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Abstract Megathrust earthquakes tend to be confined to fault areas locked in the interseismic period and
often rupture them only partially. For example, during the 2015 M7.8 Gorkha earthquake, Nepal, a slip pulse
propagating along strike unzipped the bottom edge of the locked portion of the Main Himalayan Thrust
(MHT). The lower edge of the rupture produced dominant high-frequency (>1 Hz) radiation of seismic waves.
We show that similar partial ruptures occur spontaneously in a simple dynamic model of earthquake
sequences. The fault is governed by standard laboratory-based rate-and-state friction with the aging law and
contains one homogenous velocity-weakening (VW) region embedded in a velocity-strengthening (VS) area.
Our simulations incorporate inertial wave-mediated effects during seismic ruptures (they are thus fully
dynamic) and account for all phases of the seismic cycle in a self-consistent way. Earthquakes nucleate at
the edge of the VW area and partial ruptures tend to stay confined within this zone of higher prestress,
producing pulse-like ruptures that propagate along strike. The amplitude of the high-frequency sources is
enhanced in the zone of higher, heterogeneous stress at the edge of the VW area.

1. Introduction

Megathrust earthquake ruptures are generally confined to areas of the plate interface that were previously
locked [Konca et al., 2008; Moreno et al., 2010; Loveless and Meade, 2011; Protti et al., 2013], and they often
rupture them only partially. The factors controlling the extent of such partial ruptures are unclear. The
M7.8 Gorkha earthquake in Nepal of 25 April 2015 is a well-documented example of such a rupture
(Figure 1) [Avouac et al., 2015; Galetzka et al., 2015; Meng et al., 2016]. It ruptured the Main Himalayan
Thrust (MHT), the megathrust along which India is thrust under the Himalaya. The seismological and
near-field high-rate geodetic records clearly show that it unzipped the lower edge of the locked portion of
the fault, nucleating at 15 km depth and propagating eastward at ~2.8 km/s, in a pulse-like manner. High-
frequency (HF) waves radiated from the lower edge of the rupture, tracking the pulse propagation
(Figure 1a). Similar ruptures have been observed on subduction megathrusts, e.g., the Mw 7.7 Tocopilla
earthquake offshore northern Chile in 2007 [Béjar-Pizarro et al., 2010] and Mw 7.7 Nazca earthquake offshore
southern Peru in 1996 [Pritchard et al., 2007].

The factors that determine the extent of seismic ruptures remain poorly understood. They could reflect the
geometry or heterogeneous frictional properties of the plate interface. For example, it has been proposed that
the updip edge of the Gorkha rupture was arrested by a ramp along the MHT [Hubbard et al., 2016]. This
scenario was demonstrated to be a reasonable possibility based on quasi-dynamic simulations [Qiu et al.,
2016]. It is unlikely, however, that such a structural control would explain similar partial ruptures in the context
of subduction megathrusts as ramp-and-flat systems are less likely to develop along the plate interface.

In this study, we investigate whether such partial ruptures and some of the specific characteristics of the
Gorkha earthquake can be qualitatively reproduced without the need for any structural control. We resort
to numerical simulations of earthquake sequences using the method of Lapusta and Liu [2009].

2. Model Setup

We assume that slip along the megathrust is governed by a rate-and-state friction law, as this framework has
been shown to produce realistic models of earthquake sequences, aseismic slip, and individual ruptures
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[Barbot et al., 2012; Cubas et al., 2015; Thomas et al., 2017]. We assume that the state variable evolves
according to the “aging law” [Dieterich, 1972, 1979; Ruina, 1983]. The frictional resistance is then expressed as

τ ¼ σ f � þ a ln
V
V�

� �
þ b ln

V� θ
L

� �� �
; (1a)

dθ
dt

¼ 1� V θ
L

; (1b)

where τ is the shear strength which is equal to the shear stress, σ is the effective normal stress, V is the slip
rate, and f* is the friction coefficient at the reference slip rate V*. The parameter a quantifies the direct effect
of a slip-rate change. The parameter b describes the effect of the state variable. The characteristic slip dis-
tance, L, governs the evolution of the state variable. Friction is said to be velocity weakening (VW) if a �
b < 0, and velocity-strengthening (VS) if a � b > 0. A VW behavior of the fault is required for seismic

Figure 1. Setting of the Mw7.8 Gorkha earthquake and dynamic simulations presented in this study. (a) Distribution of coseismic slip, location, and timing of the
sources of high-frequency radiations (0.5–2 Hz) and pattern of interseismic coupling on the Main Himalayan Thrust fault (isocontour of locking from 10% to 90%)
[Avouac et al., 2015; Galetzka et al., 2015; Stevens and Avouac, 2015; Elliott et al., 2016]. (b) Our fault model, with the velocity-strengthening (VS) and velocity-weakening
(VW) areas indicated by the white and pink areas, respectively. The fault is loaded by dip-slip motion (slip is parallel to the shorter dimension of the model). The solid
black line and black star represent the rupture area and epicenter of event 12, respectively. The black dashed rectangle outlines the area shown in Figure 2. The black
dots show the location of points A and B where slip and stress histories are shown in Figure 3. (c) Maximum slip rate as a function of time during the 2000 yearlong
simulation. The dashed horizontal line shows the 0.1 m/s threshold above which slip is considered to be seismic. Magnitudes are indicated, with event 12 in red.
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ruptures to nucleate. In dynamic simulations, VW patches produce a stick-slip motion, if they are larger than
the critical size for earthquake nucleation, i.e., the nucleation size, h* [Ampuero and Rubin, 2008; Chen and
Lapusta, 2009]:

h� ¼ π
2

μ�bL
b� að Þ2σ ; (2)

where μ* =μ for mode III, and μ* =μ/
(1� ν) for mode II, with μ and ν being
the shear modulus and Poisson ratio,
respectively. Accordingly, smaller L
values allow for smaller h* and hence
simulations of smaller earthquakes,
thereby producing a broader range of
earthquake magnitudes and adding
further complexity to earthquake
sequences. However, this comes at a
computational cost.

We design a simple generic experiment
meant to reproduce a single fault. We
therefore consider only one homoge-
neous VW patch embedded in a VS area
(Figure 1b). The model is not aimed to
reproduce any particular detail of the
MHT. For simplicity, we assume a con-
stant effective normal stress.

The physical parameters used in this
study are listed in Table 1. The para-
meters were chosen to keep the compu-
tational cost of the simulations
reasonable. The modeled fault is
250 km long along strike and 125 km
wide along dip, and the VW region is
150 km long and 75 km wide. With the
assumed parameters (Table 1), the
nucleation size is ~5 km. The fault is
loaded at a rate of 21 mm/yr

Table 1. List of Physical Parameters Used in the Model

Symbol Value

Elastodynamic Properties
Shear modulus μ 30 GPa
Poisson’s ratio ν 0.25
Shear wave speed cs 3 km/s

Frictional Properties
Reference slip rate V* 1 μm/s
Reference friction coefficient f* 0.6
Characteristic slip distance L 20 mm in VW region

1 m in VS area
Direct effect parameter a 0.01
Evolution effect parameter b 0.018 in VW region

0 in VS area
Other model parameters

Effective normal stress σ 50 MPa
Plate loading rate Vpl 21 mm/yr

Figure 2. Cumulative slip, rupture front propagation, shear prestress, and
high-frequency radiation spatial maps of a partial rupture (event 12).
(a) Cumulative slip and (b) rupture front propagation of the event. In
Figure 2b, the lines show, at 2 s time intervals, location where slip rate
exceeds 0.5 m/s, with their color indicating the timing during the rupture.
(c) Shear stress at the onset of seismic event, defined as the slip rate
exceeding 0.1 m/s somewhere on the fault. The stress has already
dropped where nucleation has been occurring. The color scale is saturated
to better visualize the stress distribution. The maximum and minimum
shear stress on the fault are 47 MPa and 24 MPa, respectively. (d) Map of
high-frequency sources during the rupture. Color shading shows the
amplitude of the spectrum of the slip-time function between 2 and 3 Hz. The
solid black horizontal line is the boundary between the VS and VW areas.
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perpendicular to the strike direction.
Note that the loading is applied all
around the frictional region (there is no
free surface) so that all edges of the
VW region will consequently concen-
trate stress during the interseismic per-
iod (not just the bottom edge). The
effective normal stress is set at 50 MPa.
The simulation starts with an earth-
quake artificially triggered by elevated
shear stresses within a 20 km by 20 km
area located at the edge of the VW
region. The first several earthquakes
reset the model from the initial imposed
conditions on the fault.

3. Modeling Results

The simulation produces a sequence of
full and partial ruptures of the VW
region, with 17 events (defined as slip
with V > 0.1 m/s) occurring in
2000 years, their magnitudes ranging
from 6.7 to 8.3 (Figure 1c). We observe
that earthquakes nucleate at the edges
of the VW patch where stress builds up

more rapidly. The largest events (Mw > 7.9) generally rupture nearly entirely the VW area. We observe that
partial ruptures are systematically confined along the edge of the VW region (supporting information) where
preseismic stresses are higher due to interseismic stress buildup.

We present details of such a partial rupture, event 12 (Figures 1b and 1c), in Figures 2 and 3 (a video is avail-
able in the supporting information). This earthquake reaches a moment magnitude Mw7 and produces an
average stress drop of 6.15 MPa (calculated using the spatial average of stress drop distribution approach
of Noda et al. [2013]). This partial rupture unzips the edge of the VW area over an along-strike length of about
80 km, producing a peak slip of 2.4 m (Figure 2a). The earthquake nucleates in a particularly wide zone of
higher prestress. The rupture is initially crack-like for about 8–10 s and then turns into a unilateral pulse-like
rupture until the end of the rupture, for another 20 s (Figure 2b). The source time function (e.g., the time evo-
lution of the moment rate released by the entire rupture) peaks at ~11 s after the onset of seismic velocities
(Figure 3a). The peak moment rate occurs approximately when the rupture area stops expanding along dip.
This arrest is at the origin of the healing front that leads to a pulse-like behavior. From there on, the moment
rate decreases gradually.

The comparison of the source-time function (Figure 3a) with the slip-time functions at points A and B
(Figure 3b and c) shows that the slip pulse duration at these points, equal to ~5 s, is small compared to
the ~30 s source duration. Most (>95%) of the final slip is reached much before the end of the rupture.
The evolution of slip thus attests to a pulse-like behavior. Seven seconds after the start of the event, the rup-
ture propagates along strike at a mean rupture speed of 2.700 ± 0.002 km/s (the uncertainty is the standard
deviation), which is about 90% of the Rayleigh wave speed.

Comparison of the slip accumulation (Figure 2a) with the distribution of shear stress on the fault prior to the
rupture (Figure 2c) suggests that the width of the rupture is determined by the extent of the higher shear
prestress at the edge of the VW region and its decrease toward lower stress values in the middle of the fault.
Along strike, the rupture arrests at zones of lower stress that have been ruptured by recent prior earthquakes.

We observe that the evolution of slip rate is sharper at points near the edge of the VW area, probably due to
the higher shear stress there (Figure 2c). This effect results in relatively more energetic high-frequency
seismic waves radiated from near the edge of the VW area (supporting information). To quantify this

Figure 3. (a) Source-time function (moment rate as a function of time) of
the partial rupture (event 12). (b) Cumulative slip, (c) shear prestress, and
(d) slip rate at the locations of points A and B from Figure 1b.
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effect, we compute the Fourier transform of the moment-rate time function and assess spatial variations of
the amplitude of the spectrum at frequencies between 2 and 3 Hz (Figure 3d).

Note that the sequence of partial and full ruptures is only possible if the nucleation size is small enough
compared to the width of the VW region (supporting information). By changing the width of the seismogenic
zone, we find that only full ruptures occur if the ratio between the nucleation size and the width of the VW
region is above 1/12. This particular value may be linked to the frictional parameters and geometry chosen
in this study and its dependence on these factors requires further study, although we expect that, in any fault
model, this value needs to be small enough for the partial ruptures to appear.

4. Discussion and Conclusion

A simple model based on standard rate-and-state friction with a single homogeneous VW patch
surrounded by a VS region and loaded with dip-slip motion can produce partial ruptures that unzip the
edge of the VW zone. This kind of rupture was observed in the continental context of the Himalayan
megathrust during the M7.8 Gorkha earthquake, and in the context of oceanic subduction zones
[Pritchard et al., 2007; Béjar-Pizarro et al., 2010]. Such ruptures could also result from a structural control
by the fault geometry or from spatial variations of friction properties. In the case of the Gorkha earthquake,
the hypothesis that the upper edge of the rupture was controlled by a transition to VS friction can be
excluded based on postseismic observations, which show that the area updip of the seismic rupture
remains locked [Gualandi et al., 2016]. By contrast, there is a possibility that the upper edge of the
Gorkha earthquake was controlled by a ramp [Hubbard et al., 2016; Qiu et al., 2016]. This ramp would
run beneath the Kathmandu basin. There is, however, no topographic signature of the zone of more rapid
uplift that should have resulted.

We therefore prefer the alternative scenario, suggested by the partial ruptures observed in our numerical
simulations, that the rupture was confined to the area of interseismic stress buildup at the lower edge of
the locked area. This hypothesis could also explain similar ruptures in the context of oceanic subductions.

The pulse-like behavior in our simulated partial ruptures is controlled by the width of the zone within which
seismic slip can be sustained due to the stress distribution. Pulse-like ruptures, often observed in various
tectonic settings [Heaton, 1990], can hence form as a result of the stress concentration at the boundary
between VW and VS zone, or at any other band of concentrated stress. Hence, they do not necessarily require
a narrow or heterogeneous seismogenic zones [Johnson, 1992; Beroza and Mikumo, 1996; Olsen et al., 1997],
intense frictional velocity weakening [Heaton, 1990; Lu et al., 2007], or elastic contrast across the fault
[Ampuero and Ben-Zion, 2008] although such features may be present and indeed required for slip in certain
settings, e.g., on low-stressed faults of high static strength [Zheng and Rice, 1998; Noda et al., 2009].

In our model, the sources of dominant high-frequency radiation are at the locations of high pre-seismic
shear stress, whether it is a partial or full rupture (an example of full rupture is given in the supporting infor-
mation). The high-frequency radiation sources of the Gorkha earthquake are located downdip, close to the
transition between the VS and VW region, as in our model. While our model succeeds at explaining the
location of the high-frequency sources, the effect might actually be stronger in nature than what our model
predicts. Indeed, for computational reasons, the nucleation size of our modeled earthquakes is relatively
large, leading only to Mw > 6 events. In nature, seismic ruptures can be much smaller. In our model, earth-
quakes tend to nucleate at the edges of the VW patch where stress is building up more rapidly. This result is
similar to the observations that most earthquakes in the Himalaya cluster along the lower edge of the
locked fault zone [Cattin and Avouac, 2000; Bollinger et al., 2004; Stevens and Avouac, 2015]. It is likely that
due to these smaller earthquakes, the stress distribution along the lower edge of the VW zone is much
more heterogeneous than in our model [Lapusta and Rice, 2003; Jiang and Lapusta, 2016]. If the simulated
earthquakes could span smaller magnitudes, it would enhance further the high-frequency seismic waves
radiated from the edge of the VW area [Avouac et al., 2015]. Our explanation for the locations of the HF
sources does not exclude the alternative possibility that they coincide with the upper edge of the midcrus-
tal ramp along the Himalayan megathrust [Elliott et al., 2016], which coincides with the steep topography
and the zone of higher exhumation rate at the front of the Higher Himalaya [Lavé and Avouac, 2001;
Herman et al., 2010]. It is indeed well known that high-frequency waves are radiated at fault kinks [e.g.,
Adda-Bedia and Madariaga, 2008]. In the case of the Gorkha earthquake, no high-frequency radiation was
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observed at its updip extent, a feature that should have been detected if the rupture had reached an updip
additional ramp.

Our model does not imply that dominant high-frequency waves would only radiate from the edges of VW
areas. The rupture of a zone of higher stress left at the edges of a previous partial rupture may dominate the
HF radiation, which could then originate from well within the VW area. It is therefore not assured that seis-
mic slip within the locked portion of megathrust would be depleted in high frequencies as a result of the
mechanism described in this study. Further investigations are needed to elucidate the factors controlling
the source location and amplitudes of high-frequency seismic waves.
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