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1. Introduction
Over the geological past the continent-continent 

collision between the lithospheric plates of India and 
Eurasia has caused the formation, orientation, pat-
tern, and chronology of geological structures through-
out the Himalaya orogen  (Yin, 2006; Stevens and 
Avouac, 2015; Shah, 2016; Shah and Malik 2017; 
Burg and Bouilhol, 2019; Shah et al., 2020). These 
structures have formed, and evolved differently along 
and across the orogen, and it is estimated that about 
50 % of the ongoing convergence is mainly absorbed 
by the Main Himalayan Thrust (MHT), which on sur-
face emerges as the Main Frontal Thrust (MFT) (Ste-
vens and Avouac, 2015; Bilham, 2019). Interior faults 
are known to accommodate some amount of the 
plate convergence (Shah, 2013), but the quantitative 
measurements are usually missing, which is primar-
ily because not all active faults have been studied in 
detail. The presence of unknown active faults (Shah 
et al., 2018) further complicates this story. 

Broadly, the geological structures are distributed 
differently along and across the Himalaya and Tibet 
(Tapponnier and Molnar, 1977; Shah et al., 2018) 
which are the two major landmasses that preserve 
the evidence of tectonic processes like subduction, 
plutonism, and ongoing collision. Geologically, the 
Himalayan-Tibetan orogen is composed of a com-
plex tectonic collection that preserves evidence of 
geological events in a chronological order from north 
to south (Zhao, and Xie, 1993). It includes accre-
tion of microcontinents, flysch complexes, and island 
arcs, against the southern boundary of the Eurasian 
plate since the early Paleozoic (e.g. Yin and Harri-
son, 2000; Murphy et al., 2002). The tectonic topog-
raphy preserves such evidence, and in particular the 
younger structures that have formed as a result of 
the ongoing collisional processes across, and along 
the orogen. Such structures are remarkably observ-
able on the satellite images, and a quick glance on 
them reveals that a relatively narrow width of defor-
mation zones is noticeable in NW portions of the oro-
gen, while they are much wider in the eastern regions 
(Fig. 1A). This transition is marked on either side of 
the Karakoram fault (KF), which is the major dex-

tral strike-slip fault and accommodates the regional 
oblique convergence between the two plates (Fig. 1). 
It defines the tectonic boundary where the western 
Tibetan plateau meets the Himalayan fold-and-thrust 
belt (Murphy et al., 2002). 

Previous works have extensively produced data on 
the frontal portions of the Himalayas because most 
of the ongoing convergence is reported on the Hima-
layan frontal thrust system, which has also caused 
many larger magnitude earthquakes in the region 
(e.g. Bilham, 2019). The work presented here howev-
er aims to explore the regions in the west and north-
west of the KF (Fig. 2). The motivation is to map the 
existence of what have been traditionally called out-
of-sequence faulting in the NW Himalayas and to pro-
duce data on the active versus inactive nature of de-
formation in the interior Himalayas, and to reevaluate 
the earthquake geology and tectonics of the region.

2. Methodology
Satellite images have truly transformed the regional 

and local mapping of geological structures, and over 
the decades these data have been extensively use-
ful in mapping of the structural details that were im-
possible to achieve on foot. This is particularly true 
for regional mapping exercises, which require a 
broader outlook (e.g. Tapponnier and Molnar, 1977, 
Nakata, 1989; Malik, and Nakata, 2003; Sahoo and 
Malik, 2017; Shah 2013; Shah et al., 2020). Addi-
tionally, regional mapping is hard to achieve during 
traditional geological fieldworks where limitations of 
time, resources, accessibility, and the fear of cross-
ing international borders often complicates and ex-
hausts the mapping motivations (Shah and Malik, 
2017). Therefore, we take full advantage of 30  m 
Shuttle radar topography (SRTM) data here to map 
the regional geological structures. The mapping of 
geomorphic features was done by manually tracing 
topographic breaks, triangular facets, ridge crests, 
ruptured Holocene sedimentary deposits (e.g. allu-
vial fans, fluvial terraces etc.), and glacial landforms. 
Wherever applicable, the rule-of-V was used to mark 
the dip direction of bedding and faults. The moment 
tensor solutions are extracted from the GeoMap App 
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(http://www.geomapapp.org). and it covers data from 
January 1976 until July 2019 (Fig. 1). These data are 
used and correlated with our geomorphic mapping 
of tectonic landforms to interpret and understand the 
nature of faulting in the interior Himalayas.

3. Results and interpretation

3.1. Faulting
The geomorphic evidence of active normal faulting 

in the NW Himalayas is ubiquitous (Figs. 3 to 5). The 
> 60 km long and ~N-S trending normal fault is one 
of the most prominent looking geomorphic features in 
the region, and is located to the west of the Karako-
ram fault (Fig. 4). The ~N-S oriented elongated val-
ley that is filled with Holocene sediments is a direct 
consequence of normal faulting, and it suggests a 
half graben geometry where the fault is dipping east 
(Fig. 4). The abrupt truncation of the ~NW-SE ori-
ented ridge in front of the Tso Moriri Lake indicates 
faulting, which is consistent with the eastwards dip-
ping fault plane (Fig. 4). Broadly, the region mapped 
here (e.g. Fig. 4) shows dominantly NW-SE, and 
NE-SW faults, which crosscut each other. The ridge 

crests are truncated by faults, triangular facets are 
widespread, and clear, and often Holocene filled gla-
cial valleys are also cut by faults, which are narrow 
and spread across the region. This intersecting re-
lationship of geological structures shows that ~NE-
SW faults are older, and are truncated, and often 
cut by younger ~NW-SE faults. This suggests either 
the faults have formed together or, ~NW-SE trend-
ing faults are younger (see Discussion for details). 
Similar structures are observed in other areas (e.g. 
Fig. 3) where clear evidence for faults is observed, 
and a range of active tectonic features suggest active 
faulting. The entire region shows a consistent pattern 
of faults (Figs. 3 to 5) where a number of ~NW-SW 
and ~NE-SW trending normal faults are also mapped. 
Together all these faults show evidence of Holocene 
movement, and therefore these are active.

The abundance of topographic breaks that we have 
mapped in the region is mainly interpreted as normal 
faults because they are consistent with regional ex-
tension that has been observed in Tibet and Kashmir 
Himalaya (e.g. Shah et al., 2018). These faults are 
a direct consequence of the ongoing oblique con-
vergence of India and Eurasia. The ~NW-SE major 
trending normal faults have displaced ~NE-SW trend-
ing normal faults, which indicate that it is younger, 
and our mapping shows that both are active, and in-
terrelated to each other. Similarly, a large number of 
SE dipping normal faults are mapped (Figs. 3 to 5) 
and interpreted to have formed syn-tectonic with the 
oblique plate convergence that has also created the 
frontal thrust later in the Himalayan orogenesis. The 
topographic expresses of the mountains and valleys 
clearly show the faulting pattern, and the drainage 
system seems to have mirrored and followed the fault 
patterns. It is obvious that the entire region is split into 

Figure 1: (A) Regional map showing the two major active faults 
system in NW Himalaya. The faults are in red, and the background 
satellite image is derived from the GeoMap App. The earthquake 
hypocenters (color filled circles and moment tensor solutions 
(earthquake beach balls)) are also plotted. The 3D-illustrations are 
based on the fault plane solutions that are labelled as numbers, 
and are interpreted as the best possible representative events of 
active normal faulting in the region. (B) The earthquake structural 
details that are used for the 3D-illustrations.

Figure 2: The shuttle radar topography (SRTM) with the regional 
seismicity. The major faults are shown in red, and the rectangular 
regions represent the areas that are studied in details (see Fig. 3 
to 5).
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different ridges and valleys because of the progres-
sive deformation that has formed these faults.

3.2. Earthquake moment tensor solutions
The distribution of earthquake hypocenters and ex-

amination of the available moment tensor solutions 
have corroborated with our mapping (Fig. 1A and 1B). 
The dominance of shallow focus earthquakes in the 
entire region is consistent with the brittle deformation 
of the interior portions. Some clusters are observed, 
which are mostly related to the major earthquakes 
events in the past. The ~NW-SE directed crustal ex-
tension that we have mapped above is also reflected 
from the moment tensor solutions, which show ~N-S 
and ~NE-SW trending normal faults. The instrumen-
tal earthquakes clearly show that normal faulting is 
active, and our mapping demonstrates the geomor-
phic and structural evidence of such events (Fig. 3 to 
5). Figure 1B shows the structural parameters used 
to make the 3D-illustrations, which reflect the map-
ping of the geomorphic landform shown above.

4. Discussion
Shah et al. (2018) mapped the regional normal 

faults in the Kashmir Himalaya. They interpreted that 
~NW-SE directed crustal extension is actively taking 
place in Kashmir Himalaya as well, and that it resem-
bles the ~E-W extension that Tibet is undergoing (Fig. 

6). The new mapping shown above further demon-
strates that such faulting is ubiquitous throughout the 
west and southwest of the Karakoram fault. We have 
mainly observed orogen parallel faults, and ~NE-SW 
and ~N-S trending normal faults throughout the study 
area (Figs. 2 to 6). These normal faults are active, 
have ruptured and displaced Holocene deposits, and 
are morphologically similar to the normal faulting pat-
tern that is observed in Tibet (Shah et al., 2018). The 
topographic expression of faulting is mainly shown 
by a number of faults and these are interpreted as 
normal faults, which have formed syn- or postgenetic 
to the formation of the Karakorum fault because we 
have observed dextral offset of normal faults at KF 
(Fig. 6D). The mapping further illustrates that ~NW-
SE trending faults have truncated, and displaced the 
~NE-SW trending faults (Figs. 2 to 5), which suggests 
the relative age relationship and confirms the earlier 
formation of ~NW-SE trending faults. The available 
earthquake moment tensor solutions (Fig. 1) strength-
en our geomorphic mapping, and indicate the ~NW-
SE to ~E-W directed crustal extension. This means 
on a regional scale that the ongoing lithospheric plate 
convergence is also absorbed by ~E-W extension, 
and that is strikingly similar to how Tibet is deforming 

Figure 3: (A) Satellite image with interpreted tectonic and other 
geomorphic features. (B) 3D-illustrations before and after faulting. 
It is representative of one of the major normal fault systems that we 
have mapped here. Figure 4: (A) Satellite image with interpreted tectonic and other 

geomorphic features. A number of syn-tectonic valleys are filled 
with Holocene sediments. (B) 3D illustrations before and after 
faulting. It is representative of one of the major normal fault systems 
that we have mapped here.
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(McCaffrey and Nabelek 1998; Shah et al., 2018).
Further, the only major dextral strike-slip fault that 

exists in the NW Himalaya is the Karakoram fault 
(KF). The earthquake moment tensor solutions sug-
gest (Fig. 1) that thrust faulting dominates at the fron-
tal portions, which is consistent with the normal con-
vergence of the two plates in convergence. However, 
north of Kashmir, the normal faulting predominates, 
and our mapping supports this with geomorphic evi-
dence of normal faulting (Figs. 2 to 5). The faults east 
of KF are dominantly strike-slip and normal, and the 
ongoing deformation is consumed on these struc-
tures in the Tibetan plateau region (Yin and Harrison, 
2000). Although the actual cause of this extension re-
mains a controversial topic (e.g. Tapponnier and Mol-
nar, 1977; Tapponnier et al., 1982; Yin and Harrison, 
2000), our new mapping of the topographic landforms 
seems to suggest that regional oblique convergence 
can transport rocks on major strike-slip systems and 
could cause simultaneous extension (Fig. 6). Such 
a mechanism requires active and large systems of 
strike-slip movement in Tibet that are moving relative-
ly faster compared to those in the east. The regional 
structures in NW Himalaya are broadly distributed 
in some restricted locations, and that suggests that 
frontal portions are dominated by ~NW-SE trending 
thrusts while interior regions are controlled by orogen 

parallel and orthogonal normal faulting and strike-slip 
faulting, where rocks are transported towards ~SE. 
This has been illustrated (Fig. 6) through a number of 
3D illustrations (Fig. 6B–D) to discuss the evolution of 
normal faulting in the studied region. The faults were 
formed in response to the collision of lithospheric 
plates of India and Eurasia (Fig. 6B). This could have 
formed both, the normal and the strike-slip faults 
(Fig. 6C). However, the cross cutting relationship be-
tween normal and strike-slip faults suggest that some 
mapped normal faults are truncated by strike-slip 
faulting, which could indicate that Karakoram fault 
has formed later than normal faulting (Fig. 6D). 

5. Conclusions
The geomorphic expression of faulting that is 

mapped here shows that ongoing regional defor-
mation is actively contributing towards the ~NW-SE 
directed crustal extension in the interior of the Him-
alayas. This is similar to structures that have been 
mapped in Tibet and the Kashmir Himalayas. The 

Figure 5: (A) Satellite image with interpreted tectonic and other 
geomorphic features. The rugged topography is dissected by 
glaciers, which often occupy tectonically controlled valleys. (B) 
3D-illustrations before and after faulting. It is representative of one 
of the major normal fault systems that we have mapped here.

Figure 6: (A) 3-D view of the satellite image shows the two major 
active fault systems in the NW Himalaya that are reflective of 
the oblique tectonic convergence between India and Eurasia.  
The illustrations (B to D) summarize the formation and possible 
evolution of normal faulting in the studied region. (B) The normal 
faults could have formed earlier or syntectonic with the oblique plate 
convergence. (C) This could have later formed strike-slip faults, 
which have displaced normal faults. (D) This could mean that the 
Karakorum fault has formed later than normal faults. However, the 
regional oblique plate tectonic convergence could form both the 
fault systems together in the region with some time lag between 
their development history, which seems a normal procedure during 
the mountain building processes.
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mapped faults are active and are interpreted to have 
formed in response to the tectonic convergence be-
tween the Indian and Eurasian plate. The active na-
ture of deformation suggests distributed deformation 
in the NW Himalayan and confirms that a portion of 
tectonic convergence is compensated along regional 
scale normal faults. It shows that the presence of 
crustal extension in the interior Himalaya is mainly 
reflected by the regional normal faulting, which is in 
contrast to strike-slip and normal faulting in Tibet. The 
deformation in the interior portions during collisional 
mountain building processes seems to question the 
out-of-sequence faulting where such deformation is 
not a predictable mechanism to release crustal strain. 
The cause of extension could be related to the ongo-
ing oblique plate convergence where active strike-slip 
faults transport rocks towards ~SE and we interpret 
that such faults are expected to slip more towards the 
east of KF, and less towards the west of it because of 
the dense network of linked transtensional structures 
(e.g. major strike-slip and normal faults). This is pos-
sibly the reason for low seismic activity on normal and 
strike slip faults in the Kashmir Himalayas.
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