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• Travel-time correction in back-projections
• Hypocenter alignment
• Slowness Enhanced back-projection
• Unzipping of bottom of seismogenic zone in the Gorkha

Earthquake
• Absence of deep penetration in the Tohoku earthquake
• Early and Persistent supershear rupture of the 2018 Palu

earthquake
• Wide step-over of the 2017 Chiapas earthquake
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Third, in the Himalaya, the potential
slip accumulates almost entirely as elastic
rather than inelastic strain, which would
permanently deform the rock. Analyses of
deformed river terraces in the foothills of
the Himalaya demonstrate an advance of
21 ± 3 mm/year in southern Nepal (8) dur-
ing the past 10,000 years. The minor dif-
ference between this rate, measured at the
southern edge of the Himalaya and appli-
cable to durations spanning many great

earthquakes, and the 20 ± 3 mm/year mea-
sured with GPS implies that at most a
small fraction (<10%) of the strain could
be inelastic. Earthquakes must therefore
release most, if not all, of India’s 2 m per
century convergence with southern Tibet. 

Little is known about Himalayan earth-
quakes in the 18th century and before.
Great earthquakes in the Himalayan region
occurred in 1803, 1833, 1897, 1905, 1934,
and 1950 (see the figure). The 1803 earth-
quake caused damage between Delhi and
Lucknow. Recent reevaluations of the 1833

Nepal (9) and 1905 Kangra earthquakes
(10, 11) indicate that rupture lengths were
less than 120 km, smaller than previously
believed (2, 12). An analysis of geodetic
deformation during the 1897 earthquake
(13) conf irms that it occurred 100 km
south of the Himalaya and therefore did
not relieve strain in that belt. Thorough
studies of the destruction and thus the in-
tensity of shaking
for the 1934 Bihar-

Nepal earthquake were carried out in
Nepal (14) and India (15). Together with
geodetic constraints (16), they imply that a
200- to 300-km-long segment of eastern
Nepal ruptured (17). Similarly, locations of
aftershocks of the 1950 Assam earthquake
imply a rupture zone ~200 km long, with
complexities at its eastern end (3, 18).

Although the major earthquakes that
have occurred along the Himalaya since
1800 differed in dimensions, there is no
doubt that they destroyed vast regions
along the front of the Himalaya. More im-

portant today, however, is that less than
half of the Himalaya (see the figure) has
ruptured in that period.

Surface ruptures have not been found
for any of these events. There are thus no
geological constraints of recent ruptures,
and geologists are concerned that paleo-
seismic investigations across Himalayan
surface faults may yield misleadingly long

recurrence intervals. Moreover, re-
peat surveys of trigonometrical
points installed before the 1905,
1934, and 1950 earthquakes have
yet to be made with modern tech-
niques. The amplitudes of long-
period seismic waves have provid-
ed quantitative measures of the
seismic moments (a measure of

earthquake size) of the 1934 and
1950 earthquakes (18). Knowledge
of the lengths of the ruptures and
sensible estimates of the width from
various sources yield ~4 m of slip in
1934 and ~8 m of slip in 1950 (19).
Uncertainties in these estimates per-

mit slip as small as 2 m in 1934 and as
high as 16 m for 1950, but such amounts
would be unusual for earthquakes of their
magnitude. These less direct measure-
ments thus imply an average slip of ~4 m
during great earthquakes.

Despite the diverse quality of data in
the past two centuries, we can be sure that
we are not missing any great event since
1800. This permits us to estimate the mini-
mum slip potential that has accumulated
along the Himalaya since the last great
earthquake (see the figure). We divide the
central Himalaya into 10 regions, with
lengths roughly corresponding to those of
great Himalayan ruptures (~220 km). With
a convergence rate of 20 mm/year along
the arc, six of these regions currently have
a slip potential of at least 4 m—equivalent
to the slip inferred for the 1934 earth-
quake. This implies that each of these re-
gions now stores the strain necessary for
such an earthquake. Moreover, the historic
record (20–22) has no great earthquake
throughout most of the Himalaya since
1700, suggesting that the slip potential
may exceed 6 m in some places.

Given that geological investigations of
the 1905 and 1934 ruptures did not reveal
surface ruptures but that river terraces
have been warped and the foothills have
grown during prehistoric great earth-
quakes, we cannot rule out the possibility
that parts of the Himalaya have not rup-
tured in major earthquakes for 500 to 700
years and will be associated with slip ex-
ceeding 10 m. The mid-Himalayan 20th
century earthquakes would then have been
atypically small.

The weakest link in the arguments
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Danger zone. This view of the Indo-Asian collision zone shows the estimated slip potential along
the Himalaya and urban populations south of the Himalaya (United Nations sources). Shaded ar-
eas with dates next to them surround epicenters and zones of rupture of major earthquakes in the
Himalaya and the Kachchh region, where the 2001 Bhuj earthquake occurred. Red segments along
the bars show the slip potential on a scale of 1 to 10 meters, that is, the potential slip that has ac-
cumulated since the last recorded great earthquake, or since 1800. The pink portions show possible
additional slip permitted by ignorance of the preceding historic record. Great earthquakes may
have occurred in the Kashmir region in the mid-16th century (21) and in Nepal in the 13th century
(8). The bars are not intended to indicate the locus of specific future great earthquakes but are
simply spaced at equal 220-km intervals, the approximate rupture length of the 1934 and 1950
earthquakes. Black circles show population centers in the region; in the Ganges Plain, the region ex-
tending ~300 km south and southeast of the Himalaya, the urban population alone exceeds 40
million. (Inset) This simplified cross section through the Himalaya indicates the transition between
the locked, shallow portions of the fault that rupture in great earthquakes and the deeper zone
where India slides beneath southern Tibet without earthquakes. Between them, vertical movement,
horizontal contraction, and microearthquake seismicity are currently concentrated (4–6).
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Third, in the Himalaya, the potential
slip accumulates almost entirely as elastic
rather than inelastic strain, which would
permanently deform the rock. Analyses of
deformed river terraces in the foothills of
the Himalaya demonstrate an advance of
21 ± 3 mm/year in southern Nepal (8) dur-
ing the past 10,000 years. The minor dif-
ference between this rate, measured at the
southern edge of the Himalaya and appli-
cable to durations spanning many great

earthquakes, and the 20 ± 3 mm/year mea-
sured with GPS implies that at most a
small fraction (<10%) of the strain could
be inelastic. Earthquakes must therefore
release most, if not all, of India’s 2 m per
century convergence with southern Tibet. 

Little is known about Himalayan earth-
quakes in the 18th century and before.
Great earthquakes in the Himalayan region
occurred in 1803, 1833, 1897, 1905, 1934,
and 1950 (see the figure). The 1803 earth-
quake caused damage between Delhi and
Lucknow. Recent reevaluations of the 1833

Nepal (9) and 1905 Kangra earthquakes
(10, 11) indicate that rupture lengths were
less than 120 km, smaller than previously
believed (2, 12). An analysis of geodetic
deformation during the 1897 earthquake
(13) conf irms that it occurred 100 km
south of the Himalaya and therefore did
not relieve strain in that belt. Thorough
studies of the destruction and thus the in-
tensity of shaking
for the 1934 Bihar-

Nepal earthquake were carried out in
Nepal (14) and India (15). Together with
geodetic constraints (16), they imply that a
200- to 300-km-long segment of eastern
Nepal ruptured (17). Similarly, locations of
aftershocks of the 1950 Assam earthquake
imply a rupture zone ~200 km long, with
complexities at its eastern end (3, 18).

Although the major earthquakes that
have occurred along the Himalaya since
1800 differed in dimensions, there is no
doubt that they destroyed vast regions
along the front of the Himalaya. More im-

portant today, however, is that less than
half of the Himalaya (see the figure) has
ruptured in that period.

Surface ruptures have not been found
for any of these events. There are thus no
geological constraints of recent ruptures,
and geologists are concerned that paleo-
seismic investigations across Himalayan
surface faults may yield misleadingly long

recurrence intervals. Moreover, re-
peat surveys of trigonometrical
points installed before the 1905,
1934, and 1950 earthquakes have
yet to be made with modern tech-
niques. The amplitudes of long-
period seismic waves have provid-
ed quantitative measures of the
seismic moments (a measure of

earthquake size) of the 1934 and
1950 earthquakes (18). Knowledge
of the lengths of the ruptures and
sensible estimates of the width from
various sources yield ~4 m of slip in
1934 and ~8 m of slip in 1950 (19).
Uncertainties in these estimates per-

mit slip as small as 2 m in 1934 and as
high as 16 m for 1950, but such amounts
would be unusual for earthquakes of their
magnitude. These less direct measure-
ments thus imply an average slip of ~4 m
during great earthquakes.

Despite the diverse quality of data in
the past two centuries, we can be sure that
we are not missing any great event since
1800. This permits us to estimate the mini-
mum slip potential that has accumulated
along the Himalaya since the last great
earthquake (see the figure). We divide the
central Himalaya into 10 regions, with
lengths roughly corresponding to those of
great Himalayan ruptures (~220 km). With
a convergence rate of 20 mm/year along
the arc, six of these regions currently have
a slip potential of at least 4 m—equivalent
to the slip inferred for the 1934 earth-
quake. This implies that each of these re-
gions now stores the strain necessary for
such an earthquake. Moreover, the historic
record (20–22) has no great earthquake
throughout most of the Himalaya since
1700, suggesting that the slip potential
may exceed 6 m in some places.

Given that geological investigations of
the 1905 and 1934 ruptures did not reveal
surface ruptures but that river terraces
have been warped and the foothills have
grown during prehistoric great earth-
quakes, we cannot rule out the possibility
that parts of the Himalaya have not rup-
tured in major earthquakes for 500 to 700
years and will be associated with slip ex-
ceeding 10 m. The mid-Himalayan 20th
century earthquakes would then have been
atypically small.

The weakest link in the arguments
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Danger zone. This view of the Indo-Asian collision zone shows the estimated slip potential along
the Himalaya and urban populations south of the Himalaya (United Nations sources). Shaded ar-
eas with dates next to them surround epicenters and zones of rupture of major earthquakes in the
Himalaya and the Kachchh region, where the 2001 Bhuj earthquake occurred. Red segments along
the bars show the slip potential on a scale of 1 to 10 meters, that is, the potential slip that has ac-
cumulated since the last recorded great earthquake, or since 1800. The pink portions show possible
additional slip permitted by ignorance of the preceding historic record. Great earthquakes may
have occurred in the Kashmir region in the mid-16th century (21) and in Nepal in the 13th century
(8). The bars are not intended to indicate the locus of specific future great earthquakes but are
simply spaced at equal 220-km intervals, the approximate rupture length of the 1934 and 1950
earthquakes. Black circles show population centers in the region; in the Ganges Plain, the region ex-
tending ~300 km south and southeast of the Himalaya, the urban population alone exceeds 40
million. (Inset) This simplified cross section through the Himalaya indicates the transition between
the locked, shallow portions of the fault that rupture in great earthquakes and the deeper zone
where India slides beneath southern Tibet without earthquakes. Between them, vertical movement,
horizontal contraction, and microearthquake seismicity are currently concentrated (4–6).

65
64
63
62
61
60
59
58
57
56
55
54
53
52
51
50
49
48
47
46
45
44
43
42
41
40
39
38
37
36
35
34
33
32
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10

9
8
7
6
5
4
3
2
1

www.sciencemag.org SCIENCE VOL 293 24 AUGUST 2001 1443

Third, in the Himalaya, the potential
slip accumulates almost entirely as elastic
rather than inelastic strain, which would
permanently deform the rock. Analyses of
deformed river terraces in the foothills of
the Himalaya demonstrate an advance of
21 ± 3 mm/year in southern Nepal (8) dur-
ing the past 10,000 years. The minor dif-
ference between this rate, measured at the
southern edge of the Himalaya and appli-
cable to durations spanning many great

earthquakes, and the 20 ± 3 mm/year mea-
sured with GPS implies that at most a
small fraction (<10%) of the strain could
be inelastic. Earthquakes must therefore
release most, if not all, of India’s 2 m per
century convergence with southern Tibet. 

Little is known about Himalayan earth-
quakes in the 18th century and before.
Great earthquakes in the Himalayan region
occurred in 1803, 1833, 1897, 1905, 1934,
and 1950 (see the figure). The 1803 earth-
quake caused damage between Delhi and
Lucknow. Recent reevaluations of the 1833

Nepal (9) and 1905 Kangra earthquakes
(10, 11) indicate that rupture lengths were
less than 120 km, smaller than previously
believed (2, 12). An analysis of geodetic
deformation during the 1897 earthquake
(13) conf irms that it occurred 100 km
south of the Himalaya and therefore did
not relieve strain in that belt. Thorough
studies of the destruction and thus the in-
tensity of shaking
for the 1934 Bihar-

Nepal earthquake were carried out in
Nepal (14) and India (15). Together with
geodetic constraints (16), they imply that a
200- to 300-km-long segment of eastern
Nepal ruptured (17). Similarly, locations of
aftershocks of the 1950 Assam earthquake
imply a rupture zone ~200 km long, with
complexities at its eastern end (3, 18).

Although the major earthquakes that
have occurred along the Himalaya since
1800 differed in dimensions, there is no
doubt that they destroyed vast regions
along the front of the Himalaya. More im-

portant today, however, is that less than
half of the Himalaya (see the figure) has
ruptured in that period.

Surface ruptures have not been found
for any of these events. There are thus no
geological constraints of recent ruptures,
and geologists are concerned that paleo-
seismic investigations across Himalayan
surface faults may yield misleadingly long

recurrence intervals. Moreover, re-
peat surveys of trigonometrical
points installed before the 1905,
1934, and 1950 earthquakes have
yet to be made with modern tech-
niques. The amplitudes of long-
period seismic waves have provid-
ed quantitative measures of the
seismic moments (a measure of

earthquake size) of the 1934 and
1950 earthquakes (18). Knowledge
of the lengths of the ruptures and
sensible estimates of the width from
various sources yield ~4 m of slip in
1934 and ~8 m of slip in 1950 (19).
Uncertainties in these estimates per-

mit slip as small as 2 m in 1934 and as
high as 16 m for 1950, but such amounts
would be unusual for earthquakes of their
magnitude. These less direct measure-
ments thus imply an average slip of ~4 m
during great earthquakes.

Despite the diverse quality of data in
the past two centuries, we can be sure that
we are not missing any great event since
1800. This permits us to estimate the mini-
mum slip potential that has accumulated
along the Himalaya since the last great
earthquake (see the figure). We divide the
central Himalaya into 10 regions, with
lengths roughly corresponding to those of
great Himalayan ruptures (~220 km). With
a convergence rate of 20 mm/year along
the arc, six of these regions currently have
a slip potential of at least 4 m—equivalent
to the slip inferred for the 1934 earth-
quake. This implies that each of these re-
gions now stores the strain necessary for
such an earthquake. Moreover, the historic
record (20–22) has no great earthquake
throughout most of the Himalaya since
1700, suggesting that the slip potential
may exceed 6 m in some places.

Given that geological investigations of
the 1905 and 1934 ruptures did not reveal
surface ruptures but that river terraces
have been warped and the foothills have
grown during prehistoric great earth-
quakes, we cannot rule out the possibility
that parts of the Himalaya have not rup-
tured in major earthquakes for 500 to 700
years and will be associated with slip ex-
ceeding 10 m. The mid-Himalayan 20th
century earthquakes would then have been
atypically small.

The weakest link in the arguments
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Danger zone. This view of the Indo-Asian collision zone shows the estimated slip potential along
the Himalaya and urban populations south of the Himalaya (United Nations sources). Shaded ar-
eas with dates next to them surround epicenters and zones of rupture of major earthquakes in the
Himalaya and the Kachchh region, where the 2001 Bhuj earthquake occurred. Red segments along
the bars show the slip potential on a scale of 1 to 10 meters, that is, the potential slip that has ac-
cumulated since the last recorded great earthquake, or since 1800. The pink portions show possible
additional slip permitted by ignorance of the preceding historic record. Great earthquakes may
have occurred in the Kashmir region in the mid-16th century (21) and in Nepal in the 13th century
(8). The bars are not intended to indicate the locus of specific future great earthquakes but are
simply spaced at equal 220-km intervals, the approximate rupture length of the 1934 and 1950
earthquakes. Black circles show population centers in the region; in the Ganges Plain, the region ex-
tending ~300 km south and southeast of the Himalaya, the urban population alone exceeds 40
million. (Inset) This simplified cross section through the Himalaya indicates the transition between
the locked, shallow portions of the fault that rupture in great earthquakes and the deeper zone
where India slides beneath southern Tibet without earthquakes. Between them, vertical movement,
horizontal contraction, and microearthquake seismicity are currently concentrated (4–6).

Tectonic View of the Indo-Asian Collision Zone

Bilham et al., Science, 2001



Mountain Building and Megathrust Earthquakes

Credit: Seismo Lab, Caltech



Tectonic Background

Avouac et al., 2015
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Back-projections of Three Large Continental Arrays
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Aftershock Test



Back-projection

Tohoku Earthquake

Meng et al., GRL (2011)

Introduced by Ishii, Shearer et al (2005)
Principle: 
1. Identify coherent wave arrivals across a 

dense tele-seismic array
2. Use their differential arrival times to 

infer source locations
3. Repeat as the earthquake unfolds, in 

order to track the rupture

High-resolution is obtained by exploiting high-frequency waves (~1Hz)

Source 
region

Seismic 
array

Seismic rays
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Principles of Back-projection

BP ξ, t( ) = uj t +Tj
0 ξ( )( )

j
∑BP equation:

Seismogram

Station indexTime

Source location Travel time

Introducing Uncertainty of Travel time 

Tj
0 ξ( ) = Tjcal ξ( )+δTj ξ( )

Theoretic travel time Travel time error

Hypocenter Alignment

δTj ξ( ) ! δTj ξh( ) = Tj0 ξh( )−Tjcal ξh( )

Hypocenter
Not always true !



occurring west of the Great Nicobar island and south-west
of the Car Nicobar island. These aftershocks are located
near the secondary maximum in Figure 3b and corrections
associated with these events prevent coherent stacking of
the mainshock seismograms in this region.
[22] Because the aftershock distribution is not uniform

across the rupture area, the effect of the aftershock calibra-
tion on the image will vary. Strictly speaking, the aftershock
time calibrations are only correct locally at each aftershock
hypocenter and the accuracy of the time corrections and the
quality of the image will degrade as one moves away from
the hypocenters. However, back-projection imaging is still
possible even at large distances from these calibration
points, as evidenced by the image obtained using the
mainshock cross-correlation results alone. Our time calibra-
tion weighting method provides a continuous set of time
shifts that effectively interpolates the times to fill in the gaps
between the individual aftershock locations. It should be
recognized that this is only an approximation to the true
time correction function. Thus details in the Figure 3c image
are most reliable when they are closest to an aftershock
location and it is possible that some distortions may exist in

the image that result from the details of our interpolation
scheme. However, our new image should have improved
resolution and more accurate relative amplitudes compared
to that of Ishii et al. [2005] because we use more localized
time calibrations throughout the image.
[23] In order to assess the time-dependence of the two

models, the locations of maximum energy release are
compared as a function of time (Figure 4). This plot is
created by calculating the distribution of energy release
(approximated as the squared amplitude of the stacks) for
every 20 s with an averaging window of 50 s, and
determining the centroid location of the area with at least
80% of the maximum energy release. It shows that in
addition to changes in the distribution and length scale of
the energy release, the aftershock calibration process moves
the peak energy sources to the east by about 0.5! (Figure 4a).
In contrast, the general timing and progression of energy
toward the northwest and then the northeast remain the
same. The relative source-time functions also show that the
two models are similar with the largest and second largest
maxima occurring around 80 and 320 s after the event
initiation, respectively. The plot is normalized to the max-

Figure 3. (a) Region of interest around the epicenter. The source grid used for back-projecting the P
wavetrain for the 26 December 2004 Sumatra-Andaman earthquake is shown by black dots. The depth of
this grid is fixed at the hypocentral depth of 30 km. The epicenter is shown by a red star, and names
of islands and island chains are given. The plate boundary is shown by the yellow curve. (b) Distribution
of relative energy radiation (approximated by the squared amplitude of stacked seismograms) obtained by
integrating the first 600 s of the stacked time series with a hypocentral time correction. Warm colors (e.g.,
red) indicate high levels of energy release and cold colors (e.g., blue) indicate low levels of energy
release. The epicenter is indicated by the large black star, and the aftershocks that occurred between
26 December 2004 and 26 January 2005 are shown by green circles. The black contours are plotted at
10% increments, starting at 50% of the maximum amplitude and highlight regions of high energy release.
The red contour is at the 65% level, which is used in estimating the total rupture area. The white curve
shows the plate boundary. (c) Same as in Figure 3b except for using the time calibration based upon
46 aftershocks (small black stars). See Supplementary Table S1 for the list of aftershocks. There is a
significant eastward shift in this map compared to Figure 3b where the depth of the slab increases.
However, because the grid is fixed at 30-km depth, this map cannot be taken as evidence for rupture at
greater depth.
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Empirical aftershock calibrations of Back-projection

Ishii et al., 2007

Interpolation by weighted sum of aftershock travel-time errors!  

Challenges: 
1. Sparseness of large aftershocks.
2. Aftershocks are mostly distributed away from large co-seismic slip



Introducing slowness correction
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Accounting for travel time errors away 
from hypocenter! 



Source of Slowness Error
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Slowness (ray parameter) error as a function of velocity change at different depths 
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Back-projections with Slowness Calibration
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Synthetic tests of kinematic rupture scenarios 
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Consistency Between BP
and Finite Fault Models

Credit: Diego Melgar and Lingsen Meng



Unzipping of the Lower Edge of the Locked Megathrust

Avouac et al., 2015



Stress Loading at the Bottom of the Coupling Zone

Geophysical Research Letters 10.1002/2015GL064845

Figure 1. Coupling model and fit to the horizontal GPS data. The interseismic coupling is shown as shades of red. A coupling value of 1 means the area is fully
locked, while a value of 0 means fully creeping. The green and black arrows and ellipses show the continuous and campaign GPS velocities (in the fixed-Indian
reference frame of Ader et al. [2012]), with their error bars, respectively. The blue arrows are the modeled velocities, which fit with the coupling shown. The large
red arrows show the long-term velocities in each region. The dashed black lines show the separation of the regions, within which the long-term velocity for that
region is calculated, as shown by the large red arrows. The solid black lines, labeled at 10 km intervals, show the depth contours of the fault plane. The labels
INDIA, SHILLONG, and ASSAM refer to three blocks which are assumed to be rigid. The residuals to the horizontal GPS, the InSAR, and leveling data are shown in
Figure S5. Electronic data of the coupling pattern are included in a supporting information (SI) file.

GPS data from the literature [Bettinelli et al., 2006; Calais et al., 2006; Socquet et al., 2006; Gan et al., 2007; Jade
et al., 2007; Banerjee et al., 2008; Mukul et al., 2010; Jade et al., 2011; Ponraj et al., 2011; Ader et al., 2012; Mahesh
et al., 2012; Gahalaut et al., 2013; Liang et al., 2013; Schiffman et al., 2013; Jade et al., 2014; Kundu et al., 2014;
Vernant et al., 2014]. All the data were expressed in the same International Terrestrial Reference Frame 2005.

Where the GPS were highly spurious (e.g., where there were three measurements at one station, and one of
the measurements greatly differed, or if the GPS velocity visually stuck out from the overall pattern), perhaps
due to very local earthquakes , they were removed from the data set (see Data Set S1), or errors were doubled.
The GPS were then converted into the fixed India reference frame using the pole of Ader et al. [2012]. The
details of GPS processing can be found within the relevant papers. For the coupling model, 39 continuous
stations and 174 campaign stations were used—those that were within 300 km of the fault trace (Figure S1).
Measurements at the same location were averaged and weighted according to their uncertainties.

2.2. Leveling and InSAR Data
The pattern of coupling on a megathrust is better resolved where constraints from vertical displacements are
available. Such constraints can be provided by leveling or InSAR measurements. We used leveling data from
the Survey of Nepal collected between 1977 and 1990 [Jackson and Bilham, 1994]. The Survey followed a road
through the Himalaya of central Nepal, and the location of the data can be seen in Figure S1. The uncertainties
on the leveling data are low with respect to those on the GPS vertical and help constrain well the pattern of
coupling locally [Ader et al., 2012].

We used the InSAR data from a swath over the Kali Gandaki area in central Nepal [Grandin et al., 2012] (Figure
S1). The radar images were acquired between 2003 and 2010. The InSAR data were downsampled uniformly
across the area by simply averaging nearby pixels to use 41 points in the inversion (Figure S1). These data,
which were not used by Ader et al. [2012], improve the resolution significantly between 83∘E and 84∘E and
from near the fault trace to 29∘N.

2.3. Microseismicity
The background crustal seismicity in the Himalaya is known to consist mainly of thrust events in the area
of stress buildup fringing the downdip end of the locked portion of the MHT [e.g., Cattin and Avouac, 2000;
Bollinger et al., 2004]. As such, these data can be used to help constrain interseismic coupling on the MHT.
Within Nepal, earthquakes were taken from a relocated catalog of the National Seismological Centre (NSC),
recorded between 1995 and 2001 (0.8 < M < 5.5) [Ader et al., 2012; Rajaure et al., 2013]. Between 77∘ and 81∘E,
seismicity from a second relocated catalog, recorded between April 2005 and June 2008, was used (1< M < 5)

STEVENS AND AVOUAC INTERSEISMIC COUPLING ON THE MHT 5829

Geophysical Research Letters 10.1002/2015GL064845

Figure 2. (a) The same coupling model as in Figure 1, with the location of seismicity used to regulate the Laplacian smoothing. Seismicity within Nepal is
from an NSC catalog [Ader et al., 2012; Rajaure et al., 2013] seismicity between roughly 77∘E and 81∘E is from Mahesh et al. [2013], and the remainder is from
NEIC. The modeled fault is outlined in black. (b) Shear stress accumulation rate on the fault plane, calculated from the coupling pattern, overlain by the same
microseismicity as in Figure 2a, here shown as white dots. Electronic data of the stress rate pattern are included in an SI file. (c) Probability distribution function
of the total moment buildup rate per year. Dashed lines show 1 standard deviation.

where d = data vector of 611 parameters, G = Green’s function matrix (using Okada [1985]), and m = unknown
parameters we want to solve for (slip rates on 2057 fault patches, long-term velocities in six sections and two
poles of rotation (for each of the two eastern blocks)).

Because the inversion is ill posed, as the number of parameters exceeds the number of data points, we regu-
larize the inversion by penalizing the roughness of the slip distribution. In practice, we minimize the Laplacian
of the slip distribution. As in Ader et al. [2012], the weight put on the Laplacian is adjusted according to the
resolution on each path, and 3 times stronger in the along-strike direction than downdip, as we expect there
to be rapid variations along dip, but less rapid variations along strike. The resolution is calculated using the
Moore-Penrose pseudoinverse matrix [Aster et al., 2013]. We calculate the correlation of each patch with its
neighbors and then weight each line of the Laplacian matrix by the decimal logarithm of the resolution size
on the corresponding patch. The Laplacian is also regulated using the microseismicity information. We use
the fact that microseismicity seems to follow areas with a large gradient of coupling (the downdip edge of
the locked fault zone) where stress buildup is maximum [Cattin and Avouac, 2000; Bollinger et al., 2004]. To
encourage gradients of coupling to locate in areas of higher seismicity, the weighting on the Laplacian is
reduced there. In practice the weight is inversely proportional to the number of events in that patch to the
power of a third.

STEVENS AND AVOUAC INTERSEISMIC COUPLING ON THE MHT 5831

Stevens and Avouac, 2015
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Propagation

Arrest

Intermediate event unzipping part of the lower edge 
of the couple zone
Extracted from Junle Jiang and Nadia Lapusta’s
dynamic earthquake cycle simulations

Pre-stress

Final stress

Unzipping of the Lower Edge of the Locked Megathrust

Credit: Junle Jiang and Nadia Lapusta



Earthquake Cycles in Tohoku Region

Allmon et al., 2011

Historical earthquakes 2011 Tohoku Earthquake



Summary
•Multi-Array back-projections of the Gorkha earthquake 
provides a unique opportunity to understand the spatial 
uncertainties of BP imaging.
•A slowness error term calibrated by aftershocks needs to be 
introduced to achieve consistency between BPs of different 
arrays.
•Refined source imaging reveals a narrow unilateral 
eastward rupture unzipping the lower bottom of the locked 
portion of the MHT.
•The Gorkha earthquake is possibly a intermediate event
during the interseismic period of larger earthquakes.


