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Great Himalayan earthquakes and the
Tibetan plateau
Nicole Feldl1 & Roger Bilham1

It has been assumed that Himalayan earthquakes are driven by the release of compressional strain accumulating close to the
Greater Himalaya. However, elastic models of the Indo–Asian collision using recently imaged subsurface interface
geometries suggest that a substantial fraction of the southernmost 500 kilometres of the Tibetan plateau participates in
driving great ruptures. We show here that this Tibetan reservoir of elastic strain energy is drained in proportion to Himalayan
rupture length, and that the consequent growth of slip and magnitude with rupture area, when compared to data from recent
earthquakes, can be used to infer a ,500-year renewal time for these events. The elastic models also illuminate two puzzling
features of plate boundary seismicity: how great earthquakes can re-rupture regions that have already ruptured in recent
smaller earthquakes and how mega-earthquakes with greater than 20 metres slip may occur at millennia-long intervals,
driven by residual strain following many centuries of smaller earthquakes.

Approximately one-half of India’s 36–40 mm yr21 northward
motion is absorbed by convergence of the Himalaya, one-third in
contraction of the Tibetan plateau, and the remainder is distributed
between Tibet and Mongolia1,2. An important goal in Himalayan
studies in the past decade has been to refine the Himalayan conver-
gence rate, because this is responsible for the productivity of
Himalayan earthquakes. It was anticipated that the uncertainty in
the initial rate3 would steadily decrease as more GPS (Global
Positioning System) data became available. Although observed velo-
city uncertainties have decreased as expected, calculated convergence
velocities range from 14 to 20 mm yr21 (Table 1), with a preferred
rate in central and eastern Nepal of 19 6 2.5 mm yr21 (ref. 4). In
Supplementary Information we present additional GPS data
from 16 points between 83u E and 87u E (Fig. 1) measured between
1991 and 2004 that further constrain the Himalayan convergence
velocity.

We attempted initially to emulate the observed velocity field, as
in previous studies, as the product of uniform creep on a planar
dislocation beneath the plateau. This yielded a slip rate of
17 6 1 mm yr21 on a 6u, N12E dipping dislocation starting at
18 km depth, consistent with earlier results (Fig. 2), but we noted
that our result (and its uncertainty) was influenced by the retention
or rejection of GPS data 100–300 km north of the Himalayan foot-
hills. No abrupt transition in surface velocity distinguishes the strain
field above the process zone of Himalayan seismicity from that of the
Tibetan plateau, whose 17 3 1029 strain yr21 north-northeast-direc-
ted contraction and east-southeast-directed extension have been
interpreted as resulting from dynamic processes responsible for inel-
astic, permanent deformation of the plateau5. As the inclusion of
more northerly GPS points biases interpretations of Himalayan con-
vergence velocities to higher values, we adopted a different approach,
where the Himalayan and Tibetan velocity fields are considered the
surface manifestation of a single deformational process related to the
slip of India beneath the plateau. Our study indicates that although
the region of elastic strain accumulation and release is much broader
than hitherto supposed, less than one-fifth of the strain currently
accumulating in the southern 500 km of the plateau participates in
the earthquake cycle.

A boundary element model for interseismic deformation

We assume that frictionless aseismic slip occurs between the descend-
ing Indian plate and the overlying Tibetan plateau in an elastic half-
space. We simplified the Himalayan arc as a straight line, but used a
receiver-function image of the descending Indian plate6 as a ‘cylin-
drical’ subsurface starting geometry at its southern edge. We emulate
this subsurface geometry with 14 contiguous, parallel, freely slipping
boundary elements, with 64 elements along-strike7 extending 500 km
north of the Himalaya (Fig. 2). Element dimensions are 50 km along-
strike, and 2 km wide near the Himalaya increasing to 180 km in
the north. We imposed an appropriate convergence velocity on the
northernmost element and an overall strain contraction rate at N10E
to drive the model (see Supplementary Information). We then cal-
culated the displacement on each segment needed to minimize stress
in its vicinity7–9 in response to these imposed loading conditions, and
compared the resulting surface velocities with the observed hori-
zontal and vertical velocities in the Himalaya and southern Tibet.

Although we tested several different northern boundaries for the
model, we ultimately selected a northernmost driving segment whose
southern edge lies close to where the plateau’s surface converges with
the Indian plate at a velocity of 21 mm yr21. This occurs ,550 km
north of the frontal thrusts, near the Karakorum/Jiali fault system.
The Himalaya advance over India at 14 mm yr21 (refs 10 and 11) to
21 mm yr21 (ref. 12), and the simplest assumption is that to sustain
the highest rates of advance, at least 550 km of the southern plateau
must participate in driving the Himalaya’s southward advance. We
determined that a surface convergence velocity of 21 mm yr21

550 km north of the frontal thrusts can be obtained by imposing a
background strain of 24.8 3 1028 yr21, and by driving the boundary
element model with uniform slip of 25 mm yr21 on a wide horizontal
synthetic thrust fault 49 km below the plateau surface, whose south-
ern edge lies 594 km north of the frontal thrusts. The driven disloca-
tion is sufficiently far north to not introduce local gradients in the
region of interest. To match the surface velocity field to GPS observa-
tions southward, we found it necessary to introduce minor adjust-
ments to the depth and dip of the descending Indian plate near the
transition from aseismic to seismic slip. Starting from the ‘locking
line’ of our planar, uniform-slip model3, the best fit was obtained by
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extending the region of aseismic slip 7.5 km further south, by redu-
cing its depth from 18 to 15 km, and by increasing its dip from 9u to
22uN. These geometrical adjustments are permitted by current
uncertainties in the geometry of the interface6, and the probable
presence of a structural ramp beneath the Greater Himalaya. A fea-
ture of these elastic models is that they predict a broad region where
the basal slip-velocity reduces to zero at the tip of the dislocation
beneath and south of the Greater Himalaya. Finite element models
that have included rock rheology also report a wide region where slip
reduces to zero13. The termination of interseismic slip 83 km north of
the frontal thrusts reduces the width of Himalayan ruptures from
previous estimates (90–110 km) unless additional coseismic slip

extends downdip during earthquakes into the region of interseismic
slip. Downdip slip here is essential either as coseismic slip or afterslip
to eliminate the accumulation of a permanent slip deficit. We later
compute its numerical value and spatial distribution.

The dip required by the model beneath the Greater Himalaya is
in good agreement with the average dip of moderate earthquakes
occurring there14–16. Whereas the fit to the horizontal GPS data and
vertical levelling data17 is satisfactory, predicted vertical deformation
is broader than that associated with planar, uniform slip models3.
Vertical GPS data in southern Tibet are insufficiently precise at pre-
sent to test the predicted width of this vertical uplift18,19. In contrast to
the sensitivity of the model to the geometry of the descending Indian
plate at depths shallower than 20 km, tests showed that the misfit in
central Tibet is largely insensitive to the depth of the interface further
north.
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Figure 1 | The southern Tibetan plateau and Himalaya. Filled circles, GPS
points; contours, the N10E GPS velocity field relative to India fixed;
dashed line, the N10E velocity profile shown in Fig. 2. Inset, location of study
area.
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Figure 2 | Observed and synthetic present-day velocity fields for the
southern Tibetan plateau. Observed fields are shown blue (horizontal GPS)
and green (spirit-levelling17); synthetic fields are shown black; error bars are
1s. Calculated interseismic segment velocities (mm yr21) and the geometry
of freely slipping boundary elements are indicated at the base of plateau. The
model is driven by a thrust fault in the north at 25 mm yr21 (sense of shear
indicated by arrow), and a background strain contraction rate of
4.8 3 1028 yr21 (corresponding to the mean strain rate between 2500 km
and the locking line). Dots indicate segment boundaries. The red dashed line
shows the predicted velocity from the best-fitting planar dislocation model
(see Supplementary Information). The grey shaded region represents the
subsurface geometry and topography of the plateau.

Table 1 | Himalayan convergence rates

Interval Slip rate
(mm yr21)

Locking depth (km) Dip (u) Location Source

1991–1995 20 6 2 (18 6 2*) 20 6 4 4 6 4 81–88u Nepal Ref. 3

1991–1997 20 6 1

21 6 2

20 6 1 (18 6 2*)

15

25

18

3

4.5
5

Eastern Nepal
Western Nepal

Combined

Ref. 36

1991–1997 17.4 6 0.7
16.3 6 0.4

9

12

0

1

Eastern Nepal
Western Nepal

Ref. 37

1995–2000 19–20

19

17–21

20–21

9–10

9–10

Central Nepal
Western Nepal

Ref. 38

1995–2000 14 6 1 15 6 Northwest India Ref. 39

1997–2000 19 6 3* ND ND Ladakh Ref. 40

1991–2000 17 6 0.9 18.3 9.5 West Himalaya Ref. 41

12.2 6 0.4 14.3 2.5 Central Himalaya
17.5–19 20.3 3 Eastern Himalaya

1992–2004 19 6 2.5 20.4 10.3 Central Nepal Ref. 4

1992–2004 17 6 2

19 6 3

17 6 1

18

18

18

9

6

9

Eastern Nepal
Central Nepal

Combined

This study (planar models)42

Holocene 21 6 1.5 ND ND Central Nepal Ref. 12

Holocene $14 6 4

$12 6 3

ND
ND

ND
ND

Kumaon Himal
NW India

Ref. 11

Late Cenozoic 10–15* ND ND 73–87u Himalaya Ref. 10

Late Cenozoic 18 6 7* ND ND 73–87u Himalaya Ref. 16

* Observed surface convergence rate, rather than estimated slip rate on dislocation. Current convergence rates are based largely on planar elastic dislocation models that derive a subsurface slip rate
to emulate the surface velocities of GPS data. ND, not determined.
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Rupture length, earthquake magnitude and recurrence interval

We next examined the efficiency with which distributed strain
stored within the southern plateau can be delivered to Himalayan
earthquakes. Assuming that rupture occurs between the southern-
most tip of interseismic slip beneath the plateau and the frontal
thrusts, and that the slip is frictionless, the length of Himalayan
ruptures determines the slip and consequently the magnitude of
the earthquake. For example, if interseismic displacements were to
accumulate in our model for 1,000 yr at present rates, the Himalaya
would slip 21 m, were it to do so in a single massive earthquake.
Assuming a rupture width of 83 km and length of 1,800 km, the
moment magnitude of this improbably large earthquake would be
Mw 5 9.2 (Table 2). A 500-yr recurrence interval, however, would
result in half the slip and a Mw 5 9.0 earthquake. To calculate the slip
on shorter rupture lengths, we incremented the slip velocities of our
best-fitting interseismic boundary element model by 1,000 yr, and
emulated an earthquake rupture by adding a freely slipping rectangu-
lar dislocation to its southernmost edge (Fig. 3). This additional
rectangular region represents rupture of the Himalayan decollement,
and was modelled as a 5 3 10 matrix of freely slipping elements,
whose integrated slip and area were used to calculate Mw. In these
synthetic earthquakes, we determined both the maximum and mean
slip on the earthquake rupture, as well as the change of slip and strain
beneath southern Tibet resulting from the occurrence of each
Himalayan rupture (Table 2).

Two end-member models were considered. In the first, we cal-
culate Himalayan slip assuming that no slip beneath the plateau
accompanies rupture—that is, coseismic slip at the northern edge
of the earthquake ceases abruptly at the southern edge of the region of
aseismic slip. In the second, we calculate the combined change in slip
on the earthquake rupture and beneath the plateau—that is, the
northern edge of the earthquake rupture is unrestrained and is driven
by strain relaxation in the southern plateau. This unrestrained addi-
tional slip more than doubles the maximum slip available to drive the

frontal thrusts. This downdip slip presumably occurs as afterslip
resulting in rate changes following rupture20: however, the 6 June
1505 earthquake21 with its inferred 600-km-long rupture length
was accompanied by substantial accelerations in southern Tibet, con-
sistent with some of this downdip slip occurring co-seismically. Our
results (Table 2 and Fig. 4) demonstrate that, as expected, for earth-
quakes with rupture lengths shorter than the width of the Himalaya,
magnitude scales with area, whereas those longer than 90 km scale
with length. Similar observed, and synthetic, scaling relations have
been reported for transform faults22–24. Ruptures shorter than
,150 km leave strain in southern Tibet largely untapped, whereas
longer ruptures drain this energy, resulting in larger slip both in the
region of coseismic rupture and as increased slip downdip from the
rupture beneath the plateau (Figs 4, 5).

The renewal time for Himalayan earthquakes is unknown, because
no large earthquakes have recurred repeatedly in the historical
record. The slip released in recent earthquakes compared to pre-
sent-day Himalayan convergence rates suggests that the renewal time
is of the order of 300–1,000 yr. This estimate can be improved using
the synthetic scaling law depicted in Fig. 4, by selecting a renewal time
consistent with Mw versus rupture-length data from recent earth-
quakes. Only for the 2005 Kashmir earthquake are slip and geometry
well constrained, but the convergence rate in western Kashmir is
lower, and the geometry of its rupture steeper, than for earthquakes
we consider here. Such data as are available are consistent with a
recurrence interval of ,500 yr, and suggest that recent ruptures best
fit the restrained rupture model (the lower bound of the envelopes in
Fig. 4).

Whereas the maximum slip in recent earthquakes is consistent with
maximum slip predicted in synthetic earthquakes with a 500-yr return
time, trench excavations of surface ruptures of medieval earthquakes
record slip that would require $1,000 yr of strain accumulation25,26.
Minimum rupture lengths only are available for these earthquakes, but
our models imply that they ruptured much longer fault planes than
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Figure 3 | Boundary element meshes used to derive synthetic slip. Red
elements slip freely in response to imposed slip. a, Interseismic velocities
calculated by driving 3,450 freely slipping elements with southerly geometry
adjusted to emulate observed surface GPS data. b, Restrained coseismic slip.
Velocities from a are used to derive displacements whose resulting strain
field drives ruptures of different lengths in the Himalaya (Table 2). The

displacements shown correspond to a millennium of slip at current rates.
c, Slip beneath the Himalaya changes the boundary conditions in the
southern plateau, causing additional slip both on the main rupture and
beneath the plateau. When fully expressed, this unrestrained slip represents
maximum afterslip (Table 2 and Fig. 4).

Table 2 | Himalayan earthquake magnitude and slip versus rupture length

Length (km) 10 20 40 60 80 100 150 200 300 400 600 1200 2000

Mw restrained 6.71 6.95 7.41 7.71 7.99 8.1 8.26 8.37 8.49 8.59 8.71 8.86 9.06

Max. slip (m) 3.41 3.81 4.55 5.64 6.98 7.78 8.76 9.05 9.12 9.11 9.11 9.12 9.12

Ave slip (m) 2.12 2.43 3.02 3.75 4.63 5.31 6.31 6.8 7.15 7.36 7.44 7.48 7.48

Mw unrestrained 6.72 6.96 7.42 7.77 8.05 8.18 8.36 8.5 8.66 8.77 8.9 9.13 9.28

Max slip (m) 3.42 3.85 4.74 7.43 9.12 10.86 13.14 15.31 17.42 18.57 19.72 20.91 21.05

Ave. slip (m) 2.24 2.47 3.11 4.55 5.5 6.75 8.51 10.34 12.07 13.05 13.86 15.04 15.41

Max. 0–50 km N 0.01 0.05 0.11 1.12 1.57 2.29 3.65 5.69 8.22 9.83 11.52 13.2 13.4
Max. 50–200 km N 0 0.03 0.06 0.31 0.49 0.74 1.24 2.1 3.43 4.5 5.86 7.47 7.68

Calculations for 1,000 yr of Indo/Asian convergence at current rate. A halving in strain accumulation time (500 yr), consistent with ruptures in the past century (Fig. 4), halves the potential slip and
reduces magnitudes by 0.2 Mw units. For ruptures where length L $ 80 km, width w is 83 km. For ruptures where L , 80 km, areas are equidimensional. The first three rows in italics indicate
Himalayan slip assuming that there is no coseismic slip beneath the plateau (restrained slip). The remaining five rows indicate coseismic or postseismic slip assuming that the plateau responds to the
sudden southward shift in boundary conditions following Himalayan earthquakes (unrestrained slip). Unrestrained Mw magnitudes in row 4 are calculated assuming all slip is seismic. These end-
member solutions form the upper and lower bounds of areas plotted in Fig. 4a and b. Maximum unrestrained trans-Himalayan coseismic displacements 0–50 km north of each rupture, and
50–200 km north of each rupture, are indicated in the last two rows.
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recent earthquakes (Table 2). A possible explanation for these obser-
vations of large slip is that they are amplified locally by the dynamics of
rupture23,27, but it is more probable that long ruptures (megaquakes)
at infrequent intervals are essential to occasionally reduce residual

elastic strain accumulating in the southern plateau that has been left
by previous smaller earthquakes. The past 500 yr, for example, are
characterized by earthquakes with rupture lengths ,300 km that have
inefficiently reduced cumulative elastic strain.
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Seismic gaps versus failures in seismic gap theory
We note that our inferred renewal time applies to earthquakes of all
magnitudes, which is an apparent departure from the predictions of
seismic gap theory. Seismic gaps are unruptured segments of a plate
boundary that slip eventually in great earthquakes. Their rupture
results in an earthquake whose magnitude is characteristically pro-
portional to the cumulative plate boundary displacement since their
previous rupture. Our models suggest that once a critical strain has
been attained, its release by a Mw , 7 or a Mw . 9 earthquake
depends only on the length of the rupture, the growth of which in
the Himalaya is presumably impeded by the presence of along-arc
asperities28. Insufficient earthquakes are known in the Himalaya to
determine whether successive earthquakes rupture similar areas.

A second apparent departure from seismic gap theory is that our
model demonstrates that a major earthquake can be followed by a
great earthquake in the same location, sooner than anticipated from
considerations of renewal time from plate convergence rates. Such
behaviour is manifest in other convergence zones: in Chile29 and in
the 2004 Sumatra/Andaman earthquake30. Himalayan Mw , 8 earth-
quakes drain negligible elastic energy from southern Tibet compared
to those where Mw . 8. This can explain, for example, why the 1833
Mw 5 7.8 Nepal earthquake was followed by the 1934 Mw 5 8.2
Bihar/Nepal earthquake in approximately the same area after only
101 yr (ref. 31). It also implies that the 1905 Kangra earthquake
region, previously considered a region reprieved from an imminent
damaging earthquake, could today host one of larger magnitude32.

That the elastic cycle accompanying Himalayan earthquakes must
modulate the stresses that drive the long term flow behaviour of the
plateau has never been questioned, but its influence in the southern-
most 500 km of the plateau is unexpected. The elastic model we
propose for the Tibetan plateau is a one-parameter model, driven
by hypothetical reverse slip less than 500 km north of the Himalaya.
This remote driving condition is not an unique requirement of the
model, and similar results can be obtained using more northerly
boundary conditions driven at higher rates, indicating that our con-
clusions are unaffected by elastic conditions in central and northern
Tibet. Our traction-free lower boundary conditions at the base of
the plateau are common to both dynamic33 and kinematic models
proposed for the Tibetan plateau34, but unlike previous studies that
incorporate realistic subsurface interface geometry, we incor-
porate no depth-dependent rheology, nor rate-dependent friction
laws. Although the models may be refined further, the implications
for earthquake scaling laws in the Himalaya are unlikely to change
significantly.

The dynamic deformation of the Tibetan plateau is driven by the
same forces that drive earthquakes in the Himalaya, and it is thus of
some interest to estimate what fraction of present day strain accu-
mulation in the plateau participates in the elastic earthquake cycle.
Accordingly, we calculated the percentage of elastic strain released in
the uppermost 40 km on a 2-km three-dimensional grid spacing
throughout the southern plateau (Fig. 5d). Strain changes exceed
40% within 120 km of the Himalayan front but fall rapidly north-
ward. For 100-km- and 600-km-long ruptures, dilatational strain
changes average less than 10% and 20%, respectively, hence most
of the observed interseismic strain remains to drive the dynamics
and kinematics of the plateau.

The absence of surface ruptures for nineteenth- and twentieth-
century central Himalayan earthquakes35 suggests that their rupture
lengths may have been atypically short (,200 km), and their slip
correspondingly low. According to our models, the lengths of rup-
tures in about 1100 and 1400, which did rupture the surface, may
have exceeded 400 km, with moment magnitudes exceeding
Mw 5 8.6. A ,500-yr recurrence interval for Himalayan earthquakes
suggests that the western Himalaya (last mega-event in about 1400),
the central Himalayan seismic gap (1505) and eastern Nepal (1100)
are now sufficiently mature to sustain renewed rupture, but that the
large observed slips (.20 m) of the first and last of these may require

the elapse of a further five centuries before they repeat with equal
severity.
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