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Kinematics of the India-Eurasia collision zone
from GPS measurements

Kristine M. Larson,'? Roland Biirgmann,® Roger Bilham,*
and Jeffrey T. Freymueller®

Abstract. We use geodetic techniques to study the India-Eurasia collision zone.
Six years of GPS data constrain maximum surface contraction rates across the
Nepal Himalaya to 18 + 2 mm/yr at 12°N +13° (1o). These surface rates across
the 150-km-wide deforming zone are well fitted with a dislocation model of a buried
north dipping detachment fault striking 105°, which aseismically slips at a rate of
20 £ 1 mm/yr, our preferred estimate for the India-to-southern-Tibet convergence
rate. This is in good agreement with various geologic predictions of 18 + 7 mm/yr
for the Himalaya. A better fit can be achieved with a two-fault model, where
the western and eastern faults strike 112° and 101°, respectively, in approximate
parallelism with the Himalayan arc and a seismicity lineament. We find eastward
directed extension of 11 + 3 mm/yr between northwestern Nepal Lhasa, also in
good agreement with geologic and seismic studies across the southern Tibetan
plateau. Continuous GPS sites are used to further constrain the style and rates of
deformation throughout the collision zone. Sites in India, Uzbekistan, and Russia

agree within error with plate model prediction.

1. Introduction

While the far-field plate motions across the India-
Eurasia, collision zone are relatively well understood, the
plate boundary encompasses a large area, the details
of the deformation field are complicated, and geologic
rates are poorly known (see Figure 1). Global plate
motion models [DeMets et al., 1990; 1994] predict that
approximately 50 mm/yr of northward directed conver-
gence is taken up between India and Eurasia. Geologic
and seismic evidence suggests that 1847 mm/yr of the
convergence is expressed as shortening across the Hi-
malaya [Molnar and Deng, 1984; Armijo et al., 1986;
Molnar and Lyon-Caen, 1989). This means that nearly
two thirds of the convergence is accommodated else-
where.

Two competing mechanisms can describe this accom-
modation. It is clear that some of the India-Eurasia
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collision is accommodated by strike-slip faulting in Asia,
[Molnar and Tapponnier, 1975], with corresponding east-
ward displacement or extrusion of Tibet and southern

China. Convergence also clearly leads to crustal thick-

ening evidenced in the ~5 km average elevation of the

Tibetan plateau and a crustal thickness of ~70 km. The
relative importance of these two mechanisms, crustal
thickening and lateral extrusion, is still a question of
open debate. Estimates of convergence accommodated
by extrusional tectonics range from 15% [England and

Molnar, 1997a), to 10-25% [Molnar et al., 1987], and up

to 50% [Avouac and Tapponnier, 1993]. Unfortunately,

geologic measurements across the major strike-slip and

normal faults in the region, which would bound lateral

extrusion, are fairly uncertain [e.g., Molnar et al., 1987,

Avouac and Tapponnier, 1993; England and Molnar,

1997a]. Resolving the crustal thickening versus lateral

extrusion debate has important consequences for geody-

namic models of the region [e.g., England and House-

man, 1986; Avouac and Tapponnier, 1993; Houseman

and England, 1993; England and Molnar, 1997b; Roy-

den et al., 1997].

Many of these debates would be resolved if precise
measurements of surface deformation throughout the
plate boundary region were available. Currently avail-
able kinematic descriptions of the deformation field
have been based on either seismic or geologic data
[Peltzer and Saucier, 1996; Avouac and Tapponnier,
1993; England and Molnar, 1997a; Holt et al., 1995].
While seismic and geologic data directly relate to de-
formation at the Earth’s surface, both are hampered by
large uncertainties. Furthermore, seismic observations
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Figure 1. Tectonic setting and fault map of the India-Eurasia collision zone. Also shown are
major collisional belts and fault zones with estimates of strike-slip or convergence rates (all in
mm/yr). These rates and their standard deviations are determined from a variety of geologic data

such as offset lithologic, structural, or morphologi

¢ units and cross-section restorations that span

variable time periods. Geologic evidence suggests that 1847 mm/yr of arc-perpendicular short-

ening is accommodated across the Himalaya and

105 mm/yr of east-west extension is accom-

modated across southern Tibet. Source references are as follows: Tien Shan, Molnar and Deng
[1984]; Talas-Ferghana, Burtman et al. [1996]; Himalaya, Molnar [1987] and Lavé and Avouac
ggubmitted manuscript, 1998); Northern Tibet grabens, England and Molnar [1997b]; Southern
ibet grabens, Armijo et al. [1986]; Karakorum, Avouac and Tapponnier [1993); Karakorum-

Jiali, Armijo et al. [1989]; Altyn Tagh, Avouac a
North Pamir, Haiyuan, Nan Shan, and Kunlun,
Burchfiel et al. [1996].

span a time too short to be representative of the re-
gional kinematies, whereas geologic data may include
features that are not representative of the currently ac-
tive system. Geodynamic models that rely on these
less precise constraints are limited in their ability to
correctly interpret the kinematics of crustal deforma-
tion in the region. Geodesy provides the most accu-
rate means of measuring surface deformation, but the
observed rates are valid only during the short measure-
ment period. That is, near plate boundary faults (such
as the southern Himalaya thrust system) we commonly
capture the interseismic deformation stage in the local
earthquake cycle, whereas away from plate boundaries,
geodetic data often agree well with long-term geologic
displacement rates.

We use Global Positioning System (GPS) measure-
ments to address the geodynamics of the India-Eurasia
collision at two scales. A dense network across and
along the Nepal Himalaya reveals details of the accom-

nd Tapponnier [1993] and Peltzer et al. [1989];
England and Molnar [1997b]; Longmen Shan,

modation of interseismic strain where the Indian plate
underthrusts the southern Tibetan plateau. Data from
the Nepal Himalaya network together with seven re-
gional continuous GPS stations quantify the magnitude
of shortening that occurs north of the Himalaya and re-
veal eastward extrusion of southern Tibet. Finally, con-
sideration of all currently available geodetic constraints
on the regional kinematics allows us to compare and
contrast active surface deformation with previously pro-
posed models of the geodynamics of the collision zone.

The Nepal Himalaya embrace the central third of the
Himalayan arc, including the rupture zones of the 1934
Bihar earthquake (M,, =8.1) and the 1833 Nepal earth-
quake (M ~7.7) [Khattri, 1987; Bilham, 1995]. The
current slip potential of western Nepal and the Kumaon
Himalaya. (to the west of Nepal) is believed to be 6-15m
based on measured convergence rates and the absence
of great earthquakes for at least the past 300 years of
colonial history, which would be sufficient to drive a
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magnitude M, 8.1-8.7 earthquake [Bilham et al., 1995;
Khattri, 1987]. Geodynamically, these observations are
important because they offer a view of convergent plate
processes both in the hanging wall and in the footwall
of a megathrust, a view that is obscured by oceans for
most, convergent plate boundaries.

Our current work builds on previous analyses of geode-
tic data from the Nepal Himalaya. Studies of level-
ing data from eastern Nepal reveal a peak uplift rate
of 5-8 mm/yr which can be interpreted as interseismic
strain accumulation associated with slip deceleration at
a crustal ramp [Jackson and Bilham, 1994; Pandey et
al., 1995]. Freymueller et al. [1996] took a larger per-
spective and analyzed GPS data from one site in India
and one site in Nepal to confirm global predictions of In-
dian plate motion independent of the Australian plate
[DeMets et al., 1990]. Bilham et al. [1997] presented
an analysis and interpretation of GPS data collected in
the Nepal Himalaya over a 4.5 year period. They found
a 17+2 mm/yr northerly directed surface convergence
rate between India and southernmost Tibet. Eighty
percent of this convergence is concentrated in a zone
less than 120 km wide.

Bilham et al. [1997] also used a 20 year time series
of leveling data across the peak uplift zone. The center
and maximum gradient of the horizontal velocity field
is associated with the region of rapid uplift. The nar-
row width of the horizontal and vertical velocity fields
is consistent with a two- dimensional dislocation model
in which the Indian plate is locked to the base of the Hi-
malaya down to depths of 15+5 km, north of which the
Indian plate slides freely beneath the Tibetan plateau
at a rate of 20+3 mm/yr.

In this paper we use more recently collected GPS data
to improve relative velocity estimates in the Nepal Hi-
malaya and have extended this local network with sites
that were not previously available. One new site in
particular, Lhasa, allows us to measure east-west ex-
tension rates across southern Tibet. We use the GPS
and leveling observations in the Himalaya to invert for
the geometry and slip rates of three-dimensional dislo-
cation models representing interseismic strain accumu-
lation. In particular, we focus on implications of sig-
nificant along-arc variations in the present strain field.
We have simultaneously analyzed data for the local net-
work with data from continuously operating GPS sites
in Asia and have defined all velocities in a consistent
reference frame. This approach allows us to describe
the kinematics of the India-Eurasia collision zone over
a much broader scale. Finally, we include published
present-day geodetic results from Asia in order to pro-
vide the reader with a more comprehensive description
of the plate boundary deformation.

2. GPS Network and Observation
History

The GPS data used in this study were collected be-
tween 1991 and 1997, mostly in campaign style mea-
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surements lasting from 3 to 5 days. Thirty sites in
the plate boundary region are included in our analy-
sis. Nearly all the Nepalese sites were first observed in
1991. Measurements were first made at Bangalore in
1991 (in a noncontinuous mode); all the other far-field
stations began continuous observations about 1995, as
did Lhasa. Locations of the sites in the Nepal Himalaya
and Tibet network are shown in Plate 1 on a shaded
relief map of the topography. Our sites span a consid-
erable range in ellipsoidal heights, from less than 50 m
in the foothills of the Himalaya to more than 7800 m on
the South Col of Mount Everest. To provide additional
tectonic background for the network, Plate 1 also in-
cludes maximum principal stress orientations [Zoback,
1992] and selected focal mechanisms [Molnar and Lyon-
Caen, 1989].

The locations of all the sites used in this study are
listed in Table 1, along with the number of observa-
tions at each site and their temporal span. The first
GPS observations of the Nepal Himalaya network were

made in April 1991. At this time the GPS constella-
tion consisted of only 15 satellites, ambiguity resolu-
tion was difficult, and the global GPS tracking network
was significantly smaller than the one available in 1997.

The impact on the quality of geodetic results in the Hi-
malaya is straightforward: the precision of each day’s
measurements in the east and vertical components is
markedly poorer than what we observe for data col-
lected in later years. For example, the standard devia-
tions for 5 days of measurements made in 1991 were 2, 8,

and 20 mm in the north, east, and vertical components
for the 70 km baseline between JIRI and NAGA. In 1995
the values were 2, 2, and 10 mm, respectively. The 1991
results were negatively affected by the receivers avail-
able at the time, primarily C/A code L1/ squaring L2
receivers (Trimble SST). The WM-102 receivers used
at TING and RONG observed for shorter time periods
with more frequent phase breaks than those of the Trim-
ble SSTs, resulting in east components for TING and
RONG much weaker than those for the other sites. We
could not resolve carrier phase ambiguities using either
the Trimble SST or WM-102 data. In 1992 a subset of
six sites was observed for 2 days. A second major ex-
periment was conducted in November 1995. These mea-
surements were conducted in collaboration with Project
Idylhim [Bilham et al., 1997). Carrier phase ambiguities
were easily resolved for the 1995 Nepalese data.

Several of the original Nepal Himalaya sites were not
observed in 1995, including PHER, NAMC, KHAN,
LUKL, SIMA, and MAHE. We were able to reoccupy
most of these sites over the next year. In fall 1996
and spring 1997 we made additional measurements at
NAGA, SIMI, BIRA, and NEPA. We have also in-
cluded measurements collected in 1995 and 1997 from
the South Col (SCOL) of Mount Everest by another
group of scientists. The analysis thus includes GPS
data from January 1991 through September 1997.
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Table 1. GPS Sites Used in This Study
Observing Sessions
No. Name Identifier Latitude Longitude Height First Last Total Epochs
deg deg m
1 Airport AIRP 27.69715 85.35791 1283.848 1991.23 1995.87 10 2
2 Bhairhawa BHAI 27.50734 83.41802 41.430 1991.25 1995.87 8 3
3 Bharatpur BHAR 27.67783 84.42958 149.762 1991.25 1995.87 11 2
4 Biratnagar BIRA 26.48396 87.26440 13.624 1991.23 1996.97 15 5
5 Bangalore IISC 13.02116 77.57036 842.198 1991.08 1997.73 95 37
6 Irktusk IRKT 52.21902 104.31623 502.449 1995.75 1997.73 33 12
7 Janakpur JANK 26.71064 85.92452 7.249 1991.23 1995.89 8 2
8 Jiri JIRI 27.63541 86.23035 1878.205 1991.23 1995.89 15 4
9 Jomoson JOMO 28.78069 83.71787 2806.276 1991.23 1995.90 28 5
10 Khadbari KHAN 27.37987 87.20560 1088.499 1991.25 1996.29 11 2
11 Kitab KIT3 39.13476 66.88544 622.599 1994.80 1997.73 82 41
12 Lhasa LHAS 29.65733 91.10398 3624.677 1995.38 1997.73 89 30
13 Lukla LUKL 27.68333 86.72500 2768.700 1991.24 1996.95 4 2
14 Mahendre. MAHE 28.96319 80.14795 161.000 1991.27 1996.79 7 3
15 Nagarkot NAGA 27.69271 85.52121 2105.150 1991.10 1997.28 95 30
16 Namche NAMC 27.80262 86.71514 3522.882 1991.25 1996.31 12 4
17 Nepalganj NEPA 28.13409 81.57467 89.214 1991.23 1996.86 16 6
18 Pheriche PHER 27.89373 86.82282 4361.658 1991.27 1997.28 7 2
19 Pokhara POKH 28.19895 83.97768 767.763 1991.27 1995.87 10 3
20 Bishkek POL2 42.67976 74.69426 1714.199 1995.40 1997.73 43 19
21 Ranj RANJ 28.06254 82.57303 1654.130 1991.27 1995.88 8 2
22 Rongbok RONG 28.19370 86.82739 4953.110 1991.25 1995.86 5 2
23 South Col SCOL 27.97294 86.92943 7861.972 1995.36 1997.39 3 2
24 Shanghai SHAO 31.09964 121.20044 22.142 1995.06 1997.39 86 38
25 Simara SIMA 27.16245 84.98172 68.433 1991.25 1996.97 10 4
26 Simikot SIMI 29.96698 81.82646 2908.145 1991.25 1996.86 13 4
27 Surkhet SURK 28.58576 81.63519 626.803 1991.27 1995.89 14 4
28 Taipei TAIW 25.02133 121.53654 43.945 1992.37 1997.73 215 97
29 Tansen TANS 27.87384 83.55380 1391.444 1991.25 1995.90 10 4
30 Tingri TING 28.62950 87.15521 4256.033 1991.25 1995.86 9 2

Latitudes, longitudes, and heights are referenced to the WGS84 ellipsoid. Each observing session consists of one 24-hour
period. Epochs are defined as the number of distinct 2-week periods during which at least one observing session occurred.

3. GPS Data Analysis

The GPS data are analyzed with the use of the
GIPSY software developed at the Jet Propulsion Labo-
ratory [Lichten and Border, 1987]. We use an analysis
strategy discussed fully by Larson et al. [1997]. In
short, regional observations from each 24-hour period
are analyzed simultaneously with data from the GPS
global tracking network. In addition to site coordinates,
we explicitly estimate initial conditions for each satel-
lite, satellite and receiver clocks, solar radiation pres-
sure parameters, a tropospheric zenith delay parameter
for each site, and carrier phase ambiguities. Station co-
ordinates and covariances from each 24-hour solution
are then used in a weighted least squares fit, where the
motion of each site is allowed to vary linearly. We use
51 sites in our global velocity determination but dis-
cuss only those in the Eurasia-India collision zone. The
velocities of sites in western Europe, South America,
the Pacific, Antarctica, Australia, and North America

agree well with the results of Larson et al. [1997]. The
scale, translation, and rotation of the epoch positions
and velocities are constrained to agree with ITRF94 in
a weighted least squares sense [Boucher et al., 1996].
The resulting horizontal and vertical velocities of each
site in the region are listed in Table 2.

4. Kinematics of the Collision Zone

4.1. Regional Plate Motions and Plate
Boundary Deformation Zone

To address the far-field plate motions in the region,
we compare the GPS-derived velocities with global plate
model predictions of the No-Net-Rotation NUVEL1-A
model, hereafter NNR-A [DeMets et al., 1990; 1994,
Argus and Gordon, 1991]. NNR-A is a compilation of
angular velocity vectors for 14 tectonic plates, includ-
ing Eurasia and India. As these plate motion rates are
constrained only by seafloor spreading data, there are
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Table 2. Station Velocities

LARSON ET AL.: INDIA-EURASIA KINEMATICS FROM GPS

GPS India NNR-A Eurasia NNR-A
Observed Prediction Prediction
Site North East Up North East North East
AIRP 345415 38.1+2.2 —-5.2+5.9 42.3 36.6 -5.0 25.1
BHAI 37616 38.8+23 —3.3+5.9 42.2 36.1 —4.5 25.1
BHAR 37.5+1.6 36.4+23 2.0+5.9 42.3 36.3 —-4.8 25.1
BIRA 388+1.3 40.1+1.9 —441+46 424 37.7 -5.5 24.9
IISC 39.8+1.2 422+1.8 7.2+3.0 41.5 40.1 -2.9 23.2
IRKT —-10.24+3.1 26.3 £3.7 4.6 £5.7 41.2 34.6 -9.8 22.7
JANK 38.2+1.6 39.1+£2.6 221+6.6 42.4 37.2 —5.2 25.0
JIRI 29.9+1.5 35.9+2.2 24+6.3 424 37.0 -5.3 25.0
JOMO 27.0£1.5 358+1.9 53+4.1 42.2 35.6 —-4.6 25.2
KHAN 328+ 1.5 40.6 £2.2 6.6 £5.8 424 374 -5.5 25.0
KIT3 2.6 £2.0 28.5 £2.3 0.7+3.1 38.9 23.0 0.2 26.0
LHAS 16.6 £ 2.5 442+28 3.2+3.9 42.5 37.9 —6.6 24.9
LUKL 28.3+14 37.8+23 1.9+6.9 424 371 —-54 25.0
MAHE 36.6+1.4 33.2+21 —-23+53 41.8 34.3 -3.6 25.3
NAMC 28.6 £ 1.5 39.7+2.1 24+5.5 424 371 -54 25.0
NAGA 35.2+1.2 37.7+1.6 1.1+24 42.3 36.7 -5.1 25.1
NEPA 36.8+1.3 35.1£2.0 —2.6+4.6 42.0 35.1 —-4.0 25.2
PHER 27.1+1.3 37.3£21 7.6+5.1 424 37.1 —-5.4 25.0
POKH 36.4+1.6 36.9+2.3 —~7.0+5.7 42.2 36.0 —4.6 25.2
POL2 3.7+26 28.9+3.0 9.3+44 40.9 24.1 -2.0 25.8
RANJ 35.5+1.6 323+23 34+6.1 42.1 35.5 —4.3 25.2
RONG 22.1£2.6 36.4+5.4 —18.6 £13.7 424 37.0 —-54 25.1
SCOL 28.8 £3.6 39.7+3.8 2.5+17.9 42.5 37.1 -5.5 25.0
SHAO —15.0+ 2.2 31.8£2.5 —2.5+3.2 36.5 48.3 -13.3 22.2
SIMA 383+14 35.7+£2.1 0.1+5.7 42.3 36.7 —4.9 25.0
SIMI 24.2+1.3 322+£20 9.0+4.2 42.0 34.4 —4.0 25.4
SURK 35.8£1.6 34.1+23 1.5£5.7 42.0 35.0 —-4.0 25.3
TAIW —-13.6%+1.3 33.7+1.4 —-6.9+17 36.4 48.5 -13.3 22.3
TANS 36.0x+1.5 354£22 11.2+5.6 42.2 35.9 —4.5 25.2
TING 21.4+£2.2 36.5 £4.2 —16.9 £ 8.7 42.4 36.9 -5.5 25.1

All velocities are in mm/yr. Uncertainties are 1 standard deviation. NNR-A, No-Net-Rotation NUVEL1-A model.

no direct data measuring the convergence rate between
Eurasia and India.

In Table 2 we list the predicted NNR-A Eurasian and
Indian plate velocity for each site adjacent to the ob-
served velocities. Note that NNR-A predicts no vertical
displacements. Depending on one’s preferred vantage,
station velocities can be depicted in an “India fixed”
frame or a “Eurasia fixed” frame by subtracting the pre-
diction for that plate. In Figure 2 we plot selected resid-
ual vectors to the Eurasian and Indian frames. Banga-
lore (IISC) and four sites in southern Nepal agree within
3 mm/yr with Indian plate motion predictions. Veloc-
ities of these sites relative to Eurasia range from 4042
mm/yr toward N11°E at MAHE to 46+2 mm/yr to-
ward N20°E at BIRA.

The remaining sites shown, including those in Kitab
(KIT3), Taipei (TAIW), Shanghai (SHAQ), Lhasa
(LHAS), and Bishkek (POL2), are shown with respect
to Eurasia. KIT3, IRKT, and POL2 do not show signif-
icant deformation with respect to Eurasia at the 95%
confidence level, but their uncertainties are still quite
large because the data span a short period of time.

Shanghai’s velocity with respect to Eurasia is 10+3
mm/yr toward N104°E. This is in good agreement with
two independent analyses of VLBI data from Shanghai:
Heki [1996] reported 11+1 mm/yr toward N112°E in
a Eurasia fixed frame; Molnar and Gipson [1996] esti-
mated 8+1 mm/yr toward N116°E, also in a Eurasia
fixed frame. Taipei’s velocity is rotated slightly with
respect to Shanghai, 11+2 mm/yr east with respect to
Eurasia. POL2, in the Tien Shan belt, has a velocity
of 7+3 mm/yr toward N28°E with respect to Eurasia.
If we take into account the large uncertainties in di-
rection (+30°), this finding is in good agreement with
an analysis by Abdrakmatov et al. [1996] (Figure 1b),
which reported 5+3 mm/yr northward directed motion
between POL2 and Eurasia.

We can also compare our analysis of data from LHAS
with the recent work of Kato et al. [1998]. They re-
port a Eurasia fixed velocity of 31+3 mm/yr toward
N53°E+4°, which agrees well with our rate of 30+3
mm/yr toward N40°E+5°. The estimated directions
disagree by 13°, but this variation is well within the
95% confidence region for the two estimates. Figure
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Figure 2. Regional velocities with 95% confidence ellipses shown in an India fixed frame (capi-
talized station names) or Eurasia fixed (lowercase station names) frame. The thick black line is
the NUVELI-A plate boundary between India and Eurasia.

2 shows that Lhasa’s velocity is slightly rotated with
respect to velocities from sites in northern Nepal. In
Figure 3 we display selected velocity vectors with re-
spect to Simikot (SIMI). This perspective demonstrates
east-west extension of 11+3 mm/yr between SIMI and
LHAS.

4.2. Himalayan Collision Zone

To look at the details of the Nepal Himalaya de-
formation, we plot velocities with respect to Nagarkot
(NAGA) in Figure 4. This projection clearly shows that
sites in southern Tibet (RONG and TING) are moving
south with respect to NAGA and that sites in south-
ern Nepal (e.g., BIRA and JANK) are moving north
toward NAGA. Horizontal contraction across eastern
Nepal (between BIRA and TING) is 18+2 mm/yr ori-
ented N12°E+12° over 240 km. The situation is more
complicated in western Nepal. While SIMI is mov-
ing southwest, as expected, sites in southwestern Nepal
(MAHE and NEPA) are moving negligibly with respect
to NAGA instead of northward as we see in eastern
Nepal. This finding suggests that the zone of active con-
traction extends farther to the south in western Nepal.
The velocity pattern in western Nepal is smooth, so
our interpretation of a change in deformation pattern
does not rely on a single station. The rate of shorten-
ing within the network in western Nepal (between SIMI,
NEPA, and MAHE) is 13+2 mm/yr oriented N10°E+9°

over 200 km, indicating a wider contraction zone than
in east Nepal.

A change in convergence direction between eastern
and western Nepal cannot be precisely determined from
these data because of the large uncertainties in the es-
timated east components for many of the GPS .stations.
A rotation of the convergence direction would be con-
sistent with earthquake focal mechanisms [Molnar and
Lyon-Caen, 1989; Ni and Barazangi, 1984] and maxi-
mum principal stress orientations [Zoback, 1992], which
also rotate counterclockwise from west to east along the
arc to remain in an arc-perpendicular orientation, as
shown in Plate 1. Arc-normal shortening is also con-
sistent with east-west extension across southern Tibet
[Armijo et al., 1986).

Vertical velocity estimates derived from GPS are 2 to
3 times less certain than corresponding horizontal veloc-
ity estimates. Vertical velocities derived from campaign
style GPS studies such as this one must be examined
skeptically. Vertical accuracy is reduced by blunders
in the measurement of true antenna height. Data ana-
lysts may misinterpret field notations of antenna height.
Even so, we have not found a large number of outliers
in the vertical estimates. Excluding TING and RONG,
only six of the 22 Nepal Himalaya sites indicate signifi-
cant velocities at the 1 standard deviation level (Table
2). The 1991 observations at TING and RONG are
problematic because we used an antenna (WM-102) for
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Figure 3. Selected regional velocities shown in relation to Simikot (diamond) with 95% con-
fidence ellipses. Historic seismicity from 1950 to 1997 suggests a change in strike along the
Himalaya at 83° longitude. India-Eurasia plate boundary and faults are shown in black.

which we have no calibration; we have therefore ex-
cluded these sites from further discussion. At one of
the sites, AIRP, we have an independent measurement
of the vertical velocity. Leveling data from the Kath-
mandu Valley (between NAGA and AIRP) measured
subsidence of 7 mm/yr. This agrees with GPS vertical
velocity estimates at AIRP of —6+6 mm/yr.

5. Discussion

5.1. Interseismic Strain Accumulation Across
the Himalaya

To better understand the process of strain accumu-
lation in the Nepal Himalaya, we interpret GPS obser-

vations of surface deformation using three-dimensional -
dislocation models. The INDEPTH seismic reflection
profile is located near 90° longitude and shows that
a discrete fault plane dipping ~9° extends from 27.7°
to about 29° latitude, where it reaches ~40 km depth
[Makovsky et al., 1996; Zhao et al., 1993]. Deforma-
tion to the north of ~29° latitude below Tibet is likely
to be accommodated by more widely distributed shear
and asthenospheric flow in the lower crust and upper
mantle. However, our data near the tip of the slip-
ping Himalayan thrust system are quite insensitive to
the rate, geometry, or mechanisms of deformation below
Tibet. Therefore we postulate that the observed inter-
seismic deformation is primarily caused by the aseismi-
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Figure 4. Regional velocities shown in relation to Nagarkot (diamond) with 95% confidence
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cally slipping portions of the thrust system below the-

Himalaya. The model faults reach far below Tibet to
avoid edge effects from the northern tip of the finite
dislocations. Our first-order models assume that the
deformation can be characterized by slip on rectangu-
lar dislocation planes buried in a homogenous, isotropic
and elastic half-space [Okada, 1985]. These dislocations
represent, aseismic shear north of the locked portion of
the Himalayan detachment system.

Alternatively, interseismic deformation in under-
thrusting regimes can be modeled by the combination
of steady block motion across the complete thrust sur-
face with a dislocation that is slipping opposite to the
thrust motion representing the locked portion of the
fault [Savage, 1983; 1996]. Such a back-slip model im-
plies that the actively slipping fault segments downdip
of the back-slipping dislocation are parallel to the locked
segment. For multiple sources of deformation that are
not aligned we prefer modeling those active fault planes
as finite width dislocations in an elastic half-space. We
do not attempt here to model viscous relaxation pro-
cesses expected to play a role in the crustal earthquake
cycle, and we do not account for buoyancy effects. Data
spanning many decades may eventually reveal unique
evidence to differentiate such models from the elastic
representations we utilize [ Thatcher, 1986].

We use a constrained nonlinear optimization algo-
rithm, which allows us to estimate the geometry (pa-
rameterized by length, depth, width, dip, strike, and
location) and the rates of strike slip and dip slip of
one or more faults that best fit the GPS and/or lev-
eling data [Arnadottir and Segall, 1994; Birgmann et
al., 1997]. Specifically, we seek models that mini-
mize the wei@hted residual sum of squares, WRSS =
(dobs - dmod) P_l(dobs — dmoa), Where dops and dmod
are the observed and modeled velocity components, re-
spectively, and P is the data covariance matrix. In
some cases we apply bounds (such as constraints on
the depth of faulting, the range of permissible fault
strikes, or allowing for dip-slip faulting only) to find
best fitting sources that are additionally constrained
by geologic or other information. The model misfit is

WRSS/(n — p), where n is the number of data and p
is the number of free model parameters. We compare
our geodetic observations with relatively simple disloca-
tion models to evaluate first-order characteristics of the
collision zone revealed in the geodetic data. These mod-
els include a best fitting single fault plane and along-
strike heterogeneity represented by two adjacent fault
planes. We evaluated a wide range of additional models
of varying complexity that led to the choice of models
we show here. For example, we found that the data do
not yet resolve significant down-dip variation in dip or
slip magnitude of the active fault surface [Biirgmann et
al., 1997].

5.2. Model 1: Single Fault Plane

The simplest model of interseismic strain buildup
across a dipping thrust fault consists of one disloca-
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tion with uniform slip located at the downdip tip of the
locked fault. We solve for the best fitting single rectan-
gular dislocation plane to represent aseismic fault slip
north of the tip line of the locked system. The width
and length of the fault plane are constrained to be 1000
km and 1500 km, respectively. The nonlinear inver-
sion for nine fault parameters (geometry + dip slip and
strike slip) of a single fault, with relatively wide bounds
on the geometry, computes a dislocation striking 106°,
dipping 4° to the north, following the southern edge
of the Greater Himalaya at a depth of 18 km (Figure
5). We compute a dip-slip rate of 19+1 mm/yr and a
strike-slip component of 41 mm/yr. The misfit of this
model is 1.07; that is, the model provides an adequate
fit to the data within the given uncertainties. Allowing
only for dip slip, the fault strike rotates to 105°, and
all other parameters change insignificantly, including a
dip-slip rate of 20+1 mm/yr. If we invert only the GPS
data, the model fault depth changes very little, to 19
km, and the fault dip increases to 8° with 20+1 mm/yr
and 441 mm/yr of dip-slip and strike-slip, respectively.
However, if we solve for dip slip only, the tip line deep-
ens to 22 km, with 23+1 mm/yr of slip. Finally, if we
fix the fault strike to 106° and invert only the leveling
data, we compute a tip line depth of 14 km and a dip-
slip rate of 15£2 mm/yr. The relative sensitivity to
small variations in our model parameters suggests that
the uncertainty in the detachment depth is ~3 km. Fig-
ure 5a shows the surface projections of the fault planes
for the three cases we considered: only GPS data, both
GPS and leveling data, and only leveling data, along
with model and observed velocity vectors. In Figures
5b—5d we represent the velocity vectors in their fault
parallel, fault perpendicular, and vertical components,
along with the model predictions in these directions.
All model parameters are listed in Table 3.

Overall, the leveling data appear to prefer a shallower
and slower source of deformation. This preference could
be caused by systematic errors in the data, may indi-
cate differences in the deformation during the somewhat
different time intervals covered by the GPS and level-
ing data, or may be related to insufficient consideration
of the correlations in the leveling data [Arnadottir et
al., 1994]. The lack of slope dependent biases in the
data [Jackson and Bilham, 1994], the consistency of the
uplift pattern measured from 1977 to 1990 and from
1990 to 1995 along the northern 15 km of the level line,
and inversion of the data with full consideration of the
data covariances appear to rule out these causes. Sav-
age [1998] shows that higher rigidities at depth lead
to a systematic difference between inverted dislocation
source depths of vertical and horizontal displacement
data. For a horizontal detachment source placed in a
half-space underlying a less rigid layer, leveling data
would invert for a shallower and less rapidly slipping
dislocation than would GPS data if we assume a ho-
mogeneous elastic half-space [Savage, 1998]. Thus the
apparent shallowing of the inferred detachment source
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Figure 5. (a) Observed horizontal velocities relative to Nagarkot (solid vectors) and predicted
horizontal velocities (open vectors) from best fit single fault plane model using both GPS and
leveling data. Nagarkot is shown as a solid diamond. Uncertainties are 95% confidence ellipses.
The surface projections of the fault plane using both GPS and leveling data (M1), only GPS data
(M2), and only leveling data (M3) are shown in black. Also shown are the velocities of the GPS
sites in (b) fault parallel (striking 105.3°), (c) fault perpendicular, and (d) vertical components,
with 1 standard deviation uncertainties. M1 model predictions are shown as a dotted line in
Figure 5b—5d. (e) Location of the locked zone in profile. Profiles in Figures 5b—5e are shown with
respect to the distance from the fault tip. For further description of the fault model, see Table 3.

Table 3. Model Parameters

Fault Data Depth, Dip, Strike, Dip-slip, Strike-slip, Model
km deg deg mm/yr mm/yr Misfit

Best Fitting One Fault Models

Single G+L 18.3 —4.4 106.4 -19.1£10.9 3.6x+1.1 1.07
Single G+L 17.6 —4.7 105.3 —-19.6£1.0 — 1.12
Single G 18.7 -7.7 106.1 -20.1+£1.1 3.5+1.2 1.23
Single G 22.0 -9.7 104.4 —22.7+12 — 1.32
Single L 14.0 —14.8 106.1 —-154+1.6 - 0.93

Best Fitting Two Fault Model

West G+L 25.0 -8.3 112.3 —-234+£15 —
East G+L 14.6 —-3.4 100.9 —-208%1.1 — 1.00
West G 25.0 —8.4 112.3 —-23.6+1.6 —
East G 16.2 -2.3 99.4 —-218+£13 — 1.06

Two-Fault Model, Western Fault Aligned to Seismicity

West G+L 25.0 —4.5 120.0 —-21.3+16 43+16
East G+L 14.9 -3.4 100.9 —-196+1.1 — 1.056
West G 25.0 —4.5 120.0 -21.5+£1.6 42+1.6
East G 16.2 -2.3 99.4 —-194+£1.2 — 1.24

Data used are GPS (G) and/or leveling (L). Model misfit is defined in the text.



LARSON ET AL.: INDIA-EURASIA KINEMATICS FROM GPS

inverted from the leveling data may suggest layering
of the Earth’s crust with increasing rigidities at depth.
Both horizontal and vertical deformation underestimate
the source depth; that is, our inversion may be some-
what biased toward shallow depths. As the precision
of geodetic data improves, we are increasingly sensitive
to second-order details of our model parameterization
including varying constitutive constants.

Other geologic and geophysical evidence supports our
model based only on the geodetic data. The depth, dip,
and location of the model fault plane agree quite well
with the Main Himalayan Thrust reflector imaged by
the INDEPTH seismic reflection experiment [Makovsky
et al., 1996; Zhao et al., 1993]. The data confirm the
existence of a relatively simple aseismically slipping de-
tachment plane that accommodates most of the active
India-Tibet convergence north of ~28° latitude. In-
stead of representing a simple dislocation slip plane,
however, slip is probably accommodated in a narrow,
strain-weakened shear zone, similar to mylonitic shears
observed along thrust faults exhumed from midcrustal
depth [e.g., Ramsay, 1980; Kirby, 1985; Harrison et al.,
1997].

Intermediate size earthquakes along the Himalayan
arc consistently have focal mechanisms with a shal-
lowly northward dipping nodal plane (Plate 1) and are
thought to be events on the detachment system and as-
sociated secondary faults [Baranowski et al., 1984; Mol-
nar, 1990; Ni and Barazangi, 1984]. Lavé and Avouac
(submitted manuscript, 1998) measured 21.5 £+ 1.5
mm/yr of Holocene shortening across folds marking the
southern tip of the Main Frontal Thrust in southern
central Nepal. The agreement of these long-term con-
traction rates across the southern tip of the detach-
ment system with the interseismic strain accumulation
rates we measure at the base of the Greater Himalaya
suggests that detachment slip efficiently accommodates
most of the India-southern Tibet convergence. This lack
of evidence for significant plastic strain north of the
Main Frontal Thrust, the locked detachment south of
the Greater Himalaya constrained by the geodetic data,
and the insignificant contribution of moderate earth-
quakes to detachment slip indicate that most of this
slip occurs in great Himalayan detachment earthquakes
reaching from the southern Siwalik hills to the Greater
Himalaya (Lavé and Avouac, submitted manuscript,
1998).

The single-dislocation model fits most of the data well
within the uncertainties, the exceptions being sites in
southwestern Nepal and LHAS. The model does not
fit the data from LHAS within 95% confidence limits,
but this fit is not to be expected, given that LHAS is
affected by both extensional and contractional defor-
mation. LHAS moves about 5 mm/yr faster southward
than SIMI, showing that a small amount of north-south
contraction may occur across the south Tibetan graben
system. Removal of the LHAS data has little impact
on model estimates. The single fault plane model does
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not predict the shift in displacement patterns along the
southwestern edge of the network. As we move from
eastern to western Nepal, the southernmost site veloc-
ities change from a small northward motion relative to
NAGA to a more westerly trend with an insignificant
north component. We therefore continue our investiga-
tion by allowing for a variation in fault geometry along
the Himalaya.

5.3. Model 2: Two Adjacent Fault Planes

The western Nepal segment of the Himalayan thrust
system has not experienced a significant earthquake for
at least 300 years [Bilham et al., 1997]. It is therefore
important to evaluate whether this area behaves differ-
ently from the eastern region near Kathmandu, which is
located in the hanging wall of the 1934 Bihar earthquake
rupture. Variations could be due to the two regions be-
ing at different stages of the regional earthquake cycle
or may stem from structural segmentation of the fault
system. The seismicity band along the Himalaya expe-
riences a sharp bend of about 20° to the northwest of
83° longitude, indicating a possible segment boundary
near this longitude (Figure 3). We evaluate whether
significant lateral variations are indicated by the data
by modeling the deformation with two contiguous fault
planes. In particular, we are interested in differences in
the width of the locked fault plane, the depth to the
fault, and variations in slip rate along the Himalayan
range front. For this purpose we restrict the search to
dip-slip on two faults that lie approximately adjacent
to each other. Their absolute position, strike, dip, and
depths are unconstrained.

We find significant variations in the depth of the two
model faults. The tip of the eastern fault is at a depth
of 15 km, but the western fault clearly prefers depths
of 25 km or more. There is an apparent correlation be-
tween estimated slip magnitude and depth of faulting
for the western fault. That is, within a certain range,
deeper models with higher slip rates fit the data as well
as the model at 25 km. We would be able to more
confidently constrain the other fault parameters if ad-
ditional constraints could be put on either the slip rate
or the depth based on complementary data. The outline
of the eastern and western faults, along with observed
and predicted horizontal velocities, are shown in Figure
6a. Dip slip on the western and eastern fault segments
are 23+2 mm/yr and 21+1 mm/yr, respectively. The
two model fault planes rotate into approximate paral-
lelism with the Himalayan arc (striking 112° and 101°,
respectively). The western and eastern faults dip 8°
and 3° to the north, respectively. The model misfit is
reduced to 1.00. We evaluate the GPS data separately
to examine the importance of the leveling data in this
conclusion. We find that the resulting model is very
comparable to the previous one, which used both GPS
and leveling data (Table 3). The GPS data fit a two
fault plane model significantly better than a one fault
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Figure 6. (a) Observed horizontal velocities relative to Nagarkot (solid vectors) and predicted
horizontal velocities (open vectors) from best fit two fault plane model using both GPS and
leveling data. Nagarkot is shown as a solid diamond. Uncertainties are 95% confidence ellipses.
The surface projections of the fault planes using both GPS and leveling data are shown in black.
Also shown are the velocities of the GPS sites in (b) fault parallel (striking 112.3° and 100.9°), (c)
fault perpendicular, and (d) vertical components, with 1 standard deviation uncertainties. Model
predictions for the western and eastern fault planes are shown as a dotted line in Figures 6b—6d.
(e) Location of the locked zone in profile. Profiles in Figures 6b—6e are shown with respect to
the distance from the fault tip. For further description of the fault model, see Table 3. Historic

seismicity from 1950 to 1997 is also shown.

plane model, with a reduction in the model misfit from
1.32 to 1.06.

How well does this dislocation model fit the verti-
cal GPS observations shown in Figure 6d? The WRSS
for 22 site velocities improves from 18.6 to 11.8 when
the model predictions are used instead of a null pre-

diction. The improved fit suggests that some of the
measured vertical GPS rates are in fact caused by the
India-Eurasia collision, although because of the large
uncertainties the vertical velocity estimates do not con-
strain the dislocation models.

The preferred “segment boundary” is near the rather
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abrupt change in the strike of the seismicity near 83°
longitude {Tandukar et al, 1997]. It also coincides
with the southern extension of the north-south strik-
ing Thakkhola graben southeast of Jomoson (JOMO),
and a basement high (the Bundelkhand Massif and Faiz-
abad Ridge) on the underthrusting Indian plate [Khat-
tri, 1987]. This finding suggests that there may be a
significant discontinuity between the western and east-
ern Nepal deformation zone, along what is otherwise a
smooth small-circle arc of high elevations, topographic
roughness, and seismicity [Bilham et al., 1997; Seeber
and Gornitz, 1983]. Interaction of the underthrusting
basement high with the overriding plate may be the
cause for this observed lateral heterogeneity.

Notwithstanding this apparent relation between west-
ern Nepal seismicity and inferred deformation kinemat-
ics, we note that the geometry of the western 112° strik-
ing model fault plane does not exactly follow the ob-
served seismicity band striking 120°. We have there-
fore tested another two-fault model in which we force
the western model thrust to more closely follow the 120°
striking seismicity band (Table 3). Allowing only dip-
slip deformation, we cannot fit the data for SIMI and
JOMO, with a correspondingly large model misfit of
1.30. If we allow strike slip as well as dip slip, we
have a good fit to the observations, with a misfit of
1.05, compared to 1.00 for the best fitting two fault
plane model with dip slip only. This model implies
that about 4 mm/yr of right-lateral strike slip is accom-
modated across western Nepal. Mapped right-lateral
strike-slip faults striking ESE through western Nepal
[Upreti, 1996] presumably respond to this inferred dex-
tral shear.

As we noted above, the differences between motions
in western and eastern Nepal could also be due to these
regions being in different stages of the earthquake cy-
cle. Preliminary layered viscoelastic models that con-
sider the possible effects of continued postseismic relax-
ation from the 1934 Bihar earthquake (F. Pollitz and
R. Biirgmann, unpublished models, 1998) predict up
to 5 mm/yr of transient northward motion and local-
ized contraction and uplift in eastern Nepal, somewhat
consistent with the observed difference between western
and eastern Nepal motions. This gravitational relax-
ation model includes a viscous lower crust from 25 to
40 km depth (with viscosity » = 10'® Pas), has increas-
ing shear and bulk moduli with depth, and accounts for
gravitational effects [Pollitz, 1997]. If we remove the
modeled contribution of viscous relaxation of the 1934
Bihar earthquake from the observed GPS velocities and
invert once more for the best fitting two-fault disloca-
tion model, we find that the inverted depth of the east-
ern fault plane deepens to greater than 20 km. That
is, instead of being related to a structural heterogene-
ity along the Himalayan arc, the lateral variations of
the displacement field may reflect residual effects of a
large earthquake 60 years ago that is superimposed on
the secular aseismic fault slip. However, data spanning
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longer time periods will be needed to uniquely resolve
the contribution of viscous and gravitational processes
to the observed surface deformation.

5.4. Kinematics of the India-Eurasia Collision
Zone

Our analysis has focused on the Himalayan frontal
thrust and southern Tibet but also includes more dis-
tributed, continuously operating sites in the India-Eur-
asia collision zone. Additional published results are
available for some areas in central and east Asia. Even
without a formal combination of the networks we can
continue our discussion by evaluating existing geodetic
constraints in the broader context of the kinematics of
the India-Eurasia collision. In Figure 7 we show short-
ening, extension, and strike-slip rate estimates from
published geodetic studies [Abdrakmatov et al., 1996;
Kato et al., 1998; King et al., 1997; Michel et al., 1997;
Royden et al., 1997] and our own results together with
selected station velocities referenced to Eurasian plate
motion. While many questions pertaining to the kine-
matics of the collision zone remain unanswered, we can
address three regional issues including (1) the northern
limit of the broader India-Eurasia collision zone, (2)
east-west extension in southern Tibet, and (3) the ex-
tent of eastward motion of south China. A number of
geodetic experiments are in progress that will eventually
resolve many of the remaining unanswered questions of
how plate boundary strain is distributed in this region.

Continuous sites KIT3 (3+2 mm/yr) and IRKT (442
mm/yr) and the station AZOK (2+3 mm/yr) reported
by Abdrakhmatov et al. [1996] have insignificant ve-
locities at the 95% confidence limit in relation to the
Eurasian plate. This finding shows that only a minimal
amount of plate boundary strain may exist northwest
of the Pamirs and north of the Tien Shan and Mongo-
lia, consistent with seismologic and geologic estimates
[England and Molnar, 1997b]. The broad distribu-
tion of north-south shortening across the India-Eurasia
collision zone is best resolved in the west. Results
from the Pamirs [Michel et al., 1997; G. Michel, per-
sonal commununication, 1998], the Tien Shan [Michel
et al., 1997; Abdrakmatov et al., 1996], and our measure-
ments from western Nepal fully account for the conver-
gence between India and Eurasia, with observations of
50+6 mm/yr compared with model predictions of 44
mm/yr. This finding suggests that Himalayan shorten-
ing across northwest India and Kashmir, located south
of the Pamirs, is comparable to that observed across
the Nepal Himalaya to the east. Even so, the uncer-
tainties are quite high, and determination of how strain
is partitioned in detail and what role rotating blocks
and strike-slip faults may play will require additional
measurements, denser station spacing, and formal inte-
gration of the individual networks.

In addition to contraction across the Himalaya, we
measure east-west extension in southern Tibet of 1143



1090 LARSON ET AL.: INDIA-EURASIA KINEMATICS FROM GPS

i\ velocity rel. | Eurasia 4 .”*!’/' -
L9 to Eurasia ~— » Ayt
- shortening/ | , . — ) 1
I extension . S - ;
= strike slip | ;
20+6_ ¢TienShan |
4N N o e
@)'5+ SPamir e
S a | /Z};.\\ S - B / -
N o TN Longmen g
P R é S Tibet Xianshuihey Shasr;{” N :
[z NG v Lipet__. N y
' BV 0143 IR
20N
60E 80E 100 E 120E

Figure 7. Summary of geodetically determined deformation rates across the India-Eurasia
collision zone integrating our results with published studies. Large solid arrows indicate velocities
relative to Eurasia from this study. Arrows with dashed outline are sites from other publications
such as Taejeon on the Korean Peninsula [Kato et al., 1998] and Azok in the northernmost
Tien Shan [Abdrakhmatov et al., 1996] or are inferred assuming a rigid south China block (east
and west of Xianshuihe fault) and Indian subcontinent (northwest India). Arrows in circles are
used to show velocities that show no significant motion with respect to Eurasia at the 95%
confidence limit. Small gray arrows show active deformation rates determined from several years
of GPS measurements across the Tien Shan [Abdrakhmatov et al., 1996], the northern Pamir and
western Tien Shan [Michel et al., 1997; G. Michel, personal communication, 1998]; the Himalaya
[Bilham et al., 1997; this study], the Xianshuihe fault [King et al., 1997; Royden et al., 1997],
and the Longmen Shan [King et al., 1997]. Shortening across the Indian subcontinent south of
the Himalaya (not shown) is constrained to be less than 2 mm/yr [Paul et al., 1995; Bilham et

al., 1995].

mm/yr between SIMI and LHAS, which is consistent
with geologic and seismic reports for the region. The
rate of extension across southern Tibet has been esti-
mated as 5-10 mm/yr from seismic moment release in
earthquakes [Baranowski et al., 1984] and 10+5 mm/yr
from extensive geologic mapping and Landsat image in-
terpretation [Armijo et al., 1986]. On the basis of geo-
metric considerations of arc-normal thrusting of Tibet
over the Indian plate, Molnar and Lyon-Caen [1989)] es-
timate extension rates of 18+9 mm/yr and ~10 mm/yr
in southern and central/northern Tibet, respectively.
As they included the full arc width from 75° to 95°
longitude, this higher value is consistent with our esti-
mate. Using similar geometric arguments, Bilham et al.
[1998] estimate an along-arc tensile strain rate in south-
ern Tibet of 0.012 pstrain per year, corresponding to 12
mm/yr between SIMI and LHAS. Although this close
agreement is an encouraging result, the current rate of
extension between SIMI and TING (2+4 mm/yr) and

SIMI and JOMO (3+2 mm/yr) is not significant, sug-
gesting either that east-west extension is not uniformly
distributed along the range or that the extension occurs
only north of JOMO and TING.

The motion of LHAS is eastward in a Eurasian or
southwest Tibetan reference frame (Figures 2 and 3),
suggesting that east-west extension of southern Tibet
accommodates eastward displacements rather than west-
ward motion as suggested by Molnar and Lyon-Caen
[1989]. LHAS is located south of the Beng Co and Jiali
echelon segments of the right-lateral Karakorum-Jiali
fault zone, which is thought to slip at about 15 mm/yr
[Armijo et al., 1989). If so, central and northern Tibet
would have to be moving eastward at an even higher
rate between the left-lateral Altyn Tagh and Kunlun
faults and the Karakorum-Jiali fault zone.

We can also examine the motion of SIMI, JOMO,
TING, and LHAS with respect to the local plate con-
vergence direction. The local direction of convergence
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can be determined by subtracting the Eurasian and In-
dian predictions for each site (Table 2). Residual vec-
tors can then be resolved into plate convergent and off-
convergent directions. The off-convergent component of
motion slowly increases as we move east from SIMI (1£2
mm/yr), JOMO (4£2 mm/yr), TING (5+4 mm/yr) to
LHAS (13+3 mm/yr), with LHAS showing significant
eastward divergence. We will need sites to the west of
SIMI to test whether these sites show westward motion
with respect to the local plate convergence direction.

King et al. [1997] find insignificant contraction across
the Longmen Shan and 12-15+4 mm/yr strike slip on
the left-lateral Xianshuihe-Xiaojiang fault. This result
suggests that eastward displacement of southern and
central Tibet is partially accommodated by southeast
directed corner flow or clockwise rotation around the
eastern syntaxis of the collision zone (Figure 7), as sug-
gested by Royden et al. [1997] and King et al. [1997].
Eurasia-fixed velocities of sites on either side of the Xi-
anshuihe fault shown in Figure 7 are dependent on the
premise that there is insignificant strain between either
SHAO or TAIW and King et al’s [1997] GPS refer-
ence station at Chengdu, which is located east of the
Xianshuihe fault and the Longmen Shan. Neither ge-
ologic nor seismic studies find evidence for significant
strain across the South China block [England and Mol-
nar, 1997b; Holt et al., 1995]

The lack of shortening across the Longmen Shan
[King et al., 1997] and the ~10 mm/yr eastward motion
of SHAO, TAIW, and a site in Korea relative to Eurasia
[Kato et al., 1998] suggest that coherent eastward dis-
placement of Tibet and south China amounts to about
10 mm/yr (Figure 7). It has to be pointed out, however,
that the eastern sites could possibly be affected by sub-
duction and continental collision processes to the east.
Continuously operating GPS sites at Wuhan and X’ian
located well west of SHAO [Kato et al., 1998] will soon
provide the constraints that are needed to test these
patterns.

6. Conclusions

North-south contraction across the Nepal Himalaya
occurs at a rate of 1842 mm/yr, suggesting that about
20 mm/yr of strain is accumulating across the locked
portion of the Himalayan thrust system south of the
Greater Himalaya. Our three-dimensional model in-
versions show that the detachment fault is locked over
~140 km width along a 500 km reach of the Nepal Hi-
malaya. Future M8 earthquakes will eventually relieve
the accumulating slip deficit. Of particular concern is
the region between the 1905 Kangra and 1934 Bihar
earthquake ruptures that may have built up as much
as 6-15 m of slip potential. Our models suggest that
significant differences in the active displacement pat-
terns between west and east Nepal can be explained
by a major structural segment boundary near 83° lon-
gitude, east of which the detachment is located at a

1091

shallower depth. A change in strike of a lineament of
small to moderate earthquakes along the Himalaya and
the inferred western edge of the 1934 Bihar earthquake
rupture coincide with this possible segment boundary.
However, models that attempt to account for the effects
of viscous relaxation following the 1934 earthquake sug-
gest that the differences could also be due to remnant
postseismic deformation from that event.

We find east-west extension across southern Tibet at
a rate of 11+3 mm/yr between northwestern Nepal and
Lhasa. The spatial distribution of extension across Ti-
bet is not well resolved by our data. However, exten-
sion is apparently occurring north of the strain accu-
mulation zone of the Himalayan detachment system.
The observed motion of Lhasa suggests that portions
of southern Tibet displace eastward ahead of the In-
dian indenter and that some north-south shortening oc-
curs across southern Tibet. If the east-west striking,
right-lateral Karakorum-Jiali fault zone north of Lhasa
slips at rates suggested by geologic estimates, then east-
ern central Tibet south of the Kunlun fault zone may
move at 20 mm/yr to the east. Results from King et
al. [1997] suggest that about half the eastward motion
of Tibet is transferred south of the south China block
toward Indochina by the southeast striking, left-lateral
Xianshuihe-Xiaojiang fault zone. Eastward motions of
about 10 mm/yr of sites in Shanghai and western Tai-
wan and the lack of discernible shortening across the
Longmen Shan [King et al., 1997] and the south China
block suggest regional eastward displacement of Tibet
and south China away from the collision zone. No sig-
nificant strain is observed north of the Tien Shan and
Mongolia.

We have successfully determined the pattern and
mechanism of strain accumulation across the Nepal Hi-
malaya and have provided some additional constraints
on motions in southern Tibet and South China and
the total width of the collision zone. Much contro-
versy still focuses on the contributions of crustal thick-
ening and extension, strike-slip faulting and eastward
extrusion, as well as crustal block rotations in the ac-
commodation of continental collision between India and
Eurasia [Molnar and Deng, 1984; England and Molnar,
1997a; 1997b; Avouac and Tapponnier, 1993; Peltzer
and Saucier, 1996; Davy and Cobbold, 1988; England
and Houseman, 1986; Peltzer et al., 1989]. GPS data
are particularly suitable for resolving the active three-
dimensional kinematics in a global reference frame. On-
going and future GPS studies will provide answers to
many of the outstanding questions pertaining to the
geodynamics of this collision zone.
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