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S U M M A R Y
Underthrusting of the Indian lithosphere beneath the Himalayas occurs during the Quaternary
period along a gently north-dipping main basal detachment (main Himalayan thrust: MHT),
from which the southernmost emergent ramp (main frontal thrust: MFT) branches. Historical
seismicity shows that slip on the MHT is frequently accommodated through M > 8 shallow
earthquakes, but shows a seismic gap in western Nepal. This absence of major historical
earthquakes in western Nepal can be explained either by an aseismic slip on the MHT or a long-
lived elastic strain accumulation. To test these hypotheses, the present-day displacement field
has been measured for a GPS network formed of 35 sites. The updated solution presented in this
paper combines data from 1995, 1997, 1998 and 2000 measurements. The lack of deformation
(less than 3 · 10−8 yr−1) through the outer belt does not fit with a regional aseismic slip
along the southern part of MHT. A less than 3 mm yr−1 aseismic slip could nonetheless affect
restricted areas of the outer belt. In contrast, a strain accumulation of more than 30 · 10−8 yr−1

is measured south of the Higher Himalayas, in a zone where an intense microseismicity reflects
a stress build-up. It is presumably generated by locking of the aseismic creep that occurs along
the MHT beneath the Higher Himalayas and Tibet. The displacement field is simulated by a
dual-dislocation model that takes into account the pattern of microseismicity, and particularly
a segmentation between central and western Nepal. The best fit between the measured and
simulated displacement fields is obtained with 19 mm yr−1 thrust and 0–1 mm yr−1 dextral
strike-slip components along a 117◦NE dislocation locked to a depth of 20–21 km beneath
western Nepal, and 19–20 mm yr−1 thrust and 0–2 mm yr−1 dextral strike-slip components
along a 108◦NE dislocation locked to a depth of 17–21 km beneath central Nepal. The width
of the locked zone between the main frontal thrust and the creeping zone is of the same order,
but rather greater, in western Nepal than in central Nepal. Therefore it is expected that M > 8
earthquakes could occur in western Nepal.

Key words: continental deformation, earthquake location, fault models, Himalayas, Nepal,
plate convergence, satellite geodesy.

I N T RO D U C T I O N

The present-day structure of the Himalayas is characterised by un-
derthrusting of the Indian lithosphere beneath the chain along the
main Himalayan thrust (MHT) (Zhao et al. 1993). This structure
absorbs about 20 mm yr−1 convergence (Bilham et al. 1997), that is
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de Savoie, 73376 Le Bourget du Lac Cedex, France. E-mail: Jouanne@
univ-savoie.fr

nearly half of the convergence between India and Eurasia estimated
by DeMets et al. (1994).

Large earthquakes of magnitude >8 affect the MHT that have
episodically ruptured segments several hundred kilometres long.
This seismic cycle is presently evidenced by numerous studies
(Molnar 1987; Bilham et al. 1995; Gahalaut & Chander 1997;
Avouac et al. 2001), and historical seismicity underlines the exis-
tence of a major seismic gap between the 1905 Kangra and the 1934
Bihar, Nepal earthquake areas (Fig. 1) in western Nepal. No major
earthquake has been clearly recorded in this area over the past three
centuries, and possibly since the 1255 event, which might be the last
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Figure 1. Historical and instrumental seismicity in the Himalayas of Nepal. The ruptures of the Himalayan earthquakes, located by their rupture area (grey
boxes) are interpreted as the activation of the main Himalayan thrust (MHT) during M ca 8 seismic events. From west to east, 1905 Kangra and 1934 Bihar,
Nepal are represented. Medium size earthquakes in the Himalayas, located at a mid-crustal level (between 10 and 20 km), indicate the probable activation of
roughly E–W thrust planes gently dipping to the north as shown by theirs focal mechanisms. The intense microseismicity drawn with small grey circles, tend
to cluster south of the Higher Himalayas (Pandey et al. 1995, 1999) all along the Himalayas of Nepal at a mid-crustal level.

major rupture in this part of Nepal (Bilham et al. 1995). It is there-
fore important to test whether the whole deformation is locked in
the external belt of western Nepal, or whether an aseismic deforma-
tion would decrease the amount of deformation release through very
large earthquakes. To estimate the strain accumulation in Nepal and
especially in its western part, a dense GPS network was installed in
1995 in the framework of the IDYLHIM project granted by the Cen-
tre National de la Recherche Scientifique, France. This network has
been installed by his Majesty’s Government of Nepal Seismolog-
ical Laboratory (Kathmandu)—the Laboratoire de Géodynamique
des Chaı̂nes Alpines and the laboratoire de Géophysique Interne
et Tectonophysique. Common benchmarks and simultaneous ob-
servations link it with the networks installed by the Laboratoire de
Détection Géophysique (LDG), France and CIRES, Boulder Univer-
sity, USA. One geodetic solution combining the 1995, 1997, 1998
and 2000 measurements is presented here. This solution updates the
previous solutions based on less numerous data (Bilham et al. 1997;
Larson et al. 1999; Jouanne et al. 1999). It gives a better estimation
of the present-day India/Eurasia convergence rate and furnishes a
spatial and temporal distribution of deformation during an interseis-
mic period of activity of the external part of the main Himalayan
thrust. This deformation pattern is used to discuss the amount of de-
formation that occurs and could be elastically released during major
earthquake events.

R E G I O N A L B A C KG RO U N D

Structural and neotectonic pattern of Nepal

The main structures of Nepal consist of several north-dipping thrust
faults (Ganser 1964), and the more important ones are the main
frontal thrust (MFT), the main boundary thrust (MBT) and the main
central thrust (MCT) (MFT, MBT, MCT on Figs 2 and 3). They trend
generally 120◦N in western Nepal to 90◦N in the eastern part of the
country (Upreti & Le Fort 1999). These thrust faults, with gener-
ally N–S transport direction (Brunel 1986; Pêcher 1991; Mugnier
et al. 1999), are inferred to branch off the major basal detachment
of the Himalayan thrust belt (hereafter called the main Himalayan
thrust: MHT) that localizes the underthrusting of the Indian litho-
sphere beneath the Himalayas and Tibet. If the thrusts are generally
increasingly younger from north to south (24–21 Ma for the MCT,
less than 2 Ma for the MFT), out-of-sequence processes exist, as
shown by the occurrence of displacement along the MCT 5.5 Ma
ago (Hodges et al. 1996; Harrison et al. 1997) and the observa-
tion of cross-cutting relationships between ramps and earlier flat
décollement (De Celles et al. 1998; Mugnier et al. 1998) in the
Lesser Himalayas of western Nepal.

Quaternary displacement took place mainly along the frontal
thrusts where the convergence rate deduced from the uplift of
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Figure 2. Structural scheme of the Himalayas of Nepal and location of GPS points.

Holocene terraces is of the order of 21.5 ± 2.5 mm yr−1 in cen-
tral Nepal (Lavé & Avouac 2000) and 19 ± 6 mm yr−1 (Mugnier
et al. 2003) in western Nepal. The observations of Quaternary
metric displacement in the frontal thrust belt indicate that the co-
seismic displacement episodically reaches the surface (Delcail-
lau 1992; Nakata et al. 1998). The consistency of the long-term
contraction rates across the frontal part of the Himalayan thrust
system, and the aseismic slip rate simulated below the Higher
Himalayas, suggests that detachment slip efficiently accommodates
most of the contraction and that most of this slip occurs through
discrete seismic events (Lavé & Avouac 2000; Mugnier et al.
2003).

Nonetheless other Quaternary motions observed in Nepal are:

(i) Reactivation of the MBT in western Nepal where right-lateral
and north-downward motion has been described (Nakata 1989).

(ii) Tectonics along the Bari Gad fault (Fig. 2) (Nakata 1989;
Yeats & Lillie 1991) affected by right-lateral motion or extension
depending on the orientation of the segment of the fault.

(iii) Moderate E–W extension with a left-lateral component, less
than 1 mm yr−1 (Fort et al. 1982) across the Thakkhola half-graben
located north of the Higher Himalayas in southern Tibet at the
boundary between western and central Nepal (Fig. 2).

Seismicity

Present-day deformation of the Himalayas is characterized by big
earthquakes. Three of these earthquakes (1905, 1934 and 1950) with
magnitude around 8 are due to the underthrusting of India under Hi-
malayas (Molnar 1987; Molnar & Pandey 1989) and have ruptured
nearly half of the chain in the past 100 yr. For Nepal, historical
seismicity is mainly deduced from major damage in the Kathmandu
valley, and indicates major earthquakes in 1255, 1408, 1681, 1810,

1833 and 1866. The 1934 Bihar, Nepal earthquake, that ruptured
a 100–300 km long part of the Himalayan arc (Molnar & Pandey
1989), seems to be the recurrence of some of these events (Bilham
et al. 1995), whereas the 1803, 1833 and 1866 events could be re-
lated to the rupture of a segment west of Kathmandu in central Nepal
(Bilham 1995). A 500–800 km seismic gap (Fig. 1), between
77◦N and 84◦N (Bilham et al. 1995) has not clearly experienced
a great earthquake for more than two centuries (reliable British his-
torical seismicity) and perhaps since the huge 1255 earthquake.
In this hypothesis, and assuming a constant convergence rate of
20 mm yr−1, the maximum slip deficit in the seismic gap may be
estimated to be 15 m, which may cause one or several magnitude
>8 earthquakes.

Intermediate magnitude (5–7) events have been recorded in
the Himalayan-Tibet area. The focal mechanisms indicate the oc-
currence of shallow (10–20 km) earthquakes beneath the Lesser
Himalayas with focal solutions interpreted as the activation of thrust
planes gently dipping to the north (Ni & Barazangi 1984; CMT so-
lutions on Fig. 1 from Singh 2000). A detailed study has been per-
formed for one of these earthquakes. The M 6.6 Uttarkashi earth-
quake, west of Nepal, in India has been studied in detail by Cotton
et al. (1996), and could exemplify these type of events. It indicated
that the seismic event had been initiated at a depth of 12 ± 3 km
south of the Great Himalayas along a surface dipping 11◦ towards
the North and was characterized by a southward propagation of
the rupture along a 20–25 km segment of the MHT. The rupture
stopped close to the bottom of a crustal ramp inferred in this area
by Srivastava & Mitra (1994).

An intense microseismicity and frequent medium size earth-
quakes tend to cluster south of the Higher Himalayas (Pandey et al.
1995, 1999) all along the Himalayas of Nepal (Fig. 1) at a mid-crustal
level (between 10 and 20 km). A detailed study of these microseis-
mic clusters suggests a segmentation of the Himalayan arc (Pandey
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Figure 3. Cross-sections and projection of the microseismic activity. The area of maximum microseismic activity is interpreted as the result of a stress build-up
consequence of a lateral evolution of the displacement along the MHT from a 2 cm yr−1 north of this cluster to an almost nul value south of it.

et al. 1999) and two major discontinuities segment the microseismic-
ity belt at 82.5◦E and 86.5◦E. In western Nepal (between longitudes
80.5 ◦E and 82.5◦E) a cluster is oriented ca 118◦NE, in central Nepal
(between 82.5◦E and 86.5◦E) it is orientated ca 108◦NE, and in east-
ern Nepal (between 86.5◦E and 88.5◦E) ca 95◦NE. The projection
along cross sections of the microseismic events (Fig. 3) reveals a no-
ticeable change in shape of the clusters between central and western
Nepal (Pandey et al. 1999): at the longitude of Katmandu (central
Nepal) the cluster has a rounded form and is located in the vicinity
of the flat-ramp transition of the MHT; in western Nepal the cluster
is elongated and nearly horizontal. These clusters are interpreted to
reflect stress building in the interseismic period, during which the
décollement beneath the Lesser Himalayas probably remains locked
(Pandey et al. 1995; Bilham et al. 1997; Cattin & Avouac 2000) with
aseismic creep being located beneath the Higher Himalayas. It may
thus be inferred that these clusters following the southern bound-
ary of the Higher Himalayas of Nepal, mark the tip of the aseismic
slip zone beneath the Higher Himalayas and southern Tibet, and
that the transition from the aseismic creep dislocation zone to the
locked zone does not occur in the same context in central and west-
ern Nepal: in central Nepal this transition corresponds to the lower
part of a ramp, close to a flat-ramp connection of the MHT; while
in western Nepal it is located along a gently dipping segment of the
MHT.

G E O D E T I C A N A LY S I S A N D R E S U LT S

Network set-up

Networks were installed in Nepal in 1991, 1992, 1995, 1997, 1998
and 2000 by several French (LDG and CNRS) and American
(Colorado University) Institutions in collaboration with His
Majesty’s Government of Nepal.

The Colorado University network, measured for the first time in
1991, covered Nepal with points located from the Higher Himalayas
to the Himalayan foreland (Bilham et al. 1997). The LDG network
(1995, 1998, 2000) is focused on the deformation at the longitude
of Katmandu and the IDYLHIM network (1995, 1997, 1998, 2000)
is designed to study the possible central Nepal/western Nepal seg-
mentation and to evaluate the slip deficit in the seismic gap between
the 1934 Bihar, Nepal earthquake and the 1905 Kangra earthquake.
The IDYLHIM network presents a dense arrangement of observa-
tion points in the Siwaliks of the outer Himalayas, designed to test
the existence of possible aseismic creep along the frontal set of
Quaternary thrusts, as inferred in central Nepal from spirit levelling
comparisons (Jackson & Bilham 1994).

These various surveys are connected by common benchmarks and
by simultaneous observations in 1995, 1997, 1998 and 2000. In this
study, the deformation field has been estimated using the available
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Table 1. Summarizes the observation at the GPS sites and indicates the date of observations, the number of sessions per point and the time span of the
observation sessions.

Latitude Longitude Campaign
Station Network deg deg number 1995 1997 1998 2000

AMP0 IDYLHIM 28.030 82.247 3 2 4 4
BAL0 LDG 27.745 85.794 2 1 3
BBP0 IDYLHIM 28.196 82.094 2 3 4
BMT0 IDYLHIM 27.786 82.540 3 3 1 4
BRW0 CIRES+IDYLHIM 27.507 83.418 2 2 4 6
CHI0 IDYLHIM 28.641 81.316 2 3 3
CHP0 IDYLHIM 27.951 82.504 3 2 4 2
DAD2 IDYLHIM 29.334 80.601 2 3 5
DDLO IDYLHIM 29.534 80.775 2 3 3
DLP0 IDYLHIM 28.983 82.818 3 3 3 3
DMN0 IDYLHIM 27.608 85.108 3 5 2 2
GMB0 LDG 27.896 85.895 2 2 2
GUT0 IDYLHIM 28.824 81.353 2 3 4
HET0 LDG 27.316 85.008 3 2 2 3
JML0 IDYLHIM 29.277 82.191 2 3 3
JOM0 CIRES+IDYLHIM 28.781 83.718 2 12 2
KKN0 LDG 27.800 85.279 3 4 10 16
KRN2 IDYLHIM 27.543 82.788 2 3 6
KUS0 IDYLHIM 28.010 82.095 2 3 4
MAH0 CIRES+IDYLHIM 28.963 80.148 3 3 4 11
MUL0 IDYLHIM 28.249 82.347 3 3 3 4
NAGA CIRES 27.693 85.521 3 33 13 8
NIJ0 LDG 27.183 85.187 2 2 3
NPJ0 CIRES+IDYLHIM 28.134 81.575 4 6 15 6 5
PKI0 LDG 27.575 85.398 3 4 11 12
PKR0 IDYLHIM 28.199 83.978 3 1 2 2
POK0 CIRES+IDYLHIM 28.199 83.978 3 3 9 3
RAM0 LDG 28.199 83.978 3 1 2 5
SHP0 IDYLHIM 29.527 80.721 4 1 3 3 4
SKA0 IDYLHIM 28.583 81.634 3 14 19 10
SKT0 CIRES+IDYLHIM 28.586 81.635 3 9 14 3
SMK0 CIRES+IDYLHIM 29.967 81.826 3 8 4 4
SPS2 IDYLHIM 28.407 81.691 3 3 3 3
SYA0 LDG 28.171 85.329 3 2 2 3
TAN0 CIRES+IDYLHIM 27.874 83.554 3 2 4 4

1995–2000 CIRES data, and the LDG and CNRS (IDYLHIM, IT
and PNRN programs) observations.

Data acquisition

Table 1 summarizes the observation duration at the GPS sites and
indicates the date of observations, the number of sessions per point
and the time span of the observation sessions. In 1995, both 12 hr
and 24 hr sessions were conducted. In 1997, 1998 and 2000, 24 hr
sessions were systematically conducted. The points were generally
observed for three sessions. The measurements in 1995, 1997, 1998
and 2000 (IDYL and LDG networks) were taken with Ashtech dual-
frequency receivers. In 1995, both codeless and z-code receivers
were used, whereas z-code receivers were systematically used in
1997, 1998 and 2000. Choke-ring antennas have been used since
1997.

GPS data analysis

Data were analysed with the Bernese V4.2 software (Beutler et al.
2001) in the ITRF97 reference frame using precise orbits (Boucher
et al. 1999), earth rotation parameters and data from IGS stations
(Table 2). The antenna phase-centre offsets and the influence of
elevation on phase-centre variations were corrected using the IGS
antenna phase-centre table. The troposphere-induced propagation

delays were estimated from the observations, with troposphere pa-
rameters being estimated every 2 hr.

Analysis of 1995 data

The 1995 data set formed by CIRES, LDG and IDYLHIM data
(Table 1) and IGS station measurements (LHAS, KIT3, TAIW,
SHAO, IRKT, IISC, POL2) were analysed according to the following
strategy: an ionosphere-free analysis without ambiguity resolution
in order to assess residual; a quasi-ionosphere-free resolution strat-
egy (Beutler et al. 2001) allowing all data to be mixed in a single run
with or without code measurement. Troposphere parameters were
estimated with observations being weighted as a function of satellite
elevation. The mean repeatability of these observations for 1995 is
2.5 mm, 3 mm and 20 mm for the north, east and vertical com-
ponents respectively. The increase in repeatability versus baseline
length (0.7 ppb for the north and 0.9 ppb for the east component) in-
dicates that both orbits, considered as fixed, and the reference frame
are well defined.

Analysis of 1997, 1998 and 2000 data

The 1997, 1998 and 2000 data sets (Table 1) were analysed with IGS
station data (1997: BAHR IISC, IRKT, KIT3, LHAS, POL2, TAIW,
SHAO, WUHN, XIAN; 1998: BAHR, IISC, IRKT, KIT3, LHAS,
POL2, SHAO, XIAN, WUHN; 2000: BAHR, LHAS, IISC, IRKT,

C© 2004 RAS, GJI, 157, 1–14

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/157/1/1/2132575 by guest on 01 February 2021



6 F. Jouanne et al.

Table 2. Velocities and associated 1σ uncertainties derived from the 1995, 1997, 1998 and 2000 observations expressed in the Eurasia fixed velocities of
BOR1, BRUS, JOZE, KOSG, METS, ONSA, IRKT, POTS, WTZR, ZIMM, ZWEN set to zero and velocities of KIT3 and POL2 set to 2 mm yr−1 N and
0.5 mm yr−1 E), and in the India fixed reference frame defined by the minimization of the displacements of IISC in India, BRW0, KRN2, MAH0, NIJ0, NPJ0
points located in the Ganga Plain in Nepal (the motion of India relative to Eurasia has been described, in our analysis, by the pole, latitude 28.5◦N, longitude
22.1◦E, rotation 0.4◦ Myr−1).

Eurasia Fixed India fixed
latitude longitude Campaign

GPS points deg deg number North σ north East σ east North σ north East σ east

AMP0 28.03 82.247 3 33.63 0.78 9.55 0.8 −0.26 1.18 −0.07 1.12
BAHR 26.21 50.61 3 20.31 0.36 3.29 0.52 1.49 1 0.31 1.14
BAL0 27.745 85.794 2 30.85 2.28 8.41 2.32 −4.46 2.44 −1.37 2.46
BBP0 28.196 82.094 2 34.77 1.6 14.19 1.54 2.32 1.8 0.65 1.74
BMT0 27.786 82.54 3 34.47 0.68 9.47 0.7 0.35 1.1 0.10 1.06
BRW0 27.507 83.418 2 30.79 1.7 10.51 1.54 −3.10 1.9 −0.92 1.72
CHP0 27.951 82.504 3 35.45 1.94 10.9 1.98 1.68 2.12 0.48 2.12
DAD2 29.334 80.601 2 28.67 1.96 7.67 1.76 −4.57 2.16 −1.17 1.92
DDL0 29.534 80.775 2 30.51 2.26 7.37 2.02 −2.96 2.42 −0.75 2.16
DLP0 28.983 82.818 3 21.43 1.3 7.75 1.2 −12.11 1.38 −3.30 1.26
DMN0 27.608 85.108 3 32.74 0.64 9.29 0.64 −2.27 1.08 −0.69 1.04
GMB0 27.896 85.895 2 29.97 2.26 8.2 2.14 −5.35 2.42 −1.63 2.3
GUT0 28.824 81.353 2 33.66 1.56 9.68 1.5 0.25 1.78 0.07 1.68
HET0 27.316 85.008 3 34.04 0.98 9.65 1.18 −0.98 1.32 −0.30 1.44
IISC 13.021 77.57 4 31.65 0.38 16.87 0.38 0.04 1.02 0.02 0.88
JML0 29.277 82.191 2 26 1.8 9.89 1.68 −6.99 1.96 −1.85 1.82
JOM0 28.781 83.718 2 23.67 1.7 9.08 1.56 −9.98 1.9 −2.80 1.74
KKN0 27.8 85.279 3 33.43 0.58 10.13 0.58 −1.45 1.06 −0.44 1
KRN2 27.543 82.788 2 34.14 2.96 7.65 2.6 −0.50 3.1 −0.15 2.72
KUS0 28.01 82.095 2 30.71 1.02 7.23 1.4 −3.49 1.34 −0.98 1.6
LHASA 29.657 91.104 4 16.01 0.24 19.34 0.22 −12.55 0.9 −3.96 0.86
MAH0 28.963 80.148 3 33.21 0.86 9.84 0.76 0.37 1.22 0.10 1.1
MUL0 28.249 82.347 3 34.28 1.58 9.08 1.74 0.21 1.8 0.06 1.92
NAGA 27.693 85.521 3 31.78 0.34 10.52 0.32 −2.94 0.94 −0.90 0.88
NIJ0 27.183 85.187 2 38.68 1.96 9.71 2.1 3.24 2.14 1.00 2.24
NPJ0 28.134 81.575 4 33.4 0.42 10.09 0.38 −0.05 0.98 −0.01 0.88
PKI0 27.575 85.398 3 34.33 0.56 10.65 0.6 −0.55 1.04 −0.17 1
PKR0 28.199 83.978 2 30.79 1.2 12.89 1.08 −2.42 1.5 −0.70 1.36
POK0 28.199 83.978 3 34.56 0.76 10.12 0.86 0.11 1.16 0.03 1.18
RAM0 28.015 85.222 3 27.29 0.56 12.59 0.54 −6.07 0.86 −1.82 0.78
SHAO 31.1 121.2 4 −5.37 0.3 11.71 0.4 −27.33 0.88 −15.13 1.22
SHB0 29.527 80.721 4 27.51 0.52 8.79 0.48 −5.37 1 −1.36 0.9
SHP0 29.012 80.636 3 34.67 0.86 9.67 0.76 1.50 1.24 0.39 1.1
SKA0 28.583 81.634 3 30.89 0.44 6.49 0.4 −3.23 1 −0.88 0.9
SKT0 28.586 81.635 3 30.52 0.48 9.42 0.46 −2.87 1 −0.78 0.92
SMK0 29.967 81.826 3 21.75 1.18 9.37 1.1 −10.80 1.44 −2.73 1.34
SPS2 28.407 81.691 3 33.94 0.98 10.1 0.88 0.44 1.32 0.12 1.18
SYA0 28.171 85.329 3 26.96 0.8 11.37 0.78 −6.86 1.18 −2.04 1.12
TAEJ 62.03 127.37 2 −3.2 2.18 8.71 1.98 −29.43 2.32 −14.86 2.34
TAIWAN 25.021 121.537 2 −5.43 1 18.64 1.22 −21.68 1.32 −12.34 1.68
TAN0 27.874 83.554 3 35.1 0.78 10.22 0.78 0.76 1.18 0.22 1.12
WUHN 30.53 114.3 3 −4.66 0.5 11.02 0.58 −28.30 0.98 −13.80 1.2
XIAN 34.37 109.22 2 −7.33 1.82 9.18 2.08 −28.21 2.02 −11.86 2.3

KIT3, POL2, SHAO, WUHN) with resolution of carrier-phase am-
biguities using: an ionosphere-free analysis without ambiguity res-
olution in order to assess residuals; Wuebbena–Melbourne ambigu-
ity resolution (Wübbena 1985; Melbourne 1985); and resolution of
ambiguities using the ionosphere-free combination introducing the
solved Wuebbena–Melbourne ambiguities.

The mean repeatability of these observations, for the north, east
and vertical components respectively, is: 1.8, 4 and 10 mm in 1997;
1.5, 1.8 and 6 mm in 1998; and 0.9, 2.2 and 6.7 mm in 2000. The
orbits, considered to be fixed, and the reference frame are well de-
fined as shown by the relation between repeatability and baseline
length for the north and east components respectively: 2 and 10 ppb
in 1997; 0.04 and 0.01 ppb in 1998; and, 4 and −2 ppb in 2000.

For each campaign, one normal equation and its weighting coef-
ficient were obtained by combining the daily normal equations and
the overall weekly solutions obtained from CODE (Center Orbit
Determination Europe).

To test the hypothesis of displacement linearity through time,
time series illustrating baseline variations have been plotted (ex-
amples are given on Fig. 4). The analysis of time series does not
allow demonstration of non-linearity of displacements. The misfit
locally evidenced between the linear interpolation is not meaningful
because a colourated noise, revealed in the continuous GPS stations
time series (Mao et al. 1999), has to be considered. We have not
performed vertical velocity estimation, because different models of
antenna have been used and repeatabilities of vertical component
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Figure 4. Examples of time series for points measured three or four times. Errors bars are drawn for a 1σ confidence level. As shown on these figures, baselines
variations at different scales from long baselines (Lhasa-Npj0 or Lhasa-Shb0) to short baselines (Pok0-Brw0, Smk0-Dlp0) seem to occur at constant rates for
the horizontal component.

(from 20 mm in 1995 to 6.7 mm in 2000) do not allow an accurate
determination of vertical displacements.

Velocities were then obtained from the weighted combination of
campaign normal equations (1995, 1997, 1998 and 2000), assuming
linear displacements. A weight of 0.0022, derived from Bernese
analysis, has been adopted for the less accurate 1995 campaign,
whereas a weight of 0.0018 has been adopted for the 1997, 1998
and 2000 campaigns.

Estimated velocities

A natural reference frame for the India–Eurasia collision zone is the
Eurasia fixed reference. It is defined by minimizing the velocities
of stations located in stable Asia and Europe using a six-parameters
Helmert transformation (three translation and three rotation parame-
ters): the velocities of BOR1, BRUS, JOZE, KOSG, METS, ONSA,
IRKT, POTS, WTZR, ZIMM (present in 1995, 1997, 1998 and 2000
combined solutions), ZWEN (present in 1998–2000 solutions) were
minimized and the velocities of KIT3 and POL2 (present in 1995,
1997, 1998 and 2000) located in the Kazakh platform (Abdrakhma-
tov et al. 1996) were adjusted to 2 mm yr−1 N and 0.5 mm yr−1 E

(Figs 5a and b) as suggested by Kogan et al. (2000). To obtain a more
readable velocity map in the Nepal area, characterized by important
displacements and high-displacement gradients, vectors were also
expressed in the India fixed reference frame (Fig. 6). This refer-
ence frame, has been defined by the determination of the rotation
pole Eurasia/India (latitude: 28.5◦N, longitude: 22.1◦E, rotation:
0.4◦ Myr−1) that accounts for the displacements of IISC (Southern
India), BRW0, KRN2, MAH0, NIJ0 and NPJ0 in the Ganga plain,
in the Eurasia fixed reference frame.

S I S M O T E C T O N I C A N D T E C T O N I C
I N T E R P R E TAT I O N

India/Eurasia motion

Points located on the Indian lithosphere, south of the Himalayas,
have geodetic displacements significantly lower than Nuvel 1A NNR
predictions (Argus & Gordon 1991; DeMets et al. 1994) (Table 2
and Figs 5a and b). For example the estimated motion of Bangalore
(IISC) is 36 mm yr−1 directed 28◦NE (i.e. significantly slower than
the 47 mm yr−1 Nuvel 1A NNR prediction directed 24◦NE), but is
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Figure 5. Velocities drawn in the stable Eurasia reference. (a) Selected velocities of Nepal network frame (only five points are drawn to make the figure
readable)and selected continuous GPS stations in the Eurasia fixed reference frame. This reference frame has been defined as follows: the velocities of BOR1,
BRUS, JOZE, KOSG, METS, ONSA, IRKT, POTS, WTZR, ZIMM, ZWEN were minimized and the velocities of KIT3 and POL2 located in the Kazakh
platform (Abdrakhmatov et al. 1997) were adjusted to 2 mm yr−1 N and 0.5 mm yr−1 E. (b) Velocities of the 34 sites of the LDG-IDYLHIM network in the
Eurasia fixed reference frame.

in accordance with the 37 mm yr−1 value directed 22◦NE GPS pro-
posed by Paul et al. (2001). The current displacement of Bangalore
is consistent with the displacement predicted using the revised plate
reconstruction proposed by Gordon et al. (1999) (37 mm yr−1 with
a 38◦NE azimuth).

This discrepancy with the plate reconstruction model, already re-
ported by several authors (Chen et al. 2000; Shen et al. 2000; Paul
et al. 2001; Wang et al. 2001), may have different origins: difficul-

ties in establishing the geological plate circuit (mainly in the Nuvel
1 A model) in a model using seafloor spreading rates, transform-
fault strikes and focal mechanisms; or, the existence of present-day
shortening of the oceanic lithosphere, south of the nearly stable In-
dian continental lithosphere (Paul et al. 2001). In other words, the
missing shortening might be absorbed through the oceanic domain
located between the stable Indian margin and the oceanic ridges
that limit the Indian plate. This hypothesis is also supported by
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Figure 6. Velocities of the 34 sites of the LDG-IDYLHIM network in the India fixed reference frame. This reference frame, has been defined by the
determination of the Eurasia/India rotation pole (latitude: 28.5◦N, longitude: 22.1◦E, rotation: 0.4◦ Myr−1). It allows to account for the displacements of IISC
(southern India), BRW0, KRN2, MAH0, NIJ0 and NPJ0 in the Ganga plain, Eurasia being considered fixed.

significant seismicity in the oceanic domain of the Indian plate
and the observed recent folding of the lithosphere (Curray &
Munasinghe 1989).

Active deformation of Himalayas

From the velocities expressed in the India fixed reference frame
(Fig. 6), a number of features can be highlighted:

(i) Points located in the Ganga plain do not exhibit significant
residual displacements.

(ii) Points located on the first anticlines are also not affected by
major motions; in view of this lack of displacement between these
points and the benchmarks embedded in the Ganga plain, it may be
inferred that there is an absence of major aseismic movements along
the MHT that reaches the ground surface just south of these folds.

(iii) A north–south velocity gradient is evidenced between the
points located in the outer belt and those located in the Lesser Hi-
malayas or in the Higher Himalayas.

(iv) There is also no evidence of dextral strike-slip movement
along the MBT in western Nepal (Nakata 1989); this feature appears
to be of second order compared with the Himalayan convergence,
as suggested by the displacement rate of 1 mm yr−1 (Nakata 1989).

(v) There is no present-day extension along the Thakola graben,
as shown by the lack of velocity difference between the points of Jo-
mosson (JOM0) in the southern part of the east side of the Thakola
graben, and the points of Dolpo (DLP0), and the overall E–W ex-

tension along the studied segment of the Himalayan chain is weak
and diffuse.

(vi) There is an E–W shortening in the Higher Himalayas north
of Kathmandu (Fig. 7) which is compatible with the 1997 January
1 seismic event in this area.

This Ml 5.6 seismic event has occurred, at 18 km depth, along a plane
dipping 85◦ to the west with a 20 cm displacement of the hanging-
wall towards the east. The 1.7 cm horizontal component at the source
does not probably induce a detectable horizontal displacement at the
stations RAM0 and SYA0. Nonetheless, postseismic deformation,
evidenced by the postseismic microseismicity lineament could af-
fect the displacement of these two stations. This event is associated
with an eastward displacement of the hangingwall whereas other
fault plane solutions of M5–6 earthquakes indicate southward dis-
placement of the hangingwall. This suggests a structural anomaly
related with a lateral variation of the MHT geometry.

Uniform strain rate tensors are calculated to show more clearly
the strain location and shortening-axis variations (Fig. 8) through
the Himalayan belt. Uncertainties in strain rates have been obtained
using the following steps for a Monte Carlo simulation of errors:

(i) Diagonalisation of variance–covariance matrix.
(ii) Perturbation of velocity vectors in the basis formed by eigen-

vectors, where only the non-diagonal elements are non-nul, using
random value with a normal distribution scaled to represent a 95 per
cent confidence level.
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10 F. Jouanne et al.

Figure 7. Present-day deformation at the longitude of Kathmandu. Velocity
field expressed by reference to the NIJ0 benchmark in the Ganga plain.
Strain-rate tensors underline the existence of an E–W shortening north of
Kathmandu, also expressed by a moderate earthquake indicating a coseismic
E–W horizontal displacement.

(iii) Decomposition of perturbed vectors in N, E, up components.
(iv) Estimation and drawing of perturbed strain rate tensors.

The E–W extension that characterizes the southern Tibet area is
evidenced on the single mesh of the network that belongs to this
area (i.e. the SMK0-SHB0-JML0 triangle). The area that undergoes
most of the current deformation is characterized by a strong short-
ening that exceeds 1. 10−7 yr−1 and locally reaches 3 · 10−7 yr−1. It
is surrounded to the north by the Higher Himalayas–southern Tibet
area, and to the south by the outer belt of the Himalayas affected by
a nearly negligible present-day deformation. This strain distribution
suggests that it could be induced by displacement locking along
the MHT below the Lesser Himalayas, around the microseismicity
cluster. In this hypothesis, the Higher Himalayas are located above
the northern part of the MHT affected by aseismic creep, the Lesser
Himalayas undergo strain accumulation induced by displacement
locking, and the Outer Himalayas, located above the locked part of
the MHT, is characterized by a lack of any considerable instanta-
neous deformation.

Fig. 8 also illustrates a spatial variation in the orientation of the
shortening-axis between western and central Nepal, east of the 83◦E
meridian. In this area, there is both a change in orientation of micro-
seismicity clusters and a change in shortening-axis directions. This
could indicate a major change in the MHT geometry, as proposed
by Larson et al. (1999).

Simulation of the present-day velocity field

The hypothesis that Nepal experiences interseismic strain and stress
accumulation, as revealed by the microseismicity distribution and
geodetic velocity field, has been expressed by several authors

(Pandey et al. 1995, 1999; Bilham et al. 1997; Larson et al. 1999;
Jouanne et al. 1999; Cattin et al. 2000). In this study, the existence
of MHT segmentation is tested with a dislocation model using two
dislocations extending down-dip from the bottom of the locked zone
to a lower edge located at numerical infinity affected by a uniform
aseismic creep, one for central Nepal and the other for western
Nepal. It is assumed that the interseismic deformation is related to
uniform aseismic creep (Okada 1985) on buried planar thrust-fault
surfaces locked at their southern tips. These dislocations approxi-
mate ductile deformation of the lower crust around the MHT, and
their tips correspond to a flat-ramp connection or a ductile–brittle
transition.

The strike of the dislocations is assumed to be parallel to the av-
erage structural direction (MBT, MFT, etc.) and to the direction of
the microseismicity clusters i.e., close to 105◦NE for central Nepal
and 117◦NE for western Nepal (Fig. 9). The microseismicity distri-
bution and the horizontal velocity field are both used to define the
limits of the dislocations: the simulated horizontal displacements
must fit with the horizontal displacements measured by GPS, and
the southern boundary of the dislocations must be located in the
microseismicity clusters. We have performed a systematic search
through space parameters to seek the best fitting set of parameters.
We have considered constant orientations of the dislocations, well
constrained by the trend of the microseismicity clusters assumed to
reflect the stress build-up at the southern tip of the dislon (transition
between creeping and absence of displacement along the MHT).
The space parameters have been determined by: the displacement
components (from 19–21 mm yr−1 for the thrust component to 0–
5 mm yr−1 for the dextral strike-slip component); the dip of the
dislocations (from 9 to 12◦); the depths of the tip of the two dislo-
cations (from 15 to 25 km); and the horizontal location of the tip of
the dislocations (−10 to +10 km in the microseismicity cluster).

To test all the possibilities described above, 30 262 runs have
been performed. We have selected, as the most probable solutions,
the five parameter sets characterized by the five lowest WRMS.
The best solutions are dislocations with: a 9–10◦ dip for the two
dislocations; a 19 mm yr−1 thrust component for western Nepal and
a 19–20 mm yr−1 for the central Nepal; 0–1 mm yr−1 dextral strike-
slip component for western Nepal and 0–2 mm yr−1 for central Nepal
dislocation; and a locking depth around 20–21 km for western Nepal
and 17–21 km for central Nepal.

The existence of 2–3 mm yr−1 misfit obtained for points of the
Siwaliks could suggest an aseismic creep localized in space. This
hypothesis would suggest that aseismic creep evidenced from com-
parison of spirit levelling in the external part of Himalayas (Jackson
& Bilham 1994; Gahalaut & Chander 1997) could be a very local
phenomenon and does not give an accurate estimate of an aseismic
component on the scale of the Himalayan belt.

This two-dislocation model is close to the one proposed by
Larson et al. (1999) in one aspect: the transition zone between the
two dislocations is located around 84◦E. Nonetheless clear differ-
ences are also observed concerning the position and strike of the
tip line. The fit of our dislocation model to the data suggests that
the width of the locked zone between the tip of the dislocation and
the rupture surface along the MFT, is slightly greater in western
Nepal than in eastern Nepal, whereas Larson et al. (1999) calcula-
tion suggests a width much greater in eastern Nepal than in west-
ern Nepal. For the western dislocation we use twice as many data
as Larson et al. (1999) and therefore expect to have a more con-
strained solution. For the eastern dislocation, our solution is only
valid for central Nepal, and does not apply to eastern Nepal. Further-
more, we are aware that the dislocation model is only a first order
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Current shortening across the Himalayas 11

Figure 8. Strain-rate tensors computed from the velocity field. Tensors characterized by their eigenvalues and eigenvectors are drawn at the barycenter of
triangles used for their computations. Errors in strain rates for a 95 per cent confidence level have been obtained using a Monte Carlo simulation of errors.
Perturbed tensors simulating the errors for a 95 per cent confidence level, are drawn as grey bars around the unperturbed solutions. Strain-rate tensors show an
area undergoing most of the current deformation that is surrounded to the north by the Higher Himalayas–southern Tibet area with an E–W extension, and to
the south by the outer belt of the Himalayas affected by a nearly negligible present-day deformation. A spatial variation in the orientation of the shortening-axis
between western and central Nepal, east of the 83◦E meridian, illustrates the segmentation of the present-day deformation of Himalayas probably related to a
segmentation of the MHT.

approach to the interseismic deformation (Vergne et al. 2001). This
approach could induce artefacts and neglect any transition zone as
inferred by Dragert et al. (1994). Since this approach used alone does
not efficiently allow determination of the size of the locked zone,
and because we have incorporated microseismologic data in our
study, we believe that our model is more accurate than the previous
one.

Comparison between present-day deformation and
neotectonics of the Himalayas

The good fit between measured and simulated velocity fields sup-
ports the hypothesis of two distinct dislocations representing two
distinct segments of the ductile shear zones along which the Indian
lithosphere is underthrusted beneath Tibet. A comparison with the
structural cross-sections proposed through Nepal (Schelling & Arita
1991; De Celles et al. 1998; De Celles et al. 2001; Mugnier et al.
2003) and with the distribution of the microseismic events (Pandey
et al. 1999), suggests that the locking line of the dislocation in central
Nepal probably corresponds to a geometrical connection between a
flat area and a ramp of the MHT, and that the locking line in western
Nepal is located along the lower flat segment of the MHT. In the
first case, stress accumulation is well localized. In western Nepal,
stress concentration is less localized, and a transition zone between

the brittle deformation and the ductile deformation zone, presum-
ably, gradually locked the displacement. Furthermore intermediate
magnitude earthquakes could occur along the part of the lower flat
located in the brittle regime and stop against some ramp acting as a
crustal asperity.

The area, from east of the Dhaulaghiri mountain to the Thakkhola
graben appears as a major transition:

(i) In the high relief distribution (the >8000 m peaks are located
east of 83◦30′).

(ii) In the microseismicity distribution.
(iii) In the location of Quaternary faulting in the Lesser and

Higher Himalayas.
(iv) In the organisation of the drainage pattern (Van der Beek

et al. 2003).

The current deformation pattern also suggests a transition zone be-
tween 83◦ and 85◦, and has been modelled by a jump in the MHT
geometry at 84◦. The disagreements between the positions inferred
from different data sets suggest a broad transition zone. It is sug-
gested that the Darma–Bari Gad fault system and the Thakkhola
graben roughly delineate (on a map) a crustal wedge (in map view)
located at the transition between two different segments of the Hi-
malayan detachment above the Indian crust. Around the Bari Gad
dextral strike slip fault itself, between the JOM0, DLP0, MUL0
and TAN0 points, the adjustment between observed and simulated
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Figure 9. Simulation of the velocity field using a dislocation model. Two dislocations corresponding to central and western Nepal are used in this interseismic
displacement field simulation. Observed displacements drawn with their 95 per cent confidence level ellipses and simulated displacements are represented for
each point of the network illustrating the good fit between observed and simulated vectors.

displacements underline that a significant displacement along this
strike-slip fault is not required to explain the present-day displace-
ments. The Bari Gad fault is then probably not affected by a signif-
icant displacement, compatible with the 1.2 mm yr−1. quaternary
strike-slip component proposed by Nakata (1989).

Simulations also suggest a present-day oblique slip along the
two dislocations (1–2 mm yr−1 dextral strike-slip component), in
agreement with several observations:

(i) Oblique convergence in the Himalayas and southern Tibet
plateau (McCaffrey & Nabelek 1998).

(ii) Displacement partitioning observed along the active Quater-
nary faults of the outer belt of western Nepal, i.e. dextral slip along
the steep MBT, and long-term, 18 mm yr−1, Holocene pure thrusting
along the frontal active faults of the Siwaliks (Mugnier et al. 1999).

The agreement of these long-term contraction rates across the
frontal part of the Himalayan thrust system, and the aseismic slip rate
simulated below the Higher Himalayas, suggests that detachment
slip efficiently accommodates most of the contraction and that most
of this slip occurs episodically (Mugnier et al. 2003).

C O N C L U S I O N

The geodetic, geological and seismological data presented are used
to understand the present-day deformation process of the Himalayan
thrust wedge. In the outer belt, the MHT and its southernmost
branch, the MFT, were active during Quaternary times. Histori-
cal seismicity indicates that this activity continues in this area, at
least episodically, except in western Nepal where it may have been
locked for the last 800 yr in a seismic gap. Beneath the Higher Hi-
malayas and southern Tibet, the MHT accommodates convergence
as creep. Between the outer belt and the Higher Himalayas, a mid-
crustal microseismicity belt runs parallel to the structural trend of
the chain, from east to west. An interruption of the microseismicity

belt between meridian 84◦ and 82◦5 separates central Nepal, where
the microseismicity clusters correspond to a crustal ramp on the
MHT, from western Nepal, where earthquakes are distributed along
a rather flat segment of this thrust surface. These two microseis-
micity clusters are interpreted as tip lines where the aseismic creep
displacement on MHT surface is locked. This is believed to generate
elastic strain in the Himalayan belt and attenuation of displacements
towards the foreland. The present-day displacement field was mea-
sured by GPS networks from 1995 to 2000 and the updated solution
presented in this paper indicates:

(i) A 37 mm yr−1 (with a 38◦N azimuth) displacement rate be-
tween India and Asia.

(ii) A 21 mm yr−1 N–S rate of displacement and a 6.8 mm yr−1

E–W component between Tibet (Lhasa) and the Indian plate (NpJ0).
(iii) A more than 13 · 10−8 yr−1 deformation-rate along the entire

south border of the Higher Himalayan range.
(iv) With an ca 30.10−8 yr−1 local shortening rate.
(v) A less than 3.10−8 yr−1 deformation rate in the outer part of

the Himalayan belt.

The displacement field in Himalayas is satisfactorily simulated by a
dual-dislocation elastic model involving thrust and strike-slip com-
ponents. The thrust component is 19 mm yr−1 and the dextral strike-
slip component 1–2 mm yr−1. The misfit between the present-day
displacement field above the locked zone and the dislocation model
is generally not significant, suggesting that the aseismic component
along the external zone of the MHT is negligible. If some current
deformation occurs in the outer belt, it necessarily affects restricted
zones of the detachment during the six years of the study. The agree-
ment of the long-term contraction rates across the frontal part of the
Himalayas and the aseismic slip rate simulated below the Higher
Himalayas, suggests that most of the slip in the outer belt occurs
through earthquakes, and supports the hypothesis of a serious slip
deficit in western Nepal. The two-dislocation model suggests that
the width of the locked zone between the MFT and the creeping
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zone is of the same order, but rather greater, in western Nepal than
in central Nepal. As the width of the locked zone gives an upper
bound for the width of the rupture, it is suggested that earthquakes
as great as, or greater than, those that affected central–eastern Nepal
(i.e. ≥8.4 M from the 1934 Bihar earthquake) could affect western
Nepal.
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