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A B S T R A C T

The India-Eurasia collision has created high mountains in the Himalayan plate boundary system, which has led
to numerous earthquakes in this region and released part of the elastic strain accumulated over years. In this
study, the present-day deformation pattern is derived from geodetic mode Global Positioning System (GPS)
measurements obtained during 2005–2016 from 16 campaign sites in the Kumaun province of the central
Himalaya. GPS derived horizontal velocity vectors are in the range of 1–9mm/yr and 27–38mm/yr with respect
to stable India and Eurasia reference frames respectively. To understand the interseismic strain partitioning in
the study region, we consider the uniform slip dislocation model over the fault in an elastic, isotropic and
homogeneous half-space medium. The model indicates the Main Himalayan Thrust (MHT) fault is locked to a
depth of ∼20 km and slips at a rate of 17.2 ± 1mm/yr with a dip angle of ∼7°. This MHT slip rate build-up
corresponds to a moment deficit of 8.4 ± 1×1018 Nm/yr due to locking of the fault beneath the Kumaun
Himalaya. The total seismic strain accumulation of 61× 10−6 estimated from the geodetic data suggests the
possibility of large earthquakes (typically magnitude 8 and above) with the recurrence interval of around
600 years in the Kumaun Himalayan region.

1. Introduction

The collision between the Indian and Eurasian plates formed the
orogenic belt that created the Himalayan mountain arc and Tibetan
Plateau. This continental collision led to the elevation of Himalayan-
Tibetan topographic features with a combination of crustal thickening
and lateral escape (Molnar and Tapponnier, 1975; Harrison et al., 1992;
Tapponnier et al., 2001). The structure of the Himalaya is characterized
by the underthrusting of the Indian lithosphere beneath the Tibetan
Plateau along the Main Himalayan Thrust (MHT) system (Fig. 1) (Zhao
et al., 1993). The Himalayan arc longitudinally spans ∼2500 km be-
tween the western and eastern syntaxes (Molnar and Tapponnier, 1975;
Hodges, 2000).

The Indian plate continues to move steadily northward to collide
with Eurasia at a convergence rate between 33 and 38mm/yr from
northwest to northeast Himalaya as estimated from GPS observations,
and this is reflected in the crustal shortening and shearing in the
Himalayan region (Patriat and Achache, 1984; Bilham et al., 1997;

Larson et al., 1999; Wang et al., 2001; Zhang et al., 2004; Bettinelli
et al., 2006). Crustal shortening results in the formation of major thrust
faults namely, the Main Central Thrust (MCT), Main Boundary Thrust
(MBT), and Main Frontal Thrust (MFT), as illustrated schematically in
Fig. 1 (Gansser 1964; Le Fort, 1975; Nakata, 1989; Yeats et al., 1992).
Currently, deformation is mainly accommodated by thrusting across the
MHT, which connects the MFT southward to a sub-horizontal single
shear zone extending to a depth of 20–30 km below the higher Hima-
laya (Bollinger et al., 2006; Berger et al., 2004; Lavé and Avouac,
2000). The MFT also bounds the northern limit of the exposed Indian
plate and is thought to reach the top of the Indian basement at a depth
of about 5 km to extend sub-horizontally beneath the lesser Himalaya
along a crustal ramp beneath the frontal part of the higher Himalaya
(Pandey et al., 1995; Lavé and Avouac, 2000).

Along the Himalayan arc, in a period of just less than 120 years, the
continental collision process has produced three great earthquakes
(Fig. 2) that occurred in 1905 (Kangra Mw 7.8), 1934 (Nepal-Bihar Mw

8.1), 1950 (Assam Mw 8.5), and also an earlier earthquake of Mw 7.7 in
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Fig. 1. Schematic representation of the India-Eurasia collision zone and the major fault systems in this zone. MCT: Main Central Thrust; MBT: Main Boundary Thrust;
MFT: Main Frontal Thrust. (after Takada and Matsu'ura, 2007).
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Fig. 2. Epicenters of historical earthquakes (Magnitude M≥6) that occurred along the Himalayan arc are shown as open circles. The size of the circles proportional
to their magnitudes, along with the year of their occurrence. The small rectangular area marked in the Himalayan region encloses the the present study area of
Kumaun Himalaya. Focal mechanisms of the earthquakes that occurred during the GPS data collection period (2005–2016) are illustrated by beach ball symbols
(Harvard CMT data base). The brown shaded areas are the rupture zones of great earthquakes of 1950, 1934 and 1905 (adapted from Kumar et al., 2006; Bilham
et al., 2001).

Table 1
GPS-derived horizontal velocities with respect to the India and Eurasia fixed frames. E: East-West component; N: North-South component; σ: Standard deviation.

Site code Latitude (˚N) Longitude (˚E) Velocities in India Fixed Frame Velocities in Eurasia Fixed Frame

East (E) rate mm/yr North (N) rate mm/yr σE mm/yr σN mm/
yr

East (E) rate mm/
yr

North (N) rate mm/
yr

σE mm/yr σN mm/
yr

RAMR 29.395 79.086 −2.06 −1.29 0.67 0.63 5.05 32.55 0.67 0.63
HALD 29.235 79.530 −3.10 −1.67 0.69 0.64 4.22 35.68 0.69 0.64
PILI 28.640 79.820 −1.98 −0.98 0.81 0.71 5.72 33.14 0.81 0.71
BANB 28.996 80.092 −1.99 1.28 0.73 0.65 5.61 35.50 0.73 0.65
PITH 29.587 80.227 −1.94 −0.33 0.0.63 0.60 5.41 33.95 0.0.63 0.60
CHAM 29.336 80.095 −1.39 −0.45 0.77 0.63 6.04 33.77 0.77 0.63
ASKO 29.762 80.336 −0.53 −5.24 0.76 0.63 6.76 29.07 0.76 0.63
DHAR 29.866 80.560 −5.83 −6.93 0.64 0.66 1.48 27.46 0.64 0.66
MUNS 30.064 80.204 −4.36 4.36 0.65 0.60 2.75 38.64 0.65 0.60
GIRG 30.031 80.169 −6.42 −4.67 0.75 0.70 0.69 29.58 0.75 0.70
GWAL 30.002 79.567 −2.36 7.64 1.1 1.2 4.58 41.66 1.1 1.2
GWA2 30.002 79.566 −2.33 7.62 1.4 1.3 4.58 41.66 1.4 1.3
BAGR 29.817 79.775 −3.75 −0.38 0.63 0.58 3.35 33.72 0.63 0.58
KAPK 29.946 79.901 −5.76 −5.46 0.65 0.64 1.32 28.68 0.65 0.64
ALMO 29.590 79.652 −1.39 0.45 0.71 0.64 5.75 34.49 0.71 0.64
NAIN 29.360 79.458 −4.24 4.82 0.66 0.54 2.99 38.80 0.66 0.54
RANI 29.641 79.430 −0.15 −0.16 0.70 0.56 6.94 33.81 0.70 0.56
IISC 13.021 77.570 −3.03 −0.49 0.45 0.53 15.95 34.96 0.45 0.53
HYDE 17.417 78.551 −2.04 −3.18 0.55 0.51 13.53 32.96 0.55 0.51
MUMB 19.133 72.916 −2.93 0.30 0.67 0.61 10.14 32.31 0.67 0.61
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Nepal in 1833 (Seeber and Armbuster, 1981; Molnar and Pandey, 1989,
Bollinger et al., 2014). Apart from that, the 1897 (Mw 8.3) earthquake
occurred on the Shillong Plateau, south of eastern Himalaya (Bilham
and England, 2001; Ambraseys and Douglas 2004). The latest event is
the recent Gorkha (Nepal) devastating earthquake (Mw 7.8) that oc-
curred on 25 April 2015 (Avouac et al., 2015; Sreejith et al., 2016). The
Kumaun Himalayan region has experienced three large earthquakes of
magnitude 7.5 (30.0° N, 80.0° E), 7.3 (29.9° N, 80.5° E) (Ambraseys and

Douglas, 2004) and 6.5 (30.3° N, 80.0° E) (Bilham and Ambraseys,
2005) in 1720, 1916 and 1926 respectively. It is evident that the Ku-
maun region of the lesser Himalaya has not been intensely activated for
the past 200 years. Further, the region of the present study lies in the
seismic gap between the two great earthquakes (Fig. 2): 1505 (Mw 8.1)
and 1803 (Mw 8.2) (Khattri, 1987; Bilham, 1995). Thus, it is con-
jectured that the Kumaun Himalayan region may exhibit closure of the
spatio-temporal seismic gap by producing considerably large

Fig. 3. Central Himalaya seismicity plot (from year 1911 to present, based on the data from International Seismological Centre (ISC) catalogue available at http://
www.isc.ac.uk. Estimated GPS site velocities in Indian fixed frame are shown by red arrows. The horizontal velocities considered for the 2-D modelling approach
from other studies (Jade et al., 2014; Bettinellli et al., 2006) are represented in blue arrows. The purple line AA’ represents the profile along which the estimated
velocities are projected in Fig. 4a. The study area is shown as rectangular box in the inset. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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earthquakes in future. The present study aims to provide insight into
the tectonics and geodynamical behavior of the Kumaun Himalaya by
investigating the crustal deformation regime through GPS measure-
ments integrated with seismicity.

2. GPS data compilation

The GPS network in the Kumaun Himalaya became operational in
campaign mode during May 2005, by establishing a total number of 16
sites. However, the GPS observations commenced in December 2005,
and these were repeated annually till 2016 in six epochs (2005–2007,
2009, 2015 and 2016). We preferred winter seasons for all the cam-
paign observations in order to minimize the effect of seasonal variations
on the positional error of the GPS sites. The station combination of GPS
observations was maintained in all the surveys to reduce the error in
determining the station position. All the stations were occupied for 3 to
5 days during each campaign with a sampling interval of 30 s and a
cutoff angle of 15°. We analyzed these GPS data together with sur-
rounding International GNSS Service (IGS) fiducial sites (IISC, HYDE,
DGAR, SELE, WUHN, LHAZ, BAHR, POL2, KIT3, KUNM, CHUM, SELE,
TEHN, URUM and YIBL) employing the GAMIT/GLOBK (King and Bock,
2005; Herring, 2004) post-processing software taking into account the
generalized constraints (Dong et al., 1998). We used GPS phase ob-
servations obtained every day to estimate station coordinates. The es-
timated daily GAMIT solutions were refined by minimizing the errors
contributed by the receiver and satellite clocks, atmosphere, receiver-
phase center variations, phase ambiguities and multipath.

We used the loosely constrained estimates of station coordinates,
orbital parameters, and Earth Orientation Parameters (EOP) as well as
their associated covariance as quasi-observations which are formed as
input to the Kalman filtering part (i.e. GLRED in GLOBK; Herring, 1998)
for the estimation of GPS site position time series in International
Terrestrial Reference Frame (ITRF) 2008 (Altamimi at al., 2012). Fur-
ther, to account for longer term errors due to annual and semi- annual
tidal effects, we examined the time series (supplementary material) of
the daily site positions. We also removed outliers and offsets from the
time series, and reweighted the data to overcome the internal incon-
sistencies arising from large scatter in the data so as to arrive at the
systematic trends.

3. GPS data analysis

3.1. Displacements

ITRF-Eurasia Euler pole of Altamimi et al. (2012) (i.e. 56.33° lati-
tude, −95.979° longitude, and angular velocity of 0.257°/Ma) was used
to estimate the velocity of the GPS stations in Eurasia Reference Frame,
which is in the range of 27–38mm/yr (Table 1). The uncertainties in
the estimates of horizontal components of velocity are of the order of
1mm/yr, while those in the vertical component of velocity are
∼2.5mm/yr. The time series (supplementary Fig.S1) for all the stations
obtained from all the campaign observations during 2005–2016 in the
study region shows a linear trend in the velocity of both the east and
north components. This shows the consistency in the Indian plate
movement in the northeast direction as well.

In the present study, we employed the ITRF-India Euler pole
(Latitude: 51.4°, Longitude: –1.34°, angular velocity of 0.5029°/Ma)
determined by Ader et al., (2012), to understand the state of de-
formation in the study area. The estimated GPS site velocity was con-
verted to the Indian fixed frame by using the same Euler pole. The es-
timated GPS site velocities are in the range of 1–9mm/yr. Velocity
vectors with respect to the Indian plate are demonstrated in Fig. 3, and
the details of which are given in Table 1.

The sites located northeast of MCT are found to have slightly larger
motion (blue arrows) compared to those situated southwest of MCT.
The deformation gradients seem to have developed between the MCT
and the MBT. This suggests that the up-dip portion of the study region is
locked. Such a gradient in the velocity across the fault is also observed
by GPS measurements in the Nepal Himalaya (Bilham et al., 1997;
Larson et al., 1999; Jouanne et al., 1999 and 2004; Sreejith et al.,
2018). However, the region where maximum convergence has taken
place is far north of the MHT, which tends to accommodate significant
shortening (Jouanne et al., 2004) consistent with the geological slip
rate over the last few million years (Lavé and Avouac, 2000).

3.2. Modelling approach

The accumulated strain is released periodically through moderate
intensity earthquakes in the Himalaya but it does not suffice to release
the total budget of the crustal strain (Bilham et al., 1998). Some of the
earlier studies (Molnar and Tapponnier, 1975, Larson et al. 1999;
Jouanne et al. 1999; Paul et al. 2001; Chen et al. 2004; Bettinelli et al.

Fig. 4. 2-D Savage dip-slip model of the study area showing (a) N18E projected
velocity vs. distance from the MFT along the profile AA’ (Fig. 3), (b) observed
and calculated velocities, and (c) contours labeled by chi-square distribution in
the plot of slip rate vs. MHT fault width; cross symbol in the plot indicates the
location of estimated fault parameters (slip rate and fault width).

Fig. 4. (continued)
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2006; Meade, 2007) indicated that a part of the total convergence rate
is being absorbed across the Himalaya by slip along the MHT. In the
present study, we estimated the slip rate of the MHT across the Kumaun
Himalaya by employing the Savage (1983) dip-slip modelling approach.

The slip rate has been estimated by using the GPS derived velocities
from the present study, (refer Table.1) published velocities from
Bettinelli et al. (2006) (SHB0, DAD2, SHP0, and MAH0) and Jade et al.
(2014) (NABH, KALA, GARB, DUNG, MILA, BOGD, LILA, PANG)
(please refer Fig. 3 for GPS sites locations). In the modelling approach,
the sites in the northeastern part of the MCT are considered as creeping
portion of the MHT, whereas the southwestern part is considered as
locked.

We determined best-fit GPS site velocity using a varying chi-square
method that minimizes the misfit between the observed and calculated
velocities. We determined the best-fit values with the dip angles ran-
ging from 5° to 10°. The best-fit value of the locking depth was obtained
as ∼20 km with fault slip rate of 17.2 ± 1mm/yr, over a width of
∼100 km in a dip angle of 7° (Fig. 4a–c). This model predicts a rea-
sonably close agreement between the observed and calculated velo-
cities (Fig. 4b and c).

4. Discussion

The GPS derived horizontal site velocities show a clear gradient
between the MBT to the MCT. The north component clearly brings out
the plate convergence, whereas the east component shows the feature
of arc-parallel extension. In the study region, we estimated the east-
west extension rate as ∼13.16 ± 0.5mm/yr by considering the
farthest IGS station located at Lhasa block of Tibetan Plateau as fixed,
which is comparable to ∼9mm/yr reported by Jade et al., 2014 and
Jade et al., 2017. In substance, the longitudinal extension is construed
as a major contributor to the Himalayan arc deformation. The slip-rate
estimated from the horizontal velocity vectors indicate a rate of
17.2 ± 1mm/yr in the Kumaun region of the Himalaya, with a dip
angle of ∼7° and locking depth of ∼20 km (Fig. 4). Earlier GPS studies
in the western Nepal Himalaya suggested a slip rate of ∼20mm/yr and
locking depth in the range of 12–20 km (Bilham et al., 1997; Jouanne

et al., 1999; Larson et al., 1999). The slip rate geologically estimated by
Wesnousky et al., (1999) in the Nepal Himalaya is 13.8 ± 3.6mm/yr,
and that in the Western Himalaya is ∼15mm/yr with a locking depth
of 15 km (Banerjee and Bürgmann, 2002).

4.1. Moment rate

Seismic moment rate (M0) is defined as the product of the study area
(100 km×150 km) and the slip rate (17mm/yr) (Maruyama, 1963;
Brune, 1968). In earlier studies, the moment deficit rate in the Nepal
Himalaya over a locking depth range of 15–20 km is reported as
∼6.6× 1019 N-m/yr (Ader et al., 2012), and ∼15×1019 N-m/yr
(Stevens and Avouac, 2015) for the entire Himalayan arc. In the present
study, using the standard empirical relation (Brune, 1968), the moment
deficit rate is obtained as 8.4 ± 1×1018 N-m/yr.

The seismic moment rate (M s
0 ) of each of the earthquake events with

moment magnitudes (Mw) above 3.0 is estimated using the following
empirical relation (Kanamori, 1977).

= ×+M N m10 10s M
0

(1.5 16.095) 7w (1)

According to Rundle (1989), the geodetic moment released in the
resulting earthquakes obeys the distribution law:

=N M M( )0 0 (2)

where N is the number of earthquakes of moment ≥M0 and α and β are
some constants; α depends on the rate of earthquake activity, whereas β
represents the seismic severity governed by the relative numbers of
large and small earthquakes. The largest earthquake event with its
moment denoted by M0

max is so specified as to keep the total seismic
moment finite. The ratio of the maximum seismic moment (M0

max) to
the moment rate (M0) during a time interval T corresponding to the
average repeat time of the largest earthquake is approximately 1-β
(McCaffrey et al., 2000). Hence, the total moment released during the
time T equals TM0 which is the same as M0

max/(1-β). This is consistent
with the following expression:

=T M M/(1 )0
max

0 (3)
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We employed the above expression (3) to determine the return
period of a typically large earthquake of moment magnitude Mw=8.
For such a great earthquake, the computed value of M0

max is
1.2× 1021 N-m, and the corresponding elastic strain accumulation is
61×10−6 strain, assuming a typical value of β at 0.76 as suggested by
Kagan (1997), applicable to India-Tibet seismic zone that encompasses
our study area. Taking into account all these parametric values, it turns
out that a time interval of approximately 600 years is adequate to
generate the assumed 8.0 magnitude earthquake in the Kumaun Hi-
malayan region. Feldl and Bilham (2006) estimated that, in central
Himalaya, an earthquake of moment magnitude at least 8.6 would tend
to repeat with an interval of ∼500 yrs.

5. Conclusion

Seismotectonic activity in the Kumaun Himalaya is analyzed using
geodetic data obtained from campaign mode GPS observations. The
velocities of GPS sites are found to be in the range of 1–9mm/yr and
27–38mm/yr with respect to India and Eurasia fixed reference frames
respectively. The 2-D model suggests that the MHT slip rate in the
Kumaun Himalayan region is building up at ∼17mm/yr with a dip
angle of ∼7° and a locking depth of ∼20 km. The study from the
geodetic data reveals the total accumulation of seismic strain in the
order of 61× 10−6, which would be enough to generate an earthquake
of magnitude 8 with a recurrence interval of about 600 years in the
Kumaun Himalayan province.
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