the
present state of knowledge in the frontal Darjiling Himalayan to set
up the framework to describe our work.
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Fig. 1. Sinuosity in the Himalayan arc expressed as convex-to-the-foreland salients and convex-to-the-hinterland recesses. The study area is shown in inset.

2.1. Dharan salient
The mountain front in the Dharan salient is located ~15 km
south of the RT (26.9353 N, 88.4497 E). West of GTZ in the Tista
section (Fig. 2), the RT carries Daling over Gondwana rocks south of
which the MBT carries Gondwana rocks over the Tertiary Siwalik
sedimentary sequence in its footwall (Heim and Gansser, 1939; Yin,
2006 and references therein) (Fig. 2). The footwall of the MBT is
extensively affected by imbricate thrusting, the ﬁrst of which is the
South Kalijhora thrust (SKT) (Mukul, 2000; Basak and Mukul,
2000), that carries Lower Siwalik over Middle Siwalik rocks. The
Middle Siwalik section is repeated by several imbricate thrusts
south of the SKT (Mukul, 2000). Eleven imbricates were reported
from the SKT footwall (T1eT11) from north to south in the Dharan
salient deﬁning an imbricate fan or a schuppen belt (Kundu et al.,
2011, 2012; Kundu, 2013) (Fig. 2). The southernmost and youngest MFT carries the Siwalik Group over the Quaternary deposits
that include recent alluvium of the Indo-Gangetic plains in its
footwall (Nakata, 1972; Hodges, 2000; Yin, 2006 and references
therein). In the Dharan salient, the frontal or southern-most
imbricate has been tentatively referred to as the MFT (Mukul
et al., 2007) in the absence of a fault contact directly placing
Siwalik rocks on Quaternary sediments.
2.2. Gorubathan recess
The mountain front recedes to the north by ~11 km at 26.96 N,
88.67 E in the Gorubathan recess (west of GTZ) and is deﬁned by
the RT (Matin and Mukul, 2010; Mukul, 2010). Gondwana rocks are
seen in the proximal footwall of the RT at the mountain front

(Fig. 2). Siwalik rocks have not been exposed in the recess. South of
the mountain front, Quaternary sediments were deposited as
mountain-attached alluvial fans characterized by clay, sand, pebble,
boulder beds and covered with weathered reddish soil (Nakata,
1989; Kar et al., 2014). These fans were dissected and marked by
multiple east-west extending steep escarpments (attributed to
MBT and MFT) that were mapped by remote sensing and veriﬁed
from toposheets and ﬁeld-mapping (Nakata, 1989) (Fig. 2).
The RT (Matin and Mukul, 2010) was recognized as the
Gorubathan-Jiti fault equivalent to MBT (Nakata, 1989) and was
thought to be responsible for ~350 m incision of a fan surface
(Gorubathan surface) that was a former river bed comprising of
boulder bed (> 90 m thick) with gneiss clasts on the eastern bank of
the Chel River. The RT was seen to bifurcate and extend towards the
east (Figs. 2 and 3) and form the Matiali fault escarpment on the
Matiali surface composed of Quaternary sand and gravel beds by
uplifting it ~90 m (Nakata, 1989). Other geomorphic surfaces along
the fault trace such as the Rangamati (~70 m) and Samsing surfaces
(~40 m) were also uplifted together with river terraces along Neora
River by ~25 m (Fig. 2). Nakata (1989) also reported outcrop of a
40 N dipping fault surface north of the Matiali scarp (L1 on Fig. 2)
where Daling phyllite were thrust over Quaternary boulder gravel
beds. The Gorubathan fault extended farther east across the Jaldhaka River as Thalijhora and Jiti faults. The Chalsa escarpment was
attributed to the MFT (Nakata, 1989) (Fig. 2) about 10 km south of
the Matiali fault.
The abandoned Samsing-Matiali fan (Fig. 2) has been studied in
detail from its fan head in the interﬂuve area between the Mal and
Murti Rivers (Guha et al., 2007; Goswami et al., 2012, ChakrabartiGoswami et al., 2013; Kar et al., 2014). Samsing and Matiali
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Fig. 2. Geology of the frontal Darjiling Himalaya. Eleven imbricate thrusts in the footwall of the MBT were observed in the Dharan salient (Kundu, 2013). Deformed Quaternary
alluvial fans were seen in the Gorubathan recess (dashed lines). Red lines show the major active faults in the area: 1. Gorubathan fault (RT); 2. Matiali fault (rejoining splay of RT); 3.
Jiti fault (RT); 4. Thalijhora fault (rejoining splay of RT); 5. Chalsa fault (MBT); 6. Bharadighi fault (MFT?) (Modiﬁed after Nakata, 1989). B and B0 shows two branch points of Matiali
fault with Gorubathan fault (RT). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Formations were recognized from the fan. The Samsing Formation
was interpreted to be fan-head or proximal alluvial fan deposit
consisting of a thick, coarsening-upward, clast-supported boulder
bed close to the mountain front with angular gneiss boulders
exposed only between the Chel and the Jaldhaka Rivers in the
Gorubathan and Samsing-Matiali fans. The Samsing Formation
represented mass-ﬂow mega-gravels and was the oldest unit in
view of its highly oxidized, chocolate-red soil cover and higher
elevation of its terraces (Das and Chattopadhyay, 1993a,b; Guha
et al., 2007). This unit was designated T4 by Goswami et al.
(2012) & Chakrabarti-Goswami et al. (2013) and T3a by Kar et al.
(2014) and was deposited between 171 and 2 ka as evident from
Optically Stimulated Luminescence (OSL) ages (Singh et al., 2016).
The Matiali Formation included sediments from the Matiali and
Rangamati surfaces (Nakata, 1989) with dominantly bouldery
gravels and frequent presence of sheet-like sandy horizons and rare
organic-rich clay layers. Radiocarbon (14C) dates from these
organic-rich layers indicate that this unit was deposited between
~25.2 and 31.8 kilo years before present (kybp) (Guha et al., 2007)
coinciding with a period of intensiﬁed Indian summer monsoon
(MIS-3) (Kar et al., 2014). The Matiali Formation has been interpreted as representing facies variations in the distal part of the
same alluvial fan as the Samsing Formation and consisted of parallel stratiﬁed beds of cobble, pebble and sand interpreted as ﬁner
sheet-ﬂood gravels and deposited till ~72 ka when the monsoon

weakened. However, based on the 14C dates the deposition in the
fan continued till ~34 kybp (Guha et al., 2007; Kar et al., 2014).
Following this, the fan was incised by river systems (Kar et al., 2014;
Singh et al., 2016). The highest terrace (T3 and T2 along the banks of
Neora) was deposited around ~59 ka after deglaciation phase at 63
ka and then again (T1 in Kurti River) around ~29 ka (Singh et al.,
2016) largely during enhanced summer monsoon between 58
and 24 ka in the Himalaya. Kar et al. (2014) on the other hand
postulated incision of the river valleys during the LGM (24e18 ka)
and aggradation phases during wetter periods induced by
increased summer monsoon between 15 and 5 ka. The last aggradational event recorded in the terraces was 6 to 5 ka (Kar et al.,
2014; Singh et al., 2016). The general consensus appears to be
that deposition of sediments in the Quaternary alluvial fans in the
Gorubathan recess was driven and dominated by monsoonal ﬂuctuations (Kar et al., 2014; Singh et al., 2016; Ghosh et al., 2015) and
subsequently deformed by thrust-faulting.
The Quaternary alluvial fans in the Gorubathan recess were
deformed by the RT. Radiocarbon (14C) ages from the RT fault zone
within the Matiali Formation (Fig. 3 of Guha et al., 2007) suggest
that RT was active after ~34 kybp. The Matiali scarp (Fig. 2) was
attributed to the Matiali fault that was believed to be active between 24 and 11 ka (Kar et al., 2014). The Chalsa scarp (Fig. 2) was
attributed to the Chalsa fault that was believed to be active between
48 and 41 ka (Singh et al., 2016), after ~22 kybp (Guha et al., 2007)
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Fig. 3. Map showing RTKGNSS survey lines in the Gorubathan recess. TV1 and TV2 RTKGNSS traverses were made across deformed Samsing-Matiali (pink) and Gorubathan (yellow)
Quaternary alluvial fans (dashed lines). The digital topographic data were used to validate dislocation models. 1. Gorubathan-Jiti fault (RT); 2. Matiali fault (rejoining splay of RT); 3.
Chalsa fault (MBT). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

and 11 to 6 ka (Kar et al., 2014). Kumar et al. (2010) recorded evidence of a great earthquake in the Chalsa scarp around A. D. 1100
which was reinterpreted to be around A. D 1255 (Mishra et al.,
2016). However, Pierce and Wesnousky (2016) argued that A. D.
1100 (Kumar et al., 2010) was correct. The RT was emergent in the
Gorubathan recess (Nakata, 1989; Matin and Mukul, 2010) and the
main Matiali and Chalsa fault zones were blind (Nakata, 1989; Guha
et al., 2007; Goswami et al., 2012; Chakrabarti-Goswami et al.,
2013; Kar et al., 2014). Although blind, the Matiali and the Chalsa
faults were tentatively correlated with the MBT and the MFT
respectively (Nakata, 1989) without any constraints on their footwall and hanging wall lithologies. Nevertheless, this correlation has
been followed by subsequent workers in the area.
3. Methodology
We ﬁrst carried out geological ﬁeldwork and dual-frequency,
high-precision Real Time Kinematic Global Navigation Satellite
System (RTKGNSS) surveys in different parts of the Gorubathan
recess to generate digital topography data. Ellipsoidal heights (in
WGS84) were obtained at 941 points during the survey along
accessible roads following standard methodology (Rodriguez et al.,
2006). The RTKGNSS consists of a base receiver positioned at a
known location along with mobile rover receivers. The base
receiver sends real-time corrections to the rover receivers to obtain
the elevation with an uncertainty (both horizontal and vertical) of
~1e1.5 dm at various locations which were used as Independent
Check Points (ICPs) (El-Rabbany, 2002; Mukul et al., 2017b). The
purpose of collecting these data was two-fold. First, traverses across
the Matiali (TV1) and Gorubathan fans (TV2) (Fig. 3) helped
quantify the deformed fan topography for dislocation modelling of

the tectonically-generated topography. Our TV1 proﬁle was broadly
similar to earlier studies (Goswami et al., 2012; ChakrabartiGoswami et al., 2013; Kar et al., 2014) but has a decimeter (dm)level uncertainty apart from a ~50 m difference in ellipsoidal
heights with the previous proﬁles. Second, we also used the
RTKGNSS data to obtain ICP elevations for estimating the uncertainty associated with the Shuttle Radar Topography Mission
(SRTM) data used for the geomorphic analysis. The RTKGNSS was
used previously in the ﬁrst global assessment study of the C-Band
90 m SRTM data (Rodriguez et al., 2005; Rodriguez et al., 2006) and
we followed the same methodology for obtaining ICP elevations
and computing the uncertainty associated with SRTM data. The
average elevation of the 941 locations was ~339 m with a minimum
and maximum of ~108 m and ~777 m respectively (Table 1).
We next downloaded the 30 m resolution C-Band SRTM (C30)
DEMs for the region surrounding the Gorubathan recess from the
U.S Geological Survey website using the Earth Explorer Interface:
http://earthexplorer.usgs.gov/. We obtained the DEM as a GeoTiff
raster ﬁle and clipped them to our study area (Fig. 3). The errors at
each of the ICPs were obtained by ﬁrst converting the C30 geoidal
heights to ellipsoidal heights (e.g. Mukul et al., 2015, 2016) and then
subtracting them from the corresponding ICP RTK ellipsoidal
heights. The obtained errors were then subjected to statistical
analysis to ﬁnd the accuracy and uncertainty of the C30 DEMs in the
study area. All the 941 ICPs were used to compute the mean error
(ME), mean absolute error (MAE) and root mean square error
(RMSE) to analyze the accuracy of the C30 data. The uncertainty of
the data was computed using the standard deviation (SD) and the
standard error (SE) (Table 1).
We further corrected the C30 DEM to increase the accuracy and
lower the uncertainty of the C30 DEM by re-sampling to a higher
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Table 1
Error analysis of 30 m C-Band SRTM (C30) data using RTKGNSS ICPs.
Statistical Analysis
(Mean elevation ~339 m, Max elevation ~777 m, Min elevation ~108 m)

SRTM C30
“As is”

Mean Corrected

Re-sampled SRTM C30

Mean Corrected

No. of points
Mean (m)
MAE (m)
SD (m)
SEM (m)
RMSE (m)

941
4.05
5.13
4.68
0.15
6.18

941
0.00
3.95
4.68
0.15
5.21

941
4.07
4.98
4.43
0.14
6.02

941
0.00
3.36
4.43
0.14
4.43

(15 m) horizontal resolution and removing the mean error bias
computed from statistical analysis of the re-sampled DEM using
ICPs (Supplementary ﬁle: Appendix A) and the methodology
described in Mukul et al. (2017b). The corrected DEM was subjected
to statistical analysis to analyze the improvement in the accuracy
and uncertainty of the data using the 941 RTK ICPs (Table 1).
The re-sampled and mean-corrected 30 m resolution SRTM
DEM (SRTM C30_15) was then used for delineating 31 watersheds
or sub-basins in the Gorubathan recess (Fig. 4). Out of 31 subbasins, we identiﬁed 19 (N1 to N19; light purple in Fig. 4) that
were north of the mountain front and where the streams ﬂowed on
bedrock. From these 19 sub-basins, 10 streams continued to ﬂow
south of the mountain front on Quaternary sediments and connected sub-basins (yellow S1, S3, S4, S8, S9, S10, S11, S12, S14 and
S17 in Fig. 4) were identiﬁed south of the mountain front. However,
two streams originated south of the mountain front and were
identiﬁed in sub-basins S20 and S21 (Fig. 4). The remaining 9
streams were restricted to the northern basins or drained into the
northern end of one of the 10 connected southern basins. The

SRTM C30_15

streams in basins N13 and N19 drained out into basins S12 and S17
respectively and joined the streams originating from N12 and N17.
The streams originating from N15 and N16 drained into S14 directly
without joining the main stream originating from N14 (Supplementary ﬁle: Fig. D1). The 30 m SRTM data contained regions with
“no data” or voids that were ﬁlled by taking the values from the
90 m resolution SRTM data available at the CGAIR website (http://
srtm.csi.cgiar.org/SELECTION/inputCoord.asp). The void-ﬁlled DEM
was further analyzed to identify the cells that do not have a deﬁned
drainage direction if all the cells surrounding it were higher. These
cells, also known as sinks, were ﬁlled (Tarboton et al., 1991; Mark,
1988) using the Hydrology Tool in ArcGIS 10.1 and the ﬂow direction raster computed using the D8 algorithm in O'Callaghan and
Mark (1984). The ﬂow direction raster was used to identify the
stream channels by ﬁnding the ﬂow accumulation to each cell. The
ﬂow accumulation raster was re-classiﬁed to 2 classes, channel and
non-channel, to obtain the north and south pour points (outlet) of
the northern and southern watersheds. Using the pour-point and
the ﬂow direction raster, 31 watersheds were delineated using the

Fig. 4. Map showing 31 watersheds delineated using re-sampled and mean-corrected 30 m resolution SRTM DEM (SRTM C30_15) data from Quaternary alluvial fans in the
Gorubathan recess in the vicinity of the active faults.
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Watershed tool in ArcGIS 10.1. The area, maximum length, minimum and maximum elevation of these watersheds were calculated
along with the stream length at different reaches to compute the
geomorphic indices commonly used to study neotectonics in active
basins. These indices were relief ratio (Schumm, 1956), drainage
basin asymmetry (Hare and Gardner, 1985), basin elongation ratio
(Schumm, 1956), hypsometric integral (Pike and Wilson, 1971),
stream length gradient index (Hack, 1973; Keller and Pinter, 2002)
and valley ﬂoor width-to-height ratio (Bull and McFadden, 1977).
The standard deviation obtained from the statistical analysis of the
corrected DEM was used to compute and analyze the uncertainties
of all the indices involving ellipsoidal heights through error propagation during their computation (Mukul et al., 2017a). We used an
optimal stream reach length of 2 km for computing the stream
length gradient index for streams that were 7e65 km long. We also
computed valley ﬂoor width-to-height ratio every 2 km along the
length of the streams.
RTKGNSS ﬁeld-survey was also carried out along central transects of the Matiali (TV1) and Gorubathan fans (TV2) between May
2012eFebruary 2014 to obtain representative digital elevation
proﬁles across the fans (TV1&TV2 in Fig. 3) (e. g. Bangen et al., 2014;
Sinha et al., 2014). We employed dislocation based forwardmodelling to understand the integrated evolution of fault-slip,
topographic growth and erosion along the central part of the fans
where the deformed fan morphology was best developed. Major
faults rupture in segments that coalesce resulting in lateral and
frontal propagation of the fault-tip (Shipton and Cowie, 2003). This
fault-growth process results in an integrated displacement ﬁeld
that is highest near the fault center reducing to zero at the fault-tip
(Cowie and Shipton, 1998; Shipton and Cowie, 2003) via the initiation, propagation, and interaction of slip along individual fault
traces (e.g. Cowie and Scholz, 1992; McGrath and Davison, 1995). As
the integrated displacement ﬁeld is coupled with topographic
growth for dip-slip faults (Densmore et al., 2007; Ellis and Barnes,
2015), the faults deforming the fans can be simulated as single
elastic dislocations (or crack) in an elastico-frictional deformation
regime (Gudmundsson, 2011). In this study, we used the Okada
(1985) dislocation model based on the Boundary Element Method
formulation (Crouch and Starﬁeld, 1983; Toda et al., 2005) (Supplementary ﬁle: Appendix B). Inputs included estimates of dislocation strike, strike-parallel length, strike-perpendicular width, dip
angle, dip direction, cumulative slip along the simulated fault plane
and coordinates of the dislocation trace (fault plane) if emergent, or
its surface projection if blind (Table 2). We assumed material
deformation to be elastico-frictional with a Poisson's ratio of 0.25
(sandstones vary from 0.21 to 0.38) and Young's Modulus of 10 GPa
(sandstones vary from 10 to 20 GPa) (see Table 6.1 in Fossen, 2010).
We chose these representative values for Gondwana and Siwaliks
sandstones in near-surface conditions that, in all probability, underlie the Quaternary fans. As the fans have been deformed by blind
faults, we can assume that velocity of slip (Vs) along the faults was
greater than the velocity of fault propagation (Vp) and Vs/Vp [1
(McNaught and Mitra, 1993) such that the excess slip at the fault-tip
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broke the fan-surface even though the fault remained blind. This
scenario can be visualized for fault-tip or fault-propagation folding
in sandstones wherein slip along a causative dislocation (fault
proxy) is accumulated at the fault-tip generating a surfacedisplacement ﬁeld ahead of the blind propagating fault tip
(McNaught and Mitra, 1993). Furthermore, the vertical component
of this displacement ﬁeld was assumed to be the topography and
the fault-generated landscape (Myers et al., 2003; Srivastava et al.,
2016). Finally, we compared this landscape simulation with
RTKGNSS proﬁle data to validate our model and evaluate the relationship between the fault-generated topography and the presentday morphology and erosion across the Quaternary alluvial fans.
We did this by systematically varying different parameters to
obtain a modelled proﬁle closest to the measured cross-sectional
proﬁle (Table 2; Supplementary ﬁle: Appendix C).
Three dislocations were used as fault proxies for the RT (F3),
Matiali fault/RT splay (F2) and the Chalsa fault/MBT (F1) to simulate
the composite topographic proﬁle of the deformed Samsing-Matiali
fan along TV1. Also, we used two dislocations as fault proxies for
the RT (F1) and a hanging wall splay of the RT (F2) to simulate the
composite topographic proﬁle of the deformed Gorubathan fan
along TV2.
4. Results
Geological ﬁeldwork in the Gorubathan recess revealed that the
RT (Gorubathan-Jiti fault of Nakata, 1989) was emergent near the
south-end of Gorubathan town and carried Daling phyllites over
Gondwana sandstones (Figs. 2, 3 and 5) at the base of the Gorubathan fan (T4) on which TV2 was carried out (Fig. 3). The other
faults deforming the Quaternary alluvial fans south of the RT were
blind. Therefore, we computed geomorphic indices that are
commonly used to study neotectonics in active basins for rivers
draining the Gorubathan recess.
4.1. Results of the geomorphic indices study
We computed geomorphic indices in the Gorubathan recess
using re-sampled and corrected SRTM (SRTM C30_15) data. The
results from the analysis of the indices are given below:
4.1.1. Relief ratio (Rh)
The relief ratio (Rh) that describes the grade of a river is
computed from the elevation of the river source (ZS), river mouth
(ZM), and the maximum watershed length (L) (Schumm, 1956) and
is derived as follows:

Relief Ratio ðRhÞ ¼

ZS  ZM
L

(1)

The relief ratio (Rh) computed using the C30_15 SRTM data for
the 19 northern sub-basins (N1 to N19) with bedrock-streams
varied from 0.09 to 0.22 with an uncertainty (1s) of
0.0002e0.0012 (Table 3). In the 12 southern basins, however, the

Table 2
Selection of parameters for dislocations modelling of the deformation in Quaternary alluvial fans in the Gorubathan recess.
Dislocation (Fault Proxy)
Samsing-Matiali Fan
Chalsa fault/MBT (F1)
Matiali fault/RT splay (F2)
RT (F3)
Gorubathan Fan
RT (F1)
RT Splay (F2)

Cumulative Reverse-Slip (m)

Dip ( N)

Top Depth (km)

Strike-parallel Length (km)

Strike-normal Width (km)

385 ± 05
75 ± 05
1850 ± 10

25 ± 05
25 ± 05
10 ± 0.25

1.0 ± 0.25
0.25 ± 0.15
4.25 ± 0.05

15 ± 0.5
16 ± 0.5
16 ± 0.25

35 ± 3
35 ± 5
65 ± 10

400 ± 05
080 ± 05

15 ± 01
20 ± 01

0.50 ± 0.05
0.20 ± 0.05

1.95 ± 0.05
2.50 ± 0.50

17 ± 07
06 ± 03

Please cite this article in press as: Srivastava, V., et al., Quaternary deformation in the Gorubathan recess: Insights on the structural and
landscape evolution in the frontal Darjiling Himalaya, Quaternary International (2017), http://dx.doi.org/10.1016/j.quaint.2017.05.004

8

V. Srivastava et al. / Quaternary International xxx (2017) 1e24

Table 3
Results of geomorphic indices computed from Gorubathan recess sub-basins delineated using re-sampled and mean-corrected 30 m resolution SRTM (C30_15) data.
Basin #

AT (km2)

AR (km2)

L ± 0.012
(km)

ZS ± 4.43 m

ZM ± 4.43 m

Rh

N1
N2
N3
N4
N5
N6
N7
N8
N9
N10
N11
N12
N13
N14
N15
N16
N17
N18
N19
S1
S3
S4
S8
S9
S10
S11
S12
S14
S17
S20
S21

62.76
10.25
26.39
134.63
27.16
22.41
10.21
87.53
20.37
110.20
43.21
619.79
160.49
19.63
14.52
9.95
95.26
32.27
102.72
13.06
6.45
2.21
129.14
114.50
35.91
53.21
62.44
153.00
225.66
181.81
122.76

21.76
3.63
11.42
36.77
9.41
8.43
4.59
39.42
11.13
60.95
24.03
373.78
92.53
10.80
4.85
5.22
59.91
20.30
46.24
4.59
2.92
1.83
66.39
58.89
19.93
15.19
32.10
78.61
134.21
65.60
41.01

13.08
8.74
10.20
23.11
10.42
7.75
6.75
16.04
6.77
21.21
12.15
39.98
19.22
10.94
8.44
5.71
15.31
10.16
12.82
9.32
4.59
4.14
25.32
24.37
16.11
20.65
23.61
30.79
33.57
23.24
36.92

1898.07
1183.07
1347.07
2365.07
1164.07
1812.07
1388.07
2470.07
1448.07
3167.07
2537.07
4591.07
3451.07
2525.07
1917.07
1455.07
3464.07
2551.07
2552.07
432.07
375.07
493.07
617.07
680.07
712.07
799.07
523.07
1037.07
2350.07
1191.07
1286.07

222.07
190.07
190.07
209.07
193.07
305.07
290.07
321.07
294.07
323.07
442.07
351.07
329.07
384.07
394.07
377.07
374.07
336.07
329.07
126.07
157.07
180.07
109.07
107.07
130.07
129.07
111.07
109.07
122.07
126.07
100.07

0.13
0.11
0.11
0.09
0.09
0.19
0.16
0.13
0.17
0.13
0.17
0.11
0.16
0.20
0.18
0.19
0.20
0.22
0.17
0.03
0.05
0.08
0.02
0.02
0.04
0.03
0.02
0.03
0.07
0.05
0.03

relief ratio (Rh) varied from 0.02 to 0.08 with an uncertainty (1s) of
0.0002e0.0015. Also, Rh is a non-dimensional, normalized index,
whereby the uncertainty is minimized.
4.1.2. Drainage basin asymmetry (AF)
The drainage basin asymmetry factor (Gardner et al., 1987) is
used to detect the tectonic tilting of small and large area drainage
basins irrespective of local or regional tilt (Hare and Gardner, 1985).
It is deﬁned as the ratio between the downstream right drainage
area (AR) of the main drainage line and the total area (AT) as deﬁned
below:

Drainage Basin Asymmetry Factor ðAFÞ ¼

AR
 100
AT

(2)

The drainage basin asymmetry factor was below 50 for subbasins N1 to N8, N15 and N19 with the lowest at 27.32 for subbasin N4 (Table 3; Fig. 4). The remaining 9 sub-basins had AF >
50 with the maximum of 62.89 at N17 and N18 followed closely by
60.31 at N12 (Table 3). Similarly, south of the mountain front, 5 subbasins (S1, S3, S11, S20, S21) have AF < 50 with the lowest at 28.55
in S11. The remaining 7 sub-basins (S4, S8, S9, S10, S12, S14, S17)
had AF > 50 with the maximum of 82.85 at S4. Basins N16, S8, S9,
S12 and S14 had values close to 50 (within ± 2.5). The AR and AT
used for computing the drainage basin asymmetry is tabulated in
Table 3. As area computation did not involve elevation or point
locations, no uncertainty was computed for AF.
4.1.3. Basin elongation ratio (Re)
The basin elongation ratio (Re) is deﬁned as the ratio of the
diameter of the circle having the same area as the basin (AT) and the
maximum basin length (L; Schumm, 1956) and is computed using
the following equation (Schumm, 1956):

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.0005
0.0007
0.0006
0.0003
0.0006
0.0008
0.0010
0.0004
0.0010
0.0003
0.0005
0.0002
0.0003
0.0006
0.0008
0.0012
0.0004
0.0007
0.0005
0.0007
0.0014
0.0015
0.0002
0.0003
0.0004
0.0003
0.0003
0.0002
0.0002
0.0003
0.0002

AF

Re

34.67
35.38
43.28
27.32
34.66
37.61
44.96
45.04
54.61
55.31
55.61
60.31
57.65
55.02
33.43
52.44
62.89
62.89
45.01
35.16
45.32
82.85
51.41
51.43
55.50
28.55
51.41
51.38
59.47
36.08
33.41

0.7
0.4
0.6
0.6
0.6
0.7
0.5
0.7
0.8
0.6
0.6
0.7
0.7
0.5
0.5
0.6
0.7
0.6
0.9
0.4
0.6
0.4
0.5
0.5
0.4
0.4
0.4
0.5
0.5
0.7
0.3

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.0007
0.0006
0.0007
0.0003
0.0007
0.0011
0.0009
0.0005
0.0015
0.0004
0.0006
0.0002
0.0005
0.0006
0.0007
0.0013
0.0006
0.0007
0.0009
0.0006
0.0017
0.0012
0.0002
0.0003
0.0003
0.0002
0.0002
0.0002
0.0002
0.0004
0.0001

(Hmean)
± 4.43 m

(Hmin)
±4.43 m

(Hmax)
±4.43 m

(HI)

773.74
577.81
560.98
1178.17
421.35
812.23
610.99
1261.72
602.31
1658.54
1424.32
2252.98
1649.38
1164.98
910.07
779.44
1669.33
1088.31
1168.00
177.66
192.04
246.94
179.64
181.92
262.07
287.61
206.18
265.45
512.50
286.71
256.39

222.07
190.07
190.07
209.07
193.07
305.07
290.07
321.07
294.07
323.07
442.07
351.07
329.07
384.07
394.07
377.07
374.07
336.07
329.07
126.07
157.07
180.07
109.07
107.07
130.07
129.07
111.07
109.07
122.07
126.07
100.07

1898.07
1183.07
1347.07
2365.07
1164.07
1812.07
1388.07
2470.07
1448.07
3167.07
2537.07
4591.07
3451.07
2525.07
1917.07
1455.07
3464.07
2551.07
2552.07
432.07
375.07
493.07
617.07
680.07
712.07
799.07
523.07
1037.07
2350.07
1191.07
1286.07

0.33
0.39
0.32
0.45
0.24
0.34
0.29
0.44
0.27
0.47
0.47
0.45
0.42
0.36
0.34
0.37
0.42
0.34
0.38
0.17
0.16
0.21
0.14
0.13
0.23
0.24
0.23
0.17
0.18
0.15
0.13

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.004
0.007
0.006
0.003
0.007
0.004
0.006
0.003
0.006
0.002
0.003
0.002
0.002
0.003
0.004
0.006
0.002
0.003
0.003
0.021
0.029
0.020
0.012
0.011
0.011
0.010
0.016
0.007
0.003
0.006
0.005

qﬃﬃﬃﬃﬃ
AT

Basin Elongation Ratio ðReÞ ¼ 2 

p

L

(3)

Based on the Re, the basins are classiﬁed as circular (Re > 0.9),
oval (0.8 < Re < 0.9), less elongated (0.7 < Re < 0.8), and elongated
(Re < 0.7; Strahler, 1964) and ranging from < 0.50, through
0.50e0.75 to > 0.75 for tectonically active, slightly active and
inactive settings, respectively (Bull and McFadden, 1977; Cuong and
Zuchiewicz, 2001). The Re values computed for the sub-basins
varied from 0.3 to 0.9. For the northern basins, Re was lowest
(0.4) and highest (0.9) for sub-basins N2 and N19 respectively. For
the southern basins, the lowest and highest Re of 0.3 and 0.7 were
obtained for sub-basins S21 and S20 respectively. All sub-basins
(except S20) in the south and sub-basins N2 to N5, N7, N10, N11,
N14, N15, N16 and N18 had Re values < 0.7. The Re of the sub-basins
N1, N6, N8, N12, N13, N17 and S20 was 0.7, N9 was 0.8 and N19 was
0.9 (Table 3). The uncertainty associated with Re value was <
0.0017. Also, Re is a non-dimensional, normalized index whereby
uncertainty is minimized.
4.1.4. Hypsometric curve and hypsometric integral (HI)
The measure of the relationship between area in the watershed
and elevation is known as hypsometry (Langbein, 1947; Strahler,
1952). The hypsometric curve allows for comparison of areas of
different sizes and elevations in the normalized cumulative area (xaxis) and normalized elevation (y-axis) space. The shape of the
curve obtained points to the geomorphic processes in a watershed
(Strahler, 1952). A convex curve indicated a youthful basin categorized by rough relief indicating active tectonics, whereas a concave
curve was related to an old basin where alluvial or ﬂuvial processes
dominated. A concave-convex curve indicated a mature basin
where tectonics and erosion worked in near equilibrium (Strahler,
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1952). Hypsometric curves were constructed only for the 19
northern sub-basins (N1-N19) in the Gorubathan recess as the
southern basins lacked adequate relief (Fig. 6). The sub-basins were
grouped into (A) west of the GTZ in the Dharan salient (N1 to N4)
(B) east of the GTZ in the western Gorubathan recess that included
the Samsing-Matiali and the Gorubathan fans (N5 to N12) and (C)
eastern Gorubathan recess (N13 to N19). In the Dharan salient, subbasins N1 and N3 hypsometric curves were concave-convex
whereas N2 and N4 more convex (Fig. 6A) with larger area under
the curve than N1 and N2. East of the GTZ, sub-basins N10 and N11
were convex while others were mostly concave-convex (Fig. 6B). In
the eastern Gorubathan recess, all sub-basins were concave-convex
(Fig. 6C).
A basin's relief can be quantiﬁed easily by the hypsometric integral (HI). The HI can be used to identify tectonically active regions
and is computed from the formula (Pike and Wilson, 1971;
Willgoose and Hancock, 1998):

Hypsometric Integral ðHIÞ ¼

Hmean  Hmin
Hmax  Hmin

(4)

where Hmean, Hmin, and Hmax are the mean, minimum, and
maximum elevations of the watershed respectively. The HI values
range between 0 and 1 with values close to 0 indicating that the
basin is in an old-age stage and values close to 1, a youthful stage
(Strahler, 1964). The basin at the youthful stage is characterized by
rugged relief and deep incision, whereas old-age basins have subdued relief (Strahler, 1964; Keller and Pinter, 2002). Mature basins
are at the intermediate stage where the geomorphic progression
occurs at near stability. The HI values computed for all the subbasins were below 0.5. In the northern sub-basins, a maximum of
0.47 (uncertainty < 1%) in sub-basins N10 and N11 and minimum of
0.24 and 0.27 (uncertainty < 3%) in N5 and N9 were observed
respectively (Table 3). Similarly, we observed a maximum of 0.24
(uncertainty < 5%) in S11 and minimum 0.13 (uncertainty < 9%) in
S9 and S21. The HI in the sub-basins N1, N2, N3, N6, N7, N14, N15,
N16, N18 and N19 were between ~0.3e0.4 with uncertainty ~2%
(Table 3). The HI in sub-basins N4, N8, N10, N11, N12, N13 and N17
were ~0.4e0.5 with less than 1% uncertainty. The HI in sub-basin
N5 with 0.24 had the highest uncertainty of ~3% (Table 3). Similarly, the HI in the sub-basins S1, S3, S8, S9, S14, S17, S20 and S21
were between ~0.1e0.2 with uncertainty less than ~18%. The HI in
sub-basins S4, S10, S11 and S12 were ~0.2e0.3 with less than ~10%
uncertainty (Table 3).

4.1.5. Stream length gradient index (SL)
The stream length gradient index (SL) is used to show the
relationship between stream power, tectonics, and rock resistance
(Hack, 1973; Keller and Pinter, 2002) and is computed using the
following equation:

Stream Length Gradient Index ðSLÞ ¼

DH
L
Dl

(5)

where DH is the difference in elevation, and Dl the length of the
stream reach where the index is to be computed. Thus (DH/Dl) is
the gradient of the stream reach. The L is the channel length from
the drainage divide to the center of the reach. Stream power is a
function of water slope and discharge. The discharge correlates
with the channel length, and the water slope is computed by the
slope of the channel or the gradient of the stream reach (Ata, 2008).
The change in stream power is affected by change in slope induced
by tectonic deformation or differential rock resistance from lithological variation and is reﬂected in anomalous SL values in these
regions. The anomalous SL values are expressed as knick points

Fig. 5. Exposed Ramgarh thrust (RT) in Gorubathan town (Fig. 2) carrying Daling
phyllites over Gondwana sandstones at the base of the T4 deformed terrace (Yellow
shaded area is exposed fault surface). (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

along the longitudinal proﬁle of the stream (Fig. 7). We computed
SL for the streams in all the sub-basins using an optimal reach
length of 2 km (Supplementary ﬁle: Appendix D). The knickpoints
from each of the watersheds were tabulated separately in Table 4
and plotted on map (Fig. 7) and river-proﬁle view (Fig. 8).
4.1.6. Valley ﬂoor width-to-height ratio (Vf)
The U- and V-shaped valleys can be identiﬁed by the valley ﬂoor
width-to-height ratio (Bull and McFadden, 1977) deﬁned as:

Vf ¼

2Vfw
Eld þ Erd  2Esc

(6)

where Erd and Eld are elevations of the right and left valley divides
respectively, Esc the valley ﬂoor elevation, and Vfw the valley ﬂoor
width. Also, Vf is a non-dimensional, normalized index whereby
uncertainty is minimized. Values closer to 0 are V shaped and those
close to 1 or above 1 are U shaped. The V-shaped valleys indicate
the presence of areas affected by tectonic uplift. The U-shaped
valleys indicate the attainment of erosion at the base level (Keller
and Pinter, 2002; Keller, 1986). The Vf for the all the sub-basins
were computed at points along the stream channel where SL
were computed (Supplementary ﬁle: Appendix D), plotted on riverproﬁles (Fig. 8A) and listed at knickpoints (Table 4). The Vf values
were found to be between 0.12 and 0.97 for the sub-basins and the
uncertainty of Vf was typically an order of magnitude less than the
Vf value (Supplementary ﬁle: Appendix D).
4.2. Morphology of alluvial fans in the Gorubathan recess from
RTKGNSS study
The abandoned Samsing-Matiali fan (Fig. 2) has been studied in
detail from its fan head in the interﬂuve area between the Mal and
Murti Rivers. Initially, Nakata (1989) described two surfaces,
Samsing and Rangamati surfaces between the Mal and Murti
Rivers. Subsequent workers (Guha et al., 2007; Goswami et al.,
2012, Chakrabarti-Goswami et al., 2013; Kar et al., 2014; Singh
et al., 2016) established that these surfaces were part of the
Samsing-Matiali fan and recognized proximal and distal fan facies
as Samsing and Matiali Formations respectively. Moreover, stream
terraces were recognized along the Mal and Murti Rivers along the
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Fig. 6. Hypsometric curves (HI) for the sub-basins from Dharan salient and Gorubathan recess. A: HI curves for western sub-basins, Dharan salient, west of GTZ. B: HI curves for
central-sub basins of Gorubathan recess east of GTZ. C: HI curves for sub-basins, eastern Gorubathan recess.

eastern and western edges of the Samsing-Matiali fan (Fig. 2) that
have also been dated (Guha et al., 2007; Kumar et al., 2010; Kar
et al., 2014; Singh et al., 2016). We ran RTKGNSS traverse TV1 in
the central part of the Samsing-Matiali fan to quantify its

morphology and study deformation in it (Fig. 3). The result shows
prominent breaks in topographic slope near the mountain front in
Chalsa and near Matiali (Fig. 9). However, the elevations of the
proﬁles measured by earlier workers (Chakrabarti-Goswami et al.,
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Fig. 7. Map of stream length gradient index (SL) based knick points from 31 sub-basins delineated in the Gorubathan recess. Knickpoints are observed near the major active faults in
the basins. Numbers in the ﬁgure follow column 1 of Table 4.

2013; Kar et al., 2014) deviated almost by ~50 m from our RTK based
dataset (Fig. 9).
The Gorubathan fan has not been studied in detail earlier. The
proximal part of the fan contains coarsening-upward, clast-supported boulder bed close to the mountain front with huge angular
gneiss boulders similar to the fan-head or proximal alluvial fan
deposits in the Samsing-Matiali fan. The Chel River has incised
terraces on the western edge of the fan near Gorubathan town
within this unit (Figs. 2, 3 and 10). We observed four pronounced
set of terraces T1, T2, T3 and T4 along the Chel River (Fig. 10). T3
terrace was a strath terrace over Daling rocks. T1, T2 and T3 were
paired terraces while T4 was unpaired. Our observations suggested
that the Gorubathan surface (Nakata, 1989) was also the highest of
the terraces (T4) incised by the Chel river along the western edge of
the Gorubathan fan (Fig. 10). These terraces were mapped with
RTKGNSS to quantify their slopes. T1, T2 and T3 terraces sloped
uniformly towards the south (Figs. 10 and 11A&B). The RTKGNSS
TV2 traverse on the Gorubathan fan showed that it was warped,
sloping both northward and southward (Fig. 11C). The present-day
water level of the Chel River was ~100 m. T1 (~150 m) and T2
(~270 m) terraces were found to be much lower than the T3
(~600 m) and T4 (~700 m) terraces and close to the present-day
water level (Figs. 10 and 11A&B). We observed parallel stratiﬁed
beds of cobble, pebble and sand as ﬁner sheet-ﬂood gravels, similar
to the Matiali Formation in the Samsing-Chalsa fan, south of Gorubathan town. We interpret these to be facies variations in the

distal part of the Gorubathan fan similar to the Samsing-Chalsa fan.
The measured RTKGNSS topographic proﬁles (TV1 and TV2) of
the central parts of Samsing-Matiali and Gorubathan fans indicated
that they had been deformed. As sub-surface stratigraphic and
structural data are not in public domain in the Gorubathan recess
and published estimates of the geometry of the faults that deform
these fans have no constraints (Guha et al., 2007; Goswami et al.,
2012; Chakrabarti-Goswami et al., 2013; Kar et al., 2014) we carried out Boundary Element Method based dislocation modelling
(Supplementary ﬁle: Appendix B and C) to constrain the possible
geometries of the blind faults that deformed the Gorubathan and
the Matiali-Samsing fans by simulating the measured topographic
proﬁles.
4.3. Dislocation modelling of the deformed morphology of the
alluvial fans in the Gorubathan recess from RTKGNSS study
Dislocation modelling (using parameters given in Table 2)
revealed that reverse-slip along three north-dipping blind thrusts
simulated the measured Samsing-Matiali fan morphology
(Fig. 12A&B). The morphology of the Chalsa scarp was simulated by
cumulative reverse-slip of ~0.4 km along a moderately-north dip
ping (~25 N) near-surface (~1 km depth) dislocation (F1 in Table 2).
The topography generated by slip along the dislocation, when
matched with the measured RTKGNSS proﬁle points to an erosion
of ~0.08 km2 from the scarp-top (Figs. 9 and 12B). Similarly, the
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Table 4
The SL and Vf values obtained at the knickpoints from the analysis of the 31 sub-basins.
S.No.

SL Point No

Channel Length [Km]

Longitude

Latitude

SL [m]

Vf

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31A
32
33
34
35
36
37
38
39
40B
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

7
13
9
4
9
4
20
7
6
2
4
2
12
2
3
3
8
3
12
7
22
9
5
3
8
3
2
13
9
25
12
5
1
3
13
12
8
16
14
8
12
6
3
3
7
3
5
15
16
20
20
8
8
1
2
3
4
1
1
2
3
1
32
13
16
6

14.7
25.5
19
8.7
18.7
8.6
39.5
14.25
11.5
4.5
8
4
25
4.4
6.5
6.4
16.7
6.4
24.7
14.6
43.5
18.25
10.3
6.6
15.5
6.5
4.5
26.7
18.6
49.5
24.25
10
2
6
27
24.7
16.4
32.7
28.6
16.6
23.5
12.5
7.2
8.5
14
6
10
31
32.7
40.6
39.5
17.2
18.5
3
5
7
9
2.7
2.7
4.7
6.7
1.5
63.5
26.3
31.5
14.5

88.75825
88.8516
88.60302
88.6948
88.76127
88.80305
88.87583
88.95278
89.04805
89.07734
88.53122
88.58297
88.61016
88.65608
88.66097
88.67563
88.68613
88.74047
88.75735
88.82255
88.87174
88.93199
88.95149
88.97150
89.03914
89.07137
89.15908
88.75876
88.85154
88.87765
88.89450
88.54028
88.56321
88.58669
88.61396
88.64488
88.75031
88.77214
88.82641
88.97943
89.03155
89.09497
88.70432
88.79457
88.55918
88.57076
88.59573
88.61661
88.64589
88.80386
88.92828
88.72734
88.7792
88.64987
88.63881
88.63849
88.63531
88.69232
88.71806
88.71917
88.73222
88.84453
88.88691
88.91522
88.97686
88.78715

27.0372
27.1521
26.9939
27.0151
27.0064
27.0264
27.0254
27.0271
26.9823
26.9686
26.9385
26.9436
26.9521
26.9619
26.9676
26.96
26.953
26.9646
26.9619
26.9872
26.9907
27.0015
26.9704
26.9670
26.9497
26.9538
26.9315
26.9454
26.9660
26.9396
26.9649
26.9243
26.9337
26.9276
26.9364
26.8964
26.8842
26.8961
26.891
26.893
26.8862
26.9111
26.8818
26.8868
26.8941
26.9007
26.905
26.9058
26.83
26.8035
26.7992
26.8047
26.8121
27.0683
27.0555
27.0377
27.0271
27.0606
27.1211
27.1045
27.0913
27.3319
26.8259
26.8399
26.8451
26.8428

1826 ± 47
645 ± 82
1042 ± 60
751 ± 28
1112 ± 59
784 ± 28
601 ± 127
1255 ± 46
580 ± 41
910 ± 15
361 ± 25
283 ± 13
267 ± 78
217 ± 14
224 ± 20
183 ± 20
332 ± 52
142 ± 20
437 ± 78
423 ± 45
540 ± 140
321 ± 57
423 ± 32
365 ± 21
357 ± 53
394 ± 21
187 ± 14
507 ± 83
171 ± 58
391 ± 159
470 ± 76
271 ± 32
211 ± 7
156 ± 19
504 ± 84
187 ± 84
171 ± 51
347 ± 103
296 ± 89
233 ± 52
245 ± 79
247 ± 39
231 ± 23
91 ± 27
292 ± 44
372 ± 19
257 ± 31
347 ± 96
139 ± 109
23 ± 125
130 ± 132
12 ± 54
84 ± 58
289 ± 10
189 ± 16
300 ± 22
495 ± 28
623 ± 10
323 ± 9
208 ± 15
248 ± 21
35 ± 5
276 ± 204
50 ± 82
191 ± 103
45 ± 46

0.15
0.21
0.31
0.20
0.37
0.40
X
0.21
0.81
0.25
0.69
0.31
0.32
0.44
0.97
X
X
0.73
X
X
X
X
X
0.56
X
0.35
0.28
X
X
X
X
0.67
0.51
0.18
0.24
X
X
X
X
X
X
X
X
X
X
0.30
0.29
X
X
X
X
X
X
0.16
0.41
0.32
0.12
0.38
0.38
0.47
0.49
0.94
X
X
X
X

±
±
±
±
±
±

0.010
0.008
0.009
0.011
0.025
0.020

±
±
±
±
±
±
±
±

0.012
0.092
0.014
0.017
0.025
0.019
0.024
0.057

± 0.057

± 0.077
± 0.020
± 0.009

±
±
±
±

0.030
0.091
0.029
0.024

± 0.050
± 0.038

±
±
±
±
±
±
±
±
±

0.020
0.019
0.022
0.017
0.021
0.018
0.022
0.026
0.031

Basin

Fault

N10
N12
N4
N8
N10
N11
S12
N13
N17
N18
N1
N3
N4
N5
N6
N7
S8
N9
S10
S11
S12
N13
S14
N15
S17
N18
N19
S10
S11
S12
S12
N1
N2
N3
N4
S8
S9
S10
S11
S14
S17
N19
S20
S21
N1
N2
N3
S4
S8
S11
S17
S20
S21
N4
N4
N4
N4
N8
N10
N10
N10
N12
S12
S14
S17
S21

MCT
MCT
MT
MT
MT
MT
MT
MT
MT
MT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RTSplay
RTSplay
RTSplay
RTSplay
MBT
MBT
MBT
MBT
MBT
MBT
MBT
MBT
MBT
MBT
MBT
MBT
MBT
MFT
MFT
MFT
MFT
MFT
MFT
MFT
MFT
MFT
GTZ
GTZ
GTZ
GTZ
GTZ
GTZ
GTZ
GTZ
GTZ
BT
BT
BT
BT

Point 31A is located in basin S12 but is a part of the stream 13 which originates in basin N13 and drains into basin S12 (Supplementary ﬁle: Fig. D1).
Point 40B is located in basin S14 but it is a part of the stream 15 which originates in basin N15 and drains into basin S14 (Supplementary ﬁle: Fig. D1).

morphology of the deformed fan north of Matiali was simulated by

cumulative reverse-slips of ~0.08 km along a north dipping (~25 N)
deeper (~0.3 km depth) dislocation (F2 in Table 2) and ~1.9 km



along a low-north dipping (~10 N) deeper (~4 km depth) dislocation (F3 in Table 2) respectively; when matched with the measured
proﬁle, erosion of ~0.4 km2 was indicated (Figs. 9 and 12B).
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Deformation in the Gorubathan fan (Fig. 11C) was simulated by
cumulative reverse-slip of ~0.4 km along a near-surface (~0.5 km
depth) dislocation (F1 in Table 2) dipping ~15 N (Table 2; Figs. 11C
and 12D). About 0.02 km2 erosion from the scarp-top was indicated
when the modelled topographic proﬁle was compared with the
measured proﬁle (Fig. 12D). Another north-dipping (~20 N), nearsurface (depth ~0.2 km) with cumulative reverse-slip of 0.08 km
(F2 in Table 2) was required to simulate the measured topographic
proﬁle of the Gorubathan fan (T4) at its north end. Negligible
erosion (less than 0.01 km2) was indicated when modelled and
measured proﬁles were compared here (Fig. 12D).
5. Discussion
The Gorubathan recess is unique in the Himalaya as the N-S
width of the Himalayan arc is minimal here and the Ramgarh thrust
deﬁnes the mountain front instead of the MFT. Quaternary alluvial
fans, in which sediments have been deposited, incised and recycled
during ﬂuctuations of the Indian summer monsoon, have been
deformed by blind thrust faults that formed scarps south of RT (Kar
et al., 2014; Singh et al., 2016; Ghosh et al., 2015) and the mountain
front. There is consensus on the fact that in the Samsing-Matiali fan,
escarpments were formed due to the activity along, at least two,
blind faults (Guha et al., 2007; Goswami et al., 2012; ChakrabartiGoswami et al., 2013; Kar et al., 2014; Singh et al., 2016). However, correlation of the structure south of the RT between the Dharan
salient and the Gorubathan recess has not been attempted. We
used our own observations and previous work to make this

13

correlation and predict lithologies likely to be encountered below
the deformed Quaternary fans south of the mountain front in the
Gorubathan recess.
5.1. Structural geology of the Gorubathan recess
Nakata (1989) identiﬁed both the Goubathan-Jiti and Matiali
faults as the Main Boundary thrust (MBT) (Fig. 2). This was subsequently revised to Ramgarh (RT) on the basis of Daling over
Gondwana fault contact characteristic of RT in the Dharan salient
(Matin and Mukul, 2010). We agree with the interpretation that the
Gorubathan-Jiti fault is the RT and it deﬁnes the Himalayan
mountain front in the Gorubathan recess. The Matiali fault was
identiﬁed as MBT that formed due to reactivation and bifurcation of
the Gorubathan fault (Nakata, 1989). The geometry of the Matiali
fault in plan, however, exhibits branch points with RT (B and B’ in
Fig. 2) because of which we interpret it as a footwall rejoining splay
(e. g. Boyer and Elliott, 1982) of RT at the present erosion-level. No
rocks have been reported in the hanging wall of the Matiali fault but
as a footwall rejoining splay of the RT, we expect that it would carry
Gondwana rocks in its hanging wall. The Chalsa fault was interpreted as the MFT by Nakata (1989). However, in the Chel River
section, which is west of the branch point (B) of the Matiali fault
with RT, Gondwana rocks are observed in the footwall of the RT
(Figs. 2 and 5). As Chalsa fault is the next observed fault south of RT,
the Chalsa fault would carry Gondwana rocks in its hanging wall.
The MBT carries Gondwana rocks in its hanging wall in the frontal
Dharan salient (e. g. Mukul, 2000) which implies that the Chalsa

Fig. 8. A. Longitudinal proﬁles for sub-basins from Dharan salient and Gorubathan recess, with stream length gradient index (SL) and valley ﬂoor width-to-height ratio (Vf) values.
Orange line shows equilibrium proﬁle. Longitudinal proﬁles are shown from sub-basins in the 1: Dharan salient west of GTZ. 2: Central Gorubathan recess east of GTZ. 3: Eastern
Gorubathan recess. B. Hack proﬁles and step plots of SL gradient index of the 1: Western sub-basins (Dharan salient), 2: Central sub-basins (Gorubathan recess) and 3: Eastern subbasins (Gorubathan recess) showing prominent knickpoints and convexity near thrust faults present in the Dharan salient and Gorubathan recess. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 8. (continued).

fault is the MBT rather than the MFT in the Gorubathan recess. The
above re-interpretations are based on ﬁeld observations and
contemporary fold-and-thrust belt theory and are, therefore, wellconstrained and not tentative.
South of the Chalsa fault, Bharadighi fault has been identiﬁed by
Nakata (1989). The structure south of the MBT in the Dharan salient
is an imbricate fan or schuppen zone that repeats the Siwalik section (Kundu et al., 2011, 2012; Kundu, 2013). The only sign of any
deformation in the footwall of the Chalsa fault (MBT) is a topographic high at Bharadighi. In the light of this, we tentatively
interpret the blind Bharadighi fault to be equivalent to the MFT,
pending conﬁrmation from sub-surface logs and data. Detailed subsurface data is needed to establish the structural geometry in
Gorubathan recess more deﬁnitively especially south of the Chalsa
fault trace. However, based on the correlation with the Dharan
salient, sub-surface data south of (or in the footwall) the Chalsa
fault trace, should reveal Siwalik rocks in the hanging wall of the
Bharadighi fault below the Quaternary fan sediments.
5.2. Geomorphic indices in sub-basins
We used geomorphic indices computed with uncertainties using RTKGNSS-corrected and re-sampled SRTM 30 m (SRTM C30_15)
data to study active deformation in the alluvial fans by delineating
31 watersheds or sub-basins in the Gorubathan recess. The subbasins were grouped as (A) 1e4 in the Dharan salient west of the

GTZ (B) 5e12 in the central Gorubathan recess east of GTZ and (C)
13e19 in the eastern Gorubathan recess (e. g. Figs. 4 and 7). They
were also split into northern and southern sub-basins (e. g. N1 and
S1) to distinguish sections of the stream ﬂowing on bedrock north
of the mountain front and Quaternary fan material south of it.
5.2.1. Sub-basins west of Gish Transverse Zone in Dharan salient
The sub-basins 1 to 4 (N1S1, N2, N3S3 and N4S4) were studied in
the Dharan salient west of the GTZ. The relief ratio (Rh) computed
for the northern sub-basins indicate that it is steep (Rh ~0.09 to
0.13) with an uncertainty of < 1% (1s) (Table 3). Drainage basin
asymmetry factor (AF) of ~27e43 (< 50) indicates a tilt of the
northern sub-basins to the right or west. This tilt is also evident
from the longer lengths of the western tributaries compared to the
eastern tributaries from the watershed especially in sub-basin 4
(N4S4) which has an AF of 27.32 (Fig. 7). As the sub-basin 4 is within
the GTZ the westerly tilt of basins in its hanging wall are, in all
probability, related to the steep westerly dip of the GTZ (Mukul
et al., 2009; Mukul, 2010). Basin elongation ratios (Re) of 0.4e0.7
for the sub-basins indicate that they are elongated (Re < 0.7,
Strahler, 1964) and slightly tectonically active (Re range 0.5e0.75;
e.g., Cuong and Zuchiewicz, 2001). The Re uncertainties (1s) were
< 0.2% and dependent only on the horizontal uncertainty associated with length of the basin. Hypsometric integrals (HI) of
0.3e0.45 computed for the sub-basins indicate that the basin is
tectonically active but in a mature state where geomorphic
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Fig. 9. RTKGNSS proﬁle of the Samsing-Matiali fan along traverse TV1 (Fig. 3) showing two distinct breaks in slope deﬁning scarps probably caused by slip along blind thrust faults.
Comparison of RTK proﬁle with proﬁles of Kar et al. (2014) and Chakrabarti-Goswami et al. (2013).

erosional and tectonic processes are in near equilibrium without a
clear dominance of one over the other. The HI is sensitive to height
uncertainties but is a non-dimensional index so that (1s)

uncertainties were < 2% (Table 3), making it a robust index. Hypsometric curves for the N1-N4 sub-basins using SRTM C30_15 data
(Fig. 6A) have a sigmoidal or a concave-convex shape indicating a

Fig. 10. A. Field photographs of the Chel River T1, T2, T3 and T4 terraces near Gorubathan town in the Gorubathan recess B. RTKGNSS traverses run on the terraces T1-T3 are shown
along with the TV2 traverse on the Gorubathan fan (also T4 here).
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Fig. 11. RTK proﬁle of A. T3 and T4 terraces, B. T1, T2, and present day water-level C. Terrace T4 and the probable associated thrust fault (RT). The morphology of the warped terrace
suggests two faults may be involved in warping the T4 terrace formed on the western edge of the Gorubathan fan.

mature stage of development consistent with HI of 0.3e0.45. Subbasin 4, partly in the GTZ, shows a more convex shape (Fig. 6A)
and a HI of 0.45 indicating it was more active than the others. The
southern basins S1 and S3, south of the mountain front, also show
AF of 35 and 45 respectively indicating that they have also been
tilted to the west by the GTF like the northern sub-basins. S4,
however, is located on the GTF and shows an AF of 82.85 or an
eastward tilt which may be anomalous because of its location and/
or small size. The Rh values of the S1, S3 and S4 basins are between
0.03 and 0.08 (with an uncertainty (1s) of < 3%) indicating much
lower relief in the sub-basins south of the mountain front in the
Quaternary fans than north of it. The HI values are also lower
(0.16e0.21 with < 20% uncertainty (1s)) indicating that the landscape has equilibrated and matured much more rapidly in the subbasins on alluvial fans than in the mountains. The Re ratios in these
sub-basins range from 0.4 to 0.6 implying an elongated, active to
slightly active basins (Strahler, 1964; Cuong and Zuchiewicz, 2001).
We also used SL index as a tool to evaluate tectonic activity
(Keller and Pinter, 2002). A region consisting of soft rocks with high
SL values indicates recent tectonic activity while anomalously low

SL values may indicate presence of fault gouge related to active
strike-slip faults (e. g. Dehbozorgi et al., 2010) or near-surface dipslip faults (e.g. Mukul et al., 2017a). In the western part of the study
area in the Dharan salient, Daling rocks in the RT sheet and Siwalik
sandstones from the frontal part have been deformed by the GTZ
(Mukul, 2010). SL indices on catchments located in the Paro schists
and the Daling rocks of the MT and RT sheets of the sub-basins
range from ~800 to 1500 m and ~300e700 m respectively (Supplementary ﬁle: Appendix D). Similarly, in the Siwalik rocks, SL
indices range from ~200 to 500 m while in the Quaternary fan
material, south of the mountain front, SL indices range from ~60 to
230 m (Figs. 7 and 8A; Supplementary ﬁle: Appendix D). Anomalies
in the SL values imply signiﬁcant positive or negative deviations
from the SL value ranges deﬁned above and point to possible fault
zones or lithological contrast (Table 4). In sub-basins N1-N3, the
Main Frontal thrust (MFT) fault zone was characterized by anomalously high SL indices relative to its hanging wall and footwall. For
example, a SL index of 292 ± 44 m in MFT zone relative to 210 ± 37
and 230 ± 50 m in the hanging wall and footwall in sub-basin N1
respectively (Figs. 7 and 8; Supplementary ﬁle: Appendix D)
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Fig. 12. Results from dislocation modelling of the deformed morphology of the alluvial fans in the Gorubathan recess from RTKGNSS study. Figures (A) and (C) show map-view
vertical projections of the dislocations. Figures (B) and (D) show the comparison between measured (red) and modelled (blue) proﬁles. The mismatch in area between the proﬁles are mentioned and correspond to the minimum eroded area (km2) from the fans. The map projections of the dislocation tips are shown as F1, F2 and F3. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Please cite this article in press as: Srivastava, V., et al., Quaternary deformation in the Gorubathan recess: Insights on the structural and
landscape evolution in the frontal Darjiling Himalaya, Quaternary International (2017), http://dx.doi.org/10.1016/j.quaint.2017.05.004

18

V. Srivastava et al. / Quaternary International xxx (2017) 1e24

indicated recent activity along the MFT. However, the RT/MBT fault
zones were marked by sharp drops in SL indices (~300e350 to
150e250 m in sub-basins N1 and N3) probably only reﬂecting
lithological contrast across the fault zones (Figs. 7 and 8; Supplementary ﬁle: Appendix D). The SL indices exhibit a more complex
pattern in sub-basin N4 which follows the GTZ within Paro schists
in the MT fault zone in the north (N4 in Fig. 7). Here, SL in the GTZ
ranges from ~180 to 500 m and increases abruptly to ~900 m
outside the GTZ in the MT sheet. The MT fault zone is characterized
by a drop in SL index from ~1000 to ~700 m probably reﬂecting
change in lithology across the fault. However, the RT/MBT fault
zones are located within 100 m of each other and are characterized
by an anomalously low SL index of ~250 m relative to ~500e600 m
on either side of it (Figs. 7 and 8; Supplementary ﬁle: Appendix D).
The MFT in sub-basin 4 is characterized by a drop of SL index from
~500 m to ~350 m. However, because the SL index is not a
normalized index, its uncertainty increases with channel length
and the anomalies in SL index must be statistically signiﬁcant
(Mukul et al., 2017a). In the sub-basin 4, the increase across the GTZ
(436 ± 45 m), drop across the MT (327 ± 89 m) and RT/MBT
(362 ± 106 m) (Supplementary ﬁle: Appendix D) are statistically
signiﬁcant. However, the drop across the MFT (134 ± 133 m) at the
mountain front is not statistically signiﬁcant even though a knickpoint was indicated across the MFT from conventional SL
computations.
The longitudinal proﬁle of the main streams in sub-basin 1
(N1S1) farthest from the GTZ approximates an equilibrium,
concave-up proﬁle (orange line in Fig. 8A) with local convex departures from the proﬁle. The valley ﬂoor width-to-height ratio (Vf)
in N1 is  0.7 (uncertainty < 8%), indicating V-shaped tectonically
active valleys in the sub-basin (Fig. 8A; Supplementary ﬁle:
Appendix D). Moreover, Vf is low (0.3e0.5) in the Daling rocks and
increases to 0.7 in the RT and MBT sheets. In the MFT sheet, however, the Vf is 0.3 (Fig. 8A). The longitudinal proﬁle of sub-basin 4
(N4S4) along the GTZ approximates an equilibrium, concave-up
proﬁle (orange line in Fig. 8A) with local large concave and
convex departures from the proﬁle in the GTZ and the MT sheet
respectively. A concave departure from the equilibrium proﬁle with
anomalously low SL values (~180e300 m) occurs near the watershed of the sub-basin. We interpret the low SL values to be due to
fault gouge produced by crushing and fracturing in the GTZ near the
watershed (Fig. 8A&B) that is much weaker and less resistant to
weathering than the intact Paro gneisses and schists occurring in
the hanging wall of the MT. Vf ranges between 0.1 and 0.4 in the
GTZ zone. Outside the GTZ in the MT sheet there is a convex departure from the equilibrium proﬁle with high SL values
(~900e1500 m) that may be explained by resistant Paro rocks
(Fig. 8A&B). The Vf here is between 0.2 to 0.3. In the MT fault zone
the Vf is 0.2 and increases downstream from 0.3 to 0.6 in the RT/
MBT and MFT sheets. Also, uncertainties of Vf are < 15% in sub-basin
4. Vf could not be computed in the alluvial fans due to lack of relief.
5.2.2. Sub-basins east of Gish Transverse Zone in Gorubathan recess
We next studied the sub-basins 5 to 12 (N5, N6, N7, N8S8, N9S9,
N10S10, N11S11 N12S12), S20 and S21 in the Gorubathan recess
east of the GTZ. The relief ratio (Rh) computed for the northern subbasins indicated that they were steep (Rh ~0.09 to 0.19) within an
uncertainty of < 1% (1s) (Table 3). AF of ~35e45 (< 50) indicated a
tilt of sub-basins N5-N8 to the right or west. This tilt was also
evident from the longer lengths of the western tributaries
compared to the eastern tributaries from the watershed (Fig. 7). As
these sub-basins were in the close proximity of the GTZ, we
interpret the westerly tilt of these basins to be related to the steep
westerly dip of the GTZ (Mukul et al., 2009; Mukul, 2010). AF of
~55e60 (> 50) indicated a near-symmetrical or marginal tilt of the

northern sub-basins N9-N12 to the left or east. Basin elongation
ratios (Re) of 0.5e0.7 for all the northern sub-basins (other than N9)
indicated that they were elongated (Re < 0.7, Strahler, 1964) and
slightly tectonically active (Re range 0.5e0.75; e.g., Cuong and
Zuchiewicz, 2001); N9 was 0.8 and less elongated. The Re uncertainties (1s) were < 0.2%. Hypsometric integrals (HI) of
0.24e0.47 with (1s) uncertainties within 3% (Table 3) for the
northern sub-basins indicated that they were tectonically active
but in a mature state like the basins west of the GTZ. Hypsometric
curves for the N5-N7 and N9 sub-basins using SRTM C30_15 data
(Fig. 6B) have a sigmoidal or a concave-convex shape indicating a
mature stage of development as also indicated by the HI of
0.24e0.34. Sub-basins N8, N10-N12 showed a more convex shape
(Fig. 6B) and a HI of 0.44e0.47 indicating higher activity than the
others. The southern sub-basins S8-S10 and S12 showed AF from 50
to 55 and were almost symmetric with a slight tilt to the east. S11,
S20 and S21 were tilted to the west with AF values 28e36. The Rh
values of the S8-S12 and S20-S21 sub-basins were between 0.02
and 0.05 (with an uncertainty (1s) of < 2%) indicating much lower
relief in the sub-basins south of the mountain front in the Quaternary fans than north of it. The HI values were also lower
(0.13e0.24 with < 9% uncertainty (1s)) indicating that the landscape had equilibrated and matured much more rapidly in the subbasins on the alluvial fans than in the mountains. The Re ratios in
these sub-basins ranged from 0.3 to 0.7 implying elongated, active
to slightly active basins (Strahler, 1964; Cuong and Zuchiewicz,
2001).
We used SL index to evaluate tectonic activity in these sub-basins (Keller and Pinter, 2002). Sub-basins N5, N8S8 and N9S9
extended across the mountain front and recorded a drop in SL
indices at the mountain front across the RT fault zone in the Gorubathan recess by 134 ± 24, 183 ± 61 and 77 ± 24 m respectively
(Supplementary ﬁle: Appendix D) from the Daling rocks in the RT
sheet to Quaternary fan material. Sub-basins N6 and N7 were
located entirely in the RT sheet with SL indices from ~180 to 430 m.
In sub-basins N10S10, N11S11, N12S12 drops in SL indices across
the RT at the mountain front were 274 ± 106 m, 196 ± 60 m and
40 ± 192 m respectively (Supplementary ﬁle: Appendix D). In
addition, sub-basins N8, N10, N11 and N12 were also deformed by
the MT across which the SL indices dropped from ~500 to 1100 m in
the MT sheet to ~300e700 m in the RT sheet by 299 ± 44 m,
486 ± 88 m, 108 ± 44 m and 21 ± 183 m respectively. Again, subbasins N10 and N12 also intercepted the MCT fault zone across
which the SL indices dropped from ~1800 m and ~1700 m in the
MCT sheet to ~1100 m and ~650 m in the MT sheet by 743 ± 70 m
and 1072 ± 110 m respectively. Also, the sub-basins N10 and N12
intercepted the GTZ near their watersheds wherein the SL indices
increased from ~250 m and ~35 m in the GTZ to ~2000 m and
~470 m in the MCT sheet by 1732 ± 37 m and 436 ± 12 m respectively (Supplementary ﬁle: Appendix D). The S20 sub-basin originated near the mountain front in the Gorubathan fan (Fig. 4) and
exhibited a knickpoint (deﬁned by a convex departure from the
equilibrium proﬁle) with a high SL value (231 ± 23 m) that was
bounded by low SL values (~55e70 m) to the north and south
corresponding to the Chalsa fault/MBT. A drop in SL value from 54
to 12e16 m at the MFT zone was also observed in S20 (Fig. 8A&B).
Similarly, the S21 sub-basin originated near the mountain front in
the Samsing-Matiali fan (Fig. 4) and exhibited a knickpoint with a
high SL value (91 ± 27 m within ~55e70 m to the north and south)
corresponding to the Chalsa fault/MBT (Fig. 8A&B). A possible fault
with a SL low of 45 m within a region of SL 70e85 m was tentatively
named as the Batabari fault (?) (Fig. 8A&B).
In the Gorubathan fan the longitudinal proﬁle of the Chel River
(sub-basin 8 (N8S8)) approximated an equilibrium, concave-up
proﬁle (orange line in Fig. 8B) with local convex departures from
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Fig. 13. Dislocation based model of the evolution of topography in Samsing-Matiali and Gorubathan fan surfaces. A: Modelled topographic proﬁle of Samsing-Matiali fan surface due
to slip along RT fault (F3) only. B: Modelled topographic proﬁle of Samsing-Matiali fan surface due to slip along Matiali/RT splay (F2) and RT (F3). C: Modelled topographic proﬁle of
Gorubathan fan surface due to slip along RT (F1) only. The measured RTKGNSS data are plotted in red.
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the proﬁle. The valley ﬂoor width-to-height ratio (Vf) was < 0.3 in
the MT sheet, indicating V-shaped tectonically active valleys. Also,
the computed uncertainties of valley ﬂoor width-to-height ratios
were < 6%. However, Vf was between 0.48 and 0.93 in the Daling
rocks or the RT sheet (Fig. 8A; Supplementary ﬁle: Appendix D).
Two convex departures from the equilibrium proﬁle or knickpoints
were observed (Fig. 8A&B) (a) with high SL value (~850 ± 16 m
within ~600 m to the north and south) within the MT sheet that
may indicate an intra-formational fault and (b) at the RT where the
SL index dropped from ~750 to 450 m (Fig. 8A&B). The Chel River
proﬁle approximated an equilibrium proﬁle south of the mountain
front with no knickpoints.
The longitudinal proﬁle of the Neora River in the SamsingMatiali fan (sub-basin 10 (N10S10)) was similar to sub-basin 4
along the GTZ and approximated an equilibrium, concave-up proﬁle (orange line in Fig. 8A) with local large concave and convex
departures from the proﬁle in the GTZ and the MCT sheet respectively. A concave departure from the equilibrium proﬁle with
anomalously low SL values (~200e330 m) occurred near the
watershed of the sub-basin that may be best explained by fault
gouge in the GTZ (Fig. 8A&B) that was much weaker and less
resistant to weathering than the intact high-grade gneisses occurring in the hanging wall of the MCT. Vf ranged between 0.4 and 0.5
in the GTZ zone (Supplementary ﬁle: Appendix D; Fig. 8A). Outside
the GTZ in the MCT sheet there was a convex departure from
the equilibrium proﬁle with high SL values (~1800e2150 m)
(Fig. 8A&B) that may be explained by resistant gneisses. The Vf here
was between 0.1 and 0.2. In the MCT fault zone the Vf was 0.3 and
increased downstream to 0.4 in the RT sheet. Also, uncertainties of
Vf were < 15% in sub-basin 10 and Vf could not be computed in the
alluvial fans due to lack of relief. The Neora River proﬁle approximated an equilibrium proﬁle south of the mountain front (or the
RT) with no knickpoints. The longitudinal proﬁle of the Murti River
in the Samsing-Matiali fan (sub-basin 11 (N11S11) approximated an
equilibrium, concave-up proﬁle (orange line in Fig. 8A) with local
convex departures from the proﬁle in the MT sheet characterized by
a drop in SL value from ~950 to 784 m (Fig. 8A&B) best explained by
proximity to the MT fault zone. Vf ranged between 0.2 and 0.3 in the
MT sheet and increased to 0.4e0.5 in the MT fault zone (Fig. 8A).
Also, uncertainties of Vf were < 7% and Vf could not be computed in
the alluvial fans due to lack of relief. The Murti River proﬁle
approximated an equilibrium proﬁle south of the mountain front
with no knickpoints.
The longitudinal proﬁle of the Jaldhaka River (sub-basin 12
(N12S12)) approximated an equilibrium, concave-up proﬁle (orange line in Fig. 8A) with a large convex departure from the proﬁle
in the MCT sheet with anomalously high SL values (~1000e3400 m)
near the watershed of the sub-basin (Fig. 8A&B) explained by
resistant high-grade gneisses in the MCT sheet. North of this zone
an anomalously low SL index of ~35 m occurred because of the
presence of fault gouge in a NE-SW trending strand of the GTZ
(Fig. 8A and Fig. 7) as observed in the ﬁeld. The fault gouge was
weaker and less resistant to weathering than the intact high-grade
gneisses occurring in the MCT sheet. The MCT fault zone was
characterized by an anomalously low SL value of 645 m and the MT
fault zone by a decrease in SL index from 918 to 601 m (Fig. 8A&B).
The RT and the RT splay fault zones were characterized by ~100 m
and ~200 m drops in SL values from 540 to 433 m and 584 to 391 m
respectively. Drop of SL index from 315 to 276 m may be indicative
of another fault that we have tentatively named Batabari fault (?)
(Fig. 8A&B). Vf ranged between 0.2 and 0.9 in the GTZ strand and
decreased to 0.1 to 0.8 in the MCT and MT sheets. Also, uncertainties
of Vf were < 5% and Vf could not be computed in the alluvial fans
due to lack of relief. The Jaldhaka proﬁle approximated an equilibrium proﬁle south of the mountain front with no knickpoints.

5.2.3. Sub-basins in the eastern Gorubathan recess
The sub-basins 13 to 19 (N13, N14S14, N15, N16, N17S17, N18,
and N19) were studied from the eastern Gorubathan recess. The
relief ratio (Rh) computed for the northern sub-basins indicated
that they were steep (Rh ~0.16 to 0.22) with an uncertainty of < 1%
(1s) (Table 3). AF of ~33 and 45 (< 50) indicated a tilt of sub-basins
15 and 19 to the right or west and ~52e63 (> 50) of sub-basins 13,
14, 16e18 from near-symmetrical to the left or east. This tilt was
also evident from the longer lengths of the tributaries in the direction opposite to the basin tilt (Fig. 7). Basin elongation ratios (Re)
of 0.5e0.7 for all the sub-basins (other than N19) indicate that they
were elongated (Re < 0.7, Strahler, 1964) and slightly tectonically
active (Re range 0.5e0.75; e.g., Cuong and Zuchiewicz, 2001); N19
was 0.9 and oval. The Re uncertainties (1s) were < 0.2% and only
dependent on the horizontal uncertainty associated with length of
the basin. Hypsometric integrals (HI) of 0.34e0.42 with (1s) uncertainties within 2% (Table 3) computed for the northern subbasins indicated their tectonically active but mature state. Hypsometric curves for the sub-basins using SRTM C30_15 data (Fig. 6C)
had a sigmoidal or a concave-convex shape indicating a mature
stage of development as also indicated by the HI of 0.34e0.42. The
southern sub-basins S14 and S17 showed AF 51 and 59 and were
almost symmetric and with a tilt to the east respectively. The Rh
values of the S14 and S17 sub-basins were 0.03 and 0.07 (with an
uncertainty (1s) of < 1%) respectively indicating much lower relief
in the sub-basins south of the mountain front in the Quaternary
fans than north of it. The HI values were also lower (0.17 and 0.18 for
S14 and S17 respectively) with < 5% uncertainty (1s) indicating that
the landscape had equilibrated and matured much more rapidly in
the sub-basins on the alluvial fans than in the mountains. The Re
ratios in these sub-basins were identical at 0.5 (uncertainty 0.04%)
implying elongated, slightly active basins (Strahler, 1964; Cuong
and Zuchiewicz, 2001).
We had observed in the western Gorubathan recess that SL
indices on catchments located in the Paro schists and the Daling
rocks of the MT and RT sheets of the sub-basins range from ~500 to
2500 m and ~300e700 m respectively. We used these ranges to
study SL index variations in the eastern Gorubathan recess. SL index
values in the MT sheet in sub-basin N13 showed an anomalously
low SL index of 64 ± 38 m in a zone of SL index 900e1250 m
indicating intraformational faults in the MT sheet. The MT fault
zone was deﬁned by drops of 559 ± 69 m from ~1250 to 700 m,
166 ± 55 m from ~750 to 580 m and 233 ± 19 m from ~1150 to
910 m in sub-basins N13, N17 and N18 respectively. Similarly, the
RT fault zone was deﬁned by a drop of 375 ± 77 m from ~700 to
320 m, 208 ± 41 m from ~630 to 420 m, 36 ± 26 from ~400 to 365,
77 ± 70 m from ~434 m to 357 m, 516 ± 26 m from ~910 to 390 m
and 161 ± 16 m from ~350 m to 190 m in sub-basins N13, N14, N15,
N17, N18 and N19 respectively. N15 exhibited SL values between
~200 and ~400 m and was located in the MBT and RT sheets (Figs. 7
and 8A; Supplementary ﬁle: Appendix D). SL indices in N16 basin
(~190e280 m) suggested that it was located entirely in the RT sheet
(Fig. 7; Supplementary ﬁle: Appendix D). South of the RT, uncertainties in the SL values increased to an extent that anomalies
were not resolvable and were statistically insigniﬁcant (Mukul et
al., 2017a). For example, for the MBT, the changes were
29 ± 69 m, 44 ± 108 m, 62 ± 51 m in sub-basins N15, N17 and N19
respectively and not statistically signiﬁcant.
In the eastern Gorubathan recess the longitudinal proﬁle in
basins N14S14 and N15 approximated an equilibrium, concave-up
proﬁle (orange line in Fig. 8A). Vf values increased from 0.16 to
0.7 in N14 and 0.4 to 0.6 in N15 indicating V-shaped tectonically
active valleys. The longitudinal proﬁle of N13 had concave deviations from the equilibrium proﬁle near its watershed with a low
SL value of ~435 m suggesting fault gouge there. Sharp convex
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deviations from the equilibrium proﬁle or knickpoints were seen in
the MT and RT fault zones with high SL values of 1255 m (in MT)
and 696 m (in RT) indicating possible recent activity in these fault
zones (Fig. 8A&B). Vf values increased from 0.13 to 0.2 in the MT
sheet and then jumped to 0.5 in the MT fault zone in N13 indicating
V-shaped tectonically active valleys. Also, the computed uncertainties of valley ﬂoor width-to-height ratios were < 6% in N13,
25% in sub-basins N14, and 15% in sub-basins N15 and N16 (Fig. 8A;
Supplementary ﬁle: Appendix D). The longitudinal proﬁle of
N17S17 approximated an equilibrium, concave-up proﬁle (orange
line in Fig. 8A) but had convex deviations from it near its watershed
in the MT sheet with a high SL value of 1877 m. Vf values decreased
in the MT sheet from 0.8 in the MT fault zone to 0.2 in the north. A
similar pattern was observed in N18 where convex deviations from
an equilibrium, concave-up proﬁle were seen in the MT sheet with
high SL values of 910e1143 m. From north to south, Vf values
increased from ~0.25 in the MT sheet and fault zone to 0.35 in the
RT sheet and 0.77 in the Quaternary alluvium in the RT footwall
(Fig. 8A). Finally, N19 appeared to be largely located in the RT and
MBT sheets (Fig. 7; Supplementary ﬁle: Appendix D) from the SL
indices like the N15 and N16 basins (~190e500 m). However, an
anomalous zone of convex deviation from the equilibrium proﬁle
with a high SL value of 470e527 m indicated presence of possible
intraformational active faults within the MBT sheet. Vf values
increased from ~0.23 in the north to 0.3 downstream in the RT fault
zone. It then decreased to 0.24 in the anomalous zone within the
MBT sheet. Outside the zone, Vf increased to 0.61 (Fig. 8A).
In summary, the detailed study of the geomorphic indices from
the Gorubathan recess and the adjacent Dharan salient reveals a
tectonically active but a mature landscape where geomorphic
erosional and tectonic processes are in near equilibrium without a
clear dominance of one over the other. Moreover, we also found
that the landscape in the sub-basins south of the mountain front in
the Quaternary alluvial fans was more mature than in the subbasins north of the mountain front on bedrock because of their
lower resistance to weathering processes. This was evident also
from longitudinal proﬁles of streams which did not exhibit any
knick points south of the mountain front and approximated the
equilibrium proﬁle. This indicates that all streams that originated
near the basin watershed had enough stream power to equilibrate
and obliterate the signatures of active deformation in the Quaternary alluvial fans. SL index variations in the alluvial fans also appear
to be statistically insigniﬁcant to record signatures of active
deformation (Mukul et al., 2017a). This scenario was also consistent
with the observation from Global Positioning System (GPS) measurements that the MFT is locked in the frontal Darjiling-Sikkim
Himalaya (Mukul et al., 2009, 2010; Mukul, 2010; Stevens and
Avouac, 2015) and is not actively deforming. The last deformation
in the region happened in 1100 A. D. (Kumar et al., 2010) ~900 years
ago when the locked slip along the MHT under the Greater Himalaya was released during a great earthquake and transferred all the
way to the Chalsa fault (MBT) in the foreland (Lave and Avouac,
2000; Bilham et al., 2001). However, it also appears that two
streams (S20 and S21) that originated in the alluvial fans did not
have enough stream power to obliterate signatures of neotectonic
deformation and their proﬁles contained knickpoints in the Chalsa
fault (MBT) zone (Fig. 8A&B). The GTZ was characterized by concave
departures from the equilibrium proﬁle with low SL values
(35e623 m) in the MT and MCT sheets as a result of fault gouge
produced by crushing and fracturing in the GTZ. The gouge was
much weaker and less resistant to weathering than the intact
gneisses and schists occurring in the hanging wall of the MCT and
MT that caused convex departures and knickpoints along the longitudinal stream proﬁles. Fluctuations of SL values within MCT, MT
and RT thrust sheets were also seen in some of the basins which
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points to possible occurrence of faults within the thrust sheets.
These regions need to be studied more carefully in the ﬁeld to
identify possible out-of-sequence thrusts. Recent neotectonic activity is, therefore, most likely to be found in the MCT and MT thrust
sheet in the Gorubathan recess. Finally, we also observed that SL
values were range bound for different thrust sheets. For example, SL
values in MCT, MT and RT sheets range from ~860 to 3300 m,
~500e2500 m and ~180e700 m respectively (Supplementary ﬁle:
Appendix D). These SL ranges can be used as ﬁrst-order constraints
to map these thrust sheets where they are difﬁcult to access or to
interpolate between mapped regions. We used these ranges to
generate Fig. 7.
5.3. Morphology of alluvial fans in the Gorubathan recess from
RTKGNSS study
The Samsing-Matiali fan (Fig. 2) was studied in detail from its
fan head in the interﬂuve area between the Mal and Murti Rivers by
earlier workers (Nakata, 1989; Guha et al., 2007; Goswami et al.,
2012; Chakrabarti-Goswami et al., 2013; Kar et al., 2014; Singh
et al., 2016). They recognized proximal and distal fan facies as
Samsing and Matiali Formations and stream terraces on the eastern
and western edges of the Samsing-Matiali fan (Fig. 2) and dated
them (Guha et al., 2007; Kumar et al., 2010; Kar et al., 2014; Singh
et al., 2016). The Samsing-Matiali fan was recognized to be
deformed in this region forming two prominent geomorphic scarps
at Chalsa and Matiali (Fig. 9). These scarps had been mapped earlier
with an uncertainty in the order of meters (Chakrabarti-Goswami
et al., 2013; Kar et al., 2014). We digitally mapped the SamsingMatiali fan using RTKGNSS measurements away from the river
valleys with an uncertainty of < 2 dm along traverse TV1 to
quantify the morphology and record high-resolution signatures of
neotectonic deformation in the Chalsa and Matiali scarps (Fig. 3;
Fig. 9). However, the elevations of the proﬁles measured by earlier
workers (Chakrabarti-Goswami et al., 2013; Kar et al., 2014)
differed by ~50 m from our RTKGNSS dataset (Fig. 9).
The Gorubathan fan has not been studied in detail earlier. The
proximal part of the fan contained sediments similar to the fanhead or proximal alluvial fan deposits in the Samsing-Matiali fan.
South of Gorubathan town parallel stratiﬁed beds of cobble, pebble
and sand as ﬁner sheet-ﬂood gravels similar to the Matiali Formation in the Samsing-Matiali fan were observed. We interpret
these sediments to be facies variations in the proximal and distal
part of the Gorubathan fan similar to the Samsing-Matiali fan. The
Chel River incised four terraces on the western edge of the fan near
Gorubathan town within this unit (Figs. 2, 3 and 10); the Gorubathan fan surface formed the highest of these terraces (T4).
RTKGNSS measurements revealed that paired T1, T2 and T3 terraces
sloped uniformly to the south (Figs. 10 and 11A&B). The RTKGNSS
TV2 traverse on the Gorubathan fan showed that it was warped
sloping both northward and southward (Fig. 11C). We interpret the
south-sloping T1, T2 and T3 paired terraces to be climatic in origin
and the warped Gorubathan fan (T4) to be deformed.
The measured RTKGNSS topographic proﬁles (TV1 and TV2) of
the central parts of Samsing-Matiali and Gorubathan fans indicated
that they had been deformed. As sub-surface stratigraphic and
structural data are not in public domain in the Gorubathan recess
and published estimates of the geometry of the faults that deform
the Samsing-Matiali fan are unconstrained (Guha et al., 2007;
Goswami et al., 2012; Chakrabarti-Goswami et al., 2013; Kar et al.,
2014), we used Boundary Element Method based dislocation
modelling (Supplementary ﬁle: Appendix B and C) to constrain the
possible geometries of the blind faults that deformed the Gorubathan and the Samsing-Matiali fans by simulating the measured
topographic proﬁle. The numerical modelling used here aims to
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obtain a best possible combination of dislocation (fault)-parameters that would produce a vertical displacement ﬁeld closest to the
measured topographic proﬁle. However, in the modelling we constrained as many parameters as we could from actual data and then
made educated estimates on the rest. Future data may reveal that
some of our estimates were incorrect in which case the model can
be suitably modiﬁed and ﬁne-tuned. This approach ensures that we
come up with scenarios that are constrained by data and physical
laws as far as possible as opposed to being completely unconstrained. Therefore, our solution is only one possible solution of the
problem. If sub-surface data in the region becomes available, the
present model can be appropriately tested and modiﬁed so that we
eventually arrive at a solution that is most likely to be close to
reality.
5.4. Dislocation modelling of the deformed morphology of the
alluvial fans in the Gorubathan recess from RTKGNSS study
Dislocation modelling of the Samsing-Matiali fan morphology
(using parameters given in Table 2 and detailed methodology
described in Supplementary ﬁle: Appendix B and C) revealed that
reverse-slip along three north-dipping blind thrusts simulated the
measured deformed morphology of the fan best (Fig. 12A&B). The
topography generated by slip along the dislocations when matched
with the measured RTKGNSS proﬁle, necessitates an erosion of
~0.08 km2 from the Chalsa scarp-top (Figs. 9 and 12B) and ~0.4 km2
from the deformed fan north of Matiali (Figs. 9 and 12B) on their
windward southern ﬂank relative to the SW monsoon. The evolution of the measured topographic proﬁle has also been simulated in
the model (Fig. 13). The initial topography in the model was built by
slip along F3 (RT proxy) (Fig. 13A) which was later modiﬁed by F2
(Matiali fault (RT-splay) proxy) and then ﬁnally by F1 (Chalsa fault
(MBT) proxy) to result in the present-day proﬁle (Fig. 12B). Therefore, we suggest in our model that the evolution of the present-day
topographic proﬁle in the Samsing-Matiali fan occurred by insequence faulting along RT, RT-splay and MBT.
Deformation-related morphology of the warped Gorubathan fan
(Figs. 10 and 11C) could be simulated best by a dislocation pair F1
(RT proxy) and F2 (RT-splay proxy) with parameters given in
Table 2. About 0.02 km2 erosion from the frontal scarp-top on the
windward southern ﬂank of the fan relative to the SW monsoon in
addition to ~0.001 km2 from the F2-related scarp farther north was
necessitated when the modelled topographic proﬁle was compared
with the measured proﬁle (Fig. 12D). The evolution of the measured
topographic proﬁle was also modelled (Fig. 13C). We suggest in our
model that the initial topography in the Gorubathan fan was built
by slip along F1 (RT proxy) (Fig. 13C) which was later modiﬁed by F2
(RT-splay proxy) in the hanging-wall resulting in the present-day
proﬁle (Fig. 13C). Therefore, we suggest that the evolution of the
present-day topographic proﬁle in the Gorubathan fan occurred by
out-of-sequence faulting along RT and the splay in the hanging wall
of the RT.
The Gorubathan recess in the Darjiling frontal Himalaya is,
therefore, a unique region in the Himalaya that is dominated by
Quaternary deformation of alluvial fans by blind thrust faults south
of the Ramgarh thrust that deﬁnes its mountain front. This deformation has generated an active but mature landscape in the Gorubathan recess; signatures of active deformation are best preserved
away from the river valleys in the middle of fan surfaces. The
deformation in the Gorubathan recess is very different from the
adjoining Dharan salient in the Darjiling frontal Himalaya where an
imbricate fan in the exposed Siwalik section characterizes the
frontal deformation. This contrast in the salient-recess fold-andthrust belt geometry and kinematics in the Darjiling frontal
Himalaya has resulted in the development of the transverse

sinistral strike-slip Gish Transverse structure in the Dharan salientGorubathan recess transition zone (Mukul, 2010).
6. Conclusions
1. The Gorubathan recess in the Darjiling frontal Himalaya is an
unusual and unique region in the Himalaya as Ramgarh thrust,
rather than the MFT, deﬁnes the mountain front here. Deformed
alluvial fans dominate the landscape south of the mountain
front in the recess. We used ﬁeld observations and fold-thrust
belts concepts to re-interpret thrust nomenclature and geometry in the recess by correlating it with structures in Dharan
salient across the Gish Transverse fault (GTF) and renaming the
locally recognized faults to their regional equivalents. Therefore,
Gorubathan-Jiti, Matiali and Chalsa faults were renamed as the
Ramgarh thrust, a rejoining splay to Ramgarh thrust and the
Main Boundary thrust respectively.
2. We corrected the systematic positive mean bias in the recently
released SRTM 30 m C-Band data using RTKGNSS independent
check points and re-sampled it to 15 m horizontal resolution in
the Gorubathan recess. Geomorphic indices along with their
uncertainties were computed using the C-15 m SRTM data from
basins draining the recess.
3. Normalized or non-dimensional geomorphic indices from the
basins draining the Gorubathan recess had low uncertainties
that were at least an order of magnitude less than the index
value. The uncertainty of the SL index, however, was directly
proportional to the channel length resulting in large uncertainties as the channel length increased, making it difﬁcult to
recognize statistically signiﬁcant variations in SL index values
beyond 20 km.
4. Computed geomorphic indices indicate that deformation in the
Gorubathan recess has generated an active but mature landscape in the recess. Signatures of active deformation were best
preserved away from the river valleys in the middle of fan surfaces. SL values changed in response to lithological changes
along fault zones. Fault zones were typically characterized by
anomalously low SL values with the exception of the MFT in the
Dharan salient that recorded high SL values suggesting neotectonic activity along it. Neotectonics along active faults have
deformed some of the Quaternary alluvial fans in the Gorubathan recess.
5. RTKGNSS based digital topographic proﬁles with decimeterlevel uncertainties reveal active fault-related geomorphic
scarps and warping of fans in the Gorubathan recess along RT,
rejoining RT-splay and the MBT.
6. Boundary Element Method based dislocation modelling was
used to simulate the measured topographic proﬁles and
constrain the possible sub-surface geometries and kinematics of
the active faults that deform the alluvial fans in the Gorubathan
recess. Comparison of measured and modelled topographic
proﬁles point to erosion on the windward side of the faultrelated scarp-tops in both the Gorubathan and the SamsingMatiali fans.
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