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in viewing, the error bars in the coordinate variation has not been shown. 
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combined seasonal variation (NTOL+ATML+HYDL) at site location due the 

variation in non-tidal ocean load, atmospheric pressure load and hydrological 

load. The gravity change (Δg) due to variation in mass is shown by violet 
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shift as compared to observed seasonal variation. The calculated vertical 

component has similar amplitude and phase with observed vertical 

displacement. 
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variations and a phase delay can be observed in north displacement 

component. 

Fig.5.17 Location of continuous GPS sites are shown where the seasonal variation in 
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KUNR) from the red curve. For comparison, displacement components 

simulated from the non-tidal ocean, atmospheric and hydrological load 
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Earthquakes in the Himalayan region occur due to the ongoing convergence between India and 

Eurasia. Northwest Himalaya is considered to have high seismic hazard as most of its region 

lies in the seismic gap. GPS measurements have proved to be extremely useful in quantifying 

strain accumulation rate and assessing seismic hazard in a region. Continuous GPS 

measurements not only provide estimates of secular motion, which are used to understand the 

earthquake and other geodynamic processes, but also document seasonal variations which could 

be of tectonic or non-tectonic origin. Using such measurements several authors (Bollinger et al., 

2007; Bettinelli et al., 2008; Chanard et al., 2014) have reported seasonal nonlinear behaviour in 

the rate of surface displacement in the Himalaya. Thus continuous monitoring of displacement 

rate, which can lead in estimation of deformation rate and strain buildup, is required to explore 

various geodynamic processes in the Himalaya. In the present Ph.D. work, surface deformation 

due to various processes, including that due to interseismic strain accumulation, in the Kashmir 

and Kumaun Garhwal Himalaya, has been estimated for seismic hazard analysis using 

continuous GPS measurements.  

I have analysed more than three years (2008-2012) of GPS observations at eleven (seven 

continuous and four campaign mode) sites, spanning the entire Kashmir Himalaya (from 

Rajauri in south to Kargil in north), using GAMIT/GLOBK software. The derived displacement 

time series at each site shows significant seasonal variation. Secular rate with annual and semi-

annual components of seasonal variation at each sites were estimated using GGMatlab toolbox. 

From these observations, the rate of slip deficit between India and Eurasia Plate and width of 

the locked zone on the Main Himalayan Thrust (MHT) are estimated based on elastic 

dislocation theory. The oblique plate convergence or slip deficit rate is estimated as 13.6±1 

mm/yr (11.8±1 mm/yr thrust and 6.7±1 mm/yr dextral kind) towards N198°E in the frontal part 

of Kashmir Himalaya. The locking width has been found to be large, 175±20 km, in comparison 

to that in other part of the Himalayan arc. The p-axis plot derived from earthquake focal 

mechanism of the events further confirmed the obliquity of plate convergence in the Kashmir 

Himalaya. Assuming that the slip deficit rate is linear over time, a slip deficit of ~6 m since last 

major event of 1555 in Kashmir Himalaya, is estimated which may be released in a future great 

earthquake.  
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In the Kumaun Garhwal Himalaya, twenty two new continuous GPS sites have been installed 

during the period 2012-2015 for the estimation of crustal deformation and strain budget in the 

region. These continuous GPS measurements are analysed using GAMIT/GLOBK software.  

The derived GPS time series of displacement at all sites exhibit strong seasonal variations in all 

components. Again, secular rate and seasonal components have been extracted using GGMatlab 

toolbox (Herring, 2003). The grid search approach using chi-square uncertainty analysis 

suggests shallow dip of 4° for the MHT. The estimated rate of current shortening in the 

Kumaun Garhwal Himalaya is 18.0±0.7 mm/yr and the width and depth of locked portion of the 

MHT is estimated as 100±15 km and 14.0±1.4 km, respectively. The inversion of site velocity 

estimates for coupling suggests a high (>0.7) plate coupling up to a width of ~90 km from the 

Main Frontal Thrust which approaches to zero towards north in the aseismically creeping MHT 

region. The estimated coupling suggests large amount of slip deficit or strain accumulation in 

the Kumaun Garhwal Himalaya. Considering that no great earthquake has occurred at least in 

past 500 years or so in this region, a megathrust event of Mw~8 is overdue in the Kumaun 

Garhwal Himalaya.  

Strong seasonal variations in the surface displacement have been observed at all sites in the 

Northwest Himalaya. Seasonal variations generally have annual and semi-annual periodicity. 

The vertical displacement component exhibits large seasonal variations as compared to that in 

the horizontal displacement components. In the Northwest Himalaya, with respect to fixed India 

plate, sites move southward with comparatively larger rate in summer season as compared to its 

rate in the winter season. Surface deformation is modelled at each site from the global surface 

deformation solution due to hydrological loading (HYDL) and non-tidal ocean loads (NTOL), 

provided by the Global Geophysical Fluids Center (GGFC). The global surface deformation 

solution due to atmospheric pressure loading (ATML), provided by National Centers for 

Environmental Prediction (NCEP), has been extracted at each site. Seasonal variation in surface 

displacement due to the hydrological loading (HYDL), change in mass caused by precipitation, 

snow accumulation and loading of river system, is large as compared to the atmospheric 

pressure loading (ATML) and non-tidal ocean loads (NTOL) in the NW Himalaya. The vertical 

component of surface displacement due to hydrospheric loads (HYDL, ATML, and NTOL) is 

generally consistent with the GPS derived seasonal variations in displacement components in 

the Northwest Himalaya. While in case of horizontal surface displacement, the calculated and 

observed estimates have similar amplitude with some phase difference at a few sites due to the 
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low resolution (0.5° × 0.5°) of hydrological loads, the vertical surface displacement is 

consistent at all sites.    

Three of the GPS sites situated at Kunair, Raithal and Guptkashi of Garhwal region show 

distinct behaviour in motion as compared to the nearby sites. Continuous GPS site Kunair is 

situated close to the Tehri reservoir and shows anomalous seasonal variation in vertical and east 

displacement components. While the vertical component is consistent with the elastic cyclic 

loading of the reservoir and its poroelastic relaxation, the east component shows some 

anomalous behaviour. Nevertheless the seasonal variation in site motion clearly shows that the 

loading and unloading of the Tehri reservoir strongly influences the deformation in its vicinity. 

The motion at two sites, Raithal and Guptkashi, is large and represent motion of slow moving 

landslides in the two respective regions. The rate of sliding is increasing with time and the 

current rate of sliding of bedrock is ~22 mm/yr towards east at Raithal and ~15.5 mm/yr 

towards northeast at Guptkashi. In both cases the direction of motion is in the hill-slope 

direction.  
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Chapter 1 

Geological Setting and Tectonics of Himalaya 

 

1 
 

1.1   Introduction 

Plate tectonic theory suggests that the outer part of the Earth is broken into several large plates. 

The continents ride on the plates, which move rigidly relative to one another and can converge 

with each other. Convergence of oceanic and continental lithosphere leads to subduction at 

trenches whereas the collision of two continental lithospheres leads to underthrusting. The 

pattern of deformation is more complicated in case of underthrusting as compared to subduction 

between the two rigid plates (Molnar and Chen, 1982). The Himalayan Mountain system is the 

result of collision between India and Eurasian plates and is the world’s largest concentration of 

mountain ranges. The convergence forces cause crustal shortening along more than 2500 km 

length of the Himalayan arc since the initiation of the collision of continents ~55 Myr. The 

growth of Himalayan wedge has resulted mainly from underplating and has led to the 

development of the duplex at midcrustal depth.  

In the present scenario, the Indian plate continues to move to the northeast with a rate of ~5 

cm/yr and rotates slowly in anticlockwise direction (Sella et al., 2002). The overriding 

Himalayan wedge is deforming continuously and causes folding and faulting. The convergence 

rate in the Himalaya from Kashmir to Arunachal Pradesh varies between 10 to 20 mm/yr (Jade 

et al., 2004; Vernant et al., 2014; Stevens and Avouac, 2015). Various transverse features across 

the Himalayan arc which demarcates the Himalayan segments with different convergence rates, 

may also control regional tectonics. The convergence of India and Eurasia is responsible for 

frequent earthquakes in the Himalayan and adjoining regions. The historical records of the 

earthquake in the Himalaya before the year 1500 are poor. Himalaya and adjoining regions have 

experienced six major to great earthquakes since last one century and their rupture lengths have 

not been more than 400 km. Thus, a substantial part of the arc remains unbroken and several 

investigators have opined that one or more great earthquakes are overdue in all the seismic gap 

of the Himalaya (e.g., Bilham et al., 2001). Continuous monitoring of crustal deformation and 

plate motion in Himalaya may help in the understanding of earthquake occurrence processes, 

their recurrence intervals, identification of relatively higher seismic hazard zones, etc.    
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Nowadays, GPS measurements play an important role in monitoring the rate of present crustal 

deformation and provide better constraints on the seismic hazard analysis in seismically active 

regions. I have used GPS measurements for the estimation of interseismic strain accumulation 

rate in the Northwest Himalaya. The tectonic setting along the Himalayan arc is considered to 

be similar and hence a brief introduction of evolution of Himalaya and its major sub-divisions 

have been mentioned in this chapter. The intensity of future potential earthquakes depends on 

the past earthquake history of the region, thus this chapter also includes a discussion on the 

earthquake occurrence processes and past significant earthquakes of the Himalaya.  

1.2   Tectonic evolution of Himalaya 

The continental drift theory (proposed by Alfred Wegener, 1915) suggests that prior to ~200 

Myr ago, all of the continents formed one large land mass that was called as “Pangea”, further, 

it broke into two major continents, known as Gondwana and Laurasia. Indian continent was the 

part of Gondwana land and has moved northward over more than 7000 km (Fig.1.1) since its 

Early Cretaceous separation from Australia and Antarctica and forming the Indian Ocean in its 

wake and destroying the old Tethys Ocean in front of it (Fig.1.2A). The magnitude and progress 

of this northward movement has varied with time and are well documented from seafloor-

spreading analyses of the Indian Ocean (e.g. McKenzie and Sclater, 1971; Sclater and Fisher, 

1974; Johnson et al., 1976, 1980; Norton and Sclater, 1979; Patriat et al., 1982; Fisher and 

Sclater, 1983; Patriat and Achache, 1984; Veevers, 1984; Molnar et al., 1988; Patriat and 

Ségoufin, 1988; Powell et al., 1988; Royer et al., 1988; Royer and Sandwell, 1989).  

The period of the start of the collision between the India and Asia is considered to be in 

between 35 Myr to 55 Myr based on geological evidences (Hodges, 2000; Molnar and 

Tapponnier, 1975; Searle et al., 1987; Aitchison et al., 2007; Patriat and Achache, 1984; Acton, 

1999; Klootwijk et al., 1992a). The paleomagnetic studies suggest that there is abrupt change in 

the velocity of Indian plate after the collision. Patriat et al., (1982) have proposed that India 

moved toward Eurasia at ~14.9 cm per year during the period of 70-40 Myr and then slowed 

down to its current rate after the collision. According to Clark (2012), the slowdown of the 

convergence at mountainous plate boundaries is due to the domination of viscous resistance to 

plate motion over the buoyancy forces created by relatively strong continental mantle 

lithosphere. The slowing of convergence has generally been attributed to the development of 

high topography that further resists convergent motion (Molnar and Stock, 2009; Copley et al., 

2010).  
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Figure 1.1: Paleolatitudes of a reference site (29°N, 88°E) located on the present day position 

of the Indus-Tsangpo Suture Zone in Eurasia, Greater Asian, Tibetan-Himalayan and Indian 

reference frames. Number corresponds to paleomagnetic poles described and listed by van 

Hinsbergen et al., (2012). Pl, Pliocene; Mio, Miocene; Oligo, Oligocene; Paleoc., Paleocene; 

MCT, Main Central Thrust; STD, South Tibetan Detachment. Age uncertainties are based on 

the age of the units determined from either radiometric dates or geologic stages, and latitude 

uncertainties are calculated from the corresponding poles at the 95% confidence level. 

Question mark next to estimate 7 indicates that this pole may insufficiently average 

paleosecular variation (source, van Hinsbergen et al., 2012). 

The convergence history between India and Eurasia, derived from marine magnetic anomalies 

suggests convergence of 2,860 km for western and 3,600 km eastern Himalaya syntaxes since 

the initiation of India-Eurasia collision (van Hinsbergen et al., 2011). Several authors have 

suggested that the total convergence since India-Eurasia collision (55-50 Myr) is more than the 

estimated total crustal shortening within Eurasia and the Himalaya by up to 2,350 km (Biggin et 

al., 2008; Vandamme et al., 1991; Chenet et al., 2009). 
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Figure 1.2: Plate reconstruction of the India-Eurasia collision is shown. A small Greater India 

(A) was extended in the Cretaceous (B), leading to “soft” collision and ongoing subduction 

around 50 Myr (C) and a “hard” collision with thick, continuous Indian Lithosphere between 

25 and 20 Myr (D). MCT, Main Central Thrust; Md, Madagascar; STD, South Tibetan 

Detachment; Sy, Seychelles. (source, van Hinsbergen et al., 2012) 

van Hinsbergen et al., (2012) has explained that the magnitude of extension within Greater 

India (part of India plate that has been subducted underneath) during Cretaceous period was 

larger than the typical extended continental margins and this caused the generation of Greater 

India Basin (GIB), ~2350 km of oceanic crust, between Tibetan Himalaya and cratonic India, 

separating a microcontinent from cratonic India (Fig.1.2B). Further, the Tibetan Himalayan 

microcontinent collided with Asia about 50 Myr followed by subduction of the oceanic Greater 

India Basin along the subduction zone at the location of the Greater Himalaya (Fig.1.2C). The 
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subduction of Greater Indian Basin during the 50-25 Myr thickened and metamorphosed the 

Greater and Tibetan Himalaya as part of the compressed overriding plate (Fig.1.2D). The 

“hard” India-Eurasia collision with thicker and contiguous Indian continental lithosphere 

occurred during 25-20 Myr, leading to increased coupling at the plate contact (Molnar and 

Lyon-Caen, 1988). van Hinsbergen et al., (2012) have suggested that India-Eurasia collision 

during 15-10 Myr was followed by slab break-off and further, horizontal underthrusting of India 

below Tibet started. This underthrusting caused the uplifting of the South Tibet and increased 

the erosion rates within the Himalayan system. The uplifting developed the world’s highest 

mountains and therefore, seasonally shifting monsoon winds of southern Asia. Thus, subduction 

of the extended continental margins in the GIB provides a straightforward explanation for the 

discrepancy between convergence and shortening.   

The present geological boundary between the India and Eurasia is marked by the Indus-

Tsangpo Suture Zone (ITSZ), which is a belt of ophiolites that follows the Indus and Tsangpo 

valleys in southern Tibet north of the Himalayas (Molnar and Tapponnier, 1977). This zone 

comprises three major rock sequences in the south-central Xizang and Ladakh and separated by 

fault systems of both Mesozoic and Cenozoic age. The Indus-Tsangpo suture zone represents 

the Neo-Tethyan Ocean basin and its northern and southern continental margins (Heim and 

Gansser, 1939; Hodges, 2000).  

1.3   Tectonic Setting 

Major geological structures of Himalaya initiated developing since 60-55 Myr in response to 

the collision of India and Eurasia plates and the subsequent northward subduction of India 

(Powell and Conaghan,  1973;  Ni  and  Barazangi,  1984;  Coward  and  Butler, 1985;  

Mattauer,  1986;  Searle,  1991;  Rowley,  1996;  Hodges, 2000).  As  India  continued  to  move  

northward  relative  to central  Asia, much  of  the sedimentary  prism that  accumulated along  

its  northern margin  from  early  Proterozoic through Paleocene  time  was  clipped off  from  

the  underlying basement  and stacked in the  form of large,  south  vergent  thrust  sheets.  

Himalayan fold-thrust belt lies to  the  south of  the ITSZ and consists  of  mainly  south vergent  

thrust  sheets  and  related folds.  Flanking  the  fold-thrust  belt  on  its  south  lies  the 

Himalayan foreland  basin system,  which onlaps  the northern Indian  cratonic shield  (Lyon-

Caen  and  Molnar, 1985). The  present  geomorphic  foreland  basin  is  the modern 

manifestation  of  a  similar  system  that  has existed along the southern  flank of  the  orogen  
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from western  Pakistan  to eastern Nepal since  Eocene  time  (Willis,  1993;  Najman et al.,  

1993; Pivnik  and  Wells, 1996; Burbank  et  al.,  1996; DeCelles  et  al., 1998b). 

 

Figure 1.3: Regional map of the Himalaya showing the major longitudinal lithotectonic 

subdivisions separated by major faults. (source, Burg, 2006) 

1.4   Subdivisions of Himalaya based on Geological study 

The Himalayan Mountain stretches for 2,500 km in a NW-NE direction along the margin of the 

Indian continental plate and is bounded by the Nanga-Parbat syntaxis in the Northwest and the 

Namche Barwa syntaxis in the Northeast (Sorkhabi and Macfarlane, 1999). The Himalayan 

mountains and surrounding regions are characterized by astounding complexity, representing 

several phases of tectonic and deformational events. One of the most striking aspects of the 

Himalayan orogeny is the lateral continuity of its major tectonic elements. The Himalaya is 

classically divided into four tectonostratigraphic units that can be followed form western 

syntaxes to eastern syntaxes along the Himalayan belt (Gansser, 1964).  Each of these units can 

be characterized by a distinct stratigraphy and metamorphic grade, and is separated from 

neighboring zones by faults. From south to north, these are the Sub (Outer)-Himalaya, Lesser 

(Lower) Himalaya, Higher (Greater) Himalaya and Tethyan (Tibetan) Himalaya. 
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1.4.1   Sub (or Outer) Himalaya 

Sub-Himalayan zone is the frontal part of the fold-thrust belt and is characterized by the abrupt 

rise of topographic front of the Himalaya from elevations of ~150-250 m on fluvial plains of the 

active foreland basin system. It is defined as the 10 to 25 km wide belt of Miocene to 

Pleistocene molassic sediments derived from the erosion of the Himalaya (Lave and Avouac, 

2000; Power et al., 1998). These molasses, known as Muree and Siwaliks formations, are 

internally folded and imbricated. Sub-Himalayan rocks have been overthrusted by the Lesser 

Himalaya along the Main Boundary Thrust (MBT). This steep thrust flattens with depth, 

developed during the Pliocene time and has been shown as an active through the Pleistocene 

(Ni and Barazangi, 1984). The sub-Himalaya is bounded by a thrust fault to the south, the Main 

Frontal Thrust (MFT, also referred as Himalayan Frontal Thrust), and is thrusted over 

sediments on the Indian plate.  

1.4.2   Lesser (or Lower) Himalaya 

Lesser Himalayan rocks are comprised of non fossiliferous low-grade metasediments and 

klippen of older metamorphic rocks and granitic intrusions of Upper Proterozoic to Lower 

Cenozoic age (Jager et al., 1971; Valdiya, 1980b; Frank et al., 1995). The rock units show a 

series of anticlines and synclines that are often sheared. The entire succession of the formation 

is 8~10 km thick and the lower part of the succession is dominated by siliciclastic rocks, and the 

upper half consist of both carbonate and siliciclastic rocks (DeCelles et al., 2001). The rocks of 

Lesser Himalaya are cut by numerous thrust faults (Valdiya, 1981). 

1.4.3   Higher (or Greater) Himalaya  

Higher Himalayas are also known as the central crystalline zone, comprising of ductily 

deformed high  grade meta-sedimentary rocks of  Upper Proterozoic to Lower Cambrian age 

and mark the axis of orogenic uplift.  This zone represents multiphase deformation events, 

occurred in a north to south direction and is associated with the MCT, which brings the higher 

Himalayas on top of the Lower Himalayas (Sorkhabi and Macfarlane, 1999).  The Higher 

Himalayan rocks consist of paragneiss, schist, migmatite and orthogneiss.  

1.4.4   Tethyan (or Tibetan) Himalaya 

Tethyan Himalaya is located to the south of the ITSZ and consists of very low grade 

metasedimentary rocks, mainly phyllites, limestones, and quartzose sndstones of mid-

Proterozoic to Eocene age (Gansser, 1964; Searle, 1986). These sediments are deposited in a 

variety of marine (from plelagic sediments to coral reefs) and fluvial environments. The 
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transition between the low grade sediments of Tethyan Himalaya and underlying low to high 

grade rocks of High Himalayan Crystalline Sequence is progressive and marked by a major 

extensional structure, known as South Tibetan Detachment System (STD). 

1.5   Major Himalayan thrust belts  

The Himalaya is considered as one of the most seismotectonically active regions of the world 

due to the active understhrusting between the continents. In front of the northward drifting 

Indian continent lay a huge prism of continental-margin sediments roughly 1600-50 Myr old 

resting on a hard oceanic basement of even older (>2000 Myr) crystalline rocks (Valdiya, 

1976a). As the Indian land mass moved northwards, this sedimentary piles with its crystalline 

basement was complexly folded and repeatedly split by faulting and thrusting. The important 

thrust systems that have occurred along the length of the Himalaya are the Main Frontal Thrust, 

Main Boundary Thrust, Main Central Thrust, and South Tibetan Detachment and shown in 

Fig.1.3.  

1.5.1   Main Frontal Thrust (MFT) or Himalayan Frontal Thrust (HFT) 

The MFT lies at the southern margin of the Himalaya collision zone and appears to 

accommodate 50-100% of the shortening across the Himalaya (Lave et al., 2005). It is youngest 

major structural discontinuity, parallel to Himalayan ranges that separate the outermost Siwalik 

sub-Himalaya from the Indo-Gangetic plains.  Displacement (the active thrusting) along the 

MFT has raised the Siwalik Hills to elevations of about 500-1000 m above the adjacent Indo-

Gangetic plain. MFT is believed to be a blind fault as it has few surface exposures. This fault 

has been active during the Quaternary period and caused several modifications in the younger 

geological, geomorphological and drainage features.   

1.5.2   Main Boundary Thrust (MBT) 

The MBT is a major north- dipping thrust fault, overlain by Lesser Himalayan rocks. It affected 

the upper crust of the Indian Plate during the Cenozoic shortening and forms the present-day 

structural and orographic boundary between the Outer and Lesser Himalayas. It truncated the 

trailing edge of the northernmost thrust sheet of Main Frontal system. Rocks in Main boundary 

thrust sheet are generally not metamorphosed or are metamorphosed only to lower greenschist 

facies.   
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1.5.3   Main Central thrust (MCT) 

MCT is one of the major geological fault of the Himalayan wedge and form along the 

Himalayan arc, sloping towards northward with a strike NW-SE direction, due to the 

underthrusting of India plate beneath Eurasia Plate.  The MCT is generally expressed 

topographically as a major increase in elevation from ~3000 to 5000 m. It is a ductile shear 

zone along which the High-grade Greater Himalayan crystalline complex was placed above the 

low-grade to unmetamorphosed Lesser Himalayan sequence.   

1.5.4   South Tibetan Detachment (STD) 

The STD is one of the major faults in the Himalaya Mountains and it dips towards north, 

accommodating the north/normal motion of the Tethyan sedimentary series of South Tibet with 

respect to the underlying High Himalayan crystalline series or Himalayan crystalline slab (Burg 

et al., 1984; Burchfiel et al., 1992). It is interpreted as a low angle normal fault in the wedge 

extrusion and channel flow model and for the tectonic wedge model, this fault is interpreted as a 

thrust fault (Burg, 1983; Beaumont et al., 2001; Corrie et al., 2012). Some authors have 

proposed that the upper STD could still be active east of the Annapurna in the Thakola graben 

(Hurtado et al., 2001). Other proposed that there is a major change in the STD kinematics east 

of the Yadong graben (Wu et al., 1998; Kellett et al., 2009).  

1.6   Earthquake generation in Himalaya  

The underthrusting of the Indian shield beneath the South Tibet along the Main Himalayan 

Thrust (MHT) is governed by compressive stresses developed due to formation of new crust on 

ridges and causes plate motion. MHT is also referred as the detachment or decollement. The 

majority of the earthquakes in the Himalaya are considered to occur on the MHT (Bilham et al., 

1997; Jouanne et al., 1999; Avouac, 2003; Bettinelli et al., 2008) to which major thrust belts i.e. 

MCT, MBT and MFT are splays. The frontal part of the MHT behaves as a brittle zone and 

remains locked during the interseismic period (Seeber and Armbruster 1981; Ni and Barazangi, 

1984; Molnar, 1990). This zone behaves in stick and slip manner in which the elastic energy 

accumulates during interseismic period and is this zone which is released during the 

earthquakes (Seeber et al., 1981; Molnar, 1990). Thus the major to great earthquakes occur in 

this frontal part of MHT. The northernmost part of the MHT behaves a ductile body due to the 

increase of pressure and temperature conditions with depth. The elastic strain cannot 

accumulate in this zone thus the downdip part of MHT is known as aseismically creeping zone. 
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The part of MHT between the downdip of locked frontal part and updip of aseismically 

creeping zone is called the transition zone. The stresses are in critical conditions in this 

transition zone, therefore a slight change in the stresses can produce small to strong 

earthquakes. Most of the seismicity in Himalaya occur in this transition zone and is referred as 

the Himalayan Seismic Belt (HSB). The HSB belt may be marked by 20°-30° mid-crustal ramp, 

between the seismically active detachment to the south and the aseismically slipping 

detachment to the north (Pandey et al., 1995).  

 

Figure 1.4: Seismotectonics of Himalaya is shown (source, Kumar et al., 2012). The major 

earthquakes and their generation along MHT are indicated. Red colour shows frontal rigid part 

of MHT, portion of MHT behaving as ductile is shown as green colour and yellow part of MHT 

shows transition zone between rigid and ductile. 

1.7   Seismicity of Himalaya 

The seismicity in the Himalaya occurs at shallow depth. A majority of the seismicity lies 

between the MCT and MBT (Gansser, 1964, 1977) from Assam to Kashmir and occurs due to 

the ongoing underthrusting of Indian plates beneath the Eurasia (Fig.1.5). The orientations of 
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the P and T axes along Himalayan arc are consistent with a stress field generated by India’s 

penetration into Eurasia and suggest thrust type crustal deformation. The earthquakes in the 

north of the higher Himalaya exhibit normal type motion on north-south oriented planes and it 

represent the internal deformation of overlying mountains in the aseismically creeping part of 

detachment. The focal mechanism of these earthquakes indicates eastward extrusion of the 

Tibetan Plateau.  

 

Figure 1.5: Major structural belts MFT, MBT and MCT along Himalayan arc are shown by 

green, brown and red color, respectively. The seismicity of Himalaya since 1964 to June 2016 

from ISC catalog has shown by pink circle. The focal mechanism of the earthquakes Mw≥6 is 

shown. 

The focal depth of the earthquakes shows that most events occur in the cold upper 15 km of the 

crust. Deeper events seems to occur in older, colder, more stable shields, in belts where thrust 

faulting and  crustal thickening have advected cold material down, or in the underlying mantle. 

The intermediate and deep focus seismicity in the Pamir-Hindu Kush represents the evidence 

for subduction of oceanic lithosphere in the last 10 to 20 Myr.  

1.8   Significant Historical Earthquakes in the Himalaya 

The historical records of the Himalayan earthquakes are documented since 13th century 

(Fig.1.6). Several major to great Himalayan earthquakes has been reported (Iyengar and 

Sharma, 1999; Ambraseys and Jackson, 2003; Ambraseys and Sharma, 1999; Bilham and 

Ambraseys, 2005; Seeber and Armbruster, 1981; Ambraseys and Jackson, 2003). The earliest 

giant earthquake in Kathmandu region was the 1255 earthquake (Sapkota et a., 2013). This 
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earthquake was so intense that it has perished one third of the Kingdom of Nepal. Bilham 

(1995) has suggested that the 1255 earthquake may has been a great earthquake and followed 

by three years of aftershocks based on historical records. The 1505 earthquake wrecked several 

monasteries along a 500 km segment of southern Tibet between Mustang region of Nepal and 

the region north of Agra (Ambraseys and Jackson, 2003; Bilham and Ambraseys, 2004). The 

1555 earthquake occurred in the Srinagar, Kashmir and killed hundreds of people. Two 

significant earthquakes, 1833 and 1803, have been reported respectively at the eastern and 

western end of the rupture of 1505 event and these were significantly less severe than the 1505 

event. The historical records suggest that the largest earthquake in Kumaon Garhwal Himalaya 

occurred in August 1803 having intensity of Mw ~8 (Ambraseys and Douglas, 2004). The 

epicenter of 1833 Nepal earthquake was near to Kathmandu, western end of rupture of 1934 

event, and has magnitude (Mw) ~7.7 (Bilham, 1995).    

 

Figure 1.6: Time and distance plot of approximate rupture area of large earthquakes in the 

past eight centuries along the Himalayan arc is shown (source, Bilham, 2004).  

The historic seismicity of the Himalaya includes six major events having Mw ~8 or more than 8 

in the last 100 years (Fig 1.6). 

i. 12 June 1897 Shillong earthquake- The Shillong Plateau earthquake, Mw ~8.1, is the 

largest historical earthquake in India and occurred on a reverse fault dipping steeply to 

south under the Shillong Plateau (Oldham, 1899; Richter, 1958, Seeber and Armbruster, 

1981, Bilham, 2004). According to Bilham (2004), the slip during this earthquake may 
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exceed 16 m, resulting in 10 m uplift of the northern edge of the plateau. Oldham’s 

studies suggest a rupture area of ~200-300 km in east-west trend. This earthquake did 

not occur on the MHT.  

ii. 4 April 1905 Kangra earthquake- Kangra earthquake stuck in the Kangra valley of 

Himachal Himalaya. The assigned magnitude of this earthquake was ~8.4 (Richter, 

1958). The recent assessments suggest that the magnitude of Kangra earthquake was 

Mw ~7.8 and this earthquake has released about 7 meter slip with a rupture length of 

~150 km (Wallace et al., 2005). The evidence of the surface rupture of the earthquake 

has not been found.  

iii. 15 January 1934 Bihar-Nepal earthquake- The epicenter of the Bihar-Nepal 

earthquake was close to MFT and the assigned magnitude was 8.3 (Gutenberg and 

Richter, 1954). The highest intensity has been documented near Kathmandu and Indo-

Gangatic plains (Molnar, 1990; Ambraseys and Douglas; 2004). The rupture length was 

~200-300 km and a slip of 6 m (Pandey and Molnar, 1988).  

iv. 15 August 1950 Assam earthquake- The 1950 Assam earthquake, Mw ~8.6, has 

occurred at the easternmost end of the Himalaya and caused a strong aftershock of Mw 

~8. The slip was oblique and the dimension of rupture surface was ~250 km along 

Himalayan arc and ~100 km in perpendicular direction of the arc (Molnar and Pandey, 

1989).  

v. 8 October 2005 Kashmir earthquake- The epicenter of the Kashmir earthquake, Mw 

7.6, was near Muzaffarabad. The Kashmir earthquake occurred on a 75 km long thrust 

fault in the Indo-Kohistan Seismic Zone (IKSZ) with maximum surface offset of about 

7 m (Gahalaut, 2008). It was the most damaging earthquake in the Himalaya and caused 

more than 80,000 fatalities.   

vi. 25 April 2015 Gorkha earthquake - The Gorkha earthquake, Mw 7.8 has occurred 

about 60 km NW of Kathmandu valley, Nepal. The earthquake released a maximum slip 

of ~6 m and caused vast fatalities in Kathmandu region due to the amplification of 

trapped seismic waves in the Kathmandu basin (Galetzka et al, 2015). The rupture of 

this earthquake on MHT terminated beneath the MBT. It had rupture length of ~150 km 

and the rupture is located to the west of the rupture zone of 1934 Bihar-Nepal 

earthquake (Elliott et al., 2016; Yadav et al., 2017). The largest aftershock of this 

earthquake had magnitude of 7.3 and occurred 17 days later at the northeastern end of 

the main rupture.  
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Several strong to major events have struck the Himalayan belt and their characteristics are 

analyzed by several authors based on geodetic measurements, geological, paleoseismological, 

geomorphological investigations.  

1.9    Phase of deformation during earthquake cycle 

Earthquakes are the response of the release of accumulated energy on a fault since longer 

duration and cause permanent deformation across the fault. There are mainly three kind of 

phase of crustal deformation associated with an earthquake in an active seismic zone, 

characterized based on the conservation of energy (Fig.1.7). 

i. Interseismic deformation 

ii. Coseismic deformation 

iii. Postseismic deformation 

These form part of earthquake deformation cycle and imply that earthquakes repeatedly rupture 

a given part of the fault. The term “cycle” does not imply that the earthquakes are periodic or 

repeat with regularity.  

Geodetic measurements are useful in the characterization of phases of deformation and 

estimation of imbalance between the accumulated and relieved strains.  

 

Figure 1.7: Earthquake deformation cycle is shown. The appearance of postseismic duration in 

the both of the displacement components have different duration.  
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The accumulation of strain across the fault occurs until the elastic strain build-up exceeds the 

ability of the frictional forces that lock a fault to prevent slip. The duration of strain 

accumulation prior to the occurrence of earthquake is known as interseismic phase of 

deformation. The frontal part of the fault, which is cold and behave as brittle, remains locked 

during interseismic phase of deformation and slip of during the time of major to great 

earthquake. The earthquakes causes the slip on a fault and this slip can be either sudden (few 

seconds) or of longer duration (few minutes to several years). The release of energy during a 

larger earthquake is sudden and is governed by stick-slip process. The sudden release of the 

accumulated elastic energy on a fault is called the coseismic phase of deformation. The 

postseismic phase of deformation corresponds to a period of minutes to years after an 

earthquake when the crust and the fault both adjust to the modified state of crustal stress caused 

by an earthquake. The postseismic phase of deformation governs by the two distinct processes 

and gives rise to additional crustal movement. One process consists of additional slip, usually 

minor, along the fault due to the aftershocks of the earthquakes on the ruptured fault and the 

other one generally appears in case of large earthquakes, which perturb the viscous part of 

lithosphere and thus, changes the crustal stress. The relaxation period of perturbed crustal stress 

can be several years depending of the rheological property of the lithosphere and magnitude of 

the earthquake.  

1.10   Seismic Gaps 

Seismic gap is defined in terms of the extent of region along an active fault where stress is 

accumulating since past several years with quiescence of earthquake, in other words seismic 

gap refers to regions of accumulated potential slip which has witnessed large earthquakes in 

past. The regions within a seismic gap are considered to be high-risk areas for earthquakes in 

the future. The entire Himalayan belt can be divided into three main segments based on 

earthquake recurrence in the last 100 years. These segments have potential to generate large 

earthquakes, and known as Himalayan seismic gaps.  

The seismic gap, which lies in the region between the 1950 Assam and 1934 Bihar-Nepal 

earthquake ruptures, is known as Assam seismic gap. The region between the 1905 Kangra and 

1934 Bihar-Nepal earthquake ruptures is known as Central seismic gap. The central seismic gap 

is of length of ~600 km and is the most prominent segment of the Himalayan front that has not 

witnessed any major earthquakes in the past 200-500 years. The gap that lies west of Kangra 

earthquake rupture is known as Kashmir seismic gap. The strain accumulation rate is considered 
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to be low with a small depth of locked detachment in Kashmir Himalaya. The presence of 

salts/anhydrites and high slip deficit since past largest earthquake, supposed to have occurred in 

September 1555, suggest high potency of future earthquakes in the Kashmir seismic gap.     

1.11    Future seismic hazard potential in Himalaya 

The quiescence of significant earthquakes in Himalaya since hundreds of years may cause 

major to great earthquakes in future. The 2015 Gorkha earthquake is one such example. The 

analysis of future potential earthquakes in Himalaya is done by Bilham et al., (2001) by 

assuming a uniform rate of convergence of 20 mm/yr and a locked width of MHT of 100 km 

along the Himalayan arc. Bilham et al., (2001) divided the Himalaya in 10 sub-divisions and 

mentioned that all the segments have potency to generate major to great earthquakes (Fig.1.8). 

 

Figure 1.8: Slip potential and potential magnitude along the Himalayan arc with urban 

population of south Himalaya are shown (source Bilham et al., 2001).  

In present scenarios, GPS measurements have capabilities to provide the precise estimate of 

active deformation up to mm level accuracy. The geological and geodetic study in Himalaya 

suggests that the interseismic convergence rate of India plate under the Southern Tibet and the 

locking width of MHT are not uniform. The available estimate of convergence rate along the 

Himalaya, except Nepal, are poor and are based on the campaign mode of GPS measurements 

with limited and sparse spatial distribution of GPS networks. Campaign mode GPS 

observations, generally, results in more error in site velocity estimate. The presence of motion 
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other than tectonics can introduce large error in these estimates. Thus continuous measurements 

are required for detail and precise analysis of seismic hazard in the Himalaya. 

1.12    Definition of the problem and thesis overview 

In past one century, there are two significant earthquakes in the Northwest Himalaya, 1905 

Kangra and 2005 Kashmir. The Kangra earthquake has ruptured a small portion ~200 km of 

Northwest Himalaya and Kashmir earthquake was an out-of-thrust sequence earthquake and 

was not a detachment event. Thus the entire segment of the northwest Himalaya has large 

potential to generate future great earthquakes.  

The present PhD work is based on the characterization of interseismic deformation in the 

Northwest Himalaya with the help of continuous GPS measurements. I have the following 

objectives: 

1. Precise estimate of site velocity using continuous GPS measurements in Northwest 

Himalaya. 

2. Estimation of convergence rate between the India and South Tibet in Northwest 

Himalaya. 

3. Characterization of strain accumulation processes. 

4. Investigation of other mode of deformation in Northwest Himalaya such as seasonal 

variations and slow slip. 

To achieve these objectives of my PhD work, I have made following assumptions 

1. The Indian plate is moving predominantly towards north and is interacting with the 

Eurasian plate, leading to underthrusting of Indian plate beneath the Eurasia plate along 

the Himalayan arc. 

2. The underthrusting causes strain accumulation across the active fault zone in the 

Himalaya. 

3. The deformation across the active fault zone can be measured using GPS observations. 

Chapter 2:  Seismotectonics of the Northwest Himalaya: a review 

This chapter includes brief introduction of seismotectonics of Northwest Himalaya and brief 

review of past work done by the authors for understanding the tectonics of Northwest 

Himalaya. It has been discussed in three sections. The first section contains the brief of review 

of geodetic measurements in the Northwest Himalaya and Nepal. The study based on the 
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seismological analysis has been described in second section and the third section includes the 

review of work based on other Geophysical investigations. 

Chapter 3: Global Positioning System measurements and site motion in Northwest 

Himalaya 

In this chapter I have discussed about the GPS data acquisition and processing approaches. The 

selection and monumentation of GPS sites in Uttarakhand has been explained. Further, I have 

pointed out the steps for analysis of GPS data using GAMIT/GLOBK. The methodology for the 

decomposition of seasonal variations observed in the GPS time series has been explained. The 

final estimate of site velocity, after the removal of seasonal variations, in ITRF08 and fixed 

India plate reference frame has been discussed at the GPS sites in Kashmir Himalaya and 

Kumaun Garhwal region.  

Chapter 4:  Interseismic Deformation in Northwest Himalaya  

This chapter contains the estimation of convergence rate using site velocity after the removal of 

seasonal component from the displacement time series at sites in the Kashmir Himalaya and 

Kumaun Garhwal. The methodology for estimation of plate convergence rate using grid search 

approach has been explained. The interseismic coupling ratio in the Kumaun Garhwal has been 

estimated using linear inversion of geodetic measurements at GPS sites. The error analysis of 

the derived parameters has been estimated and justification of derived results has been 

discussed. The estimate of current strain field and principal strain rate and its orientations in the 

Kashmir Himalaya and Kumaun Garhwal region have been done using SSPX computer 

program. Finally, seismic hazard in the Kashmir Himalaya and Kumaun Garhwal region has 

been discussed. 

Chapter 5:  Seasonal Modulation in GPS displacement time series in Northwest Himalaya 

The detail investigation of seasonal variations in GPS time series in Northwest Himalaya has 

been done in this chapter. The role of different meteorological parameters has been reported at 

Ghuttu GPS site. The displacement components due to the atmospheric pressure loading, non-

tidal ocean loading and hydrological loading have been analyzed. The total surface load induced 

displacement field has been compared with the observed displacement components in GPS time 

series.     
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Chapter 6:  Deformation due to local phenomena 

The influence of loading and unloading of Tehri reservoir at a nearby GPS station, Kunair 

(KUNR), has been discussed in this chapter. The displacement components due to reservoir 

load has been estimated and analyzed with observed GPS time series at Kunair site. The 

anomalous site velocity at Raithal and Guptkashi has been investigated. The observed 

anomalous site velocity at Raithal GPS sites has been analyzed with nearby data of Wadia GPS 

site. The motion at these sites has been ascribed to the slow moving landslide. 

Chapter 7:  Conclusions 

In this chapter, I have summarized all the major findings and have also addressed some 

unresolved issues which may be taken up in future.  
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2.1   Introduction 

Gansser (1964) divided the Himalayan arc in five geographical sub-divisions from west to east 

(Fig.2.1), which are as follows: 

1. Punjab Himalaya 

2. Kumaun Himalaya 

3. Nepal Himalaya 

4. Bhutan-Sikkim Himalaya 

5. NEFA (North Eastern Frontier Agency) Himalaya  

These subdivisions contain several tectonic features developed due to the folding and buckling 

of Eurasia Plate after its continental collision with India plate since past ~50 Ma. The major 

structural features, ITSZ, MCT, MBT and MFT, are present throughout the entire Himalaya 

from NE to NW. The deformed alluvial terraces and pattern of river incision, and balanced 

cross-sections are useful in the determination of long term slip rate across tectonically active 

features. The geologically determined deformation rate along Himalayan arc is not uniform and 

varies (Lave and Avouac, 2000; Wesnousky et al., 1999; Burgess et al., 2012; Powers et al., 

1998). The geologically estimated shortening rate in the Himalaya increases from west to east 

along the Himalayan front and have positive correlation with the eastward increase of 

convergence of India relative to Eurasia (Bettinelli et al., 2006; Molnar and Stock, 2009). The 

difference between the convergence rates estimated based on geological and geodetic data 

provides better understanding of the internal deformation of the Himalayan wedge. Past studies 

suggest that the record of past major events, the current convergence rate and the locking zone 

of detachment are the major parameter which govern the future potential of seismic hazard of a 

tectonically active region and therefore a precise estimate of these parameters are required.  
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Figure 2.1: Geographical subdivisions of Himalaya with major tectonic features (MFT, MBT 

and MCT) are shown by brown colour. The seismicity of Mw ≥ 4 during 1964 to June 2016 

from ISC catalog is shown by pink circle with the varying magnitude. The geological 

convergence rate of India relative to Eurasia is indicated and the vectors represent the 

corresponding region (Nepal-Lave and Avouac, 2000; Kumaun-Wesnousky et al., 1999; 

Arunachal-Burgess et al., 2012; Kashmir-Powers et al., 1998). Light blue line represents the 

contour of 3.5 km topography elevation.   

Northwest Himalaya lies between Nanga Parbat syntaxis to the west of Nepal and includes the 

regions of Kumaun, Garhwal, Himachal and Kashmir. Principal tectonic zones of the Northwest 

Himalaya, Outer Himalaya, Lesser Himalaya, Higher Himalaya and Tethys Himalaya, have 

similar characteristics throughout Himalaya and has been discussed in Chapter1. In the present 

thesis work, I have focused on the crustal deformation in the interseismic period in the Kashmir 

and Kumaun-Garhwal Himalaya (shown by blue rectangles in Fig.2.1). Therefore, further 

discussion is mainly focused on the seismotectonics of Kashmir Himalaya and Kumaun-

Garhwal Himalaya and other detailed geological studies in these regions are not included. The 

reviewed literatures contain the study of Northwest Himalaya based on the GPS measurements, 

seismic wave analysis and results obtained from other geophysical techniques.  

2.2    Seismotectonics of Kashmir Himalaya 

Kashmir valley is an oval shaped basin surrounded by the Pir-Panjal range in southwest and 

greater Himalaya range in the northeast (Fig.2.2). This valley is formed due to uplift of Pir-

Panjal Range during Plio-Pleistocene age. This region contains stratigraphic records of rocks of 

all ages ranging from Archean to recent. 



  Chapter 2 

23 
 

 

Figure 2.2: Major tectonics in Kashmir Himalaya and Himachal Himalaya. Seismicity during 

the period from 1964 to 2013 from ISC catalog is shown by circles filled by white colour. Past 

large earthquakes with their approximate ruptures are shown by ellipses. Star represents the 

epicenter of 2005 Kashmir earthquake. The blue dash line represents the approximate locking 

line based on the zone of large seismicity along the Himalayan arc.  MFT-Main Frontal Thrust, 

MBT- Main Boundary Thrust, RF- Riasi fault, BF- Balapora fault.   

The tectonic framework in Kashmir Himalaya is different from that in Kumaun/Nepal. The sub- 

Himalaya is much wider in Kashmir Himalaya than in Kumaun Garhwal Himalaya. The wide 

zone of Lesser Himalaya sequence that lies between MBT and MCT in Kumaun/Nepal 

Himalaya becomes narrow in front of Pir Panjal ranges. The wider sub-Himalaya and narrow 

Lesser Himalaya represent that the convergence is largely taken by underthrusting of Lesser 

Himalaya formation in Kashmir Himalaya.  Himalayan frontal thrust bends in this region like 

hairpin. The active deformation across Riasi fault (or the Medlicot-Wadia Thrust –MWT) and 

Balapora fault makes this zone tectonically more complex (Fig.2.3). The Riasi Thrust has been 

described as an out-of-sequence thrust and it demarcates the contact between the Proterozoic 

limestones, Subathus and Dharamsala (Murrees) on the hanging wall and the Siwalik on the 

footwall. The southeast extension of Riasi Thrust splays in two major thrusts as the 
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Jawalamukhi Thrust and MWT (Thakur et al., 2010) with local names as Basoli Thrust, Bakloh 

Thrust, Palmpur thrust and Bilaspur Thrust for the same fault in different locations.  

The tectonic forces have disturbed the normal stratigraphic succession of the thick piles of the 

sedimentary rocks of Higher Himalaya Crystalline Sequence (HHCS) and Tethys Himalaya. 

The main Higher Himalayan crystalline zone is flanked to the north by the Zanskar Tethys 

sequence and to the south by the Kashmir Tethys. The structural detachment between the 

HHCS and the Tethys Himalaya is known as Zanskar Shear Zone (ZSZ). Most of the 

deformation along the ZSZ was accommodated by low-angle ductile normal shearing. The 

Kashmir-Chamba sequence is the extension of the Kashmir Tethys separated by deeply eroded 

Chenab valley exposing the HHC and the underlying Lesser Himalaya formations in the Larji-

Rampur and Kishtwar window zone. The Northern most geological feature is known as Indus 

Suture Zone (ISZ), marks the boundary of subduction of India Plate below Eurasia, and it is 

represented by the remains of oceanic crust and molasses deposits.  

 

Figure 2.3: Regional cross-section along SW-NE transect shown in Fig.2.2 (source Gavillot et 

al., 2016). The geological shortening rates for Raisi fault system and frontal folds are shown. 

The bedrock units are represented by different colours. MRT—Main Riasi thrust; FRT—Frontal 

Riasi thrust; SMA—Suruin-Mastgarh anticline; RF—Riasi fault system; MBT—Main Boundary 

thrust; MCT—Main Central thrust; MHT—Main Himalayan thrust 

The record of past historical seismicity in the Kashmir Himalaya is poor. The Indus Kohistan 

Seismic Zone (IKSZ) is one of the major microearthquake belt concentrated over the Hazara 

syntaxis and represents the northwestern extension of the main seismicity belt. The demarcation 

of locking line is generally governed by the presence of microseismicity and 3.5 km 

topographic elevation along the Himalaya arc (Ader et al., 2012). The presence of duplex nature 

of topographic height of 3.5 km and absence of seismicity in the Kashmir Himalaya makes 

difficult to demarcate the extent of the locked MHT in this zone. The last moderate to large 
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earthquakes in the Kashmir Himalaya are 1555 and 1885 earthquakes with assigned magnitudes 

Mw 7.6 and 6.2 respectively. The segment of Kashmir Himalaya that lies between the 1905 

Kangra and 1555 Kashmir valley earthquake ruptures has not experienced any major earthquake 

since hundreds of years (> 500 year). Thus, seismic hazard in the Kashmir seismic gap is quite 

high. The 2005 Kashmir earthquake, Mw 7.6, occurred in the IKSZ, sort of out-of-sequence 

event, and it was not a MHT earthquake.      

2.3    Seismotectonics of Kumaun Garhwal Himalaya 

The seismotectonics of Kumaun Garhwal Himalaya has been studied for over several decades 

(e.g., Middlemiss, 1885; Holland, 1908; Auden, 1935; Heim and Gansser, 1939; Misra and 

Sharma, 1967; Jain, 1971; Rupke, 1974; Valdiya, 1976b; Valdiya, 1995; Srivastava and  Mitra, 

1994; Richards et al., 2005). The major tectonic features of Kumaun Garhwal region are MFT, 

MBT, MCT and STD (Fig.2.4, Fig.2.5b). These steeply dipping thrust faults sole down at depth 

to merge with the gently dipping MHT (Fig.2.5a, Fig.2.5b and Fig.2.5c). The Main Frontal 

Thrust (MFT) is the southernmost and the youngest active thrust. It marks the boundary 

between the tertiary molasses Siwalik sediments of the outer Himalaya and the alluvial filled 

Indo-Gangetic Plains (IGP). The MBT delimitate the Siwalik from the Lesser Himalayan 

metasedimentaries. The MCT demarcate the Higher Himalayan Crystalline (HHC) from the 

Lesser Himalayan metasedimentaries. MCT is marked by the maximum shear and considered to 

be most important structure responsible for the development of the Himalaya (Kohn et al., 

2002; Searle et al., 2002). The lower and upper bounding faults of MCT zone is termed as 

Munsiari thrusts (or MCT1) and Vaikrita Thrusts (or MCT2) in Kumaun Garhwal Himalaya 

(Valdiya, 1980a).The STD separates the HHC from the Tethys Himalaya sedimentary sequence 

(Valdiya, 1980a; Yin and Harrison, 2000; Johnson, 2002; Yin, 2006).  These thrust system are 

formed in a sequence and representing younger age and shallow depth from north to south 

direction which suggest southward migration of the main deformation front with the MCT, 

being active in early Miocene time, the MBT in Pliocene and the HFT in Quatenary/Holocene 

(Gansser, 1964; Le Fort, 1975; Ni and Barazangi, 1984; Hodges, 2000; Thakur, 2004). 

The Lesser Himalaya with elevation from 1.5-3 km comprises complexly folded litho-units 

lying between the MBT and MCT. The Lesser Himalaya is characterized by occurrence of the 

crystalline thrust sheets in the form of klippen, tectonically transported along the Munsiari 

Thrust (Valdiya, 1980b; Srivastva and Mitra, 1994; Yin, 2006) from the Higher Himalaya to the 

Lesser Himalaya during Eocene-Oligocene (Fig.2.4). The root of crystalline of the Lesser 
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Himalaya lies in the north and is known as the Vaikrita Group of rocks (Valdiya, 1980b; 

Srivastva and Mitra, 1994, DeCelles et al., 2001; Yin, 2006). The crystalline thrust sheet occurs 

in three belts in Kumaun Garhwal region from south to north. These are Lansdown, Banoli and 

Satengal Klippen; Ramgarh and Almora Klippen; and Askot, Baijnath and Pirola Klippen 

(Valdiya, 1980b; Srivastva and Mitra, 1994; Yin, 2006). Almora Klippen is the largest 

crystalline thrust sheet, comprises rocks of Precambrian age, and bounded by two thrust belt 

known as North Almora Thrust in north and Ramgarh Thrust in south (Auden, 1937, Gansser, 

1964, Kumar and Agrawal, 1975, Valdiya, 1980a). The Almora Klippen rests over basal shear 

zone and its exposed margins in the northern and southern flanks of Almora sheet are termed as 

North Almora Thrust zone and South Almora Thrust zone respectively (Valdiya, 1980b; Joshi 

and Tiwari, 2009).  

 

Figure 2.4: Major geological structures in the Kumaon Himalaya are shown. The earthquakes 

of Mw ≥ 4 during 1964 to June 2016 from ISC catalog are shown by circles with varying 

magnitude and depth. The beach-ball corresponds to the focal mechanisms of Uttarkashi 

earthquake, 1991 and Chamoli earthquake, 1999. MT-Munsiari Thrust, NAT-North Almora 

Thrust, SAT-South Almora Thrust, RT- Ramgarh Thrust, MFT- Main Frontal Thrust, MBT-

Main Boundary Thrust, MCT- Main Central Thrust. 



  Chapter 2 

27 
 

In the Kumaun and Garwhal Himalaya, the Lesser Himalayan Sequence can be divided into the 

Inner, or older and Outer or younger Lesser Himalayan Sequence units.The Berinag Thrust 

juxtaposes lower over the upper older Lesser Himalayan Sequence strata. Gneisses and 

quartzites commonly occur at the base of the hanging wall of Berinag Thrust, whereas 

dolomites and schist of the Deoban Formation typically occur directly below the Berinag fault 

(Fig.2.5b). Berinag quartzite is overlain above a regional unconformity by slate and turbidite of 

the Chakrata and Rautgara Formations that are succeeded by Neoproterozoic Deoban dolomites 

and Mandhali carbonaceous slates and carbonates. The younger Lesser Himalayan Sequence 

comprises Chandpur Formation (mostly turbidites), Nagthat quartzite, and Blaini conglomerate 

(Richards et al., 2005). The younger Lesser Himalayan Sequence units are capped by the late 

Neoproterozoic Krol (mostly lime-stones) and Tal (mostly clastic sediments) Formations. 

Trilobites from the Tal Formation indicate an Early Cambrian age (Hughes et al., 2005) 

The neotectonic activity and active faulting related to thrust, observed on the surface in some 

restricted segments in the Lesser Himalaya (Valdiya, 1980b; Pant et al., 2007, Kothyari and 

Pant, 2008), reflect the locked portion beneath the surface and is the suspected region for the 

future earthquakes. The North of the MCT remains largely inactive; except some reactivated 

segments showing lateral strike slip movement (Nakata, 1989). Other than thrust faulting, 

several transverse tectonic features (tear faults) have been delineated in Kumaun Garhwal 

Himalaya (Valdiya, 1976a; Pant et al., 2012). These faults have NE-SW to NNW-SSE 

orientation and represent the oblique and conjugate relationship with the fractures and faults 

(Misra, 1979, Valdiya, 1976a). Some of these faults are Tanakpur Fault, Ramnagar fault, 

Hardwar Fault, Kathgodam Fault, Paonta Fault (Yamuna Fault), Raintoli Fault, Chaukhutia 

Fault, Bhikiasen Fault, Nayar Fault, Dugadda Fault, Nandprayag Fault, Nalupani Fault, Arakot 

Fault, etc. (Valdiya, 1976a). The geomorphic and structural evidences suggest that many of the 

transverse faults in the frontal part of Himalaya are neotectonically active. Additionally, 

evidence of out-of-sequence thrusting has also been reported (Yeats and Lillie, 1991).  

Various cross sectional views of the Kumaun-Garhwal Himalaya are shown in Fig.2.5. 
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Figure 2.5: (a) Simplified balanced cross section across the Kumaun Himalaya between the 

Indo-Ganga plains and Tethyan zone along AA’ profile with topography is shown (source 

Srivastava and Mitra, 1994). (b) Schematic cross section through the Kumaun Garhwal 

Himalaya along the profile BB’ (source Celerier et al., 2009). MBT-Main Boundary Thrust, 

RT-Ramgarh Thrust, TT-Tons Thrust, BT-Berinag Thrust, MCT-Main Central Thrust, MT-

Munsiari Thrust, VT-Vaikrita Thrust, STD-South Tibetan Detachment, MHT-Main Himalayan 

Thrust, THS-Tethyan Himalayan Sequence. (c) Crustal-scale section of principal 

tectonostratigraphic units of NW Himalaya is shown (source Powers et al., 1998). 



  Chapter 2 

29 
 

The Kumaun Garhwal Himalaya lies in the region of central seismic gap. This region has not 

experienced large earthquake and is seismically inactive since last several decades (Khattri and 

Tyagi, 1983; Rajendran and Rajendran, 2005). The recorded seismic activity in the Outer and 

Lesser Himalaya of Kumaun Garhwal region is at shallow depth (10-15 km) and they are low-

angle thrust events that occurred within microseismic belt, probably on MHT i.e. in the 

transition zone of detachment (Ni and Barazangi, 1984; Pandey et al., 1999; Arora et al., 2012; 

Cotton et al., 1996).  

In recent years strong earthquakes, October 19, 1991 Uttarkashi earthquake and March 28, 1999 

Chamoli earthquake, has provided evidence of continuing deformation in the Kumaun Garhwal 

Himalaya. These earthquakes are described below. 

i. October 19, 1991 Uttarkashi Earthquake 

Uttarkashi earthquake (Mw 6.8) occurred in the High Himalayan region, just north of 

the MCT, at a depth of ~12 km. The fault plane solution indicates a low angle thrust 

mechanism with a strike of northwest and was consistent with the tectonic pattern of 

thrusting in the region. The aftershocks of the Uttarkashi earthquake were parallel to 

surface trace of MCT and situated north of it in a ~10 km wide and 30 km long zone 

(Yu et al., 1995). The earthquake caused a loss of over 2000 human lives and caused 

considerable economic loss.  

ii. March 28, 1999 Chamoli Earthquake 

Chamoli earthquake (Mw 6.6) occurred in the Garhwal Himalaya in the transition zone 

between the locked rupture zone of great Himalayan earthquakes and the zone of ductile 

creep that extends north beneath the plateau. The earthquake focal mechanism implies 

thrust faulting on plane with strike of N300°E and dip of 15°.The earthquake released 

~0.6 m of slip on a rupture area of ~30km × 40km (Satyabala and Bilham, 2006). This 

earthquake occurred at shallow depth, ~12 km, and caused a loss of 103 human lives 

and numerous landslides. 

The Kumaun Garhwal Himalaya has experienced one large earthquake (Mw~7.5) on September 

1, 1803 near Uttarkashi with a long sequence of aftershocks.  Severe damage was reported in 

the provinces of Kumaun-Garhwal Himalaya and nearby region of Gangetic Plains (Raper, 

1812). As discussed previously, the 1905 Kangra earthquake rupture did not extend into 

Kumaun-Garhwal Himalaya. Due to the varying ambient stress conditions and absence of a 

large magnitude seismic event in the region for a long time, the seismic risk potential is high in 
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the Kumaun Garhwal Himalaya. The probabilistic hazard assessment in central seismic gap 

region suggests that the Kumaun Garhwal Himalaya region may be the most vulnerable for a 

great earthquake (Mw >8) in future (Yeats and Thakur, 1998; Bilham and Gaur, 2000; Bilham 

et al., 2001; Valdiya, 2001, Thakur and Kumar, 2002; Jade et al., 2004; Paul et al., 2010). 

2.4     Review of seismotectonics of Northwest Himalaya 

In the following sections I have reviewed some important literature which I consider to be 

relevant to my thesis. I do not claim that it is an exhaustive review. 

2.4.1.    Review based on GPS measurements 

2.4.1.1   Interseismic Deformation  

Avouac, J. P., (2003): The author and his group have done a variety of investigations in 

Himalaya using the different geophysical and geological studies. He has discussed the evolution 

of the Himalaya over several thousands of year and subsurface structure and its physical 

properties at depths based on morphological studies. The geodetic measurements and 

seismological monitoring provides the pattern of strain and stress build-up over several years. 

The thermal structure has been discussed based on the long term crustal deformation, pattern of 

deformation, pattern of exhumation and seismic behavior of the range-bounding thrust fault. 

The role of thermal structure and stress field through redistribution of mass at the earth surface 

in the development of mountain building has been mentioned by the author. 

The author has suggested that the Himalaya mountain range represents the critical wedge with 

steady-state geometry which reflects the balance between the frictional stresses at the base of 

the wedge and shear stress induced by the topographic slope (Chapple, 1978; Davis et al., 1983; 

Dahlen and Suppe, 1988; Dahlen, 1990). Crustal thickening results from frontal accretion by 

southward propagation of the deformation front and from internal thickening to maintain a 

constant critical slope. The author has estimated an erosion rate of ~1.5 mm/yr based on mass 

balance for steady state accretionary prism and have stated that the southward progradation 

rates of sediments and subsidence rates in the foreland depends on overthrusting. 

The seismic studies suggest a crustal thickness of Indian shield ~40 km (Saul et al., 2000) and it 

is ~70-80 km beneath the southern Tibet based on teleseismic receiver functions (Hirn et al., 

1984; Zhao et al., 1993; Kind et al., 1996; Brown et al., 1996; Nelson et al., 1996). This result is 

also consistent with the analysis of gravity data across the central Nepal Himalaya (Lyon-Caen 
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and Molnar, 1983; Lyon-Caen and Molnar, 1985; Jin et al., 1996; Cattin et al., 2001). A higher 

value of negative gravity anomaly than expected from local isostasy over Gangetic plain, 

representing the flexural support of the range i.e. the underthrusting of Indian plate. The 

midcrustal decollement has been found in INDEPTH seismic profiles (Brown et al., 1996) and 

named as Main Himalaya Thrust (MHT). The major Himalayan thrust MCT, MBT and MCT 

are supposed to be splay faults of MHT. The geometry of the MHT is characterized by flat-

ramp-flat geometry and dip of midcrustal ramp is estimated about 15° towards north. The 

magnetotelluric sounding beneath the Nepal Himalaya suggest a high conductivity in the 

foreland basin, coincides with the position of decollement beneath the Lesser Himalaya, as 

compared to high resistive Indian Basement and Lesser Himalayan units (Lemonnier et al,. 

1999). The high conductive zone is the representation of fluid-rich sediments dragged along the 

thrust fault (Marquis et al., 1995).   

 

Figure 2.6: Horizontal site velocity with respect to fixed India plate is shown by vectors. The 

different color of vector represents the horizontal velocity estimated by the GPS measurements 

by various studies (Jouanne et al., 1999; Larson et al., 1999; LDG-Laboratoire de Détection et 

Géophysique, France, 2000). 

The Holocene shortening rate is estimated ~21±1 mm/yr on the basis of measurement of fluvial 

incision along the Bagmati and Bakeya rivers (Lave and Avouac, 2001). This estimate is 

consistent with the estimated horizontal shortening rates by assuming conservation of mass 

(Molnar et al., 1994) and fault-bend fold model. The computed uplift rate, erosion rate and river 
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incision rate are consistent which represent the stationary topography due to the balance 

between the denudation, driven by fluvial downcutting, with tectonic uplift.  

 

Figure 2.7: (a) Crustal section along AA’ (Fig 2.6) is shown. The white circles represent the 

observed seismicity near AA’ section. The varying colour represents the change in coulomb 

failure stress. (b) Uplift rate measured by Jackson and Bilham (1994) and computed from 

mechanical model of Cattin and Avouac (2000). (c) The fault normal horizontal velocity derived 

from GPS measurements by various studies (Jouanne et al., 1999, Larson et al., 1999; LDG -

Laboratoire de Détection et Géophysique, France, 2000) with respect to fixed India plate is 

shown.  

Geodetic measurements in the Nepal Himalaya (Fig.2.6 and Fig.2.7) suggest that the frontal 

part of MHT is locked and Himalayan wedge accommodates ~20 mm/yr of total convergence 

rate between India and Eurasia (Bilham et al., 1997; Larson et al., 1999; Jouanne et al., 2004; 

Bettinelli et al., 2006; Avoauc, 2003; Banerjee and Burgmann, 2002). It has been suggested that 

there may be along strike variation of elastic straining and stress buildup due to the lateral 
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variations in the geometry of the fault zone or variation in seismic coupling caused by 

nonstationary loading during interseismic period.  

The observed geodetic deformation rates in Nepal Himalaya are consistent with the derived 

deformation rates for a simple geometry of MHT (Fig.2.7). Geodetic data doesn’t represent any 

significant lateral variation in the rate and direction of shortening (Bollinger, 2002) and thus, 

there is no evidence for heterogeneous straining. The lateral variation in the seismic activity 

along the Himalayan arc reflects the variation of the stress field induced by the effect of 

topography or by the effect of past large earthquakes. 

The intense microseismic activity occurs in a narrow zone beneath the front of the high 

Himalaya (Pandey et al., 1995, 1999). The seismic activity abruptly ends to the north of the 

elevation higher than ~3.5 km. It has been suggested that the cause of seismicity cut-off is 

because beyond this elevation, coulomb stresses no longer increase or actually decrease during 

interseismic strain buildup. The midcrustal zone of high conductivity may be the result of 

release of fluid by the metamorphic reactions in a zone of underthrusting footwall where 

temperature reaches of the order of 350° C. The release of fluids would percolate upward 

through the zone where intense microseismic activity is triggered by interseismic straining 

(Cattin and Avouac, 2000).  

Banerjee and Burgmann, (2002): They used 24 campaign mode and two continuous GPS 

stations measurements for at least two year during 1995 to 2000 for the estimation of elastic 

strain accumulation in Himachal Himalaya and Kumaun Garhwal Himalaya. They concluded 

that the frontal part of MHT is locked and estimated the locking width as ~100 km with slip 

deficit rate of 14±1mm/yr. They estimated the deformation rate across the Karakorum fault and 

suggested that Karakorum fault slips at rate 11±4 mm/yr and contributes to east-west extension 

of southern Tibet and westward motion of the northwest Himalaya toward Nanga Parbat rather 

than playing a role in eastward extrusion of Tibet. 

Ponraj et al., (2011): The campaign mode GPS observations at 19 stations during period from 

2005 to 2007 have been used for the study of crustal deformation in Kumaun-Garhwal 

Himalaya. The authors adopted the approach of Yabuki and Matsu’ura (1992) for the estimation 

of slip distribution on MHT. They estimated a locked depth of 20-40 km of MHT and slip rate 

of 10 mm/yr.  They concluded that the deformation is concentrated between the Lesser 

Himalaya and Higher Himalaya and suggested the presence of structural discontinuity on the 

fault between the Kumaun and Garhwal region.     
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Ader et al., (2012): Although their work pertains to the Nepal region, as the western Nepal 

region is close to the Kumaun Himalaya, I review it here. The authors have done a detailed 

investigation of the interseismic deformation in the Nepal Himalaya using 30 continuous GPS 

station data from the Nepal Himalaya and Southern Tibet (Fig.2.8). The authors assumed a very 

little internal (anelastic) deformation within the Himalayan wedge and thus the entire strain is 

assumed to be accumulating on the MHT, also they assumed a uniform dip of the MHT of 10° 

and arrived at the following results in this article. 

i. The pole of rotation of the rigid Indian plate in the ITRF05 reference frame is 

Longitude = -1.34°±3.31° 

Latitude = 51.4°±0.3° 

Omega = 0.5029°±0.0072°/Myr 

ii. The estimated convergence rate between the India and South Tibet are 17.8±0.5 mm/yr 

in central and eastern Nepal and 20.5±1 mm/yr in western Nepal. 

iii. The estimated locking width of the MHT is 100 km. 

iv. The interseismic coupling has been estimated using inversion approach and it decreases 

abruptly within the transition zone; probably lie between depths of 15-20 km (Fig.2.8). 

v. The accumulation of moment deficit over last 20 years due to locking of the MHT in the 

interseismic period underneath Nepal is 6.6±0.4 × 1019 Nm/yr. 

vi. The estimated return period of large earthquake (Mw~8.5) is 270 year.  

The estimated convergence rate by the authors is consistent with the secular slip rate estimated 

from the study of Holocene terraces. Thus, the short term rates are equal to the long term rates. 

The width of the locked zone is ~100 km and is consistent with previous results. The resolution 

corresponding to the each fault patch is the estimate in terms of the characteristic size of the 

smallest inhomogeneity of coupling which could in principle be resolved given the spatial 

distribution and the uncertainty of measurements.  The authors have estimated the transition 

zone between the fully locked and the aseismic creeping portion of the MHT and found that this 

zone coincides with the belt of midcrustal microseismicity underneath the Himalaya (Fig.2.9).  
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Figure 2.8: Estimated interseismic coupling ratio on the MHT and comparison between 

observed and predicted horizontal velocities are shown. The red arrows represent the long term 

convergence rate in the east and west Nepal and the black dash lines with numbers represents 

contour lines of fault depth (in km). 

 

Figure 2.9: The top panel is the elevation profile and the black line represents the mean 

elevation. The bottom panel shows the comparison between the coupling, temperature and 

seismicity rate along the dip direction. 
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The authors have suggested that the western Nepal has not ruptured since the 1505 earthquake 

and a large moment deficit accumulated between the 1934 Bihar-Nepal earthquake and the 

western boarder of Nepal and thus this region could generate an earthquake of up to Mw 8.9. 

They concluded that the background seismicity does not contribute much to release interseismic 

stress build up but it does reflect areas of most rapid stress increase. They mentioned that the 

microseismicity on the MHT seems to cluster where the shear stress accumulation is the 

greatest and drops under topography greater than 3.5 km of elevation.     

Jade et al., (2014): The surface velocity, interterseismic convergence rate and extension rate 

along arc-normal transects in Kumaun, Garhwal and Kashmir-Himachal regions has been 

estimated using 14 continuous and 42 campaign GPS observations in Northwest Himalaya. 

They reported that plate motion varies from 30 to 48 mm/yr toward NE from Higher Himalaya 

to Lesser Himalaya in ITRF 2005 reference frame. Inversion of geodetic data is done by using 

dislocation theory and weighted least-square inversion approach. They estimated total arc-

normal convergence of ~14 mm/yr in Kashmir-Himachal Himalaya. The stations that are 

located near the Karakorum fault zone indicate a fault parallel surface motion of 1.4 -2.5 mm/yr 

of Karakoram fault motion. The authors estimated an arc-normal convergence rate ~16 mm/yr 

and locking width of ~110 km and locking depth of ~16 km in the Garhwal Himalaya. For the 

Kumaun Himalaya, the estimated convergence rate is ~18 mm/yr and locking width of ~110 km 

and locking depth of ~20 km. An east-west extension of 14-16 mm/yr for Higher Himalaya sites 

and 8-10 mm/yr for Lesser Himalaya sites has been estimated using baseline length of 

Northwest Himalayan sites with IGS sites LHAZ located in southeastern Tibet. 

Stevens and Avouac, (2016): The authors have estimated the moment deficit rate and the 

frequency and magnitude of the overdue large earthquake corresponding to the estimated total 

moment deficit over the past 1000 years along the Himalaya (Fig.2.10). The current shortening 

rate along the Himalayan arc has been derived using available GPS measurements done by 

several authors (Bettinelli et al., 2006; Calais et al., 2006; Socquet et al., 2006; Gan et al., 2007; 

Jade et al., 2007; Banerjee et al., 2008; Mukul et al., 2010; Jade et al., 2011; Ponraj et al., 2011; 

Ader et al., 2012; Mahesh et al., 2012; Gahalaut et al., 2013; Liang et al., 2013; Schiffman et 

al., 2013; Jade et al., 2014; Kundu et al., 2014; Vernant et al., 2014). The interseismic coupling 

ratio has been estimated which help in the identification of locked zone across and along the 

decollement, where future large earthquakes might occur, or aseismic barrier that can arrest 

earthquake ruptures. The leveling data measured by Jackson and Bilham (1994) and InSAR 
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measurements are used for the estimation of vertical displacement which provides a better 

constraint for the estimation of pattern of coupling. The microseismicity data (Ader et al., 2012; 

Rajaure et al., 2013; Mahesh et al., 2013) associated with the stress buildup on the MHT has 

been used to resolve the location of the down dip transition from locked to creeping on MHT. 

The long-term shortening rate estimate from the geomorphic and geological studies in Himalaya 

(Thakur et al., 2014; Parkash et al., 2011; Wesnousky et al., 1999; Lavé and Avouac, 2000; 

Bollinger et al., 2014; Mugnier et al., 2004; Burgess et al., 2012; Berthet et al., 2014) has been 

used for the comparison with the derived shortening rate using geodetic measurements. 

The authors have divided the Himalayan arc into six different sections with varying strike and 

estimated the shortening rate within each of them.  The fault is discretized into small patches 

having uniform dimension and dip angle is set to 10°.The inversion approach has been used for 

the estimation of pole of rotation describing long-term block motions with respect to India, also 

the long term velocity on MHT and the coupling pattern. The Laplacian of the slip distribution 

has been minimized to obtain a reliable solution and resolution is calculated using Moore-

Penrose pseudo-inverse matrix (Aster et al., 2013).  

The estimated long-term velocity is ~18-20 mm/yr across the most of arc and decreasing in the 

west to ~13 mm/yr (Fig.2.10).  The width of locking zone of MHT is 100±20 km and it 

becomes wider (~150 km) at the western end. A sharp transition between the locked and 

creeping zone has been found except at western and eastern end that could be due to presence of 

distributed deformation (Thakur et al., 2014) or the sparsity of GPS data. A fairly homogeneous 

coupling pattern has been observed which suggest a small along-strike variation or absence of 

aseismic barrier.  

The authors have indicated that amount of deviation between the geodetic and geological slip 

rate could represent the anelastic deformation. The probability of the anelastic interseismic 

convergence rate to exceed an amount of 2 mm/yr is only 30% in the Himalayas. The estimated 

seismic moment buildup is ~15.1 ±1.1 x 1019 Nm/yr.     
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Figure 2.10: Interseismic coupling and moment buildup on the MHT. (a) The red colour 

represents the pattern of coupling. The approximate location and rupture zone for the past 

earthquakes have Mw >7.5 (mentioned by Galetzka et al, 2015) have been shown. The light 

blue bars represent the rate of release of seismic moment. The extent of two major historic 

earthquakes ~1400 A.D. and ~1000 A.D. based on paleoseismic studies is also shown (Kumar 

et al., 2006). The inset represents the probability density function of the seismic moment 

buildup estimate from the coupling model and the distribution of seismic moment buildup along 

the arc is shown by yellow bars. (b) The coupling pattern (red colour) with trace of MFT (dark 

blue colour, Styron et al., 2011) and contour of 3.5 km elevation (light blue colour) are shown. 

The red arrow represents the shortening rate in mm/yr and black dots represents the seismicity 

from National Seismic Center (NSC) and National Earthquake Information Center (NEIC) 

catalog (Ader et al., 2012; Stevens and Avouac, 2015). The gray bar show the distribution of 

number of earthquakes having Mw >4.9 of declustered NEIC catalogue. 

A detailed analysis of rupture area and moment release due to the larger historic earthquakes 

has been done by several authors (Ambraseys and Jackson, 2003; Bilham and Ambraseys, 

2005; Molnar, 1990; Chen and Molnar, 1990; Sapkota et al., 2013; Mugnier et al., 2013; 

Bollinger et al., 2014; Kumar et al., 2010; Lave et al., 2005; Upreti et al., 2000; Berthet et al., 
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2014). The authors have suggested that Mw < 5.5 earthquakes releases <1% of the moment 

deficit due to locking of MHT and Mw < 7.8 earthquakes released less than 10% of the 

interseismic moment deficit over the past 30 years. The past historic earthquakes suggest a large 

imbalance between the seismic moment buildup and release rate. The authors have estimated 

this imbalance assuming that the moment released by seismic slip events is augmented by 50% 

due to a combination of aseismic afterslip and error in seismic moment buildup rate. Two 

approaches have been used for the estimation of magnitude of earthquake to balance the slip 

budget.  In the first approach, the truncated Gutenberg-Richter (GR) law (Working Group on 

California Earthquake Probabilities, 1995; Field et al., 1999) has been used assuming that the 

seismicity follows the GR law up to the largest earthquake in the distribution. The second 

approach has been described for the case when large earthquakes do not follow the same 

statistics as the smaller events. The 2-D probability density function of magnitude (Mw) and 

frequency (1/T, where T is the long term averaged return period) of the largest earthquake by 

multiplying the probability of balancing the slip budget and the probability of observing this 

large earthquake over a given period of time has been derived.  Both the approaches suggest 

that the largest earthquakes in the Himalaya must exceed Mw > 9.0 at more than 63% 

confidence level and the average return period of the largest earthquake is estimated to be more 

than 800 years. 

2.4.1.2 Seasonal deformation in displacement components 

Bettinelli et al., (2008): The authors estimated the seasonal variation of geodetic strain in Nepal 

Himalaya using continuous GPS measurements and correlated it with the seasonal modulation 

in seismicity. They suggested that the tropospheric delays cannot be the cause of the observed 

seasonal variations of horizontal positions. The observed variations in position estimates are 

real and source of these variations are from seasonal loading due to the atmospheric pressure, 

hydrology and snow. The satellite altimetry measurements from TOPEX-Poseidon and geoid 

data from the GRACE mission has been used for the estimate the spatial distribution of the 

surface load. The change in position components and stress change has been estimated by using 

solution of Boussinesq (1885) and finite element approach assuming an elastic half-space. The 

observed seismicity rate was about two times higher during winter as in summer monsoon. The 

authors suggested an extension in the Himalaya during summer monsoon due to increase in 

surface load, while compression in winter when surface load decreases (Fig.2.11). The authors 

concluded that the estimated coulomb stress change varies ~2-4 kPa and was correlated with 
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seismicity rate, which represents that the triggering of earthquakes depends on the stressing rate 

rather than on the absolute stress level (Toda et al., 2002; Perfettini and Avouac, 2004; Hsu et 

al., 2006). 

 

Figure 2.11: Proposed hypothesis by Bettinelli et al., (2008) for the explanation of seasonal 

variation in displacement components due to hydrological loading and unloading of Ganges 

basin during summer and winter season is shown. There is a southward horizontal 

displacement due to increase in surface load in summer and it represent horizontal extension at 

seismogenic depth (blue arrows) in Himalaya and it reduced the effect of secular horizontal 

compression due to interseismic strain buildup (red arrows). The opposite mechanism occurred 

during winter season.  

Flouzat et al., (2009): The authors have used geodetic time-series from continuous GPS 

stations across the central Nepal for the characterization of the seasonal variations of geodetic 

strain. They reported strong seasonal fluctuations on horizontal and vertical components at 

different stations, having similar phase and different amplitudes. To investigate the role of 

tropospheric effects in estimate of positions, they have used two different processing strategies 

(Bernese and GIPSY/OASIS) for the GPS data for terrestrial reference realization and 

estimation of total zenith delay. The estimated seasonal fluctuations in zenith delay were 

consistent in term of phase and amplitude with the zenith delay predicted from meteorological 

measurements.  They conclude that the tropospheric effects are not the source of modulation of 
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seasonal strain in position estimated using GPS measurements. The seasonal variation of 

geodetic strain in the Himalaya is real and probably driven by due to the seasonal surface load 

variations.  

Chanard et al., (2014): The authors have estimated geodetic deformation using Green’s 

functions for an elastic homogeneous half-space model and for a layered non rotating spherical 

earth model based on Preliminary Reference Earth Model and a local seismic velocity model. 

Green Functions have been convolved with the surface load derived by using Gravity Recovery 

and Climate experiment (GRACE) satellite data for the estimation of displacement components 

due to seasonal variation in continental water storage. The authors concluded that amplitude and 

phase of the seasonal variations of vertical and horizontal geodetic displacement becomes well 

constrained with the model derived displacement components while considering the layered 

earth model as compared to an elastic half-space model.   

2.4.2 Review based on Seismological data analysis 

Mahesh et al., (2013): They reported ~1150 earthquakes of magnitude less than 5, were 

recorded in Garhwal-Kumaun region during April 2005 to June 2008 using 50 digital 

seismometers. The authors have estimated 1D velocity model of Kumaun-Garhwal Himalaya 

using recorded seismograms at the broadband seismic stations. They have, also, estimated the 

location of reported earthquakes using derived 1D velocity model and concluded that the 

majority of earthquakes, including some moderate magnitude earthquakes, are located along a 

~10 km wide belt just south of surface trace of Munsiari Thrust and occur in the upper 20 km of 

the crust above the MHT in the region of high interseismic strain buildup.  

Caldwell et al., (2013): The authors have used the common conversion point (CCP) stacking of 

Ps receiver functions to image the crustal structure and Moho of Garhwal Himalaya using 21 

broadband seismometers, spanning the Himalayan thrust wedge at 79-80°E, between the MFT 

and STD for the period of 2005-2006 (Fig.2.12). The authors concluded that the MHT has a 

flat-ramp-flat geometry. The upper flat of MHT is ~10 km below sea level and dips north at ~2° 

and connecting a mid-crustal ramp which is further down ~10 km and dips at ~16° and the 

lower flat is 20-25 km below sea level and dips at ~4°. The depth of Moho varies from 35-45 

km beneath the Sub-Himalaya and Lower Himalaya and is about 50 km or more beneath the 

Higher Himalaya. They mentioned that the lower flat segment of MHT coincides with high 
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electrical conductivities and is down-dip of a peak in microseismicity, suggesting the presence 

of fluids trapped below the detachment. 

 

Figure 2.12:(a) The common conversion point (CCP) stack of receiver function with 95% 

confidence level with 15 km of horizontal smoothing is shown. The red lines represent the 

positive impedance contrast with a magnitude normalized by the magnitude of P-wave for each 

receiver function. The solid black lines representing the trace of MHT and Moho using CCP 

receiver function and the shallow dash line corresponds to the trace of the major faults 

mentioned by Srivastava and Mitra (1994) and the gray dash line for Moho derived from the 

calculated deflection for flexed beam. The top panel represents the average topography along 

the section (with five times vertical exaggeration and no vertical exaggeration) and elevation of 

station. (b) The solid black line showing the cross sectional view of derived trace of MHT using 

receiver function. Hypocenters of local seismicity showed by black circles and star represent 

the epicenter of 1999 Mw 6.6 Chamoli earthquake. The background color represents the 

resistivity along the section estimated by Rawat et al., 2014.  
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2.4.3 Review based on other Geophysical approaches 

Rawat et al., (2014): The authors have estimated 2-D electrical resistivity structures of the 

Himalayan wedge using magnetotelluric (MT) measurements along a profile cutting across the 

Garhwal Himalaya (Fig.2.13). They acquired the five component MT data with frequency band 

1000 to 0.001 Hz during the period of field campaigns 2006-2008. The resistivity-depth section 

along the profile is derived by 2-D inversion of MT/Tipper data using nonlinear conjugate 

gradient algorithm of Rodi and Mackie (2001) which assumes that various electromagnetic 

response functions are sensitive to conductive and resistivity part of the of the subsurface 

structures whereas tippers resolve lateral conductivity contrast. The authors have indicated that 

the consideration of topography does not alter 2-D inverted resistivity structures significantly. 

The derived 2-D electrical structure of Himalayan wedge suggests the presence of a low angle 

north-east dipping intra-crustal high conductivity layer with an average thickness of 5 km.  The 

high conductive layer is marked by the ramp structure between the subsurface depths 8 km to 

13 km in the transition zone from the Lesser Himalaya to the Higher Himalaya. The authors 

have suggested that the high conductive ramp can appear due to pounding of upward 

propagating metamorphic fluid trapped by tectonically induced neutral buoyancy and it 

generally represents the low shear strength and high strain, which can release the accumulated 

stresses into the brittle crust and, therefore, generating small but more frequent earthquakes in 

the narrow Himalayan Seismic Belt. 

 

Figure 2.13: Imaged resistivity map derived from inversion of 2-D geoelectric model beneath 

the Garhwal Himalaya along N45°E profile is shown. The blue dash line and red line defines 

top and bottom, respectively, of the intra crustal-high conductive layer. The white and red stars 

represent the hypocenters of 1991-Uttarkashi and 1999-Chamoli earthquake. The dip and nodal 

plane of the well constrained large earthquakes taken from Ni and Barazangi (1984) are 

superposed.  MT-Munsiyari Thrust, VT- Vaikrita Thrust. 
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2.5     Limitations and inadequacy in past studies on crustal deformation 

2.5.1    Kashmir Himalaya 

The complex crustal structure, absence of seismicity and lack of major events since past 500 

year and unknown rate of current shortening in Kashmir Himalaya imply that there is a 

necessity of monitoring of strain accumulation rate for the seismic hazard analysis of the region. 

The continuous GPS measurements in Kashmir Himalaya is useful for the estimation of 

following unknown parameters, 

1. Locking Line 

2. Rate of strain accumulation 

3. Characteristics of geodetic strain modulation 

Unfortunately, no estimates are available on crustal deformation and strain accumulation from 

the region. 

2.5.2    Kumaun Garhwal Himalaya 

The seismic hazard in the Kumaun-Garhwal Himalaya is considered to be very high. The 

precise estimate of interseismic strain accumulation and the characteristic of past seismic events 

provide a better constrain for seismic hazard analysis. A dense coverage of continuous GPS 

measurements in the Kumaun-Garhwal Himalaya is helpful in the monitoring of deformation at 

small and regional scale, and also in the understanding of modulation in major deformation 

characteristic due to the presence of lateral heterogeneities and unknown asperities. Following 

parameters can be derived using continuous monitoring of GPS measurements in Kumaun-

Garhwal region, 

1. Precise estimate of convergence rate 

2. Spatial variation in the interseismic coupling 

3. Characteristics of Seasonal modulation of geodetic strain 

All the available information so far on the above is based on campaign mode sparse GPS 

measurements and hence it is not very reliable.  

2.6     Summary 

The released energy and rupture area of past large earthquakes in NW Himalaya suggest that a 

large segment of NW Himalaya has potential to generate large magnitude earthquakes. The 
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accumulation of strain energy is modulated due to the variation in the spatial distribution of 

mass and external forces acting on Earth’s surface which are caused by the change in the 

atmospheric mass/water vapor. Geodetic measurements can help in discrimination of the locked 

areas and the steadily slipping areas beneath the Himalaya. The characterization of active 

deformation is important for the seismic hazard analysis in NW Himalaya. 
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Chapter 3 

Global Positioning System measurements and site 

motion in Northwest Himalaya 
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3.1       Introduction  

Global Positioning System (GPS), is a satellite-based navigation system, designed by the US 

Department of Defense and is also known as the Navigation Satellite Timing and Ranging 

(NAVSTAR). Nowadays GPS has become an important geodetic tool in various fields of 

geophysical studies. It provides three-dimensional relative position with a precision of few 

millimeters. GPS measurements have accuracy of 2-5 mm in the horizontal direction (North-

South and East-West) and 6-15 mm in the vertical direction. It is relatively cheaper than other 

geodetic techniques such as Very Long Baseline Interferometry (VLBI) and Satellite Laser 

Ranging (SLR). It is used to determine the motion of Earth’s tectonic plates (McClusky et al., 

2000; Vigny et al., 2002), to recognize active deforming zones and volcanic-associated 

deformations (Owen et al., 2000), to measure postglacial uplifts (Johansson et al., 2002), to 

study of active landslide or subsidence (Motagh et al., 2007) and to study atmospheric and 

ionospheric variations.  

The active convergence of India plate beneath the Eurasia plate deforms the Northwest 

Himalayan wedge across the megathrust. I have used GPS measurements to estimate the rate of 

deformation during interseismic phase of strain accumulation in the Northwest Himalaya. This 

chapter summarizes the main components of GPS, satellite signal properties and associated 

errors. This chapter includes GPS site selection, monumentation, installation and data collection 

in the Kashmir Himalaya and Kumaun Garhwal Himalaya. The GPS data processing software 

GAMIT-GLOBK version 10.4 has been used for the estimation of site position and velocity 

estimates have been described in this chapter.  

3.2       GPS and satellite signal properties 

GPS consists of three segments; space segment, control segment and user segments. The space 

constellation consists of 24 operating satellites placed in six different approximately circular 

orbital planes (4 in each orbital plane) spaced about the equator at a 60° separation with 

inclination of 55° at an elevation of 20200 km over Earth’s surface. The satellites have an 
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orbital period of 12 hour and constellation is such a way that there would be at least four 

satellites visible above a 15 degree cut-off angle at any given location on the Earth’s surface at 

any given time. Each satellite transmits the data at two different frequencies of L1 = 1575.42 

MHz and L2 = 1227.69 MHz. The control segment consist of one mass control station (MCS), 

five monitoring stations and four ground antennas distributed within the vicinity of the equator 

at four various localities. This segment controls the behavior of satellite clocks, satellites 

ephemerides and formulates the navigation data. The user segment includes the GPS receiver 

that uses the received information to calculate its position and time. 

The NAVSTAR GPS is a one way ranging system where signals are only being transmitted 

from the satellite while GPS receiver can generate replica of satellite signals and it can transmit 

and receive the signals. Thus, a clock reading at the satellite antenna is compared with a clock 

reading at the receiver antenna.  There are generally two types of receiver (Coarse Acquisition 

or C/A code receiver and dual frequency or P-code receiver) which provides about 1-5 meter 

and sub-cm level of accuracy respectively. Each one of the satellites has different C/A codes 

which can be found on L1. The P-code carries identical information on both bands (L1 and L2) 

as the C/A code but has ten times the resolution of C/A code (1.023 MHz vs. 10.23 MHz). The 

L1 band carries the navigations message which consists of the ephemeris information, predicted 

GPS satellite orbits and clock corrections, ionospheric model, satellite health status, and flags 

on each satellite indicating whether the anti-spoofing (A/S) is on. 

The pseudorange is the measurement of the distance between a satellite and a receiver antenna 

and can be estimated by precise computation of time taken by the signal to propagate from the 

satellite to the receiver with multiplication of speed of light. Pseudorange (p) can be written as, 

                                     p = ρ + c * (dt - dT) + dion + dtrop + εp                 (3.1) 

where ρ is the geometric range, c is the speed of light, (dt – dT) is the offset between the 

satellite and receiver clocks, dion and dtrop are the ionosphere and troposphere delays and εp 

represents the effect of multipath and receiver noise. 

The carrier phase is the measure of phase difference between the received carrier and signal 

generated by the GPS receiver. The carrier phase (Φ) is more precise than the pseudorange and 

can be estimated by adding pseudorange and number of fractional phase multiplied by carrier 

wavelength.  

                                     Φ = ρ + c * (dt - dT) + λ *N+ dion + dtrop + εp                                   (3.2) 
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where N is the number of fractional phase and λ is the carrier wavelength.             

There exist a variety of sources affecting the accuracy of GPS measurements such as satellite 

orbital errors and error due to receiver and satellite clock bias, atmospheric effect, ionospheric 

effect, ocean tides, antenna phase center bias, multipath etc. The multipath occurs when GPS 

signal bounces off a reflective surface prior to reaching the receiver antenna and can cause an 

error up to 15 cm for carrier phases and 15-20 m for pseudoranges. The satellite signal is 

dispersive and thus, there is a delay in travel time of satellite signal to receiver when it passes 

through ionospheric and tropospheric medium. The ionospheric delay of signal can cause an 

error ~2-15 m. The electronic error depends on the quality and design of receiver and could be 

as high as ~2 m.   

The linear combination approach is used to reduce error in the estimation of GPS coordinates. 

The receiver and satellite clock error can be reduced using double difference approach when 

two receivers track two similar satellites. The linear combination of the L1 and L2 phase 

measurements, which is known as LC (ionosphere free) combination, reduces the effect of 

ionosphere.  

                              𝚽𝐿𝐶 =
𝑓𝐿1

2

(𝑓𝐿1
2 −𝑓𝐿2

2 )
𝚽𝐿1 − 

𝑓𝐿2
2

(𝑓𝐿1
2 −𝑓𝐿2

2 )
𝚽𝐿2                                                           (3.3) 

where 𝚽𝐿𝐶 is phase of ionospheric free combination, 𝚽𝐿1and 𝚽𝐿2 are the phase of L1 and L2 

frequency and 𝑓𝐿1and 𝑓𝐿2 are the frequency of L1 and L2. 

The accuracy of GPS measurements also, depends on the relative satellite-receiver geometry 

and known as dilution of precision (DOP). A closed spaced navigation satellites represent a 

weak geometry and have higher DOP value while a wider angular separation between the 

satellites represent strong geometry and have low DOP value or better positional precision. The 

location of the receiver can be estimate with the help of measured distance between receiver 

and at least four satellite positions (corresponding four unknown parameters longitude, latitude, 

height and time delay) at a particular time using triangulation approach. 

3.3       Importance of GPS measurements in field of crustal deformation study  

Geodetic methods are used to measure the movement of the Earth’s surface and strain in the 

upper few hundred meters of the Earth’s crust. Geodetic measurements are used for the 

characterization of fault-related deformation of Earth’s crust that does not generate seismic 

waves as well as rapid motion that occurs during earthquakes. It is used to monitor the 
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coseismic, interseismic and postseismic deformation phase and help in the understanding of 

earthquake occurrence processes, their recurrence interval, rheology of the region etc. Crustal 

deformation monitoring using geodetic measurements have applications for seismic hazard 

assessment, earthquake early warning, earthquake likelihood monitoring and understanding of 

underlying physical processes. 

3.4       GPS measurements in Kashmir Himalaya 

GPS measurements of crustal deformation in the Kashmir region were initiated in 2008 with the 

establishment of seven continuous (KARG, DRAS, ARRU, KULG, CONV, RAUJ and URII) 

and four campaign (SON1, NARA, MULG and KERN) mode GPS sites across the Kashmir 

valley, crossing the Outer, Lesser, Higher Himalaya and extending up to the Tethys Himalaya 

in Ladakh region (Fig.3.1 and Table 3.1). The campaign mode sites have been occupied for 

about 4-7 days on annual basis. The installation of GPS sites has been done by University of 

Kashmir. The GPS data analysis is done by GPS group at National Geophysical Research 

Institute (NGRI), Hyderabad.   

 

Figure 3.1: GPS sites in Kashmir Himalaya are shown by square (blue colour) and the traces 

of major faults are shown by solid line (black colour).  
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Table 3.1:    Details of GPS sites in Kashmir Himalaya 

GPS 

Sites 

Longitude 

(°E) 

Latitude 

(°N) 

Receiver type Antenna type Observation 

mod 

Duration of 

observation 

KARG 76.16 34.56 TRIMBLE R7 TRM41249.00 Continuous 2009 - 

2012 

DRAS 75.77 34.42 TRIMBLE 5700 TRM41249.00 Continuous 2010 - 

2012 

SON1 75.33 34.29 TRIMBLE R7             TRM41249.00       Campaign 2009, 2011 

ARRU 75.27 34.10 LEICA 

GRX1200GGPRO     
LEIAX1202GG Continuous 2010 - 

2012 

KULG 75.03 33.59 LEICA 

GRX1200GGPRO     
LEIAT504GG Continuous 2009- 2011 

NARA 74.97 34.35 TRIMBLE R7             TRM41249.00       Campaign 2009, 2010 

CONV 74.84 34.13 TRIMBLE R7             TRM41249.00       Continuous 2008-2012 

MULG 74.48 34.09 TRIMBLE R7             TRM41249.00       Campaign 2008, 2009, 

2011 

RAUJ 74.35 33.39 TRIMBLE 5700           TRM41249.00       Continuous 2009-2011 

URII 74.05 34.08 LEICA 

GRX1200GGPRO     
LEIAT504 Continuous 2009-2011 

KERN 73.97 34.64 LEICA 

GRX1200GGPRO     
LEIAX1202GG Campaign 2010, 2011 

 

3.5       GPS measurements in Kumaun-Garhwal Himalaya 

3.5.1    GPS network selection 

In order to assess seismic hazard in the Kumaun Garhwal region, a permanent GPS network has 

been installed (Fig.3.2 and Table 3.2). The presence of complex tectonics, active landslide 

zones and unknown rate of deformation across the present active faults makes difficulty in the 

selection of GPS sites in Kumaun Garhwal Himalaya. The distribution of GPS sites has been 

done in such a way that it covers all the major lithotectonic units (i.e. Outer Himalaya, Lesser 

Himalaya and Higher Himalaya) of the region and some sites (Nankmatta-NNKM and 

Najibabad-NAJI) have been installed in the Indo-Gangetic plains. All the GPS sites are situated 

about 30-50 km from each other and cover 250 km × 170 km area of Kumaun Garhwal 

Himalaya. 

The site selection in Kumaun Garhwal region is done while considering following things 

i. Consolidated rock basement 

ii. Far from road, transmission tower and high voltage power line 

iii. In open area away from the trees and high rise buildings 
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Figure 3.2: GPS sites in Kumaun Garhwal Himalaya are shown by square (blue colour) and 

the traces of major thrust faults are shown by solid line (black colour). 

The sites have been installed with the consent from the local persons and their Gram Pradhan. 

The active deformation across the major thrust belts (MFT, MBT and MCT) can be quantified 

with longer spread of GPS sites from Gangetic pains in south to Higher Himalaya in north. The 

close distribution GPS site could be able to monitor deformation at small scale presence due to 

lateral heterogeneity or unknown active faults. 

3.5.2   Monumentation of GPS site 

Monumentation of a GPS site plays an important role in the capturing the precise signal and 

enhancement of signal to noise ratio. The motion at the GPS sites is considered to be the motion 

of upper crust. Thus, stable monumentation is needed for the reliable estimate of motion at GPS 

site. All the monumentation of GPS sites in Kumaun Garhwal Himalaya has been done on the 
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hard rock/basement and all the sites are located are in open area and far away from the road and 

high voltage wires.  

 

Figure 3.3: Some of the established GPS sites in Kumaun Garhwal Himalaya are shown. The 

top panels show monumentation on a RCC pillar and the bottom panels show monumentation 

using iron pillars. The stabilization of baseplate at its four corner using four iron rods on a 

RCC basement has been shown during construction of Kunair (KUNR) GPS site.  

Two types of monumentation have been done in the Kumaun Garhwal Himalaya for the 

installation of GPS sites (Fig.3.3). In the first kind of monumentation, the RCC pillar and a 

small hut (for receiver, battery and instruments) were constructed. The RCC pillars have 6-7 

feet height and with a foundation of 4-5 feet deep from the ground surface and the hut has the 

dimension of 2feet × 2feet × 2feet. This kind of monumentation has been done at sites mostly 

situated in the outer Himalaya and Lesser Himalaya. 

In the second kind of monumentation, the pillar and hut has been made up of iron and these are 

prefabricated. This kind of installation is done in the region (generally in Higher Himalaya), 
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where the required items for construction of RCC pillars are not available and no manpower is 

available.    

The basement of the monumentation has dimension of ~3feet × 3feet × 4feet and made up of 

RCC materials. The iron base plate (2feet × 2feet × 0.5 inch) has been fixed with 3feet long 

iron nails at the four corners of plate, after a few hours of filling of the RCC material in the 

basement. This iron base plate provides the base for the iron pillar which is tightly screwed 

using nut and bolts. After screwing up of the pillar and base plate, the entire base plate has been 

covered by the RCC material which again enhances the stability of the iron pillar. All the sites 

have been fenced using one inch spacing GI wire to safeguard it form the animals.  

3.5.3    Installation of GPS instruments 

The installation work of GPS instruments in Kumaun-Garhwal started in April 2012 with team 

of GPS group of National Geophysical Research Institute (NGRI), Hyderabad. Further, the GPS 

field work in Kumaun Garhwal Himalaya has been done two times (April-June and October-

December) in every year. In the first year of field work, we have installed 14 GPS sites and 

currently 22 GPS sites are in operation.  

A complete picture of field setup for installations of GPS site is shown in Fig.3.4. The force 

centering SECO adapter is used to mount the antenna on the pillar. It not only provides security 

to the antenna but also has provision for levelling. Although the choke ring antenna (with Dorne 

Margolin element) is claimed to be omnidirectional, the mark on the antenna is always kept in 

the direction of magnetic north to avoid any bias arising due to variation in the phase centres in 

the antenna. The antenna has been fixed with the top base of iron pillar which further, which 

restricts it to move and safeguard it against the theft and vandalism. The choke ring antenna 

reduces the strength of the multipath signals or signals striking at lower angle. The antenna has 

been covered with the radome which protects the antenna from weather conditions and birds 

making nest over it.  

Trimble receiver has been used to receive the satellite signals and to store the data. The AC or 

DC power can be provided to the receiver using power cable for functioning of receiver. A 

battery of 100 Ah has been used for the power supply to the receiver at all the GPS sites in 

Kumaun Garhwal Himalaya. A solar panel is used to charge the battery with the help of a 

charge controller unit which protects it from overcharging and high voltage current. The solar 

panel has been kept in the geographic south direction with an inclination of ~30°-45° such that 

it can charge the battery during the day time. The junction box can be used to connect number 



  Chapter 3 

55 
 

of points (receiver, solar panel, met transmitter) at single point (battery). The antenna has been 

attached to receiver with antenna cable. A poly-phaser has been used between the antenna and 

receiver to avoid its damage due to lightening. The receiver can be connected through a laptop 

using the IP address of the receiver. The receiver configuration, choice of tracking satellites and 

its signals, creation of different session for data logging and sampling interval of data can be 

done through the laptop. The data can be stored in internal memory of the receiver and also in 

the external drives. The stored raw GPS data has been converted into Receiver Independent 

Exchange (RINEX)/observation files and further it has been used for processing.  

 

Figure 3.4: Field setup of GPS measurements is shown. Different items at a GPS site and their 

connections with receiver have been explained.   

Table 3.2:    Details of GPS sites in Kumaun Garhwal Himalaya 

GPS 

Sites 

Longitude 

(°E) 

Latitude 

(°N) 

Receiver 

type 

Antenna type Observation 

mod 

Duration of 

observation 

GUTU 78.74744 30.531 TPS 

EGGDT 

TPSHIPER_GD Continuous Jan 2007-Aug 

2010 

SUNR 78.13714 30.79806 TRIMBLE 

NETR9          
TRM59800.00       Continuous May 2012-

Nov 2015 

NAJI 78.3378 29.59664 TRIMBLE 

NETR9 
TRM59800.00       Continuous Apr 2014-May 

2014, May 

2015-Nov 

2015 
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AGAR 78.33788 30.21509 TRIMBLE 

NETR9 
TRM59800.00       Continuous Dec 2012-July 

2015 

KUNR 78.40221 30.46182 TRIMBLE 

NETR9 
TRM59800.00       Continuous Jun 2012-Nov 

2015 

PHOL 78.42521 30.95652 TRIMBLE 

NETR9 
TRM59800.00       Continuous Nov 2012-Oct 

2013, Nov 

2014-Dec 

2014, Apr 

2015-May 

2015 

RATH 78.60297 30.81414 TRIMBLE 

NETR9 
TRM59800.00       Continuous Jun 2012-Nov 

2015 

BDKD 78.66558 30.55125 TRIMBLE 

NETR9          
TRM57971.00       Continuous Jun 2012- Nov 

2015 

DHAR 78.7827 31.04016 TRIMBLE 

NETR9 
TRM59800.00       Continuous Jun 2012-Nov 

2015 

KHIR 78.88181 30.16869 TRIMBLE 

NETR9 
TRM59800.00       Continuous Jun 2012-Dec 

2015 

GUPT 79.07948 30.53928 TRIMBLE 

NETR9 
TRM59800.00       Continuous Jun 2012-Sep 

2015 

KOTA 79.09922 29.64541 TRIMBLE 

NETR9 
TRM59800.00       Continuous Dec 2012-Nov 

2015 

HRMN 79.33647 30.38368 TRIMBLE 

NETR9 
TRM59800.00       Continuous Dec 2012-Feb 

2013, Jun 

2015-Nov 

2015 

NAIN 79.4569 29.38184 TRIMBLE 

NETR9 
TRM59800.00       Continuous Apr 2014-Nov 

2015 

AULI 79.56006 30.5317 TRIMBLE 

NETR9 
TRM59800.00       Continuous Dec 2012-Dec 

2015 

KORA 79.59346 29.6444 TRIMBLE 

NETR9 
TRM59800.00       Continuous May 2015-July 

2015, Nov 

2015-Dec2015 

BAIJ 79.60257 29.93911 TRIMBLE 

NETR9 
TRM59800.00       Continuous May 2015-

Nov 2015 

NNKM 79.80894 28.94726 TRIMBLE 

NETR9 
TRM59800.00       Continuous Dec 2012- 

Nov 2015 

MALA 79.88727 30.6894 TRIMBLE 

NETR9 
TRM59800.00       Continuous Dec 2012- Dec 

2015 

LOHA 80.08987 29.42154 TRIMBLE 

NETR9 
TRM59800.00       Continuous Apr 2014-Nov 

2015 

MUNS 80.2567 30.0672 TRIMBLE 

NETR9 
TRM59800.00       Continuous Apr 2015-Nov 

2015 

PITH 80.28567 29.57365 TRIMBLE 

NETR9 
TRM59800.00       Continuous Apr 2014-Agu 

2014, Jun 

2015-Nov2015 

PANG 80.69516 29.97843 TRIMBLE 

NETR9 
TRM59800.00       Continuous Apr 2014,May 

2015-Sep 2015 
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3.6       Processing strategy of GPS Data 

Continuous GPS measurements at each site have been done at 30 second sampling interval with 

a file length of 24 hour (one day i.e. from 0 hours GMT to 24 hours GMT). Additionally all the 

sites also record data at 1 sample per second. The characteristic of GPS sites and the length of 

measurements are mentioned in Table 3.1 and Table 3.2. The cut off elevation angle for the 

received signals has been kept 15° to avoid low angle satellites near horizon. The GPS data of 

global reference sites from the IGS network (International GNSS Service), broadcast navigation 

files and a priori orbits (IGS final solutions) are required to analyse the data from the network. 

These data were downloaded from the Scripps orbital and Processing Centre (SOPAC) or 

Crustal Dynamics Data Information System (CDDIS) archives for each day. All files were 

collected on a day by day basis just prior to subsequent processing of each daily solution.  

 

Figure 3.5: Distribution of IGS sites of global network used in analysis of GPS data. The study 

regions are shown by two rectangles. 
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The daily site coordinates were estimated from the GPS measurements using the scientific 

software packages GAMIT version 10.4 (King and Bock, 2005; Herring et al., 2010a, 2010b). 

For stabilization of our regional network and for connection to a global reference frame, I have 

included IGS sites in the processing of the GPS data of Kumaun Garhwal and Kashmir region. I 

have then combined the obtained daily solutions with the global network solutions provided by 

International GNSS (Global Navigation Satellite System) service (IGS) to obtained the site 

position and its motion in the International Terrestrial Reference Frame (ITRF) 2008 (Altamimi 

et al., 2011). The IGS sites are chosen from the IGS core list (http://www.igs.org/network). The 

main selection criteria were based on the performance, period of stabilization, continuity of 

observations and geographical distributions of sites. IGS sites located especially on the Indian 

plate and on plates surrounding of the Northwest Himalaya such as Eurasian plate, Arabian 

plate, African Plate, Australian Plate, Sunda plate etc. (Fig.3.5) have been considered.   

3.7       GPS data processing using GAMIT /GLOBK 

GAMIT/GLOBK is a comprehensive GPS analysis package developed by Massachusetts 

Institute of Technology (MIT), for estimation of three-dimensional relative positions of ground 

sites and satellite orbits. The analysis software is composed of distinct modules, which performs 

the functions of preparing the data for processing, generating reference orbits for the satellites, 

computing residual observations and partial derivatives from a geometrical model, detecting 

outliers or breaks in the data, and performing a least-squares analysis. It contains several 

chronological functional steps as documented below, (extracted from GAMIT/GLOBK 

homepage: http://www-gpsg.mit.edu/~simon/gtgk/).  

3.7.1   Estimation of loosely constrained solution using GAMIT 

GAMIT uses the GPS broadcast carrier phase and pseudorange observables to estimate three-

dimensional relative positions of ground sites and satellite orbits, atmospheric zenith delays and 

Earth orientation parameters. GAMIT estimates site coordinates for each day in a loosely 

constrained solution (h-file) i.e. the coordinates of the tracking sites and the GPS satellite orbits 

are not firmly constrained. The following input files are required for the GAMIT solution  

1. sestbl. and sistbl. – it is a session control tale that contains the GAMIT analysis 

command. 

http://www.igs.org/network
http://web.mit.edu/
http://web.mit.edu/
http://www-gpsg.mit.edu/~simon/gtgk/
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2. process.defaults – this file specifies the computation environment, source for internal 

data and orbits files, start time and sampling interval and instruction for archiving the 

results. 

3. sites.defaults – this is specify the local and IGS GPS sites are to be used and how site 

meta-data are to be handled. 

4. station.info – it includes the information of receiver, antenna type and height of 

instrument for all the sites in use. 

5. itrf08.apr – this file contains Cartesian coordinates of sites we wish to have unchanged 

throughout the processing. 

6. lfile. – it encloses the Cartesian coordinates of sites we wish to updates due a major shift 

(>30 cm) in the position of sites. 

7. autcln.cmd – it identifies and flags possible jumps in phase data. 

8. o (observable) files or RINEX files – contains the GPS readings 

9. gfiles – contains the orbits files 

10. brdc files – contains the navigation files 

These files provide the input for the estimation of different parameters to obtain the daily basis 

loosely constrained solutions. Double-differenced, ionosphere-free linear combinations of the 

L1 and L2 phase observations were used to generate weighted least square solutions for each 

day of the analysis interval. An automatic cleaning algorithm was applied to post-fit residuals to 

repair cycle slips. Data cleaning was performed on 30 second interval. These data were then 

decimated to a 4 minutes rate for the final least squares solution. IGS final orbit solutions are 

introduced as a priori values in each daily solution. Estimated parameters for each daily solution 

include the three dimensional Cartesian coordinate for each site, six orbital elements for each 

satellite (semi-major axis eccentricity, inclination, longitude of ascending node, argument of 

perigee, and Mean anomaly), Earth orientation parameters (pole position and rate UT1), and 

integer phase ambiguities. Also piecewise-linear atmospheric zenith delays were estimated at 

each site over two hour intervals to correct for the poorly modeled troposphere. The elevation 

cut off angle 15° was assigned and the absolute IGS antenna models were used for the effective 

phase centre of the receiver and satellite antennas. Also pole tide and ocean loading models are 

included in the processing. Further, the estimated loosely constrained daily basis solutions have 

been used to estimate the site potion and motion using GLOBK. 
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3.7.2   Estimation of time-series and Velocity using GLOBK 

GLOBK uses a Kalman or efficient recursive filter to estimate the state of a dynamic system 

form a series of incomplete and noisy measurements. It takes the estimated state from the 

previous time step and the current measurement to compute the estimate for current state. It 

combines the whole length of GAMIT estimated daily basis solutions (i.e. loosely constrained 

position estimate and associated covariance matrix of site, orbital and Earth-rotation 

parameters) corresponding all sites and generates the GPS time series and velocity for all the 

GPS sites. The followings are three main features in GLOBK package 

1. glred – it generates a time series of site coordinates in order to identify and remove any 

survey days or sites which are outliers. 

2. globk – it estimates the site coordinates averaged over a multi-day experiment by 

combination of individual sessions of observations, and at a later stage the site 

velocities from combination of averaged site coordinates obtained from several  years of 

observations. 

3. glorg – it stabilizes to best align estimated site coordinates and velocities with prior 

values for a selected set of stabilization sites.   

Investigating crustal deformation for geodynamic purposes requires a global reference frame to 

which measurements from different locations and different times can be uniquely referenced. 

Therefore, a terrestrial reference frame, which rotates with the Earth’s surface, is well-suited. 

The fundamental terrestrial reference frame preferred for all modern geodetic studies is called 

the International Terrestrial Reference Frame (ITRF). The orientation of the Cartesian axes is 

such that the z-axes coincide with the mean pole of rotation for the period 1900-1905, and the 

x-axes are in the plane of the Greenwich meridian. The rotation rate has a no-net-rotation 

condition for the horizontal motions with respect to the lithosphere. ITRF2008 was employed to 

characterize the sites.  The details of ITRF definition can be found at http://itrf.ensg.ign.fr. 

To establish time series of site coordinates, in a first step, the unconstrained solution parameters 

from individual GAMIT solutions from the same day were input as pseudo-observations to the 

GLOBK Kalman filter for combination into single daily unconstrained solutions (Herring et al., 

2010a, 2010b). Reference frame constraints were then applied to each daily solution by Helmert 

transformation or 7- parameter similarity transformation, which preserved shape, so angles are 

not changed, but lengths of lines and position of points may be changed. For each day, 7 free 

http://itrf.ensg.ign.fr/
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parameters were estimated, which are defined by three translation components T = (T1 T2 T3)
T, 

three differential rotation angles (R1, R2, R3) and one scale terms, D.  

 

Figure 3.6: Datum transformation between coordinates X1 and X2 with translation matrix T and 

rotation matrix R. 

As an example shown in Fig.3.6, if a coordinate vector X1 = (x1, y1, z1)
T  is represented in one 

reference frame, the same coordinate can be represented in the second reference frame as X2  = 

(x2, y2, z2)
T  by using the following equation (linearized assuming relatively small 

transformation values), 

                  𝑋2 = 𝑋1 + 𝑇 + 𝐷𝑋1 + 𝑅𝑋1                                                         (3.4) 

with,       𝑇 = (
𝑇1

𝑇2

𝑇3

)       and      𝑅 = (

 0  𝑅3  𝑅2

−𝑅3 0 𝑅1

  𝑅2 𝑅1 0
)            (3.5) 

The differential rotation matrix R is consistent with positive counterclockwise (anticlockwise 

rotation of axes). The International Earth Rotation and Reference Service System (IERS) uses 

the opposite rotational sign convention. 

In practice, the seven transformation parameters change with time, thus, differential equation 

(3.4) with respect to time it can be written as, 
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                  �̇�2 = �̇�1 + �̇� + �̇�𝑋1 + 𝐷�̇�1 + �̇�𝑋1 + 𝑅�̇�1                                                            (3.6) 

D and R are of 10-5 level and �̇� is about 10 cm per year, the terms D�̇�1 and R�̇�1 are negligible, 

representing 0.1 mm over 100 years. Therefore equation (3.6) can be reduced to,     

                  �̇�2  =  �̇�1  +  �̇� +  �̇�𝑋1 + �̇�𝑋1                                                                                (3.7) 

The GAMIT provides the daily basis solution in the Earth Centre Earth Fixed (ECEF), such as 

WGS84, coordinate system which can be transformed in the geographic or topocentric 

coordinate system. The position of a point with respect to an ellipsoid is given in terms of 

geographic or geodetic latitude φ, and longitude λ and height h above the ellipsoid (Fig.3.7). 

The relationship between Cartesian and geographic coordinates is given by, 

                  𝑋 = (𝑁  + ℎ)𝑐𝑜𝑠𝜑 𝑐𝑜𝑠𝜆                                                                                        (3.8) 

                  𝑌 = (𝑁  + ℎ)𝑐𝑜𝑠𝜑 𝑠𝑖𝑛𝜆                                                                                         (3.9) 

                  𝑍 = (𝑁 (1 − 𝑒2) + ℎ)𝑠𝑖𝑛𝜑                                                                                 (3.10) 

The inverse relationship is given by, 

                  𝜑 = arctan (
𝑍+𝑒2�̌�𝑠𝑖𝑛𝜑

√(𝑋2+𝑌2)
)                                                                                   (3.11) 

                  𝜆 = arctan (
𝑌

𝑋
)                                                                                                   (3.12) 

                  ℎ =  
√(𝑋2+𝑌2)

𝑐𝑜𝑠𝜑
− �̌�                                                                                           (3.13) 

where 𝑁 is the radius of curvature in the prime vertical. The radius of curvature for an ellipsoid 

depends on the location on the ellipsoid. It is a function of the geographic latitude and is 

different in north-south and east-west direction. 

The radius of curvature in the prime vertical, 𝑁 = 𝑁(𝜑), the radius of curvature in the (north-

south) meridian, �̌� =  �̌�(𝜑), are 

                  �̌�(𝜑) =  
𝑎

√1−𝑒2𝑠𝑖𝑛2𝜑
                                                                                         (3.14) 

                  �̌�(𝜑) =
𝑎(1−𝑒2)

(1−𝑒2𝑠𝑖𝑛2𝜑)3/2                                                                                     (3.15) 
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where a is semi-major axis (~6378 km), and e (= 
𝑎2−𝑏2

𝑎2 ) is the eccentricity, and b is the semi-

minor axis (~6357km). 

 

Figure 3.7:  Local left-handed topocentric system in point A, with ellipsoidal coordinates (𝜑, 𝜆, ℎ ), 

with local azimuth 𝛼 and zenith angle 𝜁 for the direction 𝐴𝐵⃗⃗⃗⃗  ⃗. The vertical (ellipsoidal normal) 

vector U is the z-axis of the local left-handed system, E is the y-axis and is orthogonal to the plane 

of meridian and positive to the East, and N is the x-axis and is in the plane of meridian and positive 

to the North. 

The differential Cartesian coordinates (dX, dY, dZ) can be write in the differential ellipsoidal 

coordinates (d𝜑, d𝜆, dh) using the following relations, 

                  𝑑𝑁 = (�̌�(𝜑) + ℎ)𝑑𝜑                                                                                          (3.16) 

                  𝑑𝐸 = (𝑁(𝜑) + ℎ) 𝑐𝑜𝑠𝜑 𝑑𝜆                                                                                 (3.17) 

where dN the differential in North-South (latitude) direction, with positive direction to the 

North, and dE the differential in East-West (longitude) direction.  �̌�(𝜑) and 𝑁(𝜑) are the 

meridian radius of curvature and radius of curvature in the prime vertical. 𝑑𝜑 and 𝑑𝜆 are in 

units of radians and 𝑑𝑁 and 𝑑𝐸 are in units of meters. 𝑑𝑁 and 𝑑𝐸 are often referred to as 

Northing and Easting.  The relationship between the differential coordinates (dX, dY, dZ) and 

(dN, dE, dh) is                           
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                [
𝑑𝑁
𝑑𝐸
𝑑ℎ

] =  |
 −𝑠𝑖𝑛𝜑 𝑐𝑜𝑠𝜆 −𝑠𝑖𝑛𝜑 𝑠𝑖𝑛𝜆 𝑐𝑜𝑠𝜑 

−𝑠𝑖𝑛𝜆               𝑐𝑜𝑠𝜆              0
𝑐𝑜𝑠𝜑 𝑐𝑜𝑠𝜆   𝑐𝑜𝑠𝜑 𝑠𝑖𝑛𝜆  𝑠𝑖𝑛𝜑

| [
𝑑𝑋
𝑑𝑌
𝑑𝑍

]                                            (3.18) 

or, 

                  𝑑𝑁 =  −𝑑𝑋 sinφ𝑐𝑜𝑠𝜆 − 𝑑𝑌 𝑠𝑖𝑛𝜑 𝑠𝑖𝑛𝜆 + 𝑑𝑍 𝑐𝑜𝑠𝜑                                           (3.19) 

                  𝑑𝐸 =  −𝑑𝑋 𝑠𝑖𝑛𝜆 + 𝑑𝑌 𝑐𝑜𝑠𝜆                                                                                (3.20) 

                  𝑑ℎ = 𝑑𝑋 𝑐𝑜𝑠𝜑 𝑐𝑜𝑠𝜆 + 𝑑𝑌 𝑐𝑜𝑠𝜑 𝑠𝑖𝑛𝜆 + 𝑑𝑍 𝑠𝑖𝑛𝜑                                               (3.21) 

The differential coordinates in topocentric or ellipsoidal coordinates can also be write in terms 

of azimuth α, zenith angle ζ and slant range s as, 

               [
𝑑𝑁
𝑑𝐸
𝑑ℎ

] = 𝑠 [

cosα  𝑠𝑖𝑛ζ 
sinα  𝑠𝑖𝑛ζ  

𝑐𝑜𝑠ζ 
]                                                                                            (3.22) 

where, 

                  𝛼 = arctan(
𝑑𝐸

𝑑𝑁
)                                                                                                (3.23) 

                  ζ = arctan  (
𝑑ℎ

√𝑑𝑁2+𝑑𝐸2
)                                                                                    (3.24) 

                   𝑠 =  √𝑑𝑁2 + 𝑑𝐸2 + 𝑑ℎ2 = √𝑑𝑋2 + 𝑑𝑌2 + 𝑑𝑍2                                              (3.25) 

The uncertainty in the estimation of topocentric coordinates with the help of associated error in 

Cartesian coordinates, defines with weighted least mean square and normalized least mean 

square as, 

                  𝑤𝑟𝑚𝑠 =  √

𝑛

(𝑛−2)
∑

(𝑥𝑖−𝑦(𝑡𝑖))
2

𝜎𝑖
2

𝑛
𝑖=1

∑
1

𝜎𝑖
2

𝑛
𝑖=1

                                                                           (3.26) 

where y(ti) is the observed 3D motion, xi is the estimated value of the three components, n is 

number of measurements, and σi is standard deviation value on each component.  

The IGS sites were constrained according to the 1σ position errors, which are site dependent, 

but approximately 2 mm (N), 2 mm (E) and 5 mm (U). Mathematically, the observed motion of 

each site in the three directions (N, E, U) which is plotted by time-series can be expressed as, 

𝑦(𝑡𝑖) = 𝑎 + 𝑏𝑡𝑖 + 𝑐 sin(2𝜋𝑡𝑖) + 𝑑 cos(2𝜋𝑡𝑖) + 𝑒 sin(4𝜋𝑡𝑖) + 𝑓 cos(4𝜋𝑡𝑖)  +

                                                                ∑ 𝑔𝑗𝐻 (𝑡𝑖 − 𝑇𝑔𝑗
) + 𝑣𝑖 + ⋯

𝑛𝑔

𝑗=1
                                 (3.27) 
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where ti for i=1....N’ are daily solution epochs, H is Heaviside step function. The first two terms 

are site position (a is intercept and linear rate b), coefficient c and d describe annual periodic 

motion, while e and f represent semi-annual motion. The remaining term corrects any number of 

offsets (ng) with magnitude g at epoch Tg. vi is associated to the white noise scenario. The 

reference frame to combine the orbit solutions was realized by tightly constraining the IGS sites 

to their values in the global reference frame ITRF2008. 

The GPS data analysis using the GAMIT/GLOBK software proceeds as follows (extracted from 

GAMIT/GLOBK homepage, http://www-gpsg.mit.edu/~simon/gtgk/), 

i. First one generates reference orbits in the form of tabular ephemerides by integrating 

the equations of the motion using nominal initial conditions and force parameters. These 

ephemerides contain for each satellite the inertial positions and velocities of the 

satellites as well as the partial derivatives of these states with respect to the initial 

condition and force parameters.  

ii. GAMIT is then used to obtain a sequence of parameter estimates, each estimate based 

on a weighted least-square analysis of independently batched, doubly differenced GPS 

carrier phase observations. 

iii. For the next stage of processing, this sequence of parameter estimates is input to 

GLOBK for a final simultaneous adjacment of all experiment specific and session 

specific parameters. 

iv. Within GLOBK, a random walk stochastic model can be used to kinematically constrain 

the successive constant correlation orbital parameter estimates from the first stage of 

processing with the independent short arc and constant correction multiday arc solutions 

forming the end members of the range of possible solution type.    

The observed small value of outliers in the GPS time series has been down weighted and the 

larger value of outlier has been removed for the corresponding day. Further, the combined 

solution was estimated to obtain the consistent set of coordinates and velocity at all sites. 

3.8       Results 

3.8.1    GPS time series 

The GPS time series have been generated using GAMIT/GLOBK, which provides the site 

coordinates (north, east and height) with time. The north coordinates are the geodetic latitudes 

http://www-gpsg.mit.edu/~simon/gtgk/
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of the sites multiplied by the WGS84 semi major axis, the east coordinates are the distances 

from the Greenwich meridian along the small circles at (quantized) latitudes of the sites, and the 

heights are WGS84 ellipsoidal heights. The GPS time series plots and their physical 

significance have been done at all the sites of Kashmir Himalaya and Kumaun Garhwal 

Himalaya.  

3.8.1.1  GPS sites in Kashmir Himalaya 

The GPS time series at the sites in the Kashmir Himalaya exhibit site motion in the northeast 

direction. The site motion is non-linear and undulations in displacement components can be 

observed at all the GPS sites. The seasonal variation is large in vertical and north component of 

displacement as compared to the east component of displacement at all the sites. The GPS time 

series derived using GAMIT/GLOBK at some of the sites are shown in Fig.3.8-Fig.3.10. 

3.8.1.2  GPS sites in Kumaun Garhwal Himalaya 

GPS sites in Kumaun Garhwal Himalaya show similar characteristic as observed at the sites in 

the Kashmir Himalaya. All the sites in Kumaun Garhwal are moving in the north-east direction 

and showed seasonal modulation in all displacement components. The absolute velocity in 

Kumaun Garhwal is higher in the outer Himalaya and decreases towards north. The variation in 

the site velocity represents presence of active deformation in the Kumaun Garhwal region.  The 

observed GPS time series at some of the sites are shown in Fig.3.11-Fig.3.16. 

3.8.2      Extraction of Secular motion and Seasonal Variations from the GPS time series 

Strong seasonal modulations have been observed in all components of measured displacement 

at GPS sites of Kashmir Himalaya and Kumaun-Garhwal Himalaya. These modulations can be 

the combination of surface loading related to continental water variations (van Dam et al., 

2001), atmospheric pressure, ionospheric changes, snow accumulation or slow slip etc. 

Bettinelli et al., (2008) have concluded that the seasonal variations in the Himalaya are real and 

can alter the secular rate of site motion due to the nonlinear behavior of these variations with 

varying periodicity. Thus, the seasonal components of displacement must be extracted from the 

GPS time series for the estimation of the plate velocity and the plate convergence rate. Also, 

continuous measurements for the longer period (>2.5 years) minimize the effect of seasonal 

variation in the estimation of site velocity (Blewitt and Lavallee, 2002).   
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Figure 3.8: Time series plot at site Rajauri (RAUJ) of Kashmir Himalaya representing site 

motion towards northeast direction. The observed high fluctuations in displacement 

components during month of June to August may be influenced by the variation in hydrological 

load in the summer monsoon. 
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Figure 3.9: Time series plot at the GPS site CONV situated in Srinagar, Kashmir is shown and 

it shows north-eastward motion with strong seasonal modulations.   
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Figure 3.10: Time series plot at the GPS site in Kargil situated in Ladakh region of Kashmir. 

The observed seasonal modulation at site KARG is higher as compared to the seasonal 

variations at site RAUJ situated in Lesser Himalayan zone in Kashmir Himalaya. 
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Figure 3.11: Time series plot at the GPS site Kotachami (KOTA), situated in Lesser Himalaya, 

is shown and exhibits site motion in the northeast direction with seasonal modulation in all 

displacement components.  
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Figure 3.12: Time series plot at Khirsu (KHIR) site, situated in Lesser Himalaya, is 

shown with seasonal variation in displacement components having annual (horizontal 

and vertical) and semi-annual (vertical components) periodicity. 
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Figure 3.13: Time series plot shows the change in position with time at site Sunara (SUNR) 

situated in Lesser Himalaya. The annual and semi-annual components of seasonal variation 

can also be seen. 
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Figure 3.14: GPS time series at Raithal (RATH) site, situated in Uttarkashi. The observed site 

velocity is found to be higher that the motion of rigid India plate and the decreasing trend of 

vertical motion represent slow rate subsidence at the site.    
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Figure 3.15: Time series plot at the GPS site Dharali (DHAR), near to Gangotri, in Higher 

Himalayan region. This site moves in northeast direction with strong seasonal modulation. The 

uplift in the higher Himalaya due to active convergence of India beneath Eurasia can be seen at 

this site. 
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Figure 3.16: Time series plot at GPS site Malari (MALA), situated ~60 km northward from 

Joshimath. The seasonal modulation in position measurement and uplift motion can be seen at 

the site. 
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The seasonal variations can be decomposed in semi-annual and annual components (Flouzat et 

al., 2009) which are the linear function of periodic terms such as sine and cosine.  

     y(t) = a + b * t + c * 𝑐𝑜𝑠 (
2𝜋𝑡

𝑇
) + d * 𝑠𝑖𝑛 (

2𝜋𝑡

𝑇
)+ e * 𝑐𝑜𝑠 (

4𝜋𝑡

𝑇
) + f * 𝑠𝑖𝑛 (

4𝜋𝑡

𝑇
)                 (3.28) 

where a is the intercept (constant value), b is the secular rate, c and d are the amplitude annual 

(one year) periodic perturbations (cosine and sine components) and e and f are the amplitude 

semi-annual (half-year) periodic perturbations (cosine and sine components).  

I have used GG(GAMIT/GLOBK) Matlab toolbox (http://www-gpsg.mit.edu/~tah/GGMatlab/) 

developed by Thomas Herring (2003) and Simon McClusky, MIT, to analyse GPS time series 

obtained from the GLOBK solution. I have derived secular rate and seasonal components from 

the GPS time series using tsview module. The uncertainty of the parameter estimates in tsview 

module are calculated using the sigma’s of the coordinate estimates in the time series and the 

statistical properties of the time series residual on either white or correlated (realistic sigma) 

noise assumptions. The white noise assumption provides optimistic estimates of the 

uncertainties of the parameter estimates and in correlated noise assumption, a correlation time 

of the residuals for each coordinate component is estimated by computing the increase in the 

chi-square-per-degree of freedom of successively longer time averages of the residuals. The 

secular rate and annual and semi-annual components of seasonal variations at the GPS sites in 

Kashmir Himalaya and Kumaun Garhwal Himalaya have been estimated and detrended time 

series for some of sites are shown below. The realistic sigma (shown by green color) estimates 

of the secular velocity in each component of the sites are 3 to 5 times larger than the white noise 

estimates.  

3.8.2.1    GPS Sites in Kashmir Himalaya 

A strong seasonal variation in all components of displacement estimate has been observed in 

Kashmir Himalaya and the secular rate, and components (cosine and sine, corresponding annual 

and semiannual time period) of seasonal variations for the sites having at least two year 

continuous GPS data has been shown in Table 3.3. The vertical motion is highly modulated by 

the seasonal processes and the north component of horizontal displacement shows more 

seasonal modulation as compared to east component. A semi-annual seasonal variation is also 

observed in all components of position estimates and the amplitude of semi-annual component 

is large in vertical components as compared to horizontal components of GPS derived 

displacement time series. The results derived using tsview module at two of the sites is shown in 

Fig.3.17 (KARG) and Fig.3.18 (CONV).  

http://www-gpsg.mit.edu/~tah/GGMatlab/
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Figure 3.17: Detrended GPS time series at Kargil (KARG) site is shown which exhibits strong 

seasonal variation in all displacement components. Displacement derived by GPS 

measurements are shown by dots (blue colour) with corresponding error in estimates shown by 

vertical bars (gray color). The blue line corresponds to zero value and black line represents the 

model derived fit in data. Two red lines represent the one sigma estimate of noise in the model 

fit. The two green horizontal lines show the bounds of 3-times the WRMS scatter of the 

residuals. 

 

Table 3.3:   Annual and semi-annual components of seasonal variation in Kashmir 

Himalaya 

 

Site 

 

Longitude 

 

Latitude 

 

 

Com

pone

nt 

GPS site velocity (mm/yr) 

ITRF08 

Rate Acos Asin SAcos SAsin 

KARG 76.161 34.559 N 22.8 ± 0.5 -2.4 ± 0.5 0.3 ± 0.4 0.5 ± 0.5 -0.1 ± 0.4 

E 27.0 ± 0.5 0.3 ±0.5 -0.9 ± 0.5 0 ± 0.4 0.1 ± 0.5 

U 1.0 ± 0.7 6.4 ±0.8 -1.7 ± 0.8 2.2 ± 0.7 -0.8 ± 0.8 

DRAS 75.768 34.423 N 25.6 ± 0.7 -1.5 ± 0.6 -1.7 ± 0.6 -0.6 ± 0.7 0.5 ± 0.6 

E 29.4 ± 0.7 -0.3 ± 0.7 -1.3 ± 0.6 0.6 ± 0.7 0.2 ± 0.7 

U 0.9 ± 3.7 1.9 ± 1.7 -4.2 ± 1.7 2.7 ± 1.7 0.2 ± 1.5 

CONV 74.837 34.129 N 26.9 ± 0.3 -3.3 ± 0.3 1 ± 0.3 0.1 ± 0.3 -0.5 ± 0.3 

E 27.9 ± 0.3 1.4 ± 0.3 -0.3 ± 0.3 -0.1 ± 0.3 0 ± 0.3 

U 1.2 ± 0.3 2.7 ± 0.5 -2.5 ± 0.5 2.3 ± 0.5 -0.3 ± 0.5 
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RAUJ 74.346 33.394 N 30.6 ± 0.3 -1.7 ± 0.1 2.2 ± 0.3 0.4 ± 0.3 -0.6 ± 0.3 

E 30.0 ± 0.3 1.4 ± 0.1 0.2 ± 0.3 0.5 ± 0.3 -0.4 ± 0.3 

U -4.9 ± 0.6 1 ± 0.6 -0.9 ± 0.6 0.8 ± 0.6 -0.1 ± 0.7 

URII 74.054 34.084 N 28.3 ± 0.4 -3.3 ± 0.5 1.6 ± 0.4 -0.6 ± 0.4 -0.3 ± 0.5 

E 30.5 ± 0.4 1.1 ± 0.7 1.1 ± 0.7 0.2 ± 0.7 0.2 ± 0.7 

U -0.1 ± 1.0 4.7 ± 1.1 -0.8 ± 1.1 3.6 ± 1 -1.1 ± 1 

here, Acos and Asin represents cosine and sine components of seasonal variation consisting 

annual periodicity; SAcos and SAsin represents components consisting semi-annual periodicity. 

 

 
 

Figure 3.18: Detrended time series plot of observed GPS measurements at site Srinagar 

(CONV). The derived parameters represents by different colours are same as explained in 

Fig.3.17. Seasonal variation with annual periodicity has been observed in all displacement 

components and a semi-annual periodicity in vertical component can be clearly seen. 

 

3.8.2.2    GPS sites in Kumaun Garhwal Himalaya 

The sites in the Kumaun Garhwal Himalaya show similar characteristic of seasonal variation as 

observed in Kashmir Himalaya. The derived secular rate and annual and semi-annual 

components of seasonal variations at the GPS sites in the Kumaun Garhwal Himalaya using 

GGMatlab toolbox are shown in Table 3.4. The detrended GPS time series plot for the sites 

situated in Lesser Himalaya (KHIR, KUNR, GUTU) to Higher Himalaya (DHAR) are shown in 

Fig.3.19-Fig.3.22.   
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Figure 3.19: Detrended GPS time series at site Khirsu (KHIR), in frontal portion of Lesser 

Himalaya. The derived secular rate with error in estimate is shown at top of the panel 

corresponding each displacement components. The derived parameters represent by different 

colours are same as explained in Fig.3.17. All the components show seasonal variations 

containing annual and semi-annual periodicity with minimum amplitude in the east component 

of displacement.  

 
Figure 3.20: Detrended time series plot at GPS site Kunair (KUNR), in frontal portion of 

Lesser Himalaya. The derived parameters represent by different colours are same as explained 

in Fig.3.17. The site represents large amplitude of seasonal variation in east component as 

compared to nearby GPS stations (such as KHIR). The abnormal variation in east component 

has larger amplitude of semi-annual periodicity as compared to the annual periodicity. 
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Figure 3.21: Detrended GPS time series at site Ghuttu (GUTU), in middle portion of Lesser 

Himalaya. A significant seasonal variation has been observed in north and vertical components 

of GPS time series while a very small seasonal variation in East component has been found. 

The derived parameters represent by different colours are same as explained in Fig.3.17. 

 

 
Figure 3.22: Detrended time series at site Dharali (DHAR) in Higher Himalaya represents 

strong seasonal variations in all components of displacement. A seasonal variation in East 

component can also be clearly seen and its amplitude is large as compared to seasonal 

variation in east components at nearby GPS sites (except at KUNR). The derived parameters 

represent by different colours are same as explained in Fig.3.17. 
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Table 3.4:   Annual and semi-annual components of seasonal variation in Kumaun 

Garhwal Himalaya  

 

 

Site 

 

Longitude 

 

Latitude 

 

 

Co

mpo

nent 

Components of GPS Site velocity (mm/yr) 

ITRF08 

Rate  Acos Asin SAcos SAsin 

 

LOHA 

 

80.089 

 

29.421 

N 34.3 ± 0.2 -1.1 ± 0.2 1.5 ± 0.2 -0.2 ± 0.2 -0.6 ± 0.2 

E 34.0 ± 0.3 -0.6 ± 0.2 -0.6 ± 0.2 0.3 ± 0.2 0.5 ± 0.2 

U 0.84 ± 1.1 -1.9 ± 0.7 2.5 ± 0.7 2.0 ± 0.7 -3.5 ± 0.6 

 

MALA 

 

 

79.887 

 

30.6894 

N 22.9 ± 0.2 -1.9 ±0.2 0.3 ± 0.2 0.0 ± 0.2 -0.4 ± 0.2 

E 30.1 ± 0.1 -0.4 ± 0.2 -0.8 ± 0.2 0.3 ± 0.2 0.4 ± 0.2 

U 3.5 ± 0.3 2.5 ±0.4 0.4 ± 0.4 2.7 ± 0.4 -2.9 ± 0.4 

 

NNKM 

 

79.8089 

 

28.947 

N 35.2 ± 0.7 -0.8 ± 0.6 1.7 ± 0.7 -0.1 ± 0.6 -1.1 ± 0.6 

E 33.2 ± 0.7 0.8 ± 0.6 -1.5 ± 0.6 -0.6 ± 0.6 -0.2 ± 0.6 

U -2.8 ± 0.9 -3.4 ± 0.8 4.8 ± 0.8 2.2 ± 0.8 -0.1 ± 0.8 

 

AULI 

 

79.5600 

 

30.531 

N 27.7 ± 0.5 -0.2 ± 0.3 0.6 ±0.3 -0.4 ± 0.3 -1.1 ± 0.3 

E 33.1± 0.4 0.6 ± 0.3 -1.4 ±0.3 -0.4 ±0.3 0.0 ±0.3 

U 3.4 ± 0.8 2.6 ± 0.6 -1.3 ± 0.6 4.2 ± 0.6 -3.3 ± 0.6 

 

NAIN 

 

79.456 

 

29.381 

N 34.2 ± 0.3 -1.0 ± 0.2 0.5 ± 0.2 -0.1 ± 0.2 -0.4 ± 0.2 

E 33.7 ± 0.2 -0.6 ± 0.2 -0.8 ± 0.2 0.2 ± 0.2 0.6 ± 0.2 

U 2.5 ± 0.9 0.3 ± 0.5 3.4 ±0.6 1.5 ± 0.6 -3.6 ± 0.5 

 

KOTA 

 

79.099 

 

29.645 

N 34.3 ± 0.2 -1.7 ± 0.3 1.0 ± 0.3 -0.3 ± 0.3 -0.7 ± 0.3 

E 34.6 ± 0.1 -0.7 ± 0.2 -0.4 ± 0.2 0.1 ± 0.2 0.4 ± 0.2 

U 0.3 ± 0.8 -1.8 ± 0.9 3.3 ± 0.9 1.7 ± 0.9 -2.4 ± 0.9 

 

GUPT 

 

79.079 

 

30.539 

N 40.7 ± 0.5 0.3 ±0.4 1.0 ± 0.5 0 ± 0.4 -1.2 ± 0.4 

E 44.4 ± 0.6 0.6 ± 0.5 -0.8 ± 0.6 0.1 ± 0.5 -0.2 ± 0.5 

U -2.4 ± 0.6 -1.5 ±0.5 2.1 ±0.5 3.5 ±0.5 -0.9 ± 0.5 

 

KHIR 

 

78.881 

 

30.168 

N 33.6 ± 0.1 -1.8 ± 0.2 1.1 ± 0.2 0 ± 0.2 -0.9 ± 0.2 

E 33.8 ±0.1 -0.5 ± 0.2 0.1 ± 0.2 0.4 ± 0.2 0.2 ± 0.2 

U -0.9 ± 0.6 -1.5 ± 0.9 1.9 ±0.9 3.1 ± 0.9 -2.1 ± 0.9 

 

DHAR 

 

78.782 

 

31.040 

N 24.2 ± 0.1 -2.4 ± 0.2 0.6 ± 0.2 0 ± 0.2 -0.4 ± 0.2 

E 29.4 ± 0.1 -1.5 ± 0.2 -0.4 ± 0.2 -0.2 ± 0.2 0.1 ± 0.2 

U 3.2 ± 0.7 2.3 ± 0.9 -0.1 ± 0.9 2.3 ± 0.9 -1 ± 0.9 

 

GUTU 

 

78.747 

 

30.531 

N 31.2 ± 0.2 -1.4 ± 0.3 1.9 ± 0.3 -0.2 ± 0.3 -0.6 ± 0.3 

E 32.1 ± 0.1 -0.3 ± 0.1 0.8 ± 0.1 0.2 ± 0.1 0 ± 0.1 

U 1.4 ± 0.6 -0.5 ± 0.9 3.6 ± 1 2.8 ± 0.9 -1.1 ± 0.9 
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BDKD 

 

78.665 

 

30.551 

N 31.1 ± 0.2 -1.6 ± 0.2 2.2 ± 0.2 0.4 ± 0.2 -1.2 ± 0.2 

E 32.2 ± 0.2 -0.3 ± 0.2 -0.5 ± 0.2 0 ± 0.2 0.7 ± 0.2 

U -0.7 ± 0.7 -1.4 ± 0.9 1.1 ± 1 3.2 ± 1 0.4 ± 0.9 

 

RATH 

 

78.602 

 

30.814 

N 29.1 ± 0.2 -1.4 ± 0.3 1.5 ± 0.3 0.2 ± 0.3 -0.8 ± 0.3 

E 47.1 ± 0.7 -0.7 ± 0.9 -0.2 ± 1 -0.1 ± 0.9 0.0 ± 0.9 

U -4.8 ± 0.4 -0.8 ± 0.6 1.3 ± 0.6 3.7 ± 0.6 -2.2 ± 0.6 

 

KUNR 

 

78.402 

 

30.461 

N 33.8 ± 0.4 -1.8 ± 0.5 0.8 ± 0.5 0.6 ± 0.5 -0.9 ± 0.5 

E 33.5 ± 0.5 1.2 ± 0.7 -1.2 ± 0.7 2.3 ± 0.7 -0.4 ± 0.7 

U 0.1 ± 0.4 -4.4 ± 0.5 5.5 ± 0.5 4.0 ± 0.5 -2.6 ± 0.5 

 

AGAR 

 

78.337 

 

30.215 

N 32.8 ± 0.2 -1.2 ± 0.2 0.8 ± 0.2 -0.8 ± 0.2 -0.1 ± 0.2 

E 34.2 ± 0.1 -1.9 ± 0.2 -0.8 ±0.2 -0.4 ±0.2 0.1 ± 0.2 

U 0.4 ± 0.5 -1.7 ± 0.6 3.3 ± 0.6 3.0 ± 0.6 -3.7 ± 0.6 

 

SUNR 

 

78.137 

 

30.798 

N 32.3 ± 0.3 -1.4 ± 0.4 1.9 ± 0.4 0.1 ± 0.4 -0.6 ± 0.4 

E 31.4 ± 0.1 -1.1 ± 0.2 -0.4 ± 0.2 -0.2 ± 0.2 0.5 ± 0.2 

U 0.0 ± 0.6 0.6 ± 1 0.8 ± 1 3.9 ± 1 -1.9 ± 1 

 

DRCL˟ 

 

80.500 

 

29.733 

N 26.5 ±0.5 -3.3 ± 0.6 9.5 ± 0.6 3.6 ± 0.6 -2.6 ± 0.6 

E 30.3 ± 0.3 -1.5 ±0.4 4.9 ± 0.4 2.1 ± 0.4 -0.9 ± 0.4 

U -0.5 ± 0.5 2 ±0.6 1.4 ± 0.6 1.7 ± 0.5 -2.7 ± 0.5 

 

LCKI˜ 

 

80.955 

 

26.912 

N 34.4 ± 0.1 -0.9 ± 0.2 0.7 ± 0.2 -0.5 ± 0.2 -0.2 ±0.2 

E 36.9 ± 0.1 -0.6 ± 0.1 -0.4 ± 0.1 0.2 ± 0.1 0.5 ± 0.1 

U -1.6 ± 0.3 -6.5 ± 0.6 7.7 ± 0.6 3.4 ± 0.6 -3.0 ± 0.6 

 

IISCˀ 

 

77.570 

 

13.021 

N 34.7 ± 0.1 0.3 ± 0.6 -0.9 ± 0.6 -0.2 ± 0.6 0 ± 0.6 

E 42.9 ± 0.1 0.3 ±0.8 0.2 ± 0.8 0.3 ± 0.8 -0.1 ± 0.8 

U -0.9 ±0.1 -2.6 ± 0.5 5.4 ± 0.6 0.2 ± 0.5 -1 ± 0.5 

 

BHUP˜ 

 

82.993 

 

25.268 

N 36.5 ± 0.2 -1.1 ± 0.3 0.5 ± 0.3 -0.5 ± 0.3 -0.2 ± 0.3 

E 38.0 ± 0.2 1.0 ± 0.3 -0.1 ± 0.3 0.2 ± 0.3 0.3 ± 0.3 

U -0.4 ± 0.6 -2.2 ± 0.9 5.9 ± 0.9 0.7 ± 0.9 -1.3 ± 0.9 

 

JBPR˜ 

 

79.876 

 

23.129 

N 35.1 ± 0.1 -0.5 ± 0.1 0.8 ± 0.1 -0.2 ± 0.1 -0.3 ± 0.1 

E 40.1 ± 0.1 -0.2 ± 0.1 -0.1 ± 0.1 0.3 ± 0.1 0.1 ± 0.1 

U 0.6 ± 1.1 -4.4 ± 1.3 7.2 ± 1.3 3.4 ± 1.2 -3.1 ± 1.2 

 

LHAZˆ 

 

91.104 

 

29.657 

N 15.7 ± 0.1 0 ± 0.2 1.3 ± 0.2 -0.3 ±0.2 -0.3 ± 0.2 

E 46.4 ± 0.1 0.1 ± 0.2 0.8 ± 0.2 0.2 ± 0.2 0.3 ± 0.2 

U 0.6 ± 0.1 4.0 ± 0.7 5.3 ± 0.7 1.7 ± 0.7 -0.9 ± 0.7 

here, Acos and Asin represents cosine and sine components of seasonal variation consisting 

annual periodicity; SAcos and SAsin represents components consisting semi-annual periodicity. 

˟Western Nepal;   ˆSouth China;   ˜Indo-Gangetic Plains;    ˀSouthern India 
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Sites KHIR (Fig.3.19) and KUNR (Fig.3.20) are situated in similar geological environment and 

thus the seasonal variations at these sites can be assumed to have similar features. The observed 

seasonal variation in the east and up displacement component of KUNR site is large as 

compared to that of nearby GPS sites in Kumaun Garhwal Himalaya. The abnormal seasonal 

variation in east and up displacement component of KUNR is analysed in subsequent chapter 

where I explore the possibility of it being influenced by the Tehri reservoir.  

3.8.3     Site velocity 

The derived site velocity estimates using GPS measurements in Kashmir Himalaya and 

Kumaun Garhwal Himalaya are presented in ITRF08 as well as relative or India fixed reference 

frame. In India fixed reference frame a small amount of displacement can be seen even at sites 

located within the Indian plate, which suggests either some deformation or imprecise estimation 

of the pole. The India fixed site motion has been estimated using the Euler pole of rotation 

proposed by Banerjee et al. (2008) Latitude 52.970±0.217°N, Longitude -0.297±3.760°E, 

Rotation rate 0.499±0.008133°/Myr, and Ader et al., (2012) Latitude 51.4±0.3°N , Longitude    

-1.34±3.31°E, Rotation rate 0.5029±0.0072°/Myr.  

3.8.3.1  GPS sites in Kashmir Himalaya 

In the ITRF2008 reference frame, sites in the Kashmir region (Fig.3.23 and Table 3.5) show 

northeast motion varying from 42.8±1 mm/year in the southwest  at Rajauri (Outer Himalaya) 

to 30.5±3 mm/year in the northeast at KERN (Ladakh region) with gradual decrease in site 

motion from southwest to northeast across the Kashmir valley. The site KERN has largest error 

estimate due to the small length of GPS data and also due to nonlinearly in the time series, 

probably due to postseismic deformation of the 2005 Kashmir earthquake. The continuous GPS 

sites (CONV, KARG, RAUJ, URII, KULG, DRAS, and ARRU) have less error in estimation of 

horizontal and vertical velocity in Kashmir Himalaya.  

In the Indian reference frame (Ader et al., 2012) all the sites show SSW movement (Fig.3.24 

and Table 3.5) which varies from 3.2±1 mm/year in the southwest at Rajauri to 15±3 mm/year 

in the northeast at Keren (KERN). Gradual increase in the magnitude of the site velocity from 

northeast to southwest, which is similar to the other parts of the Himalayan region (Bilham et 

al., 1997; Jouanne et al., 1999; Banerjee and Burgmann, 2002; Avouac, 2003; Ader et al., 

2012), possibly suggests accumulation of strain on the underlying seismically active 

detachment, where great and major Himalayan earthquakes are assumed to occur (Seeber and 
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Armbruster, 1981). The gradual variation in azimuth of site velocity from northeast to 

southwest has been observed which represent oblique convergence in the Kashmir Himalaya. 

Table 3.5:    Site velocity in Kashmir Himalaya 

 

Site 

 

Longitude 

 

Latitude 

GPS site velocity (mm/yr) 

ITRF08 Fixed India Plate Error 

East North Up East North Up sigE sigN sigU 

KARG 76.161 34.559 27.0 22.8 1.0 -5.1 -9.7 1.0 0.5 0.5 0.7 

DRAS 75.768 34.423 29.4 25.6 0.9 -4.5 -8.5 0.9 0.7 0.7 3.7 

SON1 75.325 34.292 28.7 26.6 2.2 -3.4 -5.8 2.2 0.9 0.9 3.9 

ARRU 75.271 34.100 31.3 28.7 1.4 -0.9 -3.7 1.4 0.9 0.9 4.5 

KULG 75.032 33.5961 27.5 29.3 1.2 -4.5 -4.6 1.2 0.5 0.6 2.4 

NARA 74.974 34.353 27.5 26.2 -1.9 -4.4 -6.2 -1.9 1.1 1.1 4.4 

CONV 74.837 34.129 27.9 26.9 1.2 -4.1 -5.4 1.2 0.3 0.3 0.3 

MULG 74.483 34.095 27.5 29.8 -4.6 -4.4 -2.5 -4.6 0.7 0.7 2.8 

RAUJ 74.346 33.394 30.0 30.6 -4.9 -2.3 -1.7 -4.9 0.3 0.3 0.6 

URII 74.054 34.084 30.5 28.3 -0.1 -3.4 -3.0 -0.1 0.4 0.4 1.0 

KERN 73.969 34.641 24.4 18.3 -3.5 -7.0 -13.8 -3.5 1.6 1.5 6.2 

GUAM 144.868 13.589 -7.9 4.06 3.4 -57.5 -15.0 3.4 0.2 0.2 0.8 

DARW 131.132 -12.843 36.1 59.3 -2.3 -2.2 34.1 -2.3 0.1 0.1 0.5 

KARR 117.097 -20.981 38.8 59.9 -0.2 2.8 30.2 -0.2 0.1 0.1 0.4 

PERT 115.885 -31.801 37.5 58.4 -5.6 7.4 28.4 -5.6 0.1 0.1 0.4 

WUHN 114.357 30.531 33.7 -11.2 -0.6 -11.6 -41.6 -0.6 0.1 0.1 0.5 

KUNM 102.797 25.029 33.0 -16.8 -0.2 -10.4 -49.4 -0.2 0.1 0.1 0.5 

COCO 96.834 -12.188 44.0 53.7 -3.1 1.5 20.4 -3.1 0.1 0.1 0.4 

LHAZ 91.104 29.657 46.6 14.2 1.3 7.5 -19.1 1.3 0.1 0.1 0.4 

URUM 87.600 43.807 32.5 4.4 -0.8 1.2 -28.9 -0.8 0.1 0.1 0.5 

HYDE 78.550 17.417 40.8 34.9 -2.6 0.3 2.1 -2.6 0.1 0.1 0.5 

IISC 77.570 13.021 42.4 34.5 2.4 0.7 1.8 2.4 0.1 0.1 0.4 

SELE 77.016 43.178 28.2 2.8 0.3 0.8 -29.8 0.3 0.1 0.1 0.4 

POL2 74.694 42.679 25.7 3.5 -1.2 -1.0 -28.8 -1.2 0.1 0.1 0.3 

DGAR 72.370 -7.269 46.8 33.3 0.7 1.5 1.3 0.7 0.1 0.1 0.4 

KIT3 66.885 39.134 27.7 2.7 -2.8 1.4 -28.1 -2.8 0.1 0.1 0.6 

SEY1 55.479 -4.673 24.8 12.2 -1.0 -20.9 -15.4 -1.0 0.2 0.2 0.9 

HRAO 27.686 -25.890 16.2 17.2 -4.7 -20.9 -6.6 -2.5 0.2 0.2 0.7 
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Figure 3.23: Horizontal site velocity in Kashmir Himalaya in ITRF08 reference frame and the 

error in the estimate of velocity with an accuracy of 1σ (i.e. 68% significance level) is shown by 

the ellipse.  

 

Figure 3.24: Horizontal site velocity in India fixed reference frame within Kashmir Himalaya 

and the associated error (1σ) in velocity estimate is shown by ellipse. 
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3.8.3.2   GPS sites in Kumaun Garhwal Himalaya 

In ITRF2008, the sites lies in Kumaun Garhwal Himalaya moves towards north-east direction at 

the rate varying from 49.5±0.2 mm/year at NNKM (Nanakmatta) in the southwest to 37.8±0.4 

mm/year at MALA (Malari) in the northeast (Fig.3.25 and Table 3.6). An anomalous site 

motion at GPS site Raithal (RATH, 57.5±0.2 mm/yr) and Guptkashi (GUPT, 55.1±0.3) have 

been observed which are considered to be due to some non-tectonic cause.  

 

Figure 3.25: Horizontal motion at the GPS site in Kumaun Garhwal Himalaya in ITRF08 

reference frame is shown. The corresponding ellipse represents the error in estimation of 

velocity with an accuracy of 1σ.   

The site velocity estimates have been estimated in Indian reference frame by considering the 

Indian plate rotation pole of Ader et al., (2012). In Indian reference frame, the velocity at site 

NAJI and NNKM is less than 2 mm/year, which is as per the expectations, as these sites are 

located on the Indian plate. The site velocity in India reference frame varies from 0.85±2 in 
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southwest at Najibabad (NAJI) to 13.1±2 in northeast at Pangla (PANG), situated near to 

Dharchula. All sites show predominantly southward and arc normal site velocity, which 

increases as we move towards north (Fig.3.26, and Table 3.6). The southward decrease in site 

velocity indicates the strain accumulation in Kumaun Garhwal Himalaya during interseismic 

phase of deformation. Such kind of site motion has also been observed in the past studies of 

GPS measurement by Jade et al., (2014), Banerjee et al., (2002) and Ponraj et al., (2011). The 

error in estimate of site velocity at the recently installed GPS sites KORA, BAIJ and MUNS is 

large due to the short length (<one year) of GPS data. Therefore, the sites KORA, BAIJ and 

MUNS have not been used in analysis of required parameters in the Ph.D. work.  

 

Figure 3.26: Horizontal velocities at GPS sites in Kumaun Garhwal Himalaya in India fixed 

reference frame using Euler rotation pole proposed by Ader et al., (2012). The ellipse 

represents the corresponding error in estimation of site motion with a significance level of 68% 

(i.e. accuracy of 1σ).   
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The non-zero site motion at the sites (NAJI and NNKM) located in Gangetic plain of India plate 

could be due to the short length of GPS data measurements or error in estimation Euler pole of 

rotation of stable India. The observed site motion at the sites located in the Lesser Himalaya is 

small and it increases towards north near the boundary between Lesser Himalaya and Higher 

Himalaya, indicating that the frontal part of MHT is strongly coupled.  

Table 3.6:    Site velocity in Kumaun Garhwal Himalaya 

 

Site 

 

Longitude 

 

Latitude 

GPS Site velocity (mm/yr) 

ITRF08 Fixed India Plate Error 

East North Up East North Up sigE sigN sigU 

PANG 80.695 29.978 34.1 21.5 0.7 -1.4 -13.0 0.7 0.8 0.9 3.5 

PITH 80.285 29.573 32.1 31.4 -5.5 -3.5 -3.2 -5.5 0.5 0.5 2.3 

MUNS 80.256 30.067 30.7 25.9 1.5 -4.6 -8.7 1.5 0.9 1.8 5.3 

LOHA 80.089 29.421 34.0 34.3 0.8 -1.6 -0.2 0.8 0.3 0.2 1.1 

MALA 79.887 30.689 30.1 22.9 3.5 -4.9 -11.6 3.5 0.1 0.2 0.3 

NNKM 79.808 28.947 33.2 35.2 -2.8 -2.5 0.7 -2.8 0.7 0.7 0.9 

BAIJ 79.602 29.939 31.0 27.5 -10.6 -4.2 -7.0 -10.6 1.3 1.7 11.6 

KORA 79.593 29.644 35.8 31.8 -10.5 0.5 -2.6 -10.5 2.1 0.9 2.2 

AULI 79.560 30.531 33.1 27.7 3.4 -1.8 -6.7 3.4 0.4 0.5 0.8 

NAIN 79.4569 29.381 33.7 34.2 2.5 -1.7 -0.3 2.5 0.2 0.3 0.9 

HRMN 79.336 30.383 30.6 27.3 1.6 -4.3 -7.1 1.6 0.2 0.2 0.7 

KOTA 79.099 29.645 34.6 34.3 0.3 -0.6 -0.2 0.3 0.1 0.2 0.8 

GUPT 79.079 30.539 44.4 40.7 -2.4 9.7 6.3 -2.4 0.6 0.5 0.6 

KHIR 78.881 30.168 33.8 33.6 -0.9 -1.1 -0.8 -0.9 0.1 0.1 0.6 

DHAR 78.782 31.040 29.4 24.2 3.2 -5.0 -10.1 3.2 0.1 0.1 0.7 

GUTU 78.747 30.531 32.1 31.2 1.4 -2.5 -3.2 1.4 0.1 0.2 0.6 

BDKD 78.665 30.551 32.2 31.1 -0.7 -2.6 -3.3 -0.7 0.2 0.2 0.7 

RATH 78.602 30.814 47.1 29.1 -4.8 12.6 -5.3 -4.8 0.7 0.2 0.4 

PHOL 78.425 30.956 29.9 27.7 5.1 -4.5 -6.6 5.1 0.4 0.8 2.4 

KUNR 78.402 30.461 33.5 33.8 0.1 -1.1 -0.5 0.1 0.5 0.4 0.4 

AGAR 78.337 30.215 34.2 32.8 0.4 -0.5 -1.5 0.4 0.1 0.2 0.5 

NAJI 78.337 29.596 34.8 33.1 -6.3 -0.2 -1.3 -6.3 0.7 0.7 2.4 

SUNR 78.137 30.798 31.4 32.3 0.0 -2.9 -2.0 0.0 0.1 0.3 0.6 

DRCL 80.500 29.733 30.3 26.5 -0.5 -5.3 -8.0 -0.5 0.3 0.5 0.5 

LCKI 80.955 26.912 36.9 34.4 -1.6 -0.1 -0.2 -1.6 0.1 0.1 0.3 
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HYDE 78.550 17.417 41.4 34.6 -1.1 1.4 0.2 -1.1 0.1 0.1 0.1 

IISC 77.570 13.021 42.9 34.7 -0.9 1.8 0.4 -0.9 0.1 0.1 0.1 

GUAM 144.868 13.589 -6.2 5.6 -2.4 -55.5 -13.7 -2.4 0.1 0.1 0.1 

PIMO 121.077 14.635 -27.1 9.1 1.4 -74.1 -20.3 1.4 0.1 0.1 0.1 

KARR 117.097 -20.981 39.5 59.0 -0.5 4.6 28.3 -0.5 0.1 0.1 0.1 

BJFS 115.892 39.608 31.9 -9.5 0.4 -12.0 -40.5 0.4 0.1 0.1 0.1 

PERT 115.885 -31.801 38.2 58.2 -3.6 9.4 27.2 -3.6 0.1 0.1 0.1 

WUHN 114.357 30.531 34.1 -9.6 -1.7 -11.2 -41.0 -1.7 0.1 0.1 0.1 

ULAB 107.052 47.865 26.2 -4.4 2.5 -11.3 -37.5 2.5 0.1 0.1 0.1 

LHAZ 91.104 29.657 46.4 15.7 0.6 7.6 -19.1 0.6 0.1 0.1 0.1 

URUM 87.600 43.807 31.4 6.6 1.3 0.3 -28.1 1.3 0.1 0.1 0.1 

GUAO 87.177 43.471 31.8 5.9 1.8 0.6 -28.9 1.8 0.1 0.1 0.1 

CHUM 74.751 42.998 26.9 2.9 1.5 0.6 -30.9 1.5 0.1 0.1 0.1 

POL2 74.694 42.679 26.0 4.7 -0.2 -0.5 -29.0 -0.2 0.1 0.1 0.1 

DGAR 72.370 -7.269 46.2 32.6 -1.2 1.6 -0.8 -1.2 0.1 0.1 0.1 

KIT3 66.885 39.134 26.1 5.1 -0.6 0.3 -27.2 -0.6 0.1 0.1 0.1 

TEHN 51.334 35.697 26.4 19.2 2.3 3.2 -8.5 2.3 0.1 0.1 0.1 

MBAR 30.737 -0.601 24.3 17.3 -0.7 -19.7 -1.1 -0.7 0.1 0.1 0.1 

HRAO 27.686 -25.890 17.7 17.5 0.9 -34.9 0.6 0.9 0.1 0.1 0.1 

 

3.9      Summary: 

Motion at sites in the Kashmir Himalaya and Garhwal Kumaun Himalaya has been reported 

from GPS measurements. I also described the methods of site selection, monumentation and 

installation. Site motion estimates in the Kashmir Himalaya and Kumaun Garhwal Himalaya in 

Indian reference frame increases from south to north, which represents active deformation in the 

zone. Hence, rate of strain accumulation needs to be quantified for seismic hazard analysis. 

Thus this chapter lays the foundation of the analysis for subsequent chapters. The estimation of 

plate convergence rate in these two regions has been discussed in chapter 4. The dense coverage 

of GPS sites in the Kumaun Garhwal Himalaya is helpful in the investigation of lateral 

heterogeneity in the coupling along the MHT to investigate the presence of crustal 

heterogeneity in Kumaun Garhwal Himalaya and its consequences in terms of strain 

accumulation/seismic hazard. 

All the sites showed strong seasonal variation which can modulate the total strain budget of the 

in Kashmir Himalaya and Kumaun Garhwal Himalaya. The processes causing seasonal 
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variations in displacement components have been discussed in chapter 5. Investigation on cause 

and processes behind the observed anomalous velocity at two GPS sites of the network (Raithal 

and Guptkashi) and abnormal seasonal variation at Kunair (KUNR) have been explained in 

Chapter 6. 

 

 

 



 

Chapter 4 

Interseismic Deformation in Northwest Himalaya 
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4.1 Introduction 

The site velocity estimates derived from GPS measurements gradually increase towards north in 

India fixed reference frame which reflects interseismic phase of deformation in the NW 

Himalaya. The increase in displacement rate gradient from Outer Himalaya to Higher Himalaya 

represents the subsurface deformation that is governed by the acting stresses along the plate 

boundary zone due to the plate driving forces. Surface deformation depends on the fault 

structure and rheological properties of the lithosphere which plays an important role in the 

seismotectonic of a region. The upper crust has brittle behavior and it deforms elastically during 

interseismic period and releases the stored energy as episodic slip on the fault during an 

earthquake. Lateral heterogeneity or asperity at plate interface is generally characterized by 

strong degree of plate coupling i.e., a zone of relatively large amount of strain accumulation 

during interseismic period, which needs special attention for the assessment of seismic hazard. 

Surface displacement rates derived from GPS measurements are used to estimate convergence 

rate, process of strain accumulation and to investigate the relationship between instantaneous, 

elastic, interseismic deformation and long-term, permanent geological deformation. The surface 

displacement rates can be used to estimate the applied stress and fault parameters (such as dip, 

slip, rake, length, width etc.) in a seismically active region, using mathematical model, for a 

given rheology and known geometry of the faults. 

In this chapter, which is the main chapter of my thesis, I attempt to describe some of the physics 

behind the elastic modeling of Earth’s deformation due to active faulting. I have assumed that 

the observed surface deformation is the result of the slip on the MHT and estimated the current 

interseismic deformation rate between India and Eurasia in the Kashmir Himalaya and Kumaun 

Garhwal Himalaya using analytical approach. The regional strain rate and rotation rate have 

been analysed in both the regions by inverting the horizontal components of GPS velocities. 

The spatial heterogeneity in the distribution of slip rate on the MHT under Kumaun Garhwal 

Himalaya has been estimated in term of interseismic coupling ratio using linear inversion of site 

velocity. The seismic hazard analysis has been done on the basis of past historical earthquakes 

and derived shortening rate in the Kashmir Himalaya and Kumaun Garhwal Himalaya. 
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4.2 Surface displacement field 

Stable regions of tectonic plates move without changing its shape and thus during the motion 

the distance and angle between any of its particles remain constant. The plates are said to be 

deforming when the shape of the body changes due to the plate motion.  

The displacement u(ui) of a point at x relative to an arbitrary origin x0 (Fig.4.1) can be written in 

terms of Taylor’s expansion by neglecting high order terms as 

                  𝑢𝑖(𝑥) = 𝑢𝑖(𝑥0) +
𝜕𝑢𝑖

𝜕𝑥𝑗
|

.

.
𝑥0

𝑑𝑥𝑗 + ⋯       𝑖 = 1,2,3                                              (4.1) 

The first term, ui(x0) represents a rigid translation and the second term represents the relative 

displacement in terms of the gradient of the displacements 𝜕ui/𝜕xj. The displacement gradient 

tensor 𝜕ui/𝜕xj is a second rank tensor with nine independent components and can be separated 

into symmetric and antisymmetric components as follows, 

                  𝑢𝑖(𝑥) = 𝑢𝑖(𝑥0) +
1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) 𝑑𝑥𝑗 +

1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
−

𝜕𝑢𝑗

𝜕𝑥𝑖
) 𝑑𝑥𝑗 + ⋯          (4.2) 

The symmetric part of displacement gradient tensor, with six independent components, can be 

defined as infinitesimal small strain tensor in the following manner, 

                  휀𝑖𝑗 =
1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)                                                                                               (4.3) 

The antisymmetric part of displacement gradient tensor, with remaining three independent 

components, can be defined as rotation as below, 

                  𝜔𝑖𝑗 =
1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
−

𝜕𝑢𝑗

𝜕𝑥𝑖
)                                                                                              (4.4) 

Thus the surface displacement u(x) has three components, rigid body translation, strain and 

rigid body rotation and can be represented as below, 

                  𝑢𝑖(𝑥) = 𝑢𝑖(𝑥0) + 휀𝑖𝑗 ∗ 𝑑𝑥𝑗 + 𝜔𝑖𝑗 ∗ 𝑑𝑥𝑗                                                           (4.5) 

In other terms, the velocity gradient tensor is the sum of strain rate and the rotation rate tensor. 

For perfectly elastic medium, the strain is governed by the applied stress and can be described 

by the Hooke’s Law  

                  𝜎𝑖𝑗 = ∁𝑖𝑗𝑘𝑙∈𝑘𝑙                                                                                                       (4.6) 

Where σ is the stress, ∈ is the strain and ∁ is the Elasticity tensor. 
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Figure 4.1: Generalized displacement of a line segment dx. Point x0 displaced by amount u(x0), 

whereas the other end point, x0+dx, displaced by u(x0+dx). 

 

For a homogeneous isotropic solid above equation reduces to    

                  𝜎𝑖𝑗 = 𝜆𝛿𝑖𝑗 ∑ ∈𝑘𝑘𝑘 + 2𝜇 ∈𝑖𝑗                                                                               (4.7) 

where δij is the Kronecker delta and λ and μ are the elastic moduli or Lame parameters. Whereas 

λ has no physical name, μ is called shear modulus or modulus of rigidity and it controls the 

magnitude of shear stresses.   

During interseismic phase of deformation, active faults are expected to produce strain in the 

frontal part of overriding wedge. Thus mapping of distribution of strain in a region can be 

useful for identifying active faults and characterizing deformation patterns throughout a region. 

The volumetric strain field is an invariant quantity and therefore it removes the bias due to 

reference frame and only focuses on the internal deformation. The analysis of strain field will 

help us to formulate suitable platform for GPS data modeling, its quantitative interpretations 

and its implications.  

4.3     Estimation of strain rate and rotation rate from velocity field  

The gradient in the GPS derived surface displacement rate suggests the presence of active 

deformation in the Himalaya. The observed surface deformation is the result of subsurface 

deformation along the pate boundary of India and Eurasia i.e. MHT. The GPS derived 

displacement rates have been used for the estimation of strain field in Kashmir Himalaya and 

Kumaun Garhwal Himalaya. I have used the SSPX (a Macintosh, Cocoa/Universal application, 

Cardozo and Allmendinger, 2009) computer program to estimate the strain rate and rotation 

rate. The SSPX program uses horizontal velocity to estimate the horizontal velocity gradient 

tensors, �̇�𝑖𝑗, which can be decomposed into infinitesimal strain rate tensors 휀�̇�𝑗 and rotation rate 

tensors �̇�𝑖𝑗  (mentioned in equation 4.1). There are six unknowns [휀11, 휀12, 휀21, 휀22, 𝑢1(𝑥0), 

𝑢2(𝑥0)] in the estimation of two-dimensional displacement rate (velocity) gradient tensor, 

therefore, at least three noncolinear stations data are required. The linear equations (4.5) of 
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velocity tensor corresponding each triangular GPS stations has been solved using least square 

inversion approach of Menke (1984). 

SSPX works on both the nearest neighbor and distance weighted approach on a regularly spaced 

grid and calculates the velocity gradient at each node in the grid. The distance weighted 

approach produces a smoother strain than the nearest neighbor approach, and is particularly 

effective for visualizing regional strain pattern. In the distance weighted approach, all the GPS 

sites are used in the calculation but data from each station are weighted by their distance from 

the grid node, by specific constant, α, that specifies how the effect of a station decays with 

distance from the node (Shen et al., 1996). Each datum is weighted by a factor, W; 

                  𝑾 = 𝒆𝒙𝒑 (
−𝒅𝟐

𝟐𝜶𝟐)                                                                                                    (4.8) 

where d is the distance between the node and a station. Stations within a 1α distance contributes 

more than 67% to the least square solution whereas those at greater than 3α contributes less 

than 1%. The weighting factor, W, is a diagonal matrix and included in the inversion as (Menke, 

1984) 

                  𝒎 = [𝑮𝑻𝑾𝑮]−𝟏𝑮𝑻𝑾𝒖                                                                                         (4.9) 

where G is the design matrix, u is the column vector of horizontal velocities and m is the 

column vector of unknown velocity gradients and translations.   

The rotation rate is the asymmetric part of the velocity gradient and has been estimated in terms 

of an axial vector whose magnitude is equivalent to the magnitude of vertical axis rotation rate.  

The clockwise rotation is considered to be positive and counterclockwise rotation as negative 

value. The magnitude and direction of the principal strain rates are estimated by finding a 

coordinate system that zeroes the off-diagonal elements of the strain rate tensor. The orientation 

of maximum shear strain is always at 45° to the principal strain axes.  

In three dimensions, the volumetric strain (∑ ∈𝑘𝑘𝑘 ) is an invariant quantity. Thus a constant 

volume can be assumed to be constant and vertical component of strain rate (∈33) can be 

estimated by negative sum of horizontal components of strain rate (∈11 ,∈22) and provides 

information about the amount of volume change in a deforming region. The region having 

(∈11+∈22) less than zero, representing an excess of horizontal shortening which should be 

balanced by vertical extension (thickening); the region where (∈11+∈22) is zero, implies a 

strike-slip zone with neither thinning nor thickening and the region where(∈11+∈22) is greater 

than one, indicates an excess of horizontal extension which should be balanced by vertical 

shortening (thinning).  
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The estimation of extension, shortening, maximum shear strain, dilation and rotation rates has 

been done at the GPS sites and in each significant cell and has been described in Table 4.1 and 

4.2 for the Kashmir and Kumaun Garhwal Himalaya, respectively. For both the regions, I have 

taken a grid spacing of 30 km and used distance weighted algorithm with α =30 km. The value 

of α is chosen so that it yields maximum variation in the parameter of interest with minimum 

number of insignificant nodes, where the absolute value of the magnitude is less than 1 

uncertainty. 

4.3.1    Strain field in Kashmir Himalaya 

I have calculated the 2D strain using 10 GPS sites velocity data (Fig.4.2 and Table 4.1). The site 

KERN has not been considered in the calculations of strain field due to large error in its 

estimate. The volume strain (∈11+∈22) or dilatation is -50.47±8.03 ns (nanostrain), which is a 

negative quantity, represents shortening in the Kashmir Himalaya.  

 

Figure 4.2: Horizontal principal strain rate axes derived from the GPS measurements in 

Kashmir Himalaya. Note the highly deformed strain ellipse in the Zanskar Himalaya. Small 

variation in the magnitude of principal strain rate has negative values.  

The magnitude and trend of maximum principal strain rate is -13.37±1.17 ns and 

112.10°±7.90° respectively and for minimum principal strain rate it is -37.11±6.9 ns and 
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22.10°±7.90°. All the sites have about similar orientation of principal strain rate which is 

consistent with the trend of structural features (such as MBT). The magnitude of strain rate at 

sites increases from south to north and is comparatively more in the Zanskar and Tethys 

Himalaya (DRAS and KARG) representing tectonically large deforming zone.      

The maximum shear strain rate is 23.74±5.69 ns at 45.00° to the maximum principal strain axis 

(i.e. 67.10°). All the sites, except SON1, show clockwise rotation with an average rate of 

0.582±0.026 °/Myr. The inconsistent orientation of rotation rate at site SON1 (Fig.4.3) could be 

due to the short length campaign GPS measurements, which is not able to capture the local 

interseismic deformation. 

 

Figure 4.3: Maximum shear strain rate and rotation rate axes derived from the site velocity 

estimated in a regular grid according to the distance weighted approach (Table 4.1). Note that 

right lateral maximum shear strain rate axes are about in the strike direction of major 

structural features (such as MBT) in the Kashmir valley and further north. 

 

The most important result from the above analysis is that despite the limited number of sites, it 

appears that the region is experiencing shortening across the arc and the strain appears to be 

concentrated in the southern Zanskar Himalayan region. 
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4.3.2     Strain field in Kumaun Garhwal Himalaya 

The 2D strain field in Kumaun Garhwal Himalaya is computed using the 22 continuous GPS 

sites including the 16 campaign mode GPS observation reported by the Banerjee et al., (2008). I 

also included six sites (Table 4.3) from the western Nepal region (Ader et al., 2012) and the 

results are reported in Table 4.2. Only the sites having less than 1.5 mm/yr of error estimate in 

horizontal velocity have been used to analyse the strain field. The best fit model provides a 

volume strain (∈11+∈22) or dilatation of -102.54±0.29 ns, which is a negative quantity 

representing significant shortening in the Garhwal Kumaun Himalaya. The magnitude and trend 

of maximum principal strain rate is 6.85±0.01 ns and 118.98° ±0.01°, respectively and for 

minimum principal strain rate it is -109.39±0.30 ns and 28.98°±0.01° (Fig.4.4). 

 

 

Figure 4.4: Horizontal principal strain (extension and shortening) rate axes derived from GPS 

measurements in Kumaun Garhwal Himalaya. Note that shortening rate is comparatively large 

in the region between Lesser and Higher Himalaya. 
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The maximum shear strain rate is 116.24±0.31 ns at 45.00° to maximum principal strain axis 

(i.e. 73.98°). The infinitesimal rotation rate is 0.266±0.004 °/Myr which represents a clockwise 

rotation (Fig.4.5). 

The principal strain rate and shear strain rate in Kumaun Garhwal Himalaya are about 10 times 

of the strain rate in the Kashmir Himalaya, which indicates higher rate of deformation in this 

region as compared to that in the Kashmir Himalaya. The compressive strain appears to be 

concentrated in the southern Higher Himalaya, which is consistent with the available models of 

strain accumulation and deformation in the Himalaya (Avouac, 1993; Ader et al., 2012). 

 

 

Figure 4.5: Maximum shear strain rate and rotation rate axes derived from the site velocity 

estimated in a regular grid according to the distance weighted approach (Table 4.2).  

 

The derived strain rates clearly indicate active interseismic deformation in the Kashmir 

Himalaya and Kumaun Garhwal Himalaya. Therefore, a detail modeling of plate convergence 

rate is needed in both the regions.   
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Table 4.1:      Strain at GPS sites and cells in Kashmir Himalaya 

GPS sites Longitude 

(°E) 

Latitude 

(°N) 

∈𝒎𝒂𝒙 

(× 𝟏𝟎−𝟗) 

trend ∈𝒎𝒊𝒏 

 (× 𝟏𝟎−𝟗) 

trend maxShear 

(× 𝟏𝟎−𝟗) 

Dilation 

(× 𝟏𝟎−𝟗) 

Rotation      

(°/𝐌𝐲𝐫) 

KARG 76.162 34.559 29.09 120.71 -130.82 30.71 159.91 -101.74 -1.885 

DRAS 75.769 34.424 39.95 112.11 -120.43 22.11 160.39 -80.48 -2.597 

SON1 75.325 34.292 35.76 100.2 -72.18 10.2 107.93 -36.42 -1.502 

ARRU 75.272 34.100 29.88 87.58 -47.86 357.58 77.74 -17.98 -0.244 

KULG 75.032 33.596 -32.39 103.54 -36.72 13.54 4.33 -69.11 0.395 

NARA 74.974 34.353 28.73 100.44 -47.97 10.44 76.70 -19.24 -0.585 

CONV 74.837 34.130 2.98 101.86 -40.68 11.86 43.66 -37.70 0.596 

MULG 74.484 34.095 -21.14 315.15 -45.26 45.15 24.12 -66.39 0.526 

RAUJ 74.347 33.395 -24.62 331.03 -45.46 61.03 20.83 -70.08 0.192 

URII 74.055 34.085 -29.12 346.2 -49.64 76.2 20.53 -78.76 -0.015 

 74.222 33.529 -26.17 335.77 -46.38 65.77 20.21 -72.55 0.131 

 74.545 33.531 -24.23 326.57 -45.08 56.57 20.85 -69.30 0.259 

 74.869 33.532 -31.93 325.12 -42.65 55.12 10.72 -74.57 0.311 

 75.192 33.532 -26.95 62.73 -37.40 332.73 10.45 -64.35 0.533 

 75.515 33.531 24.80 69.93 -38.05 339.93 62.85 -13.26 0.625 

 75.838 33.529 -2.74 60.58 -32.32 330.58 29.58 -35.05 1.584 

 76.161 33.526 -2.76 5.44 -72.84 95.44 70.08 -75.60 3.699 

 74.220 33.800 -26.42 336.05 -47.22 66.05 20.80 -73.64 0.139 

 74.544 33.801 -19.67 319.18 -44.79 49.18 25.13 -64.45 0.417 

 74.868 33.802 -18.55 110.14 -38.47 20.14 19.91 -57.02 0.433 

 75.192 33.802 25.71 77.96 -37.97 347.96 63.68 -12.26 0.341 

 75.516 33.801 26.91 78.03 -39.09 348.03 65.99 -12.18 0.451 

 75.840 33.799 -21.96 74.88 -31.76 344.88 9.80 -53.71 1.571 

 76.164 33.797 -8.62 358.47 -67.82 88.47 59.20 -76.43 3.332 

 74.217 34.070 -27.81 333.65 -47.00 63.65 19.19 -74.80 0.206 
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 74.543 34.072 -18.53 132.17 -44.79 42.17 26.26 -63.32 0.569 

 74.868 34.073 4.56 98.72 -39.75 8.72 44.31 -35.19 0.583 

 75.193 34.073 31.94 84.88 -43.58 354.88 75.51 -11.64 -0.034 

 75.518 34.072 17.32 93.64 -56.17 3.64 73.49 -38.85 -0.302 

 75.843 34.070 -6.30 109.84 -63.17 19.84 56.87 -69.48 0.219 

 76.168 34.067 -13.80 329.79 -65.65 59.79 51.85 -79.46 1.958 

 74.215 34.341 -43.23 90.59 -48.97 0.59 5.75 -92.20 0.640 

 74.541 34.343 -25.72 116.5 -45.07 26.5 19.35 -70.79 0.881 

 74.867 34.343 15.46 104.33 -42.67 14.33 58.13 -27.21 0.032 

 75.193 34.343 37.93 99.94 -64.56 9.94 102.49 -26.64 -1.411 

 75.520 34.342 40.33 105.68 -96.96 15.68 137.29 -56.63 -2.267 

 76.172 34.338 7.06 129.03 -93.22 39.03 100.28 -86.15 0.057 

 74.212 34.611 -37.68 66.26 -84.25 336.26 46.57 -121.92 1.535 

 74.540 34.613 -26.03 117.13 -39.41 27.13 13.39 -65.44 1.032 

 75.194 34.614 42.68 105.85 -70.86 15.85 113.54 -28.18 -1.845 

 75.521 34.613 50.42 109.61 -115.79 19.61 166.21 -65.37 -2.991 

 76.176 34.608 34.78 119.48 -141.21 29.48 175.98 -106.43 -2.369 

Best fit 75.105 33.981 -13.37 112.1 -37.11 22.1 23.74 -50.48 0.582 
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Table 4.2:      Strain at GPS sites and cells in Kumaun Garhwal Himalaya  

GPS sites Longitude 

(°E) 

Latitude 

(°N) 

∈𝒎𝒂𝒙 

(× 𝟏𝟎−𝟗) 

trend ∈𝒎𝒊𝒏 

(× 𝟏𝟎−𝟗) 

trend maxShear 

(× 𝟏𝟎−𝟗) 

Dilation 

(× 𝟏𝟎−𝟗) 

Rotation      

(°/𝐌𝐲𝐫) 

MALA 79.887 30.689 18.85 108.36 -103.92 18.36 122.77 -85.07 0.190 

NAIN 79.457 29.382 -10.94 119.21 -62.20 29.21 51.26 -73.15 1.008 

LOHA 80.090 29.422 -21.76 97.74 -81.46 7.74 59.70 -103.22 -0.064 

PTH2 80.286 29.573 -28.15 104.82 -89.73 14.82 61.57 -117.88 0.301 

PITH 80.286 29.574 -28.15 104.85 -89.76 14.85 61.60 -117.91 0.304 

KOTA 79.099 29.645 -3.48 126.22 -65.03 36.22 61.55 -68.51 0.145 

PANG 80.695 29.978 58.14 113.44 -125.55 23.44 183.69 -67.41 3.685 

MUN2 80.240 30.061 31.12 103.29 -96.30 13.29 127.42 -65.18 1.115 

KHIR 78.882 30.169 11.89 124.27 -107.59 34.27 119.49 -95.70 0.961 

AGAR 78.338 30.215 58.52 327.11 -42.46 57.11 100.98 16.05 0.245 

WIH2 78.014 30.329 36.36 326.37 -34.59 56.37 70.94 1.77 -0.287 

HRMN 79.337 30.384 4.76 118.82 -142.46 28.82 147.23 -137.70 0.291 

KUNR 78.402 30.462 45.08 320.7 -53.76 50.7 98.84 -8.69 0.560 

GUTU 78.747 30.531 15.75 124.44 -110.08 34.44 125.83 -94.32 0.963 

GHUT 78.747 30.531 15.75 124.44 -110.08 34.44 125.83 -94.32 0.963 

AULI 79.560 30.532 7.36 117.21 -145.70 27.21 153.06 -138.33 0.035 

BDKD 78.666 30.551 20.23 125.22 -99.77 35.22 120.00 -79.54 0.904 

BDRI 79.494 30.743 6.44 116.03 -156.29 26.03 162.73 -149.85 -0.181 

SUNR 78.137 30.798 1.85 117.08 -76.40 27.08 78.25 -74.56 -0.326 

BHAT 78.617 30.806 8.81 118.72 -123.76 28.72 132.57 -114.94 0.760 

PHOL 78.425 30.957 8.57 116.17 -117.94 26.17 126.52 -109.37 0.505 

NAJI 78.338 29.597 16.78 327.43 -26.74 57.43 43.52 -9.96 -0.304 
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NNKM 79.809 28.947 -20.26 105.41 -34.42 15.41 14.17 -54.68 0.959 

DHAR 78.783 31.040 -0.53 119.4 -135.52 29.4 134.99 -136.05 0.860 

BMCL 81.714 28.656 3.79 105.66 -103.23 15.66 107.03 -99.44 0.321 

JMLA 82.192 29.274 -2.37 111.91 -92.47 21.91 90.10 -94.84 1.093 

BYNA 81.201 29.474 9.89 112.57 -106.57 22.57 116.46 -96.68 1.574 

DRCL 80.501 29.734 12.01 114.35 -111.00 24.35 123.00 -98.99 2.191 

GNTW 80.626 29.177 4.96 102.29 -76.82 12.29 81.78 -71.86 0.174 

SMKT 81.807 29.969 -0.41 103.37 -63.73 13.37 63.32 -64.14 0.768 

SABA 77.860 30.329 21.27 321.63 -33.35 51.63 54.62 -12.09 -0.560 

WILD 77.974 30.285 37.46 327.1 -33.15 57.1 70.61 4.30 -0.356 

WIHG 78.012 30.329 36.17 326.32 -34.57 56.32 70.74 1.59 -0.290 

WIH2 78.014 30.329 36.39 326.37 -34.60 56.37 70.98 1.79 -0.286 

HATI 78.021 30.459 17.73 317.25 -40.62 47.25 58.35 -22.89 -0.379 

BATA 78.115 30.452 28.05 320.97 -41.33 50.97 69.39 -13.28 -0.147 

DHOU 78.155 30.342 50.77 328.44 -37.27 58.44 88.04 13.50 0.035 

DOIW 78.187 30.191 54.24 328.42 -37.11 58.42 91.35 17.14 -0.086 

CHMB 78.368 30.394 57.16 325.66 -46.80 55.66 103.97 10.36 0.530 

BHAT 78.617 30.806 8.81 118.72 -123.76 28.72 132.57 -114.94 0.760 

HARS 78.754 31.037 0.32 119.31 -135.50 29.31 135.83 -135.18 0.857 

GHOL 79.090 30.298 4.11 122.43 -127.62 32.43 131.73 -123.50 0.858 

POKH 79.194 30.329 3.48 120.87 -133.51 30.87 136.99 -130.03 0.650 

BADR 79.493 30.743 6.42 116.04 -156.30 26.04 162.72 -149.87 -0.181 

DAD2 80.602 29.334 1.00 105.17 -88.91 15.17 89.91 -87.91 0.621 

SHB0 80.721 29.527 23.17 109.23 -103.78 19.23 126.95 -80.61 1.792 

 80.212 28.791 -13.07 98.88 -35.62 8.88 22.54 -48.69 0.688 

 80.519 28.792 4.34 99.84 -44.67 9.84 49.01 -40.33 0.104 
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 80.827 28.793 7.06 103.64 -51.98 13.64 59.04 -44.91 0.327 

 81.134 28.793 5.22 107.64 -113.18 17.64 118.41 -107.96 1.267 

 81.442 28.792 0.86 108.93 -108.00 18.93 108.86 -107.14 0.608 

 81.749 28.791 4.74 105.08 -103.95 15.08 108.69 -99.21 0.243 

 79.286 29.053 -4.41 89.13 -30.74 359.13 26.33 -35.14 1.196 

 79.594 29.057 -18.62 109.98 -37.68 19.98 19.06 -56.30 1.031 

 79.902 29.059 -21.43 111.02 -43.06 21.02 21.63 -64.49 0.908 

 80.210 29.062 -14.42 94.14 -55.05 4.14 40.63 -69.47 0.135 

 80.518 29.063 2.90 97.94 -62.89 7.94 65.79 -59.99 -0.197 

 80.826 29.064 14.98 107.29 -79.30 17.29 94.27 -64.32 0.675 

 81.134 29.064 6.64 111.32 -121.75 21.32 128.39 -115.10 1.361 

 81.443 29.063 -0.79 108.87 -110.73 18.87 109.94 -111.53 0.537 

 81.751 29.062 4.46 104.97 -103.32 14.97 107.77 -98.86 0.258 

 82.059 29.060 0.55 107.18 -100.49 17.18 101.03 -99.94 0.555 

 78.046 29.302 13.74 338.27 -9.53 68.27 23.27 4.21 -0.370 

 78.355 29.308 10.58 353.11 -9.30 83.11 19.88 1.27 -0.787 

 78.664 29.314 2.43 355.11 -13.76 85.11 16.19 -11.33 -0.858 

 78.972 29.319 2.72 355.46 -22.28 85.46 25.00 -19.56 -0.677 

 79.281 29.324 -9.12 119.09 -51.47 29.09 42.35 -60.58 0.905 

 79.590 29.327 -15.93 117.59 -60.34 27.59 44.41 -76.27 1.016 

 79.899 29.330 -20.55 106.11 -68.27 16.11 47.71 -88.82 0.506 

 80.208 29.332 -19.61 93.7 -79.26 3.7 59.65 -98.87 -0.287 

 80.517 29.334 -8.65 102.26 -85.05 12.26 76.39 -93.70 0.242 

 80.826 29.335 23.20 108.22 -100.39 18.22 123.59 -77.19 1.485 

 81.135 29.335 12.06 112.68 -113.16 22.68 125.22 -101.10 1.637 

 81.444 29.334 -1.31 108.65 -92.81 18.65 91.50 -94.12 0.798 

 81.753 29.333 3.27 103.66 -83.67 13.66 86.94 -80.40 0.560 
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 82.062 29.330 -0.83 109.18 -86.65 19.18 85.82 -87.48 0.935 

 78.039 29.572 19.26 326.11 -22.91 56.11 42.17 -3.65 -0.154 

 78.348 29.579 15.75 328.36 -25.30 58.36 41.05 -9.56 -0.352 

 78.657 29.585 0.77 326.12 -23.70 56.12 24.47 -22.92 -0.780 

 78.967 29.590 -9.93 316.81 -41.31 46.81 31.38 -51.24 -0.684 

 79.277 29.594 -0.01 121.54 -71.33 31.54 71.32 -71.33 0.688 

 79.586 29.598 -6.39 114.68 -74.58 24.68 68.18 -80.97 0.632 

 79.896 29.601 -17.57 103.38 -84.90 13.38 67.33 -102.47 0.209 

 80.206 29.603 -27.38 103.07 -88.86 13.07 61.48 -116.24 0.207 

 80.516 29.605 -2.04 112.19 -102.59 22.19 100.55 -104.63 1.482 

 80.825 29.605 33.34 109.37 -108.15 19.37 141.49 -74.80 2.169 

 81.135 29.605 15.95 110.7 -106.64 20.7 122.58 -90.69 1.765 

 81.445 29.605 2.46 110.7 -62.97 20.7 65.43 -60.50 1.065 

 81.755 29.603 3.30 100.58 -63.23 10.58 66.52 -59.93 0.618 

 78.031 29.843 29.15 323.38 -33.25 53.38 62.39 -4.10 -0.568 

 78.341 29.849 27.31 321.79 -39.87 51.79 67.18 -12.56 -0.115 

 78.651 29.855 15.27 133.08 -53.32 43.08 68.59 -38.05 0.223 

 78.961 29.860 5.43 126.44 -84.68 36.44 90.11 -79.26 0.643 

 79.272 29.865 6.33 121.39 -90.33 31.39 96.66 -84.01 0.618 

 79.582 29.869 7.60 114.36 -89.53 24.36 97.12 -81.93 0.103 

 79.893 29.872 7.57 108.08 -89.28 18.08 96.85 -81.71 0.248 

 80.204 29.874 7.80 105.91 -94.62 15.91 102.42 -86.82 0.949 

 80.514 29.875 35.84 114.09 -118.16 24.09 153.99 -82.32 2.954 

 80.825 29.876 51.59 112.01 -120.80 22.01 172.39 -69.21 3.255 

 81.136 29.876 19.60 109.39 -99.53 19.39 119.12 -79.93 1.767 

 81.446 29.875 4.50 111.56 -57.64 21.56 62.14 -53.15 1.034 

 81.757 29.874 -0.14 103.06 -63.13 13.06 63.00 -63.27 0.784 
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 78.022 30.113 41.61 326.62 -33.84 56.62 75.45 7.76 -0.478 

 78.334 30.120 47.01 324.36 -43.12 54.36 90.13 3.89 0.034 

 78.645 30.126 25.99 130.95 -70.48 40.95 96.47 -44.49 0.578 

 78.956 30.131 8.85 124.48 -112.48 34.48 121.33 -103.63 1.012 

 79.267 30.135 5.58 120.83 -127.04 30.83 132.62 -121.47 0.570 

 79.579 30.139 8.04 116.72 -128.47 26.72 136.52 -120.43 0.062 

 79.890 30.142 13.48 111.68 -108.20 21.68 121.67 -94.72 0.203 

 80.201 30.144 30.31 103.32 -95.50 13.32 125.81 -65.19 0.923 

 80.513 30.146 45.83 106.77 -113.99 16.77 159.82 -68.16 2.340 

 80.824 30.147 62.68 112.55 -129.80 22.55 192.48 -67.12 3.870 

 81.136 30.147 23.04 111.65 -85.50 21.65 108.54 -62.46 1.652 

 81.447 30.146 9.97 118.92 -50.13 28.92 60.10 -40.16 0.745 

 78.014 30.384 28.32 323.25 -36.46 53.25 64.79 -8.14 -0.319 

 78.326 30.390 57.17 326.59 -44.44 56.59 101.60 12.73 0.442 

 78.638 30.396 33.47 132.04 -77.80 42.04 111.27 -44.34 0.894 

 78.950 30.402 6.53 123.22 -124.26 33.22 130.79 -117.72 0.939 

 79.262 30.406 3.45 119.56 -139.24 29.56 142.69 -135.79 0.459 

 79.575 30.410 7.55 117.39 -142.59 27.39 150.14 -135.04 0.079 

 79.887 30.413 14.31 111.82 -113.86 21.82 128.17 -99.55 0.237 

 80.199 30.415 27.91 101.73 -81.64 11.73 109.56 -53.73 0.416 

 80.512 30.417 38.24 101.19 -91.53 11.19 129.77 -53.29 1.119 

 80.824 30.418 59.12 108.95 -151.54 18.95 210.66 -92.42 3.603 

 81.136 30.418 30.49 118.46 -70.56 28.46 101.05 -40.08 1.239 

 78.006 30.654 1.15 121.25 -56.17 31.25 57.32 -55.03 -0.566 

 78.319 30.661 13.11 124.07 -74.24 34.07 87.34 -61.13 0.135 

 78.632 30.667 13.69 121.24 -111.24 31.24 124.93 -97.56 0.796 

 78.945 30.672 1.47 121.32 -131.07 31.32 132.54 -129.60 0.882 
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 79.258 30.677 0.60 118.32 -143.75 28.32 144.35 -143.15 0.420 

 79.571 30.681 7.93 116.3 -150.26 26.3 158.19 -142.32 -0.110 

 79.884 30.684 18.53 108.61 -104.77 18.61 123.30 -86.25 0.189 

 80.197 30.686 32.45 97.85 -71.26 7.85 103.71 -38.81 0.285 

 80.510 30.687 36.61 95.44 -66.05 5.44 102.65 -29.44 0.330 

 80.823 30.688 42.66 101.82 -93.44 11.82 136.10 -50.79 1.412 

 81.137 30.688 25.35 111.18 -102.64 21.18 127.99 -77.30 1.377 

 77.998 30.924 -2.48 114.27 -76.52 24.27 74.04 -79.00 -0.522 

 78.311 30.931 6.22 115.68 -105.42 25.68 111.64 -99.21 0.195 

 78.625 30.937 6.11 118.36 -131.03 28.36 137.15 -124.92 0.798 

 78.939 30.943 -2.84 119.74 -134.66 29.74 131.82 -137.50 0.869 

 79.253 30.947 -3.72 118.36 -139.96 28.36 136.23 -143.68 0.658 

 79.567 30.951 10.00 113.9 -167.27 23.9 177.27 -157.28 -0.608 

 79.881 30.954 25.20 105.27 -107.30 15.27 132.50 -82.10 -0.149 

 80.195 30.957 35.73 95.81 -68.19 5.81 103.92 -32.46 0.202 

 80.509 30.958 38.07 93.81 -62.22 3.81 100.29 -24.15 0.222 

  80.823 30.959 38.79 94.23 -63.37 4.23 102.16 -24.58 0.318 

Best fit 80.037 29.855 6.85 118.98 -109.39 28.98 116.24 -102.54 0.266 

 

Table 4.1 and 4.2: Estimated trend and magnitude of horizontal principal strain rate at GPS sites and at the center of the cells in Kashmir 

Himalaya (Table 4.1) and Kumaun Garhwal Himalaya (Table 4.2) computed using SSPX (Cardozo and Allmendinger, 2009). 
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4.4    Analytical approach to estimate the plate convergence rate and fault parameters 

If we assume that the deformation between India and Southern Tibet occurs through slip on the 

MHT then the plate convergence rate can be estimated by using the dislocation theory 

introduced by Steketee (1958) which provides the surface displacement field ui(x1, x2, x3) due to 

a dislocation Δuj(ξ1, ξ2, ξ3) across a surface 𝚺 in an isotropic elastic half-space  

                  𝑢𝑖 =
1

𝐹
∬ Δ𝑢𝑗

.

∑
[𝜆𝛿𝑗𝑘

𝜕𝑢𝑖
𝑛

𝜕𝜉𝑛
+ 𝜇 (

𝜕𝑢𝑖
𝑗

𝜕𝜉𝑘
+

𝜕𝑢𝑖
𝑘

𝜕𝜉𝑗
)] 𝑣𝑘𝑑𝚺                                         (4.10) 

Where λ and μ are Lame’s constant, δjk is the Kronecker delta and νk are the direction cosine of 

the normal to surface element d𝜮 and ui
j is the ith component of displacement at the point (x1,  

x2, x3) caused by a point force of magnitude F in direction jth  placed at the point (ξ1, ξ2, ξ3). 

 

Figure 4.6: Geometry of the source model (Okada, 1985) in the Cartesian coordinate system. 

The isotropic half space homogeneous medium has been considered. The x axis is in the strike 

direction of the fault. The elementary dislocation U1, U2 and U3 corresponds to strike slip, dip 

slip and tensile components of arbitrary dislocation. Each vector represents the movement of 

hanging-wall side block with respect to foot-wall side block. Note that when dip angle becomes 

sin2θ<0 the reverse fault motion (U2) changes to normal fault-type motion. d and W represent 

depth of locking and width of the fault locking, respectively. 

 

The movement of the relative motion between the India and Eurasia across the MHT can be 

decomposed in three types of dislocations; strike slip (U1)-along the strike of the fault; dip-slip 

(U2)-along the dip direction of fault and tensile (U3). Using the strike-slip and dip-slip 

component in above equation, the surface displacement field due to arbitrary point source on 

the surface element d𝚺 can be written as follows 

Strike-slip  

1

𝐹
𝜇𝑈1∆∑ [− (

𝜕𝑢𝑖
1

𝜕𝜉2

+
𝜕𝑢𝑖

2

𝜕𝜉1
) sin 𝛿 + (

𝜕𝑢𝑖
1

𝜕𝜉3

+
𝜕𝑢𝑖

3

𝜕𝜉1
) cos 𝛿] 
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Dip-slip 

1

𝐹
𝜇𝑈2∆∑ [− (

𝜕𝑢𝑖
2

𝜕𝜉3

+
𝜕𝑢𝑖

3

𝜕𝜉2
) cos 2𝛿 + (

𝜕𝑢𝑖
3

𝜕𝜉3

−
𝜕𝑢𝑖

2

𝜕𝜉2
) sin 2𝛿] 

Since we know that slip occurs over a finite fault, the fault can be assumed as a plane of 

dislocation. Single point forces can be combined to produce the deformation from pair of 

orthogonal force couple, which is required to avoid having unbalanced movement and torque 

during a seismic event. The full deformation pattern is obtained by integrating over a plane of 

point dislocations. 

Assuming 𝜉1=𝜉2=𝜉3= -d, in the above equations, the three dimensional surface displacement 

field due to a finite rectangular source having dip-angle δ, a fault length L and width W 

(Fig.4.6) have been derived by Okada (1985) which are as follows, 

For strike- slip 

𝑢𝑥 =  −
𝑈1

2𝜋
[

𝜉𝑞

𝑅(𝑅+𝜂)
+ tan−1 𝜉𝜂

𝑞𝑅
+ 𝐼1 sin 𝛿]                                         (4.11) 

𝑢𝑦 =  −
𝑈1

2𝜋
[

�̃�𝑞

𝑅(𝑅+𝜂)
+ 

𝑞 cos 𝛿

𝑅+𝜂
+ 𝐼2 sin 𝛿]                                             (4.12) 

𝑢𝑧 =  −
𝑈1

2𝜋
[

�̃�𝑞

𝑅(𝑅+𝜂)
+ 

𝑞 sin 𝛿

𝑅+𝜂
+ 𝐼4 sin 𝛿]                                              (4.13) 

For dip-slip 

𝑢𝑥 =  −
𝑈2

2𝜋
[

𝑞

𝑅
− 𝐼3 sin 𝛿 cos 𝛿]                                                           (4.14) 

𝑢𝑦 =  −
𝑈2

2𝜋
[

�̃�𝑞

𝑅(𝑅+𝜉)
+ cos 𝛿 tan−1 𝜉𝜂

𝑞𝑅
−  𝐼1 sin 𝛿 cos 𝛿]                         (4.15) 

𝑢𝑧 =  −
𝑈2

2𝜋
[

�̃�𝑞

𝑅(𝑅+𝜉)
+ sin 𝛿 tan−1 𝜉𝜂

𝑞𝑅
−  𝐼5 sin 𝛿 cos 𝛿]                             (4.16) 

where, 

𝐼1 =
𝜇

𝜇 + 𝜆
[

−1

cos 𝛿

𝜉

𝑅 + �̃�
] −  

𝑠𝑖𝑛𝛿

𝑐𝑜𝑠𝛿
𝐼5 

𝐼2 =  
𝜇

𝜆 + 𝜇
[− ln(𝑅 + 𝜂)] − 𝐼3 

𝐼3 =  
𝜇

𝜆 + 𝜇
[

1

cos 𝛿

�̃�

𝑅 + 𝑑
− ln(𝑅 + 𝜂)] +

sin 𝛿

cos 𝛿
𝐼4] 

𝐼4 =  
𝜇

𝜆 + 𝜇

1

cos 𝛿
 [ ln(𝑅 + �̃�) − sin 𝛿 ln(𝑅 + 𝜂)] 

𝐼5 =  
𝜇

𝜆 + 𝜇

2

cos 𝛿
tan−1

𝜂(𝑋 + 𝑞 cos 𝛿) + 𝑋(𝑅 + 𝑋) sin 𝛿

𝜉(𝑅 + 𝑋) cos 𝛿
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𝑝 = 𝑦 cos 𝛿 + 𝑑 sin 𝛿 

𝑞 = 𝑦 sin 𝛿 − 𝑑 cos 𝛿 

�̃� = η cos 𝛿 + qsin 𝛿 

�̃� = η sin 𝛿 − q cos 𝛿 

𝑅2 = 𝜉2 + 𝜂2 + 𝑞2 = 𝜉2 + �̃�2 + �̃�2 

 

4.5     Use of dislocation model in the interseismic deformation 

The strain accumulation models assume that during the interseismic phase of deformation, the 

shallower updip part of the fault (here, MHT under the Outer and Lesser Himalaya) remains 

locked while the deeper downdip part of the fault slips steadily at the plate convergence rate. 

Thus, the strain accumulation occurs on the frontal part of the locked fault and it deforms the 

overlying rocks elastically till the critical strength of rheology.  

Savage (1983) introduced back slip approach to estimate the plate convergence rate in a 

seismically active region. Following several investigators (Feldl and Bilham, 2006; Avouac., 

1993; Bettinelli et al., 2006; Ader et al., 2012) I use this approach in the Himalaya. This 

approach assumes that the entire MHT creeps with a steady slip rate and a back slip in frontal 

part is imposed to keep the frontal part locked during interseismic phase of deformation. This is 

equivalent to imposing a dislocation on the deeper part of fault. Thus, the surface displacement 

in the interseismic period can be estimated by imposing an arbitrary slip on the aseismically 

creeping part of the MHT with varying fault parameters (dip, location and depth of the updip 

edge of the creeping MHT, width). The trial and error approach has been used to estimate the 

plate convergence rate and fault parameters (i.e. locking width, dip, depth) by minimizing the 

error between the observed surface displacement and simulated surface displacement in least 

square sense using grid search approach. Since the deformation is directly dependent on the slip 

rate, the strain budget can be calculated with the help of the interseismic convergence rate 

across the active fault zone.  

 

4.6      Interseismic Deformation in Kashmir Himalaya 

4.6.1   Plate convergence rate 

Plate convergence rate between India and Southern Tibet is estimated using GPS derived 

velocity at 10 sites in Kashmir Himalaya (Fig.4.7). I have used site velocity with respect to 

fixed India plate using available Euler pole of India plate such as Ader et al. (2012), Mahesh et 
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al. (2012), and Banerjee et al. (2008). The pole by Ader et al. (2012) predicts slightly higher 

velocity (~1 mm/yr) at all sites in Indian reference frame, in comparison to that using pole of 

Banerjee et al. (2008). The azimuth of the velocity vectors is changed by about 6–7°, making 

them more oblique with respect to the Kashmir Himalayan trend in the case of using Ader et 

al.’s, (2012) estimate of pole. The pole by Mahesh et al. (2012) does not alter the magnitude of 

velocity vectors significantly; however, the azimuth of the velocity vectors is changed by about 

10–11° making them even more oblique with respect to the Himalayan trend. I have adopted the 

pole estimate of Banerjee et al. (2008) as it provides the least velocity, in Indian reference 

frame, for sites located in the southern part, which favors expectations as these sites are on the 

Indian plate (Fig.4.7) and should not experience much motion. In this reference frame all the 

sites show SSW movement of 4.8±1 mm/yr in the southwest (RAUJ) to 14±3 mm/yr in the 

northeast (KERN). The site motion at KERN consist large error in its estimate due to non-

continuous and small length of data and thus it is not used for the estimation of plate 

convergence rate. 

The local strike of the Himalayan arc is northwest-southeast in Kashmir region. The local 

structural trend has been considered to be the strike of Zanskar ranges, which is N135°E (NW-

SE) and is more uniform in the Kashmir region than that of the Pir Panjal ranges. The estimated 

site velocity has been decomposed in the fault normal and fault parallel components. I have 

modeled the fault normal site velocity along a NE-SW profile and fault parallel site velocity 

along strike direction (N135°E) and used the concept of deep slip model (Savage, 1983). I have 

used the above Okada’s (1992) formulation of elastic dislocation in a half space to calculate 

convergence rate, locking width and depth. A uniform dip (12.5°) of the fault has been 

considered. Using a grid search method which minimizes the misfit between the observed and 

simulated velocity, I have estimated the width of locked zone as 175 km with slip of 11.8 

mm/yr in the arc normal case, while a slip of 6.7 mm/yr is estimated in the arc parallel case. A 

joint error analysis of the arc normal and arc parallel velocity provides minimum misfit for 

locking width of 175±20 km and oblique slip of 13.6±1 mm/yr with an azimuth of N198°E 

(Fig.4.8). The depth of downdip edge of the locked zone is estimated at 38 km.  
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Figure 4.7: General tectonics of the Northwest Himalaya. (a) Inset shows the oblique 

convergence between India and Eurasia (red arrow) in the frontal part of NW Himalaya. The 

dashed line (gray colour) is the arc normal and solid line (gray colour) is arc parallel 

convergence rate. (b) The India-Eurasia motion is arc normal in the central Nepal but oblique 

in the NW and NE Himalaya. The arc normal simulated interseismic velocity in the Nepal and 

Kashmir Himalaya along two transects are also shown. I have used convergence rates of 19 

and 12 mm/yr and locking width of 100 and 175 km for the Nepal and Kashmir Himalaya, 

respectively. (c) In the main figure, black arrows denote site velocity in Indian reference frame 

from our GPS measurements in the Kashmir Himalaya. The 3.5 km topographic contour is also 

shown by gray colour. Four ellipses show the meisoseismal areas of the 1555, 1885, 1905, and 

2005 earthquakes (Avouac et al., 2006). Ice blue colour-dotted lines denote the locking line in 

Kashmir (this study), Himachal and Garhwal (Banerjee and Bürgmann, 2002), and 2005 

Kashmir earthquake (Avouac et al., 2006) regions. Note the wider locked zone in the Kashmir 

Himalaya (this study) in comparison to the regions on either sides (Banerjee and Bürgmann, 

2002; Avouac et al., 2006). GPS measurements along profile AA′ is shown in Fig.4.8. White 

circles are earthquakes from ISC catalog (1964–2013). MFT, Main Frontal Thrust; MBT, Main 

Boundary Thrust. 
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Figure 4.8: Plate convergence rate between India and Eurasia in Kashmir Himalaya.  Panels 

(a) represent the fault normal and (b) fault parallel velocity across the NW Himalayan frontal 

arc along the profile AA′ in Figure 4.7. The vertical bar (black colour) is the error in the 

estimation of site velocity. The topographic elevation along profile AA’ is shown in panel (b) 

with gray colour. Lower panels with yellow shading show fault models used in the analysis. 

Dotted line is the locked fault, while the continuous line is the freely slipping fault. Blue and red 

curves in Fig.4.8a and Fig.4.8b show the simulated velocity corresponding to a fault normal 

slip rate of 11.8 mm/yr and fault parallel slip rate of 6.7 mm/yr and a locking width of 175 km, 

derived from the error analysis. RF- Riasi Fault, BF- Balapora Fault, MBT- Main Boundary 

Thrust. 



  Chapter 4 

113 
 

4.6.2   Error analysis 

The uncertainty in the velocity estimates are caused by errors inherent in GPS observations. 

These include signal delays due to atmospheric conditions, satellite orbital position errors, 

satellite and receiver clock drift, measurement noise, and multipath. The error due to site 

instability is difficult to evaluate and almost impossible to correct. The standard deviation of the 

fault-normal velocity is given by 

                  𝜎ℎ𝑜𝑟𝑧 = √
𝜎𝐸

2𝜎𝑁
2

𝜎𝑁
2 𝑐𝑜𝑠2𝜃+𝜎𝐸

2𝑠𝑖𝑛2𝜃
                                                                              (4.17) 

where 𝜎𝐸 is the standard deviation of the east velocity, 𝜎𝑁 is the standard deviation of the north 

velocity, and 𝜃 is the bearing of the convergence vector, counterclockwise from east.  

The Goodness of fit was evaluated by weighted root mean square (RMS) error using reduced 

chi-square (𝜒𝑣
2) statistics, 

                   𝜒𝑣
2 =

1

(𝑛−𝑃)2
∑ (

𝑟𝑖

𝑓𝜎𝑖
)

2
𝑛
𝑖=1                     (4.18) 

where n is the number of observations, P is number of free parameters in the inversion, 𝑟𝑖 is the 

residual between observed and calculated velocity, 𝜎𝑖 is the formal data uncertainty, and f is a 

data uncertainty scaling factor. The scaling factor is used to balance the influence of various 

data types and to account for additional uncertainty not included in the formal data uncertainty 

estimates. According to Mao et al. (1999), the formal GPS velocity uncertainty estimates are 

typically underestimated by a factor of 2 to 5. 

I have derived the reduced chi-square values and used an uncertainty scaling factor of 4 

obtained while considering the white noise, flicker noise and random walk noise for a minimum 

three year of GPS measurements (Mao et al., 1999). The minimum chi-square value is 0.9 

which corresponds to best fit results. The contour value of one provides the limit of slip rate and 

locking width with a confidence level of 68%. Thus, I estimate the plate convergence rate as 

13.6±1 mm/yr and locked width of frontal part of MHT as 175±20 km (Fig.4.9). 
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Figure 4.9: Reduced chi-square uncertainty analysis with varying slip rate and width of locked 

zone for the Northwest Himalayan frontal arc using Okada dislocation theory. The minimum 

value of chi-square is 0.9. The contour of reduced chi-square value one corresponds to the 

results having 68% significance level (or 1σ value of estimate).   

 

4.6.3    Oblique motion from focal mechanism 

Unlike the central Nepal region where the motion in the frontal Himalaya is arc normal (Bilham 

et al., 1997; Ader et al., 2012), the above analysis of GPS measurements suggests that the 

motion in the NW frontal Himalaya is oblique. There are some independent evidences for this. 

Malik and Nakata (2003) identified a fault, the Taksal fault, which is almost parallel to the MFT 

in the Chandigarh region (near 31°N and 77°E) and estimated a dextral slip rate of 2.8 mm/yr 

across it. They also ascribed the dextral motion across it as a result of slip partitioning of the 

convergence in this region. I have attempted to confirm the oblique motion from the earthquake 

focal mechanisms. Following Molnar (1990), I have estimated the obliquity of P-axes (the angle 

between the P-axis and arc normal), derived from the focal mechanisms of earthquakes of 

Mw≥5.5 that occurred in the frontal arc at shallow depth, less than 50 km (Fig.4.10). I have 

considered only those earthquakes in which predominantly thrust motion occurred on the gently 

northward dipping plane. In other words, only those earthquakes which probably occurred on 

the detachment were considered. The obliquity of the P-axis approximately represents the slip 

direction. The motion all along the arc is thrust dominated, but it appears that the pure thrust 
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motion (obliquity as 0) in the central Nepal becomes oblique (~15–20°) in the northwest and 

northeast frontal Himalaya (Fig.4.10).  

 

 

Figure 4.10: Oblique motion in Northwest Himalaya using Focal mechanism solutions.  Panel 

(a) Focal mechanisms of shallow earthquakes (depth <50 km, M ≥5.5) in the frontal arc and (b) 

variation of obliquity of P axes (Molnar, 1990) with respect to the local structural trend along 

the Himalayan arc. The earthquake focal mechanisms have taken from Harvard Centroid 

Moment Tensor (CMT) catalog for the period from 1973 to 2013. Black squares in Fig.4.10b 

represent the 2005 Kashmir earthquake and its aftershocks. The gray and black lines are the 

best fitting line when 2005 Kashmir earthquake and its aftershocks are excluded and when they 

are included, respectively. 

 

The cluster near 73°E longitude represents the 2005 Kashmir earthquake and its aftershocks 

which show a large variation in the obliquity but their mean value still indicates an obliquity of 

about 15°. The focal mechanisms of the aftershocks of this earthquake can represent stress 

modification caused by the main shock and thus, by ignoring them, a more systematic pattern 
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with less scatter is obtained (gray line in Fig.4.10b). Thus, the earthquake focal mechanisms 

also support the oblique motion in the NW frontal Himalaya. Although there is some 

uncertainty in the obliquity estimate derived from earthquake focal mechanisms (~19°±15°) due 

to scatter in the data, it is comparable with what is estimated from the GPS measurements 

(~29°±5°). It suggests that the decoupling (McCaffrey, 1992) is nearly complete in the 

Himalayan arc and that about 20% of the total convergence in the NW frontal Himalaya is 

accommodated through dextral strike slip motion. 

4.6.4    Justification of derived results 

The site ARRU has comparatively low fault normal velocity which could be due to the strong 

coupling of plate interfaces in this region or it could be influenced by changes in local 

hydrological and atmospheric conditions. Continuous GPS measurement for longer duration (at 

least 5 year) is required for confirmation of such behavior and its cause. The estimated slip rate 

and locking width of frontal part of MHT in Kashmir Himalaya remains unchanged even if I 

consider the Euler pole for the Indian plate of Ader et al. (2012).  

The gradual increase in site velocity towards north from the frontal part of Himalayan arc 

represents interseismic phase of deformation which is consistent with the derived strain field. 

The estimated slip deficit rate (13.6±1 mm/yr) between India and Eurasia in the Kashmir 

Himalaya using GPS measurements is consistent with the geological slip rate of 14±2 mm/yr 

reported by Power et al. (1998) and implies elastic behavior of the tectonic deformation in the 

Kashmir Himalaya. It also suggests that the inelastic deformation is small in this region. The 

estimated slip rate and width of locked MHT are broadly consistent with the results derived by 

Schiffman et al. (2013).  The width of locked frontal part of MHT in Kashmir Himalaya is ~175 

km and the depth of locked MHT is ~38 km. The derived results suggest that the present 

shortening rate in Kashmir Himalaya is small and the width of locking is large as compared to 

that in the central and eastern Himalaya. Thus, the estimated locking line is located in Zanskar 

ranges rather than in the Pir Panjal ranges, which is to the south of Kashmir valley. It has been 

suggested that in the Himalayan region the locking line coincides with the 3500 m topographic 

front and with the belt of small and moderate earthquakes (Avouac, 2003). However, in the 

Kashmir region, the seismicity is diffused and it does not guide us on the location of the locking 

line. The 3500 m contour surrounds the Kashmir valley, i.e. it is present both in the Pir Panjal 

and Zanskar Himalaya and hence even this does not guides us on the location of locking line. 

The larger locking width could be the result of large spread of 3500 m topographic contour in 

Kashmir Himalaya as compared in Central Himalaya. The downdip of locked MHT represents a 
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critical zone for the failure of small to moderate earthquakes. The topography influences the 

stress field thus could also control the width of locked MHT. The temperature and pressure 

conditions along the MHT are different from the surrounding regions and therefore, the brittle 

behavior of frontal part of MHT can be varying with geological setup. 

The depth of Moho (varies from ~40-45 km in Gangetic plains to ~60-70 km in Higher 

Himalaya) has similar characteristics in the NW Himalaya and Central Himalaya (Kaila et al., 

1978; Zhao et al., 1993). Seismic studies suggest MHT at depth of ~35 km in Higher Himalaya 

along a profile across Himalayan arc in the eastern Nepal Himalaya (Zhao et al., 1993) while in 

Kashmir region, Kaila et al. (1978) reported two shallower and prominent reflecting boundaries 

at depth of ~16 km and ~30 km along Nangaparbat-Wular lake profile. The direct evidence for 

the depth of MHT in the Kashmir Himalaya is not available and therefore, in the absence of 

information about subsurface structure, it is difficult to comment on our estimate. However, I 

have assumed a simple geometry of MHT for the estimation of fault parameters. Nevertheless, 

the subsurface geometry derived by GPS measurements in Kashmir Himalaya need to be 

investigated using other geophysical approaches.    

4.6.5    Seismic hazard analysis based on slip rate 

Kashmir Himalaya possesses complex tectonics and has three major active faults systems that 

accommodate convergence between the Zanskar range and the Indian craton. Paleoseismic 

studies suggest that the MFT at the foot of Pir Panjal has not ruptured and is accommodating 

the elastic strain at 2-6 mm/yr since past 15 kyr (Vignon, 2011). The Riasi fault on south east 

flank of Pir Panjal dips N45°E with a shortening rate of 10±2 mm/yr (Vignon, 2011). The 

Balapora reverse fault dips ~N60°E with shortening rate of 0.3-1.3 mm/yr and forms one of 

three conspicuous scarps that offsets Karewa sediments in the SE Kashmir Valley (Ahmad et 

al., 2013; Shah, 2013). Therefore, the deformation, and hence the convergence, in the Kashmir 

Himalaya is more distributed (Madden et al., 2010; Hebeler et al., 2010; Meigs et al., 2010) in 

comparison to the central Himalaya where the entire convergence is accommodated at the MFT 

(Ader et al., 2012). Schiffman et al. (2013) considered several scenarios of locking width and 

estimated the maximum size of future earthquake using the scaling relations. They suggested 

that if the entire region between the 2005 Kashmir earthquake (Mw 7.6) and 1905 Kangra (Mw 

7.8) earthquake ruptures (length of ~350 km and width varying between 180 and 100 km) slips 

in one earthquake, then the magnitude of that earthquake could reach 8.7, corresponding to a 

slip deficit of 11 m. Further, they reported that in the past 900 years, at least 14 earthquakes 

have occurred and the magnitude of these earthquakes is no greater than 7.6. There is a 
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possibility that in view of the lack of great earthquakes in the region in the past ~900 years, 

segmentation of the arc (Gahalaut, 2008; Gahalaut and Kundu, 2012), as also suggested by 

Schiffman et al. (2013), and distributed deformation (Madden et al., 2010; Hebeler et al., 2010; 

Meigs et al., 2012), the region actually releases strain in earthquakes which are no larger than 

Mw7.6, and hence, the region may not produce a great earthquake in future. This is also 

supported by the argument that due to the presence of salts and anhydrites in the region, the 

strength of the rocks does not support larger strain accumulation and promote creep, and hence, 

the region is probably not capable of producing great earthquakes (Seeber et al., 1981). But then 

there is a problem here that how many earthquakes of Mw ~7.6 in the past 900 years are 

required to release the strain and how many have actually occurred. Unfortunately, the 

historical records of earthquakes, particularly their magnitudes, are not so good to confirm this, 

and hence, there is ambiguity in the estimation of maximum size earthquake in the Kashmir 

Himalaya. However, considering the large population growth of the Kashmir valley (~24%) in 

the past 10 years, and the fact that about 80,000 lives were lost during the 2005 Kashmir 

earthquake (Mw 7.6) which occurred farther west of the Kashmir valley, even a moderate 

earthquake in the Kashmir valley region will severely affect more than 5 million people living 

in the state and can cause a great loss to lives and property. 

4.7     Interseismic deformation in Kumaun Garhwal Himalaya 

4.7.1  Plate convergence rate  

GPS derived site velocity estimates have been used to estimate the plate convergence rate in 

Kumaun Garhwal Himalaya (Fig.4.11). The secular rates of site velocity have been estimated 

after the removal of seasonal componets in GPS time series at each site. The India fixed site 

velocity at each site has been estimated using  Euler pole of rotation reported by Ader et al. 

(2012). The sites Raithal (RATH) and Guptkashi (GUPT) exhibit anomolous site velocity 

(discussed later in Chapter 6) and are not considered in the estimation of final results for 

tectonic deformation. I have estimated the results on the basis of two data sets. In the first data 

set, I have taken site velocity derived from continous GPS meaurements and it has site velocity 

estimates from 17 sites of present study and from 5 sites of Gautam et al., (2016). All the sites 

have continous GPS observations for at least three years.The estimated site velocities at all sites 

are quite precise and have less than one mm/yr of error in its estimate. The site Pangla (PANG) 

has ~0.9 mm/yr of error  in the estimate of horizontal site motion due to failure in continous 

GPS measurements. In the second data set, I have considered 22 (17-present study and 5-

Gautum et al., 2016) site velocity derived by continous GPS measurements alongwith 16 site 
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velocities, having less than 1.5 milimeter error in estimate (Banerjee et al. 2008) derived from 

campaign mode GPS observations (Table 4.3). I have realised that the reported velocity 

estimates by Jade et al. (2014) at sites in Kumaun Garhwal Himalaya have more scatter and 

their reported coordinates are not precise, they may have uncertainties of ~10 km in their 

estimate. Thus, I did not consider these estimates of site velocities in the present study. I have 

processed the GPS data of Dharchula (DRCL) site in western Nepal and the estimated velocity 

has been used to analyse the fault parameters. The other site velocity (BYNA, BMCL, GNTW, 

SMKT, JMLA) estimates from western Nepal reported by Ader et al., (2012) have not been 

used in the estimation of convergence rate.   

 

Figure 4.11: India fixed site velocity. The site velocity analysed in the present study are shown 

by black vectors. The violet vector represents the velocity at GPS sites established by Wadia 

Institute of Himalayan Geology, Dehradun (Gautam et al., 2016). The light blue vectors 

indicate capaign mode site velocity reported by Banerjee et al. (2008) having less than 1.5 

mm/yr in error estimate. Red circles show the seismicity with varying magnitute for the period 

of 1964toJune 2016, taken from ISC catalogue.   
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Figure 4.12: Derived plate convergence rate in Kumaun Garhwal Himalaya using analytical 

approach. Panel (a) shows the fault perpendicular site velocity with distance form MFT. Four 

symbols correspond to the sources of GPS data and vertical bar of gray colour show errors in 
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Figure 4.12: (Continued) estimate of velocity. The black solid curve shows the best fit curve 

derived using analytical modeling and corresponds to a fault having locking width 100 km, dip 

4° and slip rate of 18 mm/yr. (b) represents the resistivity map (Rawat et al., 2014) in Kumaun 

Garhwal Himalaya. Orange colour curve shows the elevation map along the profile and black 

dash line represents the elevation height of 3500 meter. The dotted violet colour line represents 

the locked part of MHT and solid violet line represents the aseismically creping part of MHT 

derived from analytical approach. Panel (c) shows the fault parallel site velocity in Kumaun 

Garhwal Himalaya with associated error (gray colour bar), positive being dextral motion. The 

black dashed line represents the zero site velocity.     
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Geological studies suggest that present shortening is along MFT (Thakur, 2013) and therefore 

MFT is the active thrust belt in the Himalaya. The structural trend of MFT in Kumaun Garhwal 

Himalaya has a strike of ~303°. The site velocity estimates have been decomposed as fault 

parallel (i.e. along strike direction) and fault perpendicular (i.e. normal to strike direction) 

components. The fault perpendicular site velocity has been assumed to be the result of dip-slip 

on MHT and fault parallel site velocity is because of strike-slip on MHT. The fault 

perpendicular site velocity (Fig.4.12a) increases gradually with the increasing distance of site 

position from the MFT and suggests convergence between India and Eurasia which deforms the 

Himalayan wedge in Kumaun Garhwal Himalaya. The fault parallel site velocity (Fig.4.12c) is 

insignificant and therefore I have not modelled it. The deep slip approach (Savage, 1983) has 

been used to estimate the plate convergence rate in Kumaun Garhwal Himalaya using Green 

function derived by Okada (1985).    

A convergence rate of 18.0±0.7 mm/yr has been estimated between India and Southern Tibet in 

Kumaun Garhwal Himalaya using chi-square uncertainty analysis. The width of locked frontal 

part of MHT is 100±15 km and the calculated results have minimum error while considering a 

dip of 4° for the MHT. The depth of the locked MHT is 14.0±1.4 km which is consistent with 

the previous estimates obtained by Banerjee et al. (2008). I have estimated a larger convergence 

rate (18 mm/yr) as compared to the estimates reported in past studies (e.g., Banerjee et al., 

2008; Ponraj et al., 2011). The derived updip location of aseismically creeping part of MHT 

using analytical approach lies in the conductive zone of MHT reported by Rawat et al., (2014) 

and is shown in Fig.4.12b. According to Rawat et al., (2014) the transition zone of shallow 

dipping MHT consists of high conductive zone where the microseismicity occurs due to the 

upward migration of fluid. 
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The higher convergence rate suggests that seismic hazard in Kumaun Garhwal is larger than 

previously assessed, based on past results in Kumaun Garhwal Himalaya using GPS 

measurements. Also, the presence of subsurface heterogeneity can resist the plate to move and 

enhances the probability of occurrence of major to great earthquakes. Thus, estimate of spatial 

variation of plate coupling is required for the assessment of seismic hazard in Kumaun Garhwal 

Himalaya. I present such an analysis for the Garhwal Kumaun region, however, due to limited 

data in the Kashmir region, I could not do the same for the Kashmir region. 

4.7.2   Error analysis 

I have used a grid search method for the minimization of misfit between the observed and 

calculated site velocity to estimate the dip of MHT, width of locked frontal part of MHT and 

plate convergence rate, based on dislocation theory. I have done iteration over three parameters 

namely depth of locking, slip rate, dip angle and width of locked zone. First I try to estimate the 

dip for a fixed locking width of 100 km. Further, I have iterated over the depth of locking, slip 

rate and locking position for derived dip angle to constrain the locking width. The reduced chi-

square value (equation 4.18) has been estimated to obtain a reliable solution. The scaling factor 

of 4 has been taken as discussed by Mao et al. (1999) while considering white noise, flicker 

noise and random walk noise in a three year continuous GPS measurements. The best estimates 

of fault parameters have been derived within 1σ value (i.e. 68% confidence limit). The error 

analysis using grid search approach has been done separately for both kind of data set and has 

been discussed below. 

4.7.2.1   Using continuous GPS measurements 

The 22 site velocity estimates from continuous GPS measurements (17 sites of present study 

and 5 sites of Gautam et al., 2016) have been used to derive the fault parameters. I have varied 

the slip rate from 12 to 22 mm/yr and locking depth 10 km to 20 km for the dip angle 2 to 7. For 

a fixed locking position of 100 km from MFT the value of minimum reduced chi-square is 0.9 

which corresponds to a dip angle 4° (Fig.4.13). Thus, observed site velocity favors a gentle 

dipping of MHT. The contour of reduced chi-square value 1 provides the best fit between the 

observed and calculated site velocity, within 68% significance level and corresponds to slip rate 

18.0±0.7 mm/yr and depth of locked MHT 14.0±1.4 km. 
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Figure 4.13: Reduced chi-square values for varying slip rate and locking depth for various dip 

angle of MHT are shown using velocity estimates from continuous GPS measurements. The 

minimum reduced chi-square value is 0.9. Note consideration of dip 4° provides minimum error 

between observed and model fault perpendicular site velocity. 

 

The locking width of the MHT has been constrained while considering a fixed dip angle of 4° 

and varying locking depth from 5 to 25 km and slip rate from 10 to 25 mm/yr (Fig.4.14). The 

position of locking has been iterated for values from 80 km to 110 km which is close to the 

locking width for a small value (4°) of dip angle. The minimum reduced chi-square value is 0.9 

for the locking width of 100 km. The derived best fit value of slip rate is 18.0±0.7 mm/yr and 

locking depth is 14.0±1.4 km.       
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Figure 4.14: Reduced chi-square error analysis for various locking width and varying slip rate 

and locking depth using dip-slip approach. The minimum reduced chi-square value 0.9 

corresponds for locking width of 100 km. 

 

4.7.2.2   Using continuous and campaign measurements 

The 22 sites velocity of continuous measurements with the combination of 16 site velocities of 

campaign GPS measurements reported by Banerjee et al., ( 2008), having less than 1.5 mm/yr 

of error estimate, have been used to estimate the best fault parameters. The slip rate has been 

varied from 10 to 25 mm/yr and the locking depth from 5 to 25 km for the dip angle of 2° to 7° 

while considering fixed locking width of 100 km from the MFT (Fig.4.15). The minimum value 

of reduced value of chi-square is 0.54 which corresponds to dip angle 4°, slip rate 18.0±1.9 

mm/yr and locking depth 14.0±3.5 km.   
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Figure 4.15: Reduced chi-square values for varying slip rate and locking depth for various dip 

angles using deep slip approach. The minimum reduced chi-square value is 0.54 corresponds to 

dip angle 4° and provides the best fit between the observed and calculated fault perpendicular 

site velocity in Kumaun Garhwal Himalaya. 

 

Further, the locking width of MHT has been determined by varying slip rate and locking depth 

for dip angle of 4° (Fig.4.16). The grid search approach suggests a best fit locking width of 100 

km and slip rate 18.0±1.9 mm/yr and locking depth of 14.0±3.5 km. Thus, the uncertainty 

analysis suggests that addition of campaign observations provides similar results as derived 

from considering continuous GPS measurements only. However, the corresponding confidence 

limits in the parameters decrease.  
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Figure 4.16: Reduced chi-square uncertainty analysis using deep slip approach with varying 

slip rate and locking depth for various locking width. The minimum reduced chi-square value is 

0.54 corresponding to the locking width of 100 km. 

 

Theory of dislocation embedded in an elastic medium (e.g. Okada, 1985, Cohen, 1999) assumes 

the subduction interface to be fully locked from the surface to a certain depth and the long term 

slip rate on the interface is equal to the horizontal convergence rate across the plate boundary 

with neither plate experiencing inelastic internal deformation. Therefore, the predicted surface 

displacement using analytical approach depends on the location of the downdip edge of the 

locked fault zone and the slip rate. In general, the slip rate on the assumed locked part of MHT 

can vary from zero to the present shortening depending on rate and state friction. The stored 

elastic energy on MHT can be quantified in terms of slip deficit rate on MHT which is the 

difference of slip rate on MHT to the long term slip rate. The slip deficit rate can also be 

estimated in terms of plate coupling ratio. A dense coverage of continuous GPS measurements 
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in Kumaun Garhwal Himalaya allows me to derive the spatial variation in slip deficit rate on the 

MHT. 

4.7.3    Estimation of Interseismic coupling  

The interseismic coupling quantifies the degree of locking of the fault. It is the ratio between 

slip deficit rate and long term slip rate. Thus, strong coupling suggests large amount of slip 

deficit on fault. The long term slip rate along the fault is the geological rate of convergence 

between India and Eurasia, accommodated in the Himalaya. The basic tenet here is that the foot 

wall does not deform and it is only the hanging wall which deforms due to locking. I have 

assumed the current shortening rate in the Kumaun Garhwal Himalaya, derived from the above 

analysis which is also consistent with the geological rate of convergence in the region, as the 

long term slip rate because the amount of release of accumulated elastic strain in past hundred 

years or so is negligible. Also, I have assumed that inelastic deformation is insignificant in 

Kumaun Garhwal Himalaya.  

The slip deficit rates at sites have been estimated by the subtraction the response of long term 

slip from the interseismic geodetic displacement. The slip deficit rate on the MHT has been 

estimated by the inversion of geodetic slip deficit data using the backslip modeling approach 

(Savage, 1983). For an elastic medium, the surface displacements at the stations are related to 

the slip distribution on the fault through the linear equation,  

                                    𝒖 = 𝑮𝒔                                                                                 (4.19) 

where u is the surface displacement vector at stations, s is the slip (dip-slip and strike slip) 

vector and G is the Green’s functions matrix estimated by using the semi-analytical formulation 

(Okada, 1985). 

To estimate a discrete slip distribution, the planar MHT is divided into sub-faults (or small 

patches). A finite difference approximation of the Laplacian term of slip distribution is added to 

the cost function to regularize the problem and to avoid unrealistic slip irregularities. This 

approach leads to the least square minimization of the cost function, 

                                     (𝒖 − 𝑮𝒔)𝑻𝑪𝒖
−𝟏(𝒖 − 𝑮𝒔) + 𝜶𝟐‖𝑳𝒔‖𝟐                                               (4.20) 

where u is the surficial displacements vector; Cu is the error covariance matrix of observed 

surface displacement vector; s is the fault slip vector; Gs is the vector of predicted surficial 

displacement; L is the Laplacian matrix and 𝜶 is the regularization parameter and used for 

obtaining a reliable solution (Ader et al., 2012). Ls represent the finite difference approximation 

to the Laplacian of slip distribution. The Laplacian differentiation is performed analytically on 
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slip distribution and is computed for each patch using coordinates of a set of nearby points. The 

resolution based smoothing has been done in the estimation of slip on each patch.  

The site velocity derived using continuous GPS measurements at 22 sites in Kumaun Garhwal 

Himalaya  with the reported 16 site velocity by Banerjee et al., (2008), having less than 1.5 

mm/yr of error in estimation, have been used in the geodetic inversion for the estimation of slip 

deficit rate on the MHT (Table 4.3). Also, the available GPS measurements to the immediate 

west of Kumaun Himalaya, i.e. western Nepal Himalaya (Ader et al., 2012) and to the 

immediate east of Garhwal Himalaya, i.e. Himachal Himalaya (Banerjee et al., 2008) have been 

used to avoid the edge effect during geodetic inversion. The site velocity reported in older 

reference frames (such as ITRF00 and ITFF05) by the authors (Banerjee et al., 2008 and Ader 

et al., 2012) have been transformed in the ITRF08 using FORTRAN code HTDP 

(http://www.ngs.noaa.gov/TOOLS/Htdp/Htdp.shtml).  

 

Table 4.3: Site velocity with respect to fixed India estimated in ITRF08, using the pole 

estimate of Ader et al. (2012)  

Sites Longitude Latitude Source Velocity (mm/yr) Error (mm/yr) 

East North East North 

NAIN 79.457 29.382 this study  -1.7 -0.3 0.2 0.3 

LOHA 80.090 29.422 this study  -1.6 -0.2 0.3 0.2 

PITH 80.286 29.574 this study  -3.5 -3.2 0.5 0.5 

KOTA 79.099 29.645 this study  -0.6 -0.2 0.1 0.2 

PANG 80.695 29.978 this study  -1.4 -13.0 0.8 0.9 

KHIR 78.882 30.169 this study  -1.1 -0.8 0.1 0.1 

AGAR 78.338 30.215 this study  -0.5 -1.5 0.1 0.2 

HRMN 79.336 30.384 this study  -4.3 -7.1 0.2 0.2 

KUNR 78.402 30.462 this study  -1.1 -0.5 0.5 0.4 

GUTU 78.747 30.531 this study  -2.5 -3.2 0.1 0.2 

AULI 79.560 30.532 this study  -1.8 -6.7 0.4 0.5 

BDKD 78.666 30.551 this study  -2.6 -3.3 0.2 0.2 

MALA 79.887 30.689 this study  -4.9 -11.6 0.1 0.2 

SUNR 78.137 30.798 this study  -2.9 -2.0 0.1 0.3 

PHOL 78.425 30.957 this study  -4.5 -6.6 0.4 0.8 

DHAR 78.783 31.040 this study  -5.0 -10.1 0.1 0.1 

DRCL 80.501 29.734 this study  -5.3 -8.0 0.3 0.5 

NNKM 79.808 28.947 this study  -2.5 0.7 0.7 0.7 

NAJI 78.337 29.596 this study  -0.2 -1.3 0.7 0.7 

DRCL 80.501 29.734 this study -5.3 -8.0 0.3 0.5 

PTH2 80.286 29.573 Gautam et al., 2016 -3.5 -2.7 0.5 0.3 

http://www.ngs.noaa.gov/TOOLS/Htdp/Htdp.shtml
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MUN2 80.240 30.060 Gautam et al., 2016 -3.6 -7.5 0.6 0.3 

GHUT 78.747 30.531 Gautam et al., 2016 -3.0 -4.2 0.2 0.1 

BDRI 79.493 30.743 Gautam et al., 2016 -6.5 -11.6 0.3 0.1 

WIHD 78.014 30.329 Gautam et al., 2016 -1.2 -0.3 0.1 0.2 

BMCL 81.714 28.656 Ader et al., (2012) -2.2 -1.1 0.9 0.5 

JMLA 82.192 29.274 Ader et al., (2012) -3.9 -9.2 0.8 0.5 

BYNA 81.201 29.474 Ader et al., (2012) -4.7 -8.6 1.4 0.7 

DRCL 80.501 29.734 Ader et al., (2012) -4.8 -5.3 0.7 1.2 

GNTW 80.626 29.177 Ader et al., (2012) -2.6 -0.9 0.7 0.6 

SMKT 81.807 29.969 Ader et al., (2012) -4.1 -13.0 0.7 0.5 

SABA 77.860 30.329 Banerjee et al., (2008) 0.4 -0.5 0.8 0.7 

WILD 77.974 30.285 Banerjee et al., (2008) 0.1 -1.9 0.8 0.7 

WIHG 78.012 30.329 Banerjee et al., (2008) -0.8 -1.1 1.2 1.1 

WIH2 78.014 30.329 Banerjee et al., (2008) -1.2 -0.9 0.7 0.7 

HATI 78.021 30.459 Banerjee et al., (2008) -1.6 -1.4 0.7 0.7 

BATA 78.115 30.452 Banerjee et al., (2008) 1.0 -3.4 1.4 1.3 

DHOU 78.155 30.342 Banerjee et al., (2008) -0.1 -1.1 1.2 1.1 

DHAU 78.155 30.342 Banerjee et al., (2008) -2.0 -1.0 1.1 1.1 

DOIW 78.187 30.191 Banerjee et al., (2008) -0.7 -0.2 0.9 0.9 

CHMB 78.368 30.394 Banerjee et al., (2008) -1.6 -2.0 0.9 0.8 

BHAT 78.617 30.806 Banerjee et al., (2008) -3.4 -5.7 1.1 1.1 

HARS 78.754 31.037 Banerjee et al., (2008) -3.0 -9.3 1.1 1.1 

GHOL 79.090 30.298 Banerjee et al., (2008) -1.6 -3.6 1.3 1.1 

POKH 79.194 30.329 Banerjee et al., (2008) -3.8 -2.9 1.2 1.1 

BADR 79.493 30.743 Banerjee et al., (2008) -7.0 -11.4 1.3 1.1 

DAD2 80.602 29.334 Banerjee et al., (2008) 0.3 -2.5 1.0 0.9 

SHB0 80.721 29.527 Banerjee et al., (2008) 0.0 -3.8 1.0 0.9 

KOT1 77.192 32.317 Banerjee et al., (2008) -7.4 -7.6 1.4 1.4 

JIPA 77.175 32.634 Banerjee et al., (2008) -9.4 -13.7 1.4 1.4 

KAZA 77.921 32.364 Banerjee et al., (2008) -9.5 -14.9 1.9 1.7 

UDAI 76.689 32.698 Banerjee et al., (2008) -6.6 -9.2 0.9 0.9 

REWL 76.815 31.634 Banerjee et al., (2008) -2.7 -1.0 0.8 0.8 

KULU 77.108 32.067 Banerjee et al., (2008) -6.9 -8.3 0.9 0.9 

JWLM 76.294 31.897 Banerjee et al., (2008) -1.8 -2.8 0.9 0.9 

UNAN 76.307 31.538 Banerjee et al., (2008) -0.3 -1.2 1.0 1.0 

NADI 76.307 32.248 Banerjee et al., (2008) -4.6 -3.8 0.8 0.8 

DALH 75.993 32.536 Banerjee et al., (2008) -4.0 -3.7 0.8 0.8 

HIRA 75.363 32.565 Banerjee et al., (2008) 0.7 -1.6 1.5 1.4 

NURP 75.881 32.304 Banerjee et al., (2008) -1.6 -1.8 0.8 0.8 
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4.7.4    Results of Inversion 

The planar MHT under the Kumaun Garhwal Himalaya has been divided into 189 sub faults (21 

along strike × 9 along dip) having fault length of 40 km in strike direction and fault width of 30 

km in the dip direction (Fig.4.17). A uniform fault dip of 4° is taken and the rake of 90° has 

been varied ±15°. It is assumed that the slip can vary from zero to the long term convergence 

rate (18 mm/yr) and thus, interseismic coupling can vary from 0 to 1 on each element of MHT. 

The slip rate at each element has been derived by the subtraction of long term slip rate from the 

slip deficit rate. The slip rate on each patch is governed by the velocity at sites situated in the 

sub-fault zone and surrounding patches.  

 

 

Figure 4.17: Initial setup for the Inversion of geodetic data. The velocity derived by continuous 

measurements at 17 sites of present study with 5 continuous GPS sites of Gautam et al., 2016 

and campaign measurements reported by Banerjee et al., (2008) at 16 sites, having error in 

estimate less than 1.5 mm/yr, have been used for the inversion (Table 4.3). The vector 

represents the site velocity. The long term slip rate is assumed to be 18 mm/yr. The results of 

inversion for the violet colour rectangular zone are shown in subsequent figures. 
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4.7.4.1   Fault perpendicular slip rate 

The derived fault perpendicular slip rate on the fault interface between India and Eurasia varies 

from zero to 18 mm/yr and is heterogeneous (Fig.4.18). The frontal part of plate interface has 

zero slip rate and it increases towards north up to 18 mm/yr. In other words, the frontal part of 

the MHT remains perfectly locked and further north it creeps steadily during the interseismic 

period. Slip rate is close to zero (<4 mm/yr) for a width ~90 km of the frontal updip part of the 

MHT which behaves as a locked segment. Further, in the width zone from 90 km to 120 km, the 

MHT slips with moderate slip rate representing the transition zone between locked and creeping 

part of MHT. Most of the observed seismicity in Kumaun Garhwal Himalaya occurs in this 

transition zone of MHT.  

 

 

Figure 4.18: Fault perpendicular slip rate derived by inversion of geodetic data. The colour 

bar represents the slip rate on sub elements of the MHT. Contour of topography elevation of 3.5 

km is shown by black line. The seismicity from ISC event catalogue during period 1964 to June 

2016 is shown by small circles filled by white colour. Note that slip is varying from zero to 18 

mm/yr on the fault elements and the GPS derived site velocity is consistent with the model 

derived site velocity. 
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4.7.4.2   Fault Parallel slip rate 

The estimated fault parallel slip rate on MHT varies from -1.7 to 5.0 and its average value is 0.3 

mm/yr which represents very small strike slip motion (Fig.4.19). The inversion result suggests 

negligible strike slip motion in Lesser Himalaya and a small dextral motion in the Higher 

Himalaya. The negligibly small fault parallel slip rate on MHT will result negligible fault 

parallel site velocity, thus the estimated fault parallel slip rate using inversion approach is 

consistent with the observed small value of fault parallel site velocity in Kumaun Garhwal 

Himalaya. 

 

 

Figure 4.19: Fault parallel slip rate at the MHT derived by inversion of geodetic data. The 

vectors represent the observed (orange) and model (violet) derived site velocity. Contour of 

topography elevation of 3.5 km is shown by black line. The strike slip rate is negligible in 

Kumaun Garhwal Himalaya. A small dextral slip has been estimated in the higher Himalaya 

region.  LL-Left Lateral, RL- Right Lateral 

 

In summary, the calculated site velocity varies from zero to 10.6 mm/yr and is consistent with 

the observed site velocity. The arc normal slip is ~0 in the frontal part and approaches 18 
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mm/year, the long term convergence rate. Also the estimated arc normal and arc parallel 

velocity by inversion approach are consistent with the results derived using analytical approach. 

4.7.4.3   Interseismic coupling  

Interseismic coupling varies from zero to one, where value one corresponds to perfectly locked 

fault and value zero represents the aseismically creeping zone with plate convergence rate. The 

MHT is locked from the surface to about 90km along dip and then experiences creeping at 

greater depth at an interseismic convergence rate of about 18 mm/yr (Fig.4.20). 

 

 

Figure 4.20: Coupling derived using inversion of geodetic data in Kumaun Garhwal Himalaya. 

The colour coding represents the degree of coupling. Topography elevation of 3.5 km is shown 

by sky blue colour contour line. A coupling of 1 implies that the fault is completely locked 

during the interseismic period, while a coupling of 0 corresponds to the creeping part of the 

fault. Note, the coupling value is ~1 in the frontal part of MHT and it decreases to ~0 in the 

Higher Himalaya suggesting that the frontal part of the MHT is perfectly locked and is 

aseismically creeping under the Higher Himalaya. 
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The coupling value is large (> 0.7) beneath the Lesser Himalaya indicating greater potential to 

generate major to great events in this zone. The strong coupling of plate interface beneath the 

Pauri to Kedarnath region (under site KHIR and BDKD) in Garhwal Himalaya and eastern most 

part of Kumaun Himalaya (under PTH2) has been observed. The presence of asperity within the 

plate interface can produced inhomogeneous distribution of coupling pattern which can be the 

potential location for the development of megathrust events.  

The spatial and temporal variation in coupling depends on the displacement rate, fault geometry 

and rheology of the lithosphere. Thus, to obtain a clear picture of plate coupling the results from 

many different sources need to be combined to give a model that describes how the Earth 

deforms. 

4.7.4.4   Sensitivity of Inversion approach 

The data contains the error and the model resolution matrix has been defined as 

                              𝑹 = 𝑮−𝒈𝑮                                                                                                 (4.22) 

where G-g is the generalized inverse of the Green’s function matrix G. The model resolution 

matrix R describes how well the predictions match with the data. When R=I, all the model 

parameters are perfectly resolved by the data. The real data contain error, therefore this 

uncertainty has been account by inclusion of data variance and covariance in the computational 

Green’s functions. 

The linear relation in equation 4.19 can be modified as 

                    𝑮𝑻𝑪𝒖
−𝟏𝒖 = 𝑮𝑻𝑪𝒖

−𝟏𝑮𝒔                                                                                          (4.23) 

 or                        𝒖𝒎 = 𝑮𝒎𝒔                                                                                                  (4.24) 

Where weighting matrix Cu
-1 is the inverse of the variance-covariance matrix and Gm is the 

modified Green’s function matrix. 

The term Sensitivity has been defined as follows 

                               𝑺 = 𝑮𝑻𝑪𝒖
−𝟏𝑮                                                      (4.25) 

Colour coding in sensitivity map (Fig.4.21) represents the sensitivity of derived results in terms 

of logarithmic value of diagonal element of the sensitivity parameter S. The positive value of 

sensitive represents that the derived fault parameters (such as slip rate) is well resolved and 

have comparatively better fit with the observed data value (surface displacement). The 

sensitivity value on logarithmic scale varies from -1.1 to 3.4 (i.e. 8.0×10-2 to 2.5×103) in 

Kumaun Garhwal Himalaya. The element containing precise estimate of site velocity and 
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having dense coverage of GPS measurements represents well resolved slip rate value. In the 

absence of site, the resolution of slip rate on that element of MHT is poor.   

 

 

Figure 4.21: Sensitivity of model parameter (slip rate) in terms of diagonal elements of inverse 

of data covariance matrix (site velocity) on logarithmic scale. 

 

4.7.5   Justification of results 

New GPS measurements at 17 continuous GPS sites, along with the available cGPS 

measurements (Gautam et al., 2016) and campaign mode measurements (Banerjee et al., 2008), 

have been analysed using GMIT/GLOBK software.  

The gradual increase in predominately southward site velocity from south to north in the Indian 

reference frame and the derived strain field (Fig.4.4 and Fig.4.5) represents interseismic 

deformation in the Kumaun Garhwal Himalaya. The estimated convergence rate (18 ±0.7 

mm/yr) using analytical and inversion approach is consistent with the reported geological slip 

rate (Lyon-Caen and Molnar 1985; Thakur, 2013). The close comparison of value of current 

shortening and long term slip rate suggests that inelastic deformation is insignificant in the 
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Kumaun Garhwal Himalaya and the process of strain accumulation and deformation occurs 

mainly on the MHT. 

 

 

Figure 4.22: Plate coupling in the Kumaun Garhwal Himalaya. The coupling ratio shown in 

left figure is taken from Stevens and Avouac, 2015 and the derived coupling ratio in present 

study is shown in right figure. Note the derived extend of pate interface having coupling ratio 

more than 0.5 is same in both the study.  

 

The derived locking depth and locking width of MHT have consistency with the earthquake 

hypocentres. The recent moderate earthquakes (1991 Uttarkashi earthquake Mw 6.8 and 1999 

Chamoli earthquake Mw 6.6) occurred on the down dip part of locked zone of MHT i.e. in the 

transition zone. Past major historic earthquake of 1803 occurred near Uttarkashi region, again in 

the transition zone of the MHT. The focal mechanisms of the moderate and strong earthquakes 

of the region suggest that the MHT is a gentle dipping fault and this view is consistent with the 

reported dip of MHT (Molnar, 1990; Avouac et al., 2015, Caldwell et al., 2013). The derived 

results (dip angle, slip rate, locking width and locking depth) in present study are consistent 

with the results by Banerjee and Bürgmann, (2002) and also are closer to the results by Ader et 

al., (2012) for the western Nepal. 

The derived coupling pattern in Kumaun Garhwal Himalaya (Fig.4.22) has similar but better 

resolved features as estimated in Nepal by Ader et al., (2012). The observed homogeneous 

coupling pattern along the strike direction of the MHT in Nepal Himalaya is due to the sparse 

distribution of continuous GPS sites in Nepal Himalaya. The distribution of continuous sites in 

Kumaun Garhwal Himalaya is densely distributed in comparison to the sites in Nepal. 
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4.7.6    Seismic hazard analysis in Kumaun Garhwal region 

In general, an area on the fault having large degree of coupling and high slip rate is considered 

to have more hazard potential. However, it is important to assess the time of last great 

earthquake in the region to know since when the strain accumulation is underway. The observed 

surface trace of currently active Main Frontal thrust can be assumed to be formed due to the 

past large events that ruptured the frontal part of the MHT. Such earthquakes have larger return 

period. The past major earthquake in Kumaun Garhwal Himalaya, which is assumed to have 

Mw > 8 and ruptured the MHT to the surface, is probably the 1344 earthquake (Kumar et al., 

2006; Mugnier et al., 2013; Rajendran et al., 2015, Schwanghart et al., 2016). The 1803 event 

(Mw ~7.8) was moderate to strong earthquake and the epicenter of the earthquake is estimated 

to be near Uttarkashi, as gleaned from the damage survey reports (Ambraseys and Douglas, 

2004). The 1991 Uttarkashi earthquake and 1999 Chamoli earthquake occurred in the transition 

zone of MHT and have ruptured a small area of downdip locked zone of MHT. No large 

earthquake has ruptured the MHT up to the surface since the instrumental era/period in Kumaun 

Garhwal Himalaya. The 1505 earthquake is considered to have occurred in western Nepal and 

is reported to be a great earthquake which has ruptured the frontal part of MHT. However, 

recent investigations related to sediment infill in the Pokhara valley of western Nepal Himalaya 

do not show evidence that 1505 earthquake caused heavy damage and triggered landslides 

(Schwanghart et al., 2016). Thus it may actually imply that 1505 was either not a great 

earthquake or it occurred in the Tibetan region. Further from paleoseismic investigations in the 

Kumaun region, Rajendran et al. (2015) indicated that the 1505 rupture probably did not extend 

in the Kumaun Garhwal region, although Kumar et al. (2006) and Jayangondaperumal et al. 

(2013) indicated that the 1505 rupture probably extended into the Kumaun region. The potential 

slip deficit on MHT can be estimated using the convergence rate of underthrusting India plate 

beneath the Eurasia accommodated in the Kumaun Garhwal Himalaya and knowledge of 

probable ruptured length, width and slip on MHT during the past major to great earthquakes.  

There are at least three scenarios for the earthquake potential in the Garhwal Kumaun region. 

(i) The slip deficit in the frontal part of MHT since 1344 can be estimated while 

assuming that the 1344 earthquakes ruptured the entire the frontal part of MHT in 

the Kumaun Garhwal Himalaya and further occurrence of moderate and strong 

earthquakes did not release the accumulated strain on the MHT. The accumulation 

of strain at present convergence rate (18 mm/yr) provides a slip deficit of ~12 m, 
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which corresponds to a megathrust earthquake of Mw 8.6 (Mo=10.8×1028 dyne-cm) 

while considering length of fault ~300 km and locking width of ~100 km using 

approach explained by Kanamori (1983). 

(ii) Even if it is assumed that the 1505 earthquake, which probably occurred in Tibetan 

region or in western Nepal, extended upto the Kumaun Garhwal region (Bilham, 

2004; Jackson, 2002; Ambrasey and Jackson, 2003) a slip deficit of ~9.2 m has to 

be in the store in terms of elastic strain energy (Mo=8.3×1028 dyne-cm) that can be 

released due to a future potential earthquake of Mw ~8.5.  

(iii) In view of uncertainty, if we assume that the 1803 earthquake had ruptured the 

surface in Kumaun Garhwal Himalaya, it gives a slip deficit of 3.8 m which 

corresponds to a future potential earthquake of seismic moment Mo ~4.5×1028 dyne-

cm and moment magnitude Mw ~8.4. 

In all possible cases of consideration of past major to great earthquake in Kumaun Garhwal 

Himalaya, a large amount of slip deficit (at least 3.8 m) on MHT can be estimated which is 

expected to be released during a future great earthquakes. The absence of inelastic deformation 

and strongly coupled frontal part of MHT in Kumaun Garhwal Himalaya further supports the 

occurrence of future great event in this region.  

4.8   Out-of-sequence thrusting  

Geological observations in the Himalaya and the occurrence of 2005 Kashmir earthquake 

suggest that crustal deformation in the Himalaya can also occur through out-of-sequence 

thrusting. In case of earthquakes on out-of-sequence thrust, the strain release, rather than solely 

occurring on the MHT, may occur on such faults which are splays to the MHT. At the same 

time the Himalaya thrust belt is considered to be complex subsurface structure and is segmented 

along strike (Avouac et al., 2015). Therefore, accumulation and release of strain accumulation 

at various fault system can occur on the out-of-sequence thrust faulting as well as on the 

transverse faults in the Himalaya.  

Out-of-sequence thrusting and transverse structures are present all along the Himalaya, however 

such incidence are very few and have small amplitude. As the GPS measurements in the 

Kashmir Himalaya are limited and are along a profile, testing of such possibility through 

modelling cannot be attempted. Although majority of the earthquakes in Kumaun Garhwal 

Himalaya appear to have occurred on the MHT, availability of GPS measurements through our 

dense network allows us to test such possibility in the Kumaun Garhwal Himalaya. It is difficult 
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to assess the role of transverse structures as the spatial heterogeneities in the coupling or slip 

distribution on the MHT can always be considered as equivalent to the strike slip motion on the 

transverse planes. In that way, several cases may be entertained and there will be non-

uniqueness in the solution. The current density of GPS observations does not warrant such an 

exercise and hence I do not attempt it.  

I have made an attempt to estimate the coupling at an arbitrary out-of-sequence thrust fault in 

Kumaun Garhwal Himalaya. In the previous case (Fig.4.20) I assumed that the entire MHT of 

width of ~100 km participated in the strain accumulation. In this case I assume that the deeper 

part of the MHT (with dip of 4°) is still involved in the strain accumulation but in the updip 

part, strain accumulation occurs on a steeper fault (with dip of 16°) which is a splay to the 

MHT, and it outcrops 40-50 km north of the MFT. Thus in this model the shallower part of the 

MHT remains inactive (Fig.4.23).  

 

 

Figure: 4.23.  A comparison of coupling in two cases. The left panel shows the case of out-of-

sequence thrusting while the right panel shows the strain accumulation on the entire MHT. 

Note the large discrepancy in the GPS rates at sites in the Outer Himalaya in the left panel. 

 

The average root mean square misfit between the observed and simulated surface displacement 

at site position increases to ~0.17 mm/yr as compared to the earlier case (~0.13 mm/year in 

Fig.4.20) in which entire MHT is involved in the strain accumulation. The increase in misfit is 

because of misfit at sites in the updip part of the MHT, in the Outer and southern Lesser 

Himalaya. Although, it may appear that the increase in misfit is moderate, but it may be noted 
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here that the observed motion at these sites in the Outer and Lesser Himalaya in Indian 

reference frame is in itself very low. Thus, although the increase appears to be nominal, it is 

actually very significant.  

The above simple exercise implies that the strain accumulation is occurring over the entire 

MHT under the Outer and Lesser Himalaya and out-of-sequence thrusting is not supported by 

the observations. Despite all this, I am of the view that stray events involving out-of-sequence 

thrusting may still occur in which the strain in the shallower part of the MHT may either be 

released through postseismic deformation as afterslip or through an earthquake involving only 

the shallower part of the MHT.  

4.9   Comparison of seismic hazard between Kashmir Himalaya and Kumaun Garhwal 

Himalaya 

After analyzing the data for strain accumulation from two distinct regions of the Himalayan arc, 

it is imperative to compare the seismic hazard between the two. Although it is not easy and 

straightforward, in the subsequent paragraphs I make an attempt. 

The width of locked zone and the plate convergence rate are the two important parameters 

which are necessary for characterization of seismic hazard of a region. Another important issue 

is to know since when the strain accumulation is underway. This would require the detailed 

knowledge of rupture characteristics of last great earthquake in the region, which are largely 

unknown.  

Slow slip rate in the Kashmir Himalaya implies that the recurrence interval of earthquakes 

could be longer. Larger width of the locked zone in the Kashmir Himalaya may imply that size 

of future earthquake could be large. But the major difference between the two regions is the 

distributed deformation and occurrence of major and strong magnitude earthquakes in the 

Kashmir Himalaya. This may imply that despite the larger locking width, seismic hazard in the 

Kashmir region may not be as high as that in Garhwal Kumaun region. However, if the 

magnitudes of the numerous historical earthquakes in Kashmir Himalaya (Schiffman et al., 

2013) are overestimated then seismic hazard could be higher in the Kashmir Himalaya. 

However, it is certain that there is scarcity of historical earthquakes in the Garhwal Kumaun 

region and I have much more reliable GPS measurements across the region. Thus the reliability 

of our assessment is higher in the Garhwal Kumaun region. It is possible that the past 

earthquakes in (such as 1803 earthquake, 1991 Uttarkashi earthquake and 1999 Chamoli 

earthquake) in Kumaun Garhwal might have further enhanced the strain energy in the region  

(Mencin et al., 2016).  
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4.10   Summary 

Predominant shortening in the Kashmir Himalaya and Kumaun Garhwal Himalaya is very 

consistent with long term geological features indicating that the GPS velocity field reflects 

processes responsible for the recent geological evolution of the region. GPS measurements in 

the Kashmir Himalaya suggest an oblique convergence between the India Plate and Eurasia 

Plate. The frontal part of MHT is locked and accumulating the strain energy with an oblique 

slip of 13.6±1 mm/yr with an azimuth of N198°E. The P-axes derived from the focal 

mechanisms of earthquakes in the frontal Himalayan arc also support oblique motion in the 

region. The seismic hazard is estimated to be high in Kashmir Himalaya. GPS measurements in 

the Kumaun Garhwal Himalaya suggest a predominantly fault normal motion between the India 

and Southern Tibet.  The estimated convergence rate is 18.0±0.7 mm/yr with an azimuth of 

N213°E and the width of locking part of frontal MHT is ~100 km. The estimated depth of 

locked MHT is 14.0±1.4 km. Strong coupling in the frontal part of MHT (~90 km) has been 

estimated in the Kumaun Garhwal Himalaya suggesting large amount of slip deficit on the 

MHT. The estimated seismic hazard in the Kumaun Garhwal Himalaya based on the estimated 

convergence rate suggests that this region has a high potential for future megathrust event of 

Mw ~8. 
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5.1      Introduction 

Plate motion and strain accumulation process are generally considered as linear, at least on 

short time scales. However, in actual, motion at a GPS site may not be linear and may show 

variations in the estimate of position components. These variations are temporal and can appear 

due to tectonic and non-tectonic processes or both. Tectonic processes are related to the active 

crustal deformations of the plate and can be periodic (e.g., episodic tremor and slip events in 

subduction zones) and non-periodic (e.g., slow slip events) in nature. Non-tectonic processes 

may also be periodic and non-periodic in nature. The periodic variations in the non-tectonic 

processes, called seasonal variations, appear due to tropospheric changes, surface mass 

variations, ionospheric changes, pole tidal loading, ocean tidal loading, non-tidal oceanic 

loading and atmospheric pressure loading (Dong et al., 2002).  These variations can influence 

short term crustal motion at sites. Therefore a detailed study is required to understand the 

temporal variations. The non-periodic non-tectonic processes could be because of other surface 

processes, e.g., landslides.  

The derived GPS site coordinates in Kashmir Himalaya and Kumaun Garhwal Himalaya show 

conspicuous seasonal variations in addition to interseismic secular movements. The tectonic 

component of GPS measurements in both regions have been discussed in the previous chapter. 

The non-tectonic component of GPS measurements in NW Himalaya shows a large scale 

seasonal variation in all the displacement components (North, East, and Vertical) with varying 

amplitude and phase. Such non-tectonic perturbation in the NW Himalaya shows similar 

characteristics as observed in the Nepal Himalaya, that have been discussed by several authors 

(Bettenili et al., 2008; Flouzat et al., 2009; Fu and Freymueller, 2012; Chanard et al., 2014). 

Flouzat et al., (2009) using baseline approach and different processing strategy, reported that 

the secular shortening across Himalaya is modulated by transient deformation and these 

seasonal variations are real. Bettinelli et al. (2008) concluded that the hydrospheric mass 

variations causes direct influence over the lithospheric deformation and can produce stress 

perturbations that modulate the activity on seismogenic faults. 
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In this chapter, I have characterized the seasonal variations and have explored possible sources 

of these variations in the Northwest Himalaya. The relationship of seasonal variations in 

displacement component with seasonal variation in different sources for the cause of seasonal 

variation in Northwest Himalaya has been discussed. Further, I have investigated whether water 

mass variation, atmospheric pressure variation and non-tidal oceanic loading in Northwest 

Himalaya can provide a sufficient surface load to produce measurable elastic deformation of the 

solid Earth to account for the variations seen in the GPS time series. 

5.2      Characteristics of seasonal variation   

Detrended GPS time series at sites in Kashmir Himalaya and Kumaun-Garhwal Himalaya 

confirms the existence of seasonal variations in all the displacement components. In chapter 4 

(Table 4.3) the observed seasonal variations have been decomposed in the annual and semi-

annual periodic components. The residual of displacement components between the GPS 

derived seasonal variation in displacement components and estimated annual and semi-annual 

displacement components are negligible, suggesting that seasonal variations in the NW 

Himalaya are periodic having annual and semi-annual periods. The annual component of 

seasonal variation is large as compared to the semi-annual seasonal variation in the vertical and 

north components of surface deformation. All the GPS sites in the Northwest Himalaya have 

about similar characteristics of surface deformation, however, their magnitude and phase differ 

at a few sites. 

Seasonal variation is large in vertical component of displacement as compared to the horizontal 

components. The prominent downward motion/subsidence in vertical component has been 

observed during the monsoon/summer season (July-September) and uplift during the winter 

period (December-February). The amplitude of seasonal variation in vertical displacement 

component is large at sites in Gangetic Plains/Outer Himalaya and it decreases towards the 

north (i.e. Higher Himalaya).  

Seasonal variation in horizontal surface deformation is generally large in the north component 

as compared to the east component. At most of the sites, seasonal variation in north component 

represents a southward displacement during the summer season and northward displacement 

during winter season. The southward motion during summer season causes a reduced northward 

site motion, ITRF08. Seasonal variation in the east component is small as compared to seasonal 

variation in north and vertical surface displacement. Generally, the variation in east component 
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has similar amplitude of annual and semi-annual periodic variation and at some sites because of 

lower amplitude than the accuracy of the measurements, it shows random behaviour with 

season. The annual component of seasonal variation in east component at the sites situated in 

Higher Himalaya (such as DHAR, MALA, KARG, etc.) dominates and is large as compared to 

sites in Lesser/Outer Himalaya (such as WIHD, KOTA, AGAR, KHIR, etc.).  

5.3      Possible causes of seasonal variation 

Seasonal variations in surface deformation consist of largely annual periodicity which appears 

to show more systematic behaviour with the seasonal variations in the climate in NW Himalaya. 

The climatic/atmospheric and ionospheric conditions may be assumed to be largely similar in 

temporal and spatial domain along the Himalayan arc. Thus, the non-linear periodic variations 

in position estimate in the Northwest Himalaya can be considered to be real as reported in the 

Nepal Himalaya by several authors (Bettenili et al., 2008; Flouzat et al., 2009; Fu and 

Freymueller, 2012; Chanard et al., 2014). 

The variation in vertical component of non-tectonic deformation at the sites in plate boundary 

region between India and South Tibet, and on the Indian Shield have about similar variation 

with season, while, the variation in horizontal surface deformation shows distinct characteristics 

depending on the spatial and temporal changes. The variation in the north component is largely 

annual and large as compared to that in the east component.  

Variations in the estimate of latitudinal position (the north component) at site Ghuttu (GUTU) 

in Lesser Himalaya has been correlated with different meteorological parameters (i.e. 

atmospheric pressure, precipitation), subsurface water table and continental water mass 

variation derived by Gravity Recovery and Climate Experiment (GRACE). The rainfall, water 

table in a 68 m deep well and atmospheric pressure are nicely correlated with each other 

(Choubey et al., 2009; Kamra et al., 2013). The peaks in water table and rainfall coincide with 

low pressure which is quite logical too. However, the peaks in the rainfall or water table do not 

exactly coincide with the lows or highs of the displacement time series (Fig.5.1). A cross-

correlation of ~0.8 between the smoothed displacement and rainfall time series has been 

estimated. The low displacement occurs ~2 months after the high rainfall in the region. High 

rainfall occurs during July–August, whereas the lowest displacement occurs during September–

October. Thus, there is no direct relation between the two. However, the peak water storage in 

the Ganga plains, derived from GRACE data (Bettinelli et al., 2008), correlates well with the 
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low in displacement. Similar correlation has been seen in the GPS time series from Nepal as 

well (Bettinelli et al., 2008). The peak in the water storage in the Ganga plains occurs after 

about 2 months of the onset of monsoon season. Bettinelli et al. (2008) hypothesised that the 

annual cycle of water storage in the Ganga plains causes southward movement in the 

Himalayan region during the summer period and northward movement during the winter period. 

They explained it by the analogy of the flexure of the beam when subjected to the load at its 

centre. During the loading (water storage), the beam flexes downward and the right side of the 

beam (Himalayan region) moves towards south, while during unloading (winter period), it 

moves towards north. The higher northward movement during winter also causes relatively 

higher low-magnitude seismicity (Bettinelli et al., 2008). 

 

Figure 5.1: Seasonal variation in the north coordinate at Ghuttu, GUTU, (black dots) with 

rainfall (blue), water table (red),atmospheric pressure (green) at GUTU site and GRACE data 

(monthly average) from adjoining Ganga plains. For clarity in viewing, the error bars in the 

coordinate variation has not been shown. 

It appears that after the monsoon period (September–October) the site experiences additional 

northward movement against the average trend which reaches at its peak during the end of 

winter and starting of summer (April–May). Afterwards, in the similar manner, the site 

experiences slight southward movement (Fig.5.1). Thus, during summer, southward movement 

produces reduction in contraction in the Himalaya, while in the winter the northward movement 

produces additional contraction (Flouzat et al., 2009). Similar variations have been seen in the 

GPS time series from the Nepal Himalaya (Bettinelli et al., 2008). Flouzat et al., (2009) argued 

that such variations are real and are not an artefact of the GPS data processing related to 

troposphere modelling and also not due to reference frame which is defined by considering the 

fiducial sites in the processing. They also argued that seasonal variations are clearly seen in the 

horizontal component rather than in the vertical, because of relatively larger error in vertical.  
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Previous studies of non-tectonic deformation in the Himalaya suggest (Bettenili et al., 2008; 

Flouzat et al., 2009; Fu and Freymueller, 2012; Chanard et al., 2014) that several processes such 

as continental water variations (van Dam et al., 2001), atmospheric pressure changes, snow 

accumulation, soil moisture changes, ocean tidal loading, non-tidal ocean loading etc. can cause 

seasonal variation in GPS time series and are described below. 

i. Ocean tidal loading- The Ocean mass re-distribution due to solar and lunar 

gravitational tidal forces causes the crustal deformation and known as ocean tidal 

loading (Letellier, 2004).  

ii. Atmospheric pressure loading- The atmospheric mass in troposphere and stratosphere 

acts like an external force and it deforms the surface of the earth. The seasonal variation 

due to atmospheric mass changes can be caused by the variation in the atmospheric 

pressure loading (Darwin 1882, van Dam and Whar, 1987).  

iii. Non-tidal oceanic loading:-The variation of the atmospheric pressure causes ocean 

mass redistribution and changes the sea level and thus changes the ocean bottom 

pressure (Dobslaw et al., 2013). The crustal deformation caused by the ocean bottom 

pressure changes, sea wind, and thermo-exchange between ocean and atmosphere is 

known as non-tidal ocean loading.   

iv. Surface water loading- Surface mass variations from various geophysical processes, 

such as erosion, precipitation, snow load etc., causes several distinct geodetic signatures 

and these signatures can appear in the displacement component of GPS time series 

(Bettinelli et al., 2008; Fu et al., 2012; Chanard et al., 2014).   

5.4      Surface deformation due to variation in hydrospheric loads 

The NW Himalaya is far from the ocean, thus the surface deformation due to the ocean tidal 

loading have less influence on GPS time series. Moreover, the GPS data processing using 

GAMIT-GLOBK software, where the contribution from the ocean tidal load is taken care while 

using ocean tide model FES2004 (Letellier, 2004). Thus the GPS derived seasonal variation in 

surface deformation at sites must have contributions from the variation in hydrological load, 

atmospheric pressure load and non-tidal ocean load. The surface deformation at each site due to 

variation in these loads has been extracted from the global models and is explained below. 
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5.4.1    Atmospheric Loading (ATML) 

The horizontal changes in the atmospheric mass are governed by the pressure loading at the 

surface and the gravitational attraction of the atmospheric masses. These variations in the 

horizontal distribution of atmospheric masses induce deformations within the earth (van Dam 

and Wahr, 1987). The surface deformation due to the atmospheric loading is calculated from the 

convolution of Farrell’s (1972) elastic green functions with global surface pressure data. Past 

studies (van Dam and Wahr, 1987, Manabe et al., 1991) suggested that atmospheric pressure 

loading can cause peak radial displacements of the Earth surface as large as 10 to 25 mm with 

associated horizontal displacements of one-third to one-tenth this magnitude and the temporal 

variations of these modeled surface displacements are dominated by periods of approximately 

two weeks.    

The surface displacements are calculated using an Earth model in which the oceans respond as a 

modified inverted barometer (IB) to atmospheric pressure loading. The inverted barometer 

response is defined as for every millibar increase in pressure the ocean surface compensates by 

depressing a centimeter. Such an IB assumption (Wunsch and Stammer, 1997) is probably valid 

for low frequency variations (period more than one day). For high-frequency variations, the 

ocean's fluid dynamics might be taken into account.  

I have extracted the surface displacement at each site location from the global solution provided 

by Global Geophysical Fluid Center (GGFC) computed in the centre of Earth’s figure frame 

(http://geophy.uni.lu/ggfc-atmosphere/ncep-loading.html). The GGFC provides 6-hourly, global 

surface displacements at 2.5°×2.5° derived from the NCEP (National Center for Environmental 

Protection) reanalysis of surface pressure (van Dam and Wahr, 1987; van Dam, 2010). 

5.4.2    Non-Tidal Ocean Loading (NTOL) 

The Earth’s surface deforms due to the non-tidal ocean loading which appears due to ocean 

mass redistribution causing atmospheric pressure change (Dobslaw et al., 2013). The surface 

displacement at each site has been extracted from the global solution provided by the 

GeoForschingZentrum (GFZ) at regular grid 0.5° × 0.5° using Ocean Model for Circulation and 

Tides (OMCT) model (ftp://ig2-dmz.gfz-potsdam.de/LOADING/NTOL/).  

 

 

http://geophy.uni.lu/ggfc-atmosphere/ncep-loading.html
ftp://ig2-dmz.gfz-potsdam.de/LOADING/NTOL/
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5.4.3    Hydrological Loading (HYDL) 

The Earth’s external gravity field changes as a result of direct gravitational attraction of the 

moving mass and indirect effect of mass redistribution inside the Earth due to surface load 

induced deformation. The surface mass variation can be studied with the help of the Gravity 

Recovery and Climate Experiment (GRACE) data. The satellite mission, GRACE, has provided 

global surface fluid mass transport for more than a decade. Several authors (Bettinelli et al., 

2008; Fu and Freymueller et al., 2012; Chanard et al., 2014) have reported that the seasonal 

variation in the Himalaya is mainly due to seasonal variation in surface water load.  

I have used the data and program provided by the GFZ (ftp://ig2-dmz.gfz-potsdam.de/ 

LOADING/HYDL) for the estimation of surface displacement at the stations due to the 

hydrological load, The hydrological (mass) load is taken from the hydrological model LSDM 

(Hydrological Land Surface Discharge Model) which include soil moisture, snow and surface 

water mass in rivers and lakes on a regular grid 0.5°×0.5° with daily time step (Dill, 2008; Dill 

and Dobslaw, 2013). Hydrological induced elastic surface deformations are calculated by 

convolving Farrell's loading Green's function with modeled hydrological mass distributions 

from the global hydrological model LSDM. I have used the elastic surface deformations (radial, 

horizontal, and gravity) computed in the centre of Earth’s figure frame (cF) on the basis of load 

love numbers given for the elastic Earth model “ak135”. 

5.5       Results 

5.5.1    Seasonal variations in Kashmir Himalaya 

The detrended position component at site in Kashmir Himalaya represents seasonal variation in 

position estimate. The surface deformation due to seasonal changes in Hydrological loading, 

atmospheric pressure loading and non-tidal ocean loading in Kashmir Himalaya have been 

shown at continuous GPS sites Rajauri (RAUJ, Fig.5.2), Srinagar (CONV, Fig.5.3), and Kargil 

(KARG, Fig.5.4). The surface deformation due to non-tidal oceanic loading is very small (<0.3 

mm). The seasonal variation due to hydrological loading is large as compared to seasonal 

variation due to atmospheric pressure loading and non-tidal ocean loading. The vertical 

component of surface deformation is large as compared to horizontal surface deformation due 

to all three kind of loading. 

  

ftp://ig2-dmz.gfz-potsdam.de/ LOADING/HYDL
ftp://ig2-dmz.gfz-potsdam.de/ LOADING/HYDL
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Figure 5.2: Seasonal variation at Rajauri (RAUJ) site of Kashmir Himalaya. The grey colour 

dots and bar represents the observed seasonal variation and associate error in estimate. The 

pink color dots correspond to seasonal variation due to non-tidal ocean loading (NTOL) at site 

location. The green colour dots are the displacement at site due to variation in atmospheric 

pressure loading (ATML). The elastic surface deformation due to hydrological loading (HYDL) 

at site location is shown by blue colour circle. The red circle represents the combined seasonal 

variation (NTOL+ATML+HYDL) at site location due the variation in non-tidal ocean load, 

atmospheric pressure load and hydrological load. The gravity change (Δg) due to variation in 

mass is shown by violet circle.  



  Chapter 5 

151 
 

 

Figure 5.3: Seasonal variation at Srinagar site (CONV) of Kashmir Himalaya. The different 

colour represents the seasonal variation due to various sources, are same as explained in 

Fig.5.2. Note more systematic seasonal variation in north components as compared to east and 

up component and calculated seasonal variation has a phase lag with observed seasonal 

variation in all component of displacement.  
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Figure 5.4: Seasonal variation at Kargil (KARG) site situated in Higher Himalaya. The 

different colour represents the seasonal variation due to various sources, are same as explained 

in Fig.5.2. Note, the north and up component of calculated seasonal variation shows some 

phase delay while the east component is in phase with observed seasonal variation. 
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The observed seasonal variation in vertical displacement is large at site KARG (~12 mm) and 

decreases southward at site RAUJ (~4 mm). Also, the vertical displacement is large at site 

KARG due to hydrological loading (~6 mm) and atmospheric loading (~4 mm). The north 

component of observed seasonal variation varies from 5-7 mm and is large at site CONV (~7 

mm). The calculated seasonal variation in north displacement component varies from 3-4 mm 

due to hydrological loading. The east component of observed seasonal variation varies from 2-3 

mm and its calculated vale is ~1-2 mm due to hydrological loading. 

The combined surface deformation due to all three kind of loading is consistent with the GPS 

derived seasonal variation in the displacement components. The observed seasonal variation in 

vertical component (varies from 4 to 12 mm) is large and consistent with the vertical surface 

deformation (varies from 2 to 8 mm) derived by the combined load. Also, the north component 

of seasonal variation (~3 to 4 mm) derived by combination of various loads is larger than east 

components of horizontal surface deformation and this result is consistent with observed 

seasonal variation in horizontal component (~2 to 7 mm) of displacement. The gravity change 

(Δg) value varies from 0.7 to 1.1 micro (𝜇)-gal and as expected, it is in opposite phase with the 

vertical displacement.      

5.5.2 Seasonal variations in Kumaun Garhwal Himalaya 

The seasonal variations in surface deformation are seen in the GPS measurements in Kumaun-

Garhwal Himalaya (Fig.5.5 to Fig.5.16). Relatively larger seasonal variations have been 

observed in vertical component of displacement (~13 mm).The variation in vertical component 

of displacement generally decreases from sub-Himalaya (~10-15 mm) to Higher Himalaya (~6-

8 mm). The seasonal variation in the north displacement component (which varies from 2-6 

mm) is large as compared to seasonal variation in the east displacement component (varies from 

1-4 mm). The relatively larger seasonal variations in vertical and east component at site KUNR 

(Fig.5.10) as compared to the nearby sites has been explained in Chapter 6 and have been 

ascribed to the reservoir loading effect.  

The surface displacement due to hydrological loading, atmospheric pressure loading and non-

tidal ocean loading suggest that hydrological loading causes relatively more surface 

deformation. The vertical component of surface displacement due to hydrological loading is 

large (~10-12 mm) in sub-Himalaya and comparatively small in Higher Himalaya (~6-8 mm). 

The seasonal variation in north displacement component is ~4-5 mm and in case of east 
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displacement component, it is ~2-3 mm. The vertical surface displacement varies from ~5-7 

mm and horizontal surface displacement is less than 1.5 mm due to atmospheric pressure 

loading. In case of non-tidal ocean load the surface deformation is very small and it is <1 mm in 

vertical surface deformation and <0.3 mm in horizontal surface displacement. 

The seasonal variation in vertical displacement component due to all three loads 

(HYDL+ATML+NTOL) varies from ~7-12 mm and is consistent with the observed seasonal 

variation. The north component of displacement due to all three loads varies seasonally from   

2-5 mm and east component of displacement varies seasonally from 2-3 mm. The horizontal 

surface deformation due to all three loads is generally consistent with the GPS derived seasonal 

variation at sites in Kumaun-Garhwal Himalaya. The seasonal variation in mass change in sub-

Himalaya is large and decreases towards north i.e. Higher Himalaya. The gravity change (Δg) 

varies from 0.9-1.4 micro (𝜇)-gal and its phase has inverse relation with the observed vertical 

surface deformation. 

In the Kumaun Garhwal Himalaya region the influence of winter load, along with the stronger 

summer load, can be seen in the simulated up component which is consistent with the up 

component of the GPS time series. However, the biannual nature of load is not reflected in the 

simulated horizontal displacement components. Amplitude of simulated horizontal components 

is consistent with the observed variations in the horizontal components of the GPS time series, 

however the two are not always in phase in all components at all sites, e.g., at WIHD (Fig.5.5), 

KOTA (Fig.5.8), and KHIR (Fig.5.9), MALA (Fig.5.15), and DHAR (Fig.5.16) north 

component is not in phase but at sites, e.g., at AGAR (Fig.5.6), BDKD (Fig.5.7), GUTU 

(Fig.5.11), PITH (Fig.5.12), SUNR (Fig.5.13), and RATH (Fig.5.14) the two are in phase. 

Similarly, the east components at GUTU and KHIR are not in phase but at MALA, SUNR, 

RATH, BDKD, AGAR, KOTA, and DHAR they are in phase. It probably reflects the local 

variability in load near each site which is not adequately incorporated in the global model of 

atmospheric and hydrological loading. 



  Chapter 5 

155 
 

 

Figure 5.5: Seasonal variation at Dehradun (WIHD) site in Kumaun Garhwal Himalaya. The 

different colour represents the seasonal variation due to various sources, are same as explained 

in Fig.5.2. Note the vertical seasonal component is well modelled with respect to phase and 

amplitude as compared to the north and east components using the various load (NTOL, ATML, 

and HYDL).  
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Figure 5.6: Seasonal variation at Agrakhal (AGAR) site situate in Lesser Himalayan zone of 

Kumaun-Garhwal Himalaya. The different colour represents the seasonal variation due to 

various sources, are same as explained in Fig.5.2. Note, the calculated seasonal component 

have about similar amplitude having some phase shift in north and east components and similar 

phase in vertical component as compared to observed seasonal variations. 
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Figure 5.7: Seasonal variation at Budhakedar (BDKD) site situated in Lesser Himalayan zone 

of Kumaun-Garhwal Himalaya. The different colour represents the seasonal variation due to 

various sources, are same as explained in Fig.5.2. Note, the calculated seasonal variation due 

to load variation (NTOL+ATML+HYDL) have similar amplitude and phase with observed 

seasonal variation for all three component.   
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Figure 5.8: Seasonal variation at Kotachami (KOTA) site situated in Lesser Himalaya. The 

different colour represents the seasonal variation due to various sources 

(NTOL+ATML+HYDL), are same as explained in Fig.5.2. Note, the calculated north and east 

component have similar amplitude with some phase shift as compared to observed seasonal 

variation. The calculated vertical component has similar amplitude and phase with observed 

vertical displacement.   
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Figure 5.9: Seasonal variation at Khirsu (KHIR) site situated in Lesser Himalaya. The different 

colour represents the seasonal variation due to various sources, are same as explained in 

Fig.5.2. The amplitude of calculated north and east component of seasonal variation is 

consistent with observed seasonal variation. The calculated vertical component has similar 

phase and amplitude with observed seasonal components.   
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Figure 5.10: Seasonal variation at Kunair (KUNR) site situated in Lesser Himalaya. The 

different colour represents the seasonal variation due to various sources, are same as explained 

in Fig.5.2. Note the east and vertical component of surface displacement consist large 

amplitude of biannual seasonal variation as compare to smooth seasonal variation in the case 

of calculated displacement component using hydrospheric loads.  
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Figure 5.11: Seasonal variation at Ghuttu (GUTU) site situated in Lesser Himalaya. The 

different colour represents the seasonal variation due to various sources, are same as explained 

in Fig.5.2. Note, the calculated north and vertical components has similar amplitude and phase 

with GPS derived seasonal variation.    
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Figure 5.12: Seasonal variation at Pithoragarh (PITH) situated in Kumaun region. The 

different colour represents the seasonal variation due to various sources, are same as explained 

in Fig.5.2. The amplitude and phase of calculated displacement is consistent with the observed 

seasonal variation.  
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Figure 5.13: Seasonal variation at Sunara (SUNR) site situated in Lesser Himalaya of Garhwal 

region. The different colour represents the seasonal variation due to various sources, are same 

as explained in Fig.5.2. Note the estimated seasonal variation is similar amplitude and phase 

with the GPS derived seasonal variation at the site. 
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Figure 5.14: Seasonal variation at Raithal (RATH) site situated in the northernmost Lesser 

Himalaya in Garhwal region. The different colour represents the seasonal variation due to 

various sources, are same as explained in Fig.5.2. Note, the calculated seasonal variation is 

similar amplitude and phase as compared to GPS derived seasonal variation. 
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Figure 5.15: Seasonal variation at Malari (MALA) site situated in the Higher Himalaya. The 

different colour represents the seasonal variation due to various sources, are same as explained 

in Fig.5.2. Note, amplitude of calculated seasonal variation for all displacement components 

are similar to GPS derived seasonal variations and comparatively larger phase delay has been 

observed in north displacement component. 

 



  Chapter 5 

166 
 

 

Figure 5.16: Seasonal variation at Dharali (DHAR) site situated in the Higher Himalaya. The 

different colour represents the seasonal variation due to various sources, are same as explained 

in Fig.5.2. Note, amplitude of calculated seasonal variation for all displacement components 

are similar to observed seasonal variations and a phase delay can be observed in north 

displacement component. 
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5.5.3 Seasonal variations in Gangetic Plains, Southern India and South China 

Seasonal variations due to hydrospheric, atmospheric and non-tidal loads and variations in the 

GPS measurements at sites located in southern China (LHAZ), Indo-Gangetic plains (LCKI, 

BHUP and JBPR) and southern India (IISC), along with sites in the Himalaya (Fig.5.17) have 

also been analysed for the visualization of the spatial variation in surface displacement due to 

the atmospheric, hydrological and non-tidal ocean loads. 

 

Figure 5.17: Location of continuous GPS sites are shown where the seasonal variation in 

surface displacement have been analysed.   

In southern China (at LHAZ) the load due to summer monsoon is very regular and short lived 

(Fig.5.18). Nevertheless it produces large variations in the load simulated north and up 

components of displacements and they are consistent with the observed variations in the GPS 

time series. However, the simulated variations in the east component are too smooth and annual 
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whereas the observed variations in the east component of GPS time series appear to be biannual 

and larger than that of the simulated variations (Fig.5.18). 

Sites in the Indo-Gangetic plains (BHUP, LCKI and JBPL, Fig.5.19-Fig 5.21) experience large 

variations in the load, primarily because of heavy precipitation and recharge of aquifers of the 

plains. The influence of this load is prominently reflected in the simulated vertical components 

of the displacement and is consistent with the observed variation in the up component of the 

GPS time series. The corresponding horizontal components of simulated displacement are 

generally consistent with that observed in GPS time series.  

At the GPS site IISC, in south India (Fig.5.22), the load and its influence is minimal. Here the 

north component of simulated displacement, which is consistent with the GPS time series, is in 

phase with the load, as opposed to the sites in the Indo-Gangetic plains and Himalayan region 

where the two are opposite in phase. This shows that the load on the Indian subcontinent is 

largely concentrated in the Indo-Gangetic plains and frontal Himalaya, and hence the increase 

in load in these regions causes GPS sites to the south of the plains to move northward whereas 

those in the north move southward (Bettinelli et al., 2008). 

Seasonal variations represent, strong spatial variations in the load (in terms of change in gravity, 

Δg, μgal) from north to south due to precipitation, snow accumulation and loading and 

unloading of Ganga River. Contribution of the winter load is small in southern China (LHAZ) 

and southern India (IISC). Snow fall in the winter contributes to Δg in the Higher Himalaya, 

whereas the precipitation during the same period contributes to Δg in the Indo-Gangetic plains. 

5.5.4 Inference from seasonal variations in NW Himalaya and Gangetic Plain 

The observed seasonal variations in the GPS time series are the elastic response of the 

hydrospheric loads such as hydrological loading, atmospheric pressure loading and non-tidal 

oceanic loading. Seasonal variations at sites in Himalaya and Indo-Gangetic Plains are mainly 

controlled by the precipitation, snow loading and aquifer recharging by the Ganga River. 

Vertical component of displacement due to these surface loads are well captured by the GPS 

measurements. The horizontal components are depends on the spatial distribution of surface 

loads around the site in local as well as regional scales and the calculated horizontal 

displacement are representing some mismatch with the observed horizontal displacement in 

lack of resolution of hydrological surface loads (0.5° × 0.5°). 
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Figure 5.18: Seasonal variations in the north, east and up components of GPS time series at 

LHAZ (black dots) situated in South China. The different colour represents the seasonal 

variation due to various sources, are same as explained in Fig.5.2. 
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Figure 5.19: Seasonal variation at Varanasi (BHUP) site situated in Gangetic Plain. The 

different colour represents the seasonal variation due to various sources, are same as explained 

in Fig.5.2. Note the larger amount seasonal in vertical component of displacement as compared 

to sites in Himalaya. 
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Fig.5.20: Seasonal variation at Lucknow (LCKI) site situated in Gangetic Plains. The different 

colour represents the seasonal variation due to various sources, are same as explained in 

Fig.5.2. Note the larger amount seasonal in vertical component of displacement and gravity 

change as compared to sites in Himalaya. 
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Fig.5.21: Seasonal variation at Jabalpur (JBPR) site situated in Lesser Himalaya. The different 

colour represents the seasonal variation due to various sources, are same as explained in 

Fig.5.2. Note the larger amount seasonal in vertical component of displacement and gravity 

change as compared to sites in Himalaya. 
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Fig.5.22: Seasonal variation at Bangalore (IISC) site situated in Lesser Himalaya. The 

different colour represents the seasonal variation due to various sources, are same as explained 

in Fig.5.2. Note the North component of displacement is in opposite phase that observed in the 

sites situated in Indo-Gangetic plains and Himalaya.  
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5.5.5    No evidence of slow slip earthquakes in Northwest Himalaya based on continuous 

GPS measurements 

The amplitude of seasonal variation in surface displacement due to the hydrological loading and 

atmospheric pressure loading is consistent with the amplitude of observed seasonal variation in 

displacement components and thus, there is no additional remaining motion which could favor 

the presence of slow events in the Northwest Himalaya. Also, the evidence of slow events in the 

Himalaya has not been reported in past studies so far using the seismic waveform analysis or 

even GPS measurements in the Nepal Himalayan region. Thus, it appears that slow slip 

earthquakes are not present in the Northwest Himalaya in the time frame of GPS measurements 

analysed in this thesis.  

5.6      Summary 

Strong seasonal variations have been observed in the GPS time series in the Northwest 

Himalaya. Seasonal variations in surface displacement exhibit annual and semi-annual 

periodicity and are larger in vertical component of surface displacement. The north 

displacement component has more seasonal variation as compared to seasonal variation in the 

east displacement component. The hydrological loading (continental water storage, ice and 

snow accumulation) causes more seasonal variation in surface deformation as compared to the 

other loading such as atmospheric pressure loading and non-tidal ocean loading. The surface 

deformation due to non-tidal oceanic loading is very small.  The amplitude of the seasonal 

variations in the GPS time series is consistent with that calculated from the loads, however, at a 

few sites there is some phase shift between the two due to small (0.5° × 0.5°) resolution of 

hydrological load. The consistency between the amplitude of seasonal variation and the 

combined load induced variation suggests that either there are no slow slip events in the 

Himalayan region or their contribution is very small.  
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6.1       Introduction 

The Himalaya is a rapid deforming zone with varying climate, rainfall, snow, altitude and soil. 

Three major rivers (Ganga, Brahmaputra and Indus) and several of their tributaries originate 

from the Himalaya. There is a large amount of mass change with season which causes the sites 

in northern Himalaya to move southward during the summer period. The larger river flow cuts 

the base of terrains and develops the sloppy terrains. The weathered and steep slope terrains 

have tendency to slip down due to gravitational force. The sudden downward slip movement of 

rock debris is known as landslide. Landslide is common in Himalaya which is neotectonically 

active zone and a major earthquake can, further, cause slope failures, including rock, debris, 

soils and snow/ice. The mass movements (landsliding) could be further aggravated by human 

activities like constructions of roads, buildings, reservoir impoundments for hydroelectricity 

generation, structures and infra-structure facilities such as mining, quarrying, deforestation and 

logging; blasting; disturbances in natural drainage and slope conditions etc. It affects 

habitations, communication routes and civil projects in Himalayas and causes the loss of 

thousands of billions of rupees besides innumerable losses of human lives. 

Human activities, such as mining, fluid injection and extraction, reservoir impoundment, waste 

disposal, etc. may alter physical conditions (Simpson, 1986) thereby changing the stress state 

and hydrological conditions in the surrounding medium. Reservoir impoundments for 

hydroelectricity generation, due to their large size and associated water load, may cause 

measurable deformation and are considered to have triggered strong earthquakes. Although 

there are several cases where impoundment of reservoirs has been considered to have triggered 

earthquakes (Gupta, 1992), by deforming the underlying material and thereby modifying the 

ambient stresses, the link between the two has always been conjectural. Direct measurements of 

the influence of reservoir impoundment (e.g., deformation and pore pressure) are very few. 

Kaufmann and Amelung (2000) reported the subsidence caused by the impoundment of Lake 

Mead reservoir, based on levelling observations which were undertaken before the 

impoundment in 1935 and then after the impoundment in 1941, 1950 and 1963. This was 

further taken up by Cavalié et al., (2007) who used Interferometric Synthetic Aperture Radar 

(InSAR) to quantify the deformation during 1992-2002 at Lake Mead reservoir, used the same 
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viscoelastic model as used by Kaufmann and Amelung (2000), and confirmed that viscoelastic 

relaxation contributed to the time-dependent deformation caused by the reservoir impoundment. 

They further confirmed that Wang (2000a) predicted the land level changes due to 

impoundment of the ~600 km long Three Gorges reservoir. Wang et al. (2011) used InSAR to 

analyse the dam deformation caused by the Three Gorges reservoir impoundment. Wahr et al., 

(2013) analysed GPS measurements at sites close to Lake Shasta in California to confirm the 

2007-2010 drought related deformation.  

Therefore, other than tectonic processes, land deformation and movement can occur due to non-

tectonic processes, which in turn may either influence the tectonic processes and/or may get 

influenced by them. In this chapter I discuss two cases of non-tectonic deformation, which are 

observed at three sites of the Garhwal Kumaun GPS network through their GPS time series. 

One GPS site, KUNR, located close to Tehri reservoir documents deformation due to seasonal 

loading and unloading of the reservoir, while the other two sites (RATH and GUPT) document 

movement caused by the landslide. 

 

6.2        Anomalous seasonal variation at continuous GPS site Kunair (KUNR)  

6.2.1     Specification of site 

The GPS site KUNR has been installed on hard basement and is stable (Fig.6.1). The 

predominant rock type in the region is phyllite, belonging to the Lesser Himalayan sequence. 

The stability of site is also confirmed by the derived site velocity which is consistent with the 

interseismic rate of deformation in the Kumaun-Garhwal Himalaya. The site is located close to 

the reservoir created by the 260.5 m high Tehri dam, which started operating in 2006. The dam 

is located on the confluence of the Bhagirathi and Bhilangana rivers, which are tributaries to the 

river Ganga. The reservoir has a total volume of ~4 km3 with a surface area of ~52 km2. The 

reservoir is impounded largely on the Bhagirathi river and extends up to a distance of ~30 km to 

the northwest from the dam. The site is located ~12 km northwest of the dam in the upstream 

direction, and is less than 1 km from the right bank of the reservoir on the Bhagirathi River.   

6.2.2   Seasonal variations in surface displacement due to hydrospheric loads 

The seasonal variations due to hydrospheric loads have been discussed in chapter 5. The motion 

at site KUNR, located < 1 km from the reservoir, is anomalous in many aspects. The variation 

in surface displacement components at this site has compared with the nearby sites at Khirsu 

(KHIR; Fig. 6.2 and Fig.5.9) and Ghuttu (GHUT or GUTU; Fig.6.2 and Fig.5.11) which are 56 

and 34 km to the southeast and east-northeast from KUNR, respectively. Seasonal variations in 
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the north are quite similar at all sites but those in the east and up components at KUNR (Fig.6.2 

and Fig.5.10) are large in comparison to those observed at GHUT and KHIR. Thus it is 

expected that the large variations in the east and up component are because of the proximity of 

this site to the Tehri reservoir. 

 

Figure 6.1: Part of the GPS network in the Garhwal-Kumaun Himalaya. Site velocity in the 

Indian reference frame is shown. Red filled circles are the earthquakes of M ≥4 during 1964-

June 2016 from ISC and EHB catalogues. White contour marks the 3500 m topography. Upper 

inset shows the Tehri reservoir water variations at the dam site. Lower inset shows the picture 

of Kunair GPS site. 
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Figure 6.2: Comparison of east, north and up components of seasonal variations in GPS time 

series at sites KUNR, KHIR and GHUT. The continuous curve in each component is the 

running average using a 21-days window. Note the anomalous behavior in the east component 

at KUNR.   

 

6.2.3   Poroelastic displacement due to reservoir water load at GPS site KUNR 

To simulate the displacement due to reservoir loading and unloading, I have used the 

Boussinesq solutions (Jaeger et al., 2007) for the vertical point load on an elastic half space for 

calculating elastic deformation (u). 
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(
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𝑧2

𝑟3
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where x, y, and z axes point towards East, North and vertical downward, respectively, and  

 𝑟 = (𝑥2 + 𝑦2 + 𝑧2)
1
2⁄                                          (6.4) 

The above equations are used as Green’s function to estimate displacements at any point on the 

surface by convolution the displacements due to spatially finite reservoir load. 

In addition to the elastic loading effect, there could be surface displacement caused by diffusion 

pore pressure (p) due to time varying reservoir loads S(x, y, z, t)  are given as (Wang, 2000) 

   𝑢𝑥 =
3(𝜈𝑢−𝜈)

2𝜋(1+𝜈𝑢)𝜇
∭

𝑝(𝑥′,𝑦′,𝑧′)(𝑥−𝑥′)

𝑅3
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   𝑢𝑥 =
3(𝜈𝑢−𝜈)
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𝑑 𝑥′𝑑𝑦′𝑑𝑧′              (6.7) 

where, 𝑅 = {(𝑥 − 𝑥′)2 + (𝑦 − 𝑦′)2 + (𝑦 − 𝑦′)2}
1
2⁄   and 𝜇 is the shear modulus 

The diffusion equation for 𝑝 is given as 

𝑐∇2(𝑝) −
𝜕

𝜕𝑡
(𝑝) = 𝑆(𝑥, , 𝑦, 𝑧, 𝑡)                            (6.8) 

The solution of the above diffusion equation can be written as (Kalpna and and Chander, 2000)   

𝑝(𝑥, 𝑦, 𝑧, 𝑡) = 𝑐 ∫ ∫ ∫ 𝑆(𝑥′
∞

∞

∞

∞

𝑡

0
, 𝑦′, 𝑧′, 𝑡′)

𝜕𝐺

𝜕𝑧′
|.𝑧′=0𝑑𝑡

′, 𝑑𝑥′, 𝑑𝑦′            (6.9) 

where x, y, z and x’, y’, z’ represents the observation and source points. The Green function (G) 

can be written as  

𝐺(𝑥, 𝑦, 𝑧, 𝑡; 𝑥′, 𝑦′, 𝑧′, 𝑡′ = 0) =
1

8[𝜋𝑐𝑡]3/2
[𝑒−

(𝑧−𝑧′)2

4𝑐𝑡 − 𝑒−
(𝑧+𝑧′)2

4𝑐𝑡 ] 𝑒−
(𝑦−𝑦′)2+(𝑥−𝑥′)2

4𝑐𝑡         (6.10) 

The reservoir water load has been discretized into 629 rectangles and water level is assigned to 

each of these rectangles according to its bathymetry (Fig.6.3a). The computed total water 

capacity of the simulated reservoir complies with the actual water capacity of the reservoir (4 

km3) with maximum water level of ~220 m at the dam site (Fig.6.1). Water level in each of 

these cubes varies as per the seasonal water load history at the dam site. The water level in each 

rectangular element of reservoir has been approximated as a point source and the cumulative of 
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displacement components at the site has been estimated due to all rectangular reservoir water 

loads for a Poisson’s solid (ν = 0.25) having shear modulus (μ) as 32 GPa. The poroelastic 

response of the reservoir caused by pore pressure diffusion has been estimated, in terms of the 

temporal variation of displacement at KUNR due to seasonal loading and unloading of Tehri 

reservoir.  However, its contribution turned out to be very small. The simulated displacement 

field due to difference in the water levels during minimum (in summer) and maximum (winter) 

water level in the reservoir shows large subsidence and relatively insignificant horizontal 

displacement. In general, reservoir loading causes more vertical compared to the horizontal 

component (Gahalaut and Kalpna, 2001; Wahr et al., 2013). The simulated displacement is 

quite symmetric with respect to the reservoir (Fig.6.3b).  

 

Figure 6.3: (a) Estimated water level in Tehri reservoir based on bathymetry of reservoir 

during the maximum water level height condition. (b) Simulated poroelastic horizontal 

displacement change due to difference in minimum and maximum water levels in the Tehri 

reservoir. Note an eastward displacement (~3mm) and large subsidence of 15-20 mm at KUNR 

due to reservoir loading. 

Seasonal filling of the reservoir during the monsoon causes subsidence and eastward movement 

at KUNR and vice-versa (Fig.6.4). Because of the orientation of the reservoir and the location 

of KUNR, (Fig.6.1), variations in the north component of simulated displacements are 

insignificant (Fig.6.4). The reservoir response at KUNR has been subtracted from 

corresponding displacement components of the KUNR GPS time series. This would, in 

principle, remove the reservoir influence from the GPS time series and only the influence of 
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atmospheric and hydrological loads would be present. This is compared with the simulated 

displacement from the atmospheric and hydrological load (Fig.6.4). Variations in displacement 

in the north and up components are generally consistent but not in the east component.   

 

Figure 6.4: Red curve is the 21-day running average in each component of seasonal variations 

in KUNR GPS time series while green curve is obtained after subtracting the reservoir induced 

poroelastic displacement (pink curve at KUNR) from the red curve. For comparison, 

displacement components simulated from the non-tidal ocean, atmospheric and hydrological 

load variations are also shown (blue curve in each panel). 
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Figure 6.5: Same as in Fig 6.4 for the site KHIR. Note the poroelastic effect is very small as 

compared at KUNR. 

 

 Considering that displacement components simulated from the non-tidal ocean, atmospheric 

and hydrological loads are not very detailed and are not always consistent with the GPS 

displacements time series, particularly in phase, I have subtracted the GPS displacement time 

series of the nearby site KHIR, which is located in a similar tectonic environment and for which 
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same period of GPS measurements are available, from the KUNR GPS displacement time series 

and  referred it as KUNR-KHIR GPS time series. As the two sites are only 56 km apart, the 

atmospheric and hydrological load contributions at both sites should not vary much, and it 

should cancel out the common contribution from larger-scale atmospheric and hydrological 

variations. The poroelastic displacement due to reservoir loading at KHIR is negligible (pink 

curve in Fig.6.5). The KUNR-KHIR time series is compared with the reservoir load simulated 

displacement (Fig.6.6). The north and up displacement components match well while there is a 

substantial difference between the two in the east displacement component. 

The up component of KUNR-KHIR GPS time series (~15 mm) is consistent with the reservoir 

simulated poroelastic displacement (~15 mm). The reservoir simulated eastward displacement 

time series shows annual variations and mimics the pattern of reservoir filling and emptying. 

But the east component of KUNR-KHIR GPS time series exhibits biannual variations (Fig.6.6). 

There appears to be an additional peak in the dry season when the reservoir water level is at its 

minimum. As this pattern is consistent for three years, it cannot be an artifact of GPS data 

processing or the error in GPS measurements. 

To further probe the behavior of displacement in the east component at KUNR, the simulated 

displacement in east component due to reservoir has been subtracted from the east component 

of KUNR-KHIR time series. The net residual deformation at KUNR depicts biannual variation 

with amplitude of ~3 mm (Fig.6.7). Considering the possibility of uncertainty in the reservoir 

load, the reservoir simulated east component of displacement has been changed uniformly by up 

to ±20% but the pattern of residual displacement in Fig.6.7 does not change in any significant 

manner. Thus, there is some difference in magnitude between the up components of reservoir 

simulated and KUNR-KHIR time displacement time series, as the reservoir simulated 

subsidence is slightly more than the KUNR-KHIR up component (lower panel of Fig.6.6), but it 

is no way similar to that observed in the east component (middle panel of Fig.6.6). Thus the 

influence of the reservoir operation is predominantly in the east component. Such variations are 

not seen at other neighbouring sites, which are located far away from the reservoir, and thus the 

reservoir operations are responsible for variations in the east component of GPS time series at 

KUNR site. Since the variations cannot be explained by the poroelastic response of the 

reservoir load alone, it can be possible that the reservoir operations alter the geohydrological 

conditions in its neighbouring region (Magilligan and Nislow, 2005), which are reflected in 

Fig.5.10 and Fig.6.5. However, at this stage, it is difficult to explain the mechanism responsible 

for such variations. 
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Figure 6.6: Comparison of the difference between the reservoir induced poroelastic 

displacement (red curve) at KUNR and KHIR with the residual displacement obtained after 

subtracting displacement time series of KHIR from KUNR (black curve).  
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Figure 6.7: Net residual displacement in east component at KUNR, after subtracting the GPS 

displacement time series of KHIR and reservoir induced poroelastic displacement at KUNR 

from KUNR GPS time series. Red dotted curve is a biannual sinusoidal curve approximating 

the net residual. 

 

6.2.4   Inference from anomalous seasonal variations  at site KUNR 

The evidence of deformation due to the filling and emptying cycles of the reservoir of the 220 

meter high Tehri dam in the Garhwal Himalaya has been seen. The GPS site, located close to 

the reservoir, besides clearly documenting the poroelastic response of the seasonal variations in 

the reservoir water load, also record some anomalous displacement in the east component which 

could possibly be linked to change in subsurface hydrological conditions due to cyclic loading 

and unloading of the reservoir.  

 

6.3   Anomalous velocity at continuous GPS site Raithal (RATH) 

6.3.1   Specification of site 

The continuous GPS site Raithal (RATH) is on a RCC pillar located on the hard basement at a 

depth of 4 feet from ground surface. The east and up component of derived site velocity at 

RATH using GPS measurement is anomalous as compared to the nearby sites while the north 

component of velocity is similar (Fig 6.8). Similar kind of anomalous site velocity has been 

observed at the continuous GPS site Bhatwari (BHTW) of Wadia Institute of Himalayan 

Geology, Dehradun. The two sites, BHTW (Bhatwari) and RATH (Raithal), are separated by 

1.4 km, and located on an eastward gently sloping spur of Higher Himalaya.  
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Figure 6.8: GPS sites in the Garhwal Kumaun and their motion in the Indian reference frame. 

The two sites at BHTW and RATH show predominantly eastward motion, whereas other nearby 

sites, including a campaign mode site (BHAT, red arrow) shows predominantly southward 

motion. The site Guptkashi (GUPT) shows a north-eastward motion which is opposite to the 

direction of plate convergence motion between India and South Tibet. Red filled circles are the 

earthquakes of M ≥4 during 1964-June 2016 from ISC and EHB catalogues. Top and bottom 

inset represents the picture of the GUPT and RATH sites. Yellow rectangle marks the region 

under Fig.6.10.   

 

This region with a mean elevation of ~2 km is located within the Main Central Thrust (MCT) 

zone and consists of migmatite zone of mica schist, gnesiss, banded augengnesiss and 

quartzopelitic of the central crystalline group in the north and Quartzite, metavolcanics, slates 

with lensoid of limestone of lesser Himalayan rocks in the south (Agarwal and Kumar, 1973). 

Thick capping of hill slope sediments consists of un-stratified assorted angular to sub-angular 
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clasts of heterogeneous composition with weathered quartzite, micaschist and at places clayey 

matrix. At some places there is ~6 m thick cover of sediments comprising of rock 

blocks/fragments of mainly quartz-biotite gneisses and quartz–mica schist embedded in mica 

rich silty/clayey matrix. The 2-3 km (north-south direction) wide spur is bounded by two 

eastward flowing deep gorges which join the southward flowing Bhagirathi River, a tributary of 

river Ganga. All the nearby sites, including a campaign mode site, BHAT, which is located 1.5 

km south of the two sites (Banerjee et al., 2008), show predominantly southward motion 

(towards N213°) at a rate of ~7 mm/year whereas the two sites, BHTW and RATH, show 

predominantly eastward motion in the Indian plate reference frame (Fig 6.8). 

6.3.2  Residual motion at GPS site at BHTW and RATH  

In order to remove the tectonic motion (plate motion as well as contribution from strain 

accumulation) from the site motion at BHTW and RATH, a motion of 41 mm/year due N49° 

has been subtracted, which is the average motion at nearby sites (site at PHOL and a campaign 

mode site, BHAT, of Banerjee et al., 2008, located 1.5 km southeast of RATH) in ITRF2008, 

assuming that similar process of strain accumulation occurs at BHTW and RATH. The residual 

motion can now be considered as local motion without any contribution from plate motion and 

strain accumulation.  

Site BHTW shows an insignificant northward motion varying from 1 to 3 mm/year during 2006 

to 2015. The eastward movement varies from 12 to 22 mm/year during the same period 

(Fig.6.9). Vertical movement, although shows seasonal variations, appears to be unchanged 

until 2012 but then the site appears to have experienced subsidence at a rate of ~6 mm/year. 

Another site, RATH, which was established in 2012, about 1.4 km west and upslope of BHTW, 

but on the same spur, shows similar motion (Fig.6.9). The motion at this site is predominantly 

eastward at a rate varying from 12-19 mm/year and subsidence at a rate of ~6 mm/year. The 

noticeable aspect of the motion at two sites is that it is non-linear and the rate appears to have 

increased with time. This is particularly true with motion at site BHTW which is monitored 

since 2006.  

Thus it clearly appears that the two sites on the same spur show anomalous motion which is 

predominantly towards east with subsidence since ~2012. The spur slope, deduced from the 

Real Time Kinematic (RTK) survey employing Total Station, is about 19° towards east 

(Fig.6.11). The dip direction of the bedding planes and mylonisation is also towards east at an 
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angle of about 30°±10°. Thus the motion observed at sites is in the direction of slope and dip 

direction. The two sites show gradual subsidence in the later period and the rate of both 

horizontal and vertical motion increase with time. All above factor suggest that this creep 

motion is due to the slow moving landslide. Our field investigations suggest that the site BHTW 

is closer to the toe of the landslide, while the RATH appears to be located closer to the crown of 

this slow moving landslide. 

 

Figure 6.9: Temporal variation in the three components of the GPS sites at BHTW and RATH 

in reference to neighbouring site (BHAT), which is not affected by the landslide. Note the 

predominantly eastward non-linear motion at two sites. 
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Figure 6.10: Digital elevation model of the landslide region. Contour interval is 20 m. The RTK 

profile is shown with purple dots. Location of figure 6.11, RTK based topographic-profile (B-

B’), are also shown. 

 

6.3.3 Extent of landslide and associated hazard 

It is difficult to demarcate the extent of landslide, the depth of the slip surface and the time of 

failure. This requires a detailed monitoring and subsurface investigations. The campaign mode 

GPS site BHAT, located on the neighbouring spur to the immediate south, does not show any 

such abnormal eastward movement (Fig.6.10). At the toe part where the slope is higher (~45°, 
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Fig.6.11), there are evidences of ground deformation, tilted terraces, damage to the road and 

houses and tilting of electric poles. 

 

 

Figure 6.11: Vertical cross section in the east-west direction showing the slope of the spur, the 

two GPS sites, dip of the bedrock. Locations of RTK profile (B-B’) are shown in Figure 6.10. 

 

The entire region is slowly creeping almost at the same velocity and hence there are not many 

evidences of damage in the main body of the landslide. However, Bhatwari village located at 

the toe of the landslide has experienced large damage. The site at RATH is about 1.7 km from 

the toe, and show predominantly eastward motion and hence the east-west extent should be 

more than 1.7 km. In fact, further up and west of RATH, old landslide scarps can be seen. The 

alluvial cover on the bedrock is more than 6 m at several places. But then at a few places 

between the two GPS sites the bedrock is exposed. As the two GPS sites show distinct landslide 

related motion, it probably implies that the slip surface must be below the alluvial cover and a 

part of the bedrock, and not just the cover, is also involved in the creep movement. The timing 

of the onset of the failure can only be estimated through continuous and dense monitoring of the 

region. Three villages namely Raithal, Natin and Bhatwari would possibly be affected by this 

potential landslide, the Bhagirathi River may be dammed and the impoundment of reservoir in 

the upstream side of the river and its eventual burst may cause further devastation in the 

downstream.  

6.3.4  Influence of floods and seasonal rainfall 

Interestingly, the devastating 2013 Kedarnath floods and seasonal monsoon did not seem to 

affect the landslide movement. Seasonal changes in the movement at sites RATH and BHTW 

are similar to that at other sites in the Garhwal Kumaun region. Thus, it appears that seasonal 

rainfall did not have any additional effect on the landslide movement. The heavy rainfall and 
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ensuing floods of 15-18 June 2013 in the Garhwal-Kumaun regions, generally referred as the 

Kedarnath floods, devastated this region as well. The floods in the Bhagirathi river damaged 

several houses along its course. However, this event does not seem to have caused any increase 

in movement at these two sites. Thus the landslide movement does not seem to be affected by 

the seasonal rainfall and floods, as is generally seen in most cases. 

6.3.5  Inference from anomalous site velocity at RATH and BHTW 

The two GPS monitoring sites show a predominantly eastward movement varying from 12 

mm/year in 2006 to 22 mm/year in 2015 with subsidence at a rate of ~6 mm/year during 2012-

2016. The spur has an eastward slope with dip of the bedrock in the same direction. The 

anomalous site velocity in the direction of dip of bedrock at both the GPS sites (RATH and 

BHTW) representing a slow moving landslide. The landslide movement does not seem to be 

affected by the monsoon or the toe cutting due to floods in the Bhagirathi River. 

 

6.4    Anomalous velocity at continuous GPS site Guptkashi (GUPT) 

6.4.1   Specification of site 

The site is located on hard rock in Phata village near Guptkashi which lies in the Mandakini 

valley of Rudraprayag district. This site comes in the Main Central thrust zone and consists of 

high grade metamorphic terrain, particularly phillites (Fig.6.8). The site GUPT is located very 

close (<5 km) to the zone of past landslide, known as Byung landslide of 16th July 2001 which 

was probably triggered by the cloud burst and heavy rainfall (Chaudhary et al., 2010). During 

the Kedarnath flood disasters, high intensity rainfall (~335 mm) reported in the Mandakini river 

valley which resulted in significant terrain instability and caused several landslides (Sundriyal 

et al., 2015; Chaudhary et al., 2010; Naithani et al., 2002; Rawat et al., 2015).  

The GPS derived site motion in fixed India reference frame is just opposite to the convergence 

of India plate beneath the South Tibet and thus it represents an anomalous and higher absolute 

site motion at GUPT  as compared to the velocity at other nearby sites. This anomalous motion 

and past studies (Chaudhary et al., 2010; Naithani et al., 2002; Rawat et al., 2015) done in this 

region suggest that this zone is an active landslide zone.   

 

 

 



  Chapter 6 

192 
 

6.4.2  Residual velocity at GPS site GUPT 

The site velocity at GUPT due to landslide has been estimated after the subtraction of site 

motion due to plate motion and strain accumulation rate at the site from the estimated site 

velocity using continuous GPS measurements.  

 

Figure 6.12: Residual site motion at site Guptkashi (GUPT) due to active landslide, with 

respect to site BHAT. Note, the site is moving towards north-eastward with a rate ~15.5 mm/yr 

and subsides with an increasing rate ~1 mm/yr. 

 

The absolute velocity at site GUPT has been subtracted from the nearest site Bhatwari (BHAT) 

situated in the Uttarkashi region (Banerjee et al., 2008). The residual site motion represents a 

north-eastward motion due to due to active landslide and a significant rate of sinking of the 

region. The site moves with ~10.8 mm/yr towards east and ~10.9 mm/yr towards north. The site 

is sinking with an increasing rate ~1 mm/yr (Fig.6.12). 
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  NE               SW 

 
 

Figure 6.13: Vertical cross section in the north-east direction showing the slope of the spur and 

GPS site GUPT. 

 

The exposed metamorphic rocks in this zone have trend NW-SE with a dip of bedding plane 

~40°-50° dipping towards north-east direction (Chaudhary et al., 2010). The average spur slope 

is ~15° towards north-east (Figure 6.13). Similar to Raithal site, this site moves in the direction 

of dip of bedding plain (NE direction). Thus, the anomalous site velocity at site GUPT 

represents a slow moving landslide.  

6.4.3  Inference from anomalous velocity at site GUPT 

Continuous GPS site GUPT is located on a slow moving landslide zone. The rate of sliding is 

~15.5 mm/yr towards dip of bedding plane i.e. north-eastwards and along the slope. This zone is 

sinking with an increasing rate of ~1 mm/yr.  

6.5       Summary 

Anomalous variation in displacement components at Kunair (KUNR) GPS site suggest that 

seasonal variations in GPS measurements alter due to change in hydrological loading at 

regional scale as well as local scale. The large seasonal variation in east and vertical 

displacement component at KUNR site is due to the loading and unloading of Tehri reservoir. 

The GPS derived seasonal variation in vertical component is consistent with the elastic loading 

and unloading of Tehri reservoir. The non-simulated seasonal variation in east displacement 

component suggests that the reservoir loading might have altered the geohydrological 

conditions in the neighboring region. 

Anomalous site velocity at Raithal (RATH) and Guptkashi (GUPT) represent slow moving 

landslides in the two respective regions. The sliding is in the dip and slope direction. The rate of 
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sliding at site RATH increased from 12 mm/yr in 2006 to 22 mm/yr in 2015 towards east and it 

was ~15.5 mm/yr towards north-east at site GUPT during 2015. Both of the regions represent 

future potential landslide zone and thus a continuous monitoring and awareness programs are 

required to avoid loss of human lives and economy.   
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The present Ph.D. work has novel contribution in the crustal deformation studies in the 

Northwest Himalaya. I have estimated the plate convergence rate between India and South 

Tibet in the Kashmir Himalaya and Kumaun Garhwal Himalaya using more than three years of 

continuous GPS measurements. A grid search approach has been applied for the estimation of 

plate convergence rate using dislocation theory while considering an elastic homogenous half-

space. Plate coupling on the Main Himalayan Thrust (MHT) is estimated based on the inversion 

of geodetic measurements in Kumaun Garhwal Himalaya. I have assessed the seismic hazard 

potential in each region based on current shortening rate and past major to great earthquakes 

which occurred in the two regions. Seasonal variations in the displacement components derived 

from GPS measurements are characterized and contributions from the hydrospheric loads in 

seasonal variation have been explained.  

7.1   Secular site motion and strain accumulation 

Followings are the major findings from the present work 

Kashmir Himalaya 

i. The site velocity varies from 3.2 ±1 mm/yr at RAUJ (Rajauri) to 15±3 mm/yr at KERN 

(Keren) in southwest direction with respect to fixed India plate (or 42.8±1 mm/yr at 

RAUJ to 30.5±3 at KERN in northeast direction in ITRF08). These observations are 

consistent with the strain accumulation in the region. 

ii. The India plate is underthrusting beneath Eurasia with an oblique convergence of 

13.6±1 mm/yr (11.8±1 mm/yr as thrust component and 6.7±1 mm/yr as dextral kind 

strike slip component), in the direction of N198°E in Kashmir Himalaya. 

iii. The estimated width of locked frontal rigid part of Main Himalaya thrust is 175±20 km 

and the locking depth is 38 km in the Kashmir Himalaya. 

iv. Oblique motion in the Kashmir Himalaya is also reflected in the P-axes derived from 

focal mechanism solutions of past earthquakes Mw ≥5.5 along the Himalayan arc. 

v. Hazard potential for future megathrust event is high and accumulated interseismic strain 

rate suggests a slip deficit of ~6 m (i.e. a megathrust earthquake of Mw ~8.5 involving a 
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length of 350 km and width of 175km) since the past major event of 1555 in the 

Kashmir Himalaya. 

Kumaun Garhwal Himalaya 

vi. The velocity varies from 0.8±2 mm/yr, at GPS site NAJI (Najibabad) or NNKM 

(Nanakmatta), to 13±2 mm/yr towards southwest at site PANG (Pangla) or MALA 

(Malari) with respect to fixed India plate. In ITRF08 the velocity varies from 49.5±0.2 

mm/yr at site NAJI or NNKM to 37.8±0.4 mm/year at site PANG or MALA towards 

northeast.  

vii. These observations are consistent with the strain accumulation in the region.  

viii. Current shortening rate between India and South Tibet in Kumaun Garhwal Himalaya is 

18.0±0.7 mm/yr in the N213°E (i.e. perpendicular to the structural trend) and fault 

parallel convergence is insignificant.  

ix. The chi-square uncertainty analysis suggest a dip of 4° for the MHT, a locking depth of 

14±1.5 km, and a locking width of 100±15 km. 

x. Estimated coupling is high (>0.7) in the frontal updip part of MHT (~90 km from the 

MFT), suggesting large amount of slip deficit or strain accumulation in Kumaun 

Garhwal Himalaya. Further north (in Higher Himalaya) a low (<0.3) coupling is 

estimated. The microseismicity belt lies in the transition zone between the high and low 

coupling on the MHT. 

xi. The estimated slip deficit in past 500 years or more suggests, that at least one 

megathrust event of Mw ~8 is overdue in the Kumaun Garhwal Himalaya. 

7.2 Seasonal Variation in surface displacement in Northwest Himalaya 

i. Strong seasonal variations in the displacement have been observed at sites in the 

Kashmir and Kumaun Garhwal Himalaya. Seasonal variations in surface displacement 

exhibit annual and semi-annual periodicity. 

ii. Seasonal variation in vertical component of displacement is large as compared to the 

horizontal displacement components. The north displacement component has more 

seasonal variation as compared to that in the east displacement component. 

iii. Gradient of northeastward site motion is large during winter season in comparison to 

that in summer season at sites situated in the Northwest Himalaya. 
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iv. Seasonal variation in surface displacement due to the hydrological loading (HYDL; 

contribution from precipitation, snow and river system) is large as compared to that 

from the atmospheric pressure loading (ATML) and non-tidal ocean loads (NOTL). 

v. The amplitude and phase of calculated seasonal variation in vertical displacement 

components using hydrospheric loads (HYDL, ATML and NTOL) is consistent with the 

GPS derived seasonal variations at sites in Kashmir Himalaya, Kumaun-Garhwal 

Himalaya and Gangetic plain. The calculated and observed seasonal variations in the 

horizontal surface displacement have similar amplitude with phase difference at some 

sites in Northwest Himalaya. 

vi. No slow slip event is discovered during the period of geodetic measurements in 

Kashmir Himalaya and Kumaun Garhwal Himalaya. 

7.4 Other outcomes 

i. The estimated velocity at sites Raithal and Guptkashi in Garhwal region are anomalous 

as compared to the nearby site velocity and expected India plate motion in that region. 

The anomalous motion at these sites are in the direction of dip of bedding planes and 

slope and represent active slow moving landslides. The current rate of sliding of 

bedrock is 22 mm/yr towards east at Raithal and 15.5 mm/yr towards northeast at 

Guptkashi.   

ii. Seasonal variation in surface displacement is large at a site Kunair in Garhwal region, 

situated very close to Tehri reservoir, as compared to the nearby sites. The estimated 

vertical component of displacement variation due to elastic loading and unloading of 

Tehri reservoir and its poroelastic relaxation at Kunair site is consistent with the 

observed variation in the GPS time series. Thus, Tehri reservoir operation modulates the 

seasonal variation in position estimate at the Kunair GPS station. 

7.5 Future scope of present study 

Rheology and the shallow structure of the earth crust play an important role in storing and 

releasing of elastic strain energy in the plate deforming zone. The sub-surface geometry of 

MHT is proposed to be complex over which slip is assumed to occur. The geometry and 

rheology constrain the extent of locking, asperities/barriers, earthquake rupture extent, 

development of structures on the surface, etc. Thus, in the absence of exact information of 

structural geometry of the MHT, the assessment of seismic hazard along Himalayan arc is 
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difficult. The geometry of the MHT can be inferred using various geophysical tools, such as 

seismic wave analysis using receiver function approach, gravity and magnetotelluric methods, 

etc.  

Further, it is necessary to understand and quantify the seasonal variations, and other non-

tectonic processes causing deformation so that deformation due to tectonic processes can be 

quantified in a more reliable manner. 

i. Seasonal variation due to various non-tectonic processes 

Spatially there is a large variation in seasonal changes and global models of mass change are 

not adequate to explain the amplitude as well as phase of seasonal variation in horizontal 

surface displacements in the Northwest Himalaya. The proposed hypothesis by Bettinelli et al., 

(2008) of the seasonal variations in surface displacement due to aquifer recharge in the Indo-

Gangetic plains fails to explain the larger seasonal variations at some sites (DRCL, BYNA and 

GRHI) in western Nepal and also, at some sites in Kumaun Garhwal Himalaya (BDRI-

Badrinath). The sites GRHI and BDRI show almost opposite phase of seasonal variation as 

compared to nearby sites. An improved hydrological model, which contains information of 

regional as well as local changes in surface loads, is required for the estimation of contributions 

from various surface loads in the observed seasonal variations derived by continuous GPS 

measurements in Northwest Himalaya. Further, detailed analysis of surface deformation caused 

by changes in mass due to hydrological loading, atmospheric pressure loading, non-tidal 

oceanic loads, etc. will help in the development of a model for the seasonal variations in surface 

displacement in Himalaya.  

ii. Understanding the role of seasonal variations in seismicity modulation 

Several authors (Bollinger et al., 2007; Bettinelli et al., 2008) have suggested that seasonal 

modulation in seismicity in the Himalaya is caused by additional compression in the Himalayan 

region arising due to the unloading of Indo-Gangetic plains during the winter season. A 

quantitative estimate of change in the stress on the MHT is required to assess the role of 

seasonal changes in mass in modulation of seismicity. Further, an understanding of various 

processes, which govern the seasonal variation in surface deformation in Himalaya, will also 

help in the study of seasonal modulation in seismicity. 

 



  Chapter 7 

199 
 

iii. Quantification of inhomogeneous slip distribution on MHT 

In the present study I have used the continuous GPS measurements at 22 sites in Kumaun 

Garhwal Himalaya and 11 sites in Kashmir Himalaya. Addition of few more sites and a longer 

duration (~5 years) of continuous GPS measurements will provide a detailed and clear view of 

coupling on the MHT. The estimation of spatial variation of coupling will help in the 

identification of regions of MHT acting as high asperity zones or having inhomogeneous slip 

distribution. Such asperity zones can be the probable nucleation or high slip regions of future 

megathrust earthquakes.   

iv. A more realistic modelling approach 

The results in this thesis are based on dislocation theory which assumed earth as homogenous 

isotropic elastic half-space and thus, a realistic earth and surface deformation model is required 

depending on the varying rheology and structural geometry for the analysis of strain 

accumulation processes in Northwest Himalaya. Since the pressure and temperature conditions 

varies with depth, therefore, a 3D finite element approach, using data from more sites and 

considering the detailed geometry of the MHT, a more realistic understanding of the 

deformational processes in the Himalaya can be achieved. 

v. Assessment of Probabilistic Seismic Hazard 

Based on the detailed sub-surface geometry of the MHT and continuous geodetic 

measurements, the derived heterogeneity in slip distribution would be helpful in the estimation 

of slip deficit and seismic coupling and thus will help in generating scenarios for future 

megathrust events in Northwest Himalaya. Further, the combination of scaling parameters and 

knowledge of future potential of megathrust earthquakes in Northwest Himalaya, a probabilistic 

seismic hazard can be derived. An objective assessment of seismic hazard is required for the 

reduction of damage due to the future potential megathrust events.        
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