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Himalayan arc: h istorical seismicity
The Himalayan-arc has been the
locus of some of the largest
continental earthquakes

Long-term observations
document the spatial and
temporal variability of large
Himalayan earthquakes
Dal Zilio et al., GRL, 2020 (in review)

On the basis of these observations, the mechanism driving partial and complete
ruptures of the MHT remains poorly understood
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Yet, obtaining a definitive set of testable hypotheses to evaluate the potential interplay between erosion
and crustal deformation in shaping the Himalayan mountain belt has proven challenging, thus leading to
an unclear causal relationship between the two.
duplex

mid-crustal ramp

Dal Zilio et al., Tectonics, 2020 (in review)

3D Fault Geometry: Multiple ramps?

Gorkha
earthquake

Geodetic data, combined with
geologic, geomorphological and
geophysical analyses, were used
to constrain the geometry of the
MHT in the Kathmandu area:
• Elliott et al., 2016, Nat-Geo
• Duputel et al., 2016, GRL
• Hubbard et al., 2016, Geology

Hubbard et al., 2016, Geology
Qui et al., 2016, Geology

3D Fault Geometry: Multiple ramps?
Preliminary results by
output-Nepal20mElliott-L8mcm-a16e-3-Sig70/geometry.grd
Sharadha Sathiakumar (USC)
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Slip velocity (m/s)

Hubbard et al., 2016, Geology
Qui et al., 2016, Geology
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3D dynamic rupture simulations
3D dynamic model of the 2015 Gorkha Earthquake suggest
that the pulse-like time dependence of slip is principally
controlled by rupture geometry

Wang et al., 2019, GRL

The mid-crustal ramp at creeping-locked transition seems
responsible for the high-frequency radiation of seismic
waves due to high and heterogeneous pre-seismic stress
Wang et al., 2019, GRL

(Avouac et al., 2015, NGeo; Michel et al., 2019, GRL)

Model setup

• Domain: 1000 x 250 km / Resolution: 200 m
• Imposed convergence rate: 38 mm/yr (from Wang et al., 2001)
From Elliott et al., 2016
– sharp ramp – Model EF

From Duputel et al., 2016
– smooth ramp – Model DF

– Planar fault –
Model PF

* Thermal structure of the
Himalayan wedge is from
Herman et al. (2010).

Seismo-Thermo-Mechanical modeling
2D continuum-based FD code I2ELVIS (Gerya and Yuen, 2007, PEPI )
validated for seismic cycle applications (van Dinther et al., 2013a,b, JGR )
Mass

Momentum (including
inertia)

Energy

* incompressible material

Seismo-Thermo-Mechanical modeling
Visco-elasto-plastic
rheology
elasto

viscous

brittle-plastic

Plasticity: pressure-dependent Drucker-Prager yield criterion

Strongly rate depend friction formulation,
e.g., Ampuero and Ben–Zion (2008)

̴70%, from Di Toro et al. (2011)

* time-step: 1-year

Interseismic deformation: Elastic strain
The model produces about 19–20 mm/year of convergence across the Himalaya, a
value consistent with the long-term slip rate

• The model fits the geodetic measurements of inter-seismic strain remarkably well
• The mid-crustal ramp operates as a geometric asperity where elastic strain builds up
Dal Zilio et al., 2019, Nat. Comm.

Interseismic deformation: Visco-plastic strain
All 3 fault geometries yield
predictions in good agreement
with geodetic data…
however, model EF agrees
particularly well with the data, in
terms of both horizontal and
vertical velocities.

Off-Megathrust events
• Off megathrust events
occur where the
(interseismic) elastic
strain is high

• Events usually nucleate
along rheological
contrasts

EVENTS ON THE MAIN HIMALAYAN THRUST
Effective static fault friction μeff = 0.1

Spatio-temporal evolution: ordinary cycles

• Regular complete
ruptures of the MHT
• Recurrence time ~600 yr
• Hypocenter locations
before the mid-crustal
ramp

EVENTS ON THE MAIN HIMALAYAN THRUST
Effective static fault friction μeff = 0.16

Spatio-temporal evolution: irregular (BIMODAL) cycles

• Most of the events do not propagate up to the surface
• Irregular downdip ruptures widths: Bimodal behaviour

Stress

vs.

Strength on the MHT

Partial rupture
Large “stress depression” in the frontal
part of fault
Partial ruptures increase the stress state of
the updip limit to a critical level

Complete rupture
Stress build-up to a critical state close
to the mid-crustal ramp
Stress/strength conditions allow the
propagation of a large rupture up to the
surface

The role of fault geometry
Smooth ramp – Model DF
from Duputel et al., 2016

Temporal evolution of the MHT displays a
bimodal seismicity-dominated regime.
Events mostly nucleate near the edge of
the mid-crustal ramp

Planar fault – Model PF

Planar fault shows a more chaotic behaviour
(irregular rupture widths)
Hypocenter locations are more widespread
throughout the seismogenic zone

Rupture widths
Sharp ramp – Model EF

vs.

S- parameter
Smooth ramp – Model DF

Average strength excess
Average stress drop

Planar fault – Model PF

The larger the rupture, the lower S tends to be (i.e., stress drop increases)

The role of frictional properties
Higher static friction (μs) and friction drop (𝛾) lead to an increase of:

Ref. model

Number of events
per cycles

M8+ recurrence
interval

Conclusions
1) Non-planar geometry of the MHT is required to match the interseismic displacement
2) Frictional properties (static friction and friction drop) control the earthquake cycle
behavior of the MHT — from regular to irregular cycles (“BIMODAL” seismicity).
They provide a unifying explanation for a variety of observations of the MHT, such as:
• The large variations in the recurrence time: from 250 to 1250 yr
• How reservoirs of residual strain inherited from former partial ruptures in the MHT
may be release through larger earthquakes.
3) Ramp-flat-ramp geometry of the MHT emphasizes the bimodal seismicity, due to a
pressure-dependency of the yield strength in the upper edge of the MHT.

