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Abstract

The 2015 Gorkha earthquake and its aftershocks caused severe damage mostly in Nepal, while countries around

the Himalayan region were warned for decades about large Himalayan earthquakes and the seismic vulnerability of
these countries. However, the magnitude of the Gorkha earthquake was smaller than those of historical earthquakes
in Nepal, and the most severe damage occurred in the north and northeast of Kathmandu. We explore reasons for
these unexpected features by performing a joint source inversion of teleseismic, geodetic, and near-field waveform
datasets to investigate the rupture process. Results indicate that the source fault was limited to the northern part of
central Nepal and did not reach the Main Frontal Thrust. The zone of large slip was located in the north of Kathmandu,
and the fault rupture propagated eastward with an almost constant velocity. Changes in the Coulomb failure function
(ACFF) due to the Gorkha earthquake were computed, indicating that southern and western regions neighboring the
source fault are potential source regions for future earthquakes related to the Gorkha earthquake. These two regions
may correspond to the historical earthquakes of 1866 and 1344. Possible future earthquakes in the regions are pre-

dicted, and the warning for Himalayan seismic hazards remains high even after the Gorkha earthquake.
Keywords: Rupture process, Gorkha earthquake, Coulomb failure function

Background

Around Nepal, the Indian and Eurasian plates collide, and
the Indian lithosphere underthrusts beneath the Eurasian
plate at the Main Frontal Thrust (MFT, Fig. 1) with a con-
vergence rate of approximately 18 mm/year (Ader et al.
2012). This has historically caused large earthquakes, and
seismic hazards in the region remain high (Bilham et al.
2001; Bilham and Gaur 2013). On April 25, 2015 (UTC),
the Gorkha earthquake occurred close to Katmandu. The
hypocenter of the earthquake determined by the United
States Geological Survey (USGS, http://www.usgs.gov/,
accessed on April 27, 2015) was 28.1473°N, 84.7079°E,
and 15 km in depth, indicating that the earthquake
occurred on the Main Himalayan Thrust (MHT). The

*Correspondence: khiro@eri.u-tokyo.ac.jp

! Earthquake Research Institute, University of Tokyo, 1-1-1 Yayoi,
Bunkyo-ku, Tokyo, Japan

Full list of author information is available at the end of the article

@ Springer

and indicate if changes were made.

earthquake and its aftershocks resulted in over 8000 fatal-
ities. The moment magnitude (M,,) of this earthquake
(7.8; USGS) was smaller than those of historical earth-
quakes in Nepal, such as the M, 8.2 1505 Lo Mustang
earthquake and the M,, 8.1 1934 Bihar—Nepal earthquake
(Ambraseys and Douglas 2004). Moreover, although its
hypocenter was located in the northwest of Kathmandu,
the most severe damage occurred in the north and
northeast of Kathmandu (Government of Nepal 2015).
Therefore, an investigation of the rupture process of the
Gorkha earthquake is crucial to explore potential rea-
sons underlying these peculiar features. Previous source
studies of the Gorkha earthquake were performed using
teleseismic waveforms (Fan and Shearer 2015; Yagi and
Okuwaki 2015); InSAR (Kobayashi et al. 2015; Lindsey
et al. 2015); teleseismic waveforms and InSAR (Avouac
et al. 2015; Hayes et al. 2015); static GPS and InSAR (Feng
et al. 2015; Wang and Fialko 2015); static GPS, high-
rate GPS, and InSAR (Galetzka et al. 2015); teleseismic
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Fig. 1 Index map. Epicenters of the main shock and the largest
aftershock are indicated by red and orange stars. The focal mecha-
nism of the main shock is shown in the map. Small yellow and green
stars denote aftershocks within 6 h after the main shock and largest
aftershock, respectively. We locate the source fault of the earthquake
as shown by the blue rectangle. Areas outlined in magenta indicate
the assumed source region of the 1505 earthquake (Bilham and
Ambraseys 2005), with the eastern extent determined by Bollinger
etal. (2014) and the zones of VIl or greater intensities for the 1833
and 1934 earthquakes (Bollinger et al. 2014; Sapkota et al. 2013). The
epicenter of the 1934 earthquake is indicated by the magenta star
(Sapkota et al. 2013). Red curves with triangles represent the Main
Frontal Thrust (MFT). The upper-right inset shows the cross-sectional
profile along the sky blue line including the MFT and the schematic
Main Himalayan Thrust (MHT) (light brown line; Bollinger et al. 2014).

Background color indicates altitude

waveforms, strong motion, static GPS, high-rate GPS,
and InSAR (Grandin et al. 2015); and teleseismic wave-
forms, static GPS, and high-rate GPS (Kubo et al. 2016).
Near-field waveforms are most effective to investigate the
spatiotemporal earthquake rupture process. Takai et al.
(2016) succeeded in observing the main shock ground
motions at four strong motion stations in the Kathmandu
Valley (Fig. 2a). One of these stations, KTD, is located at
a rock site, as implied by the observed waveforms with
weak latter phases (Fig. 2b). Previous studies only used
initial parts or a quite low-frequency range of near-field
waveforms in the Kathmandu Valley from high-rate GPS
and strong motion stations. These stations are located on
soft sediment and latter phase are strongly affected by
sedimentary layers whose velocity structure is not well
known. Thus, we used KTP instead of stations on soft
sediment and performed a joint inversion of teleseismic,
geodetic, and near-field waveform datasets to investigate
the rupture process of the Gorkha earthquake. We also
calculated the Coulomb failure function (ACFF) using
the obtained results to evaluate the effect of the Gorkha
earthquake on surrounding regions.
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Joint source inversion

Three types of datasets are available for this investigation:
(1) teleseismic dataset obtained from the Global Seismo-
graphic Network (Fig. 2c) through the Data Management
Center of the Incorporated Research Institutions for Seis-
mology, (2) ground deformation dataset obtained at GPS
stations (Fig. 2a) through the UNAVCO Data Center and
from the InSAR image processed by Lindsey et al. (2015),
and (3) dataset of near-field waveforms of strong motion
(Takai et al. 2016) and high-rate GPS (Galetzka et al.
2015) stations (Fig. 2a). We used 37 vertical components
of a teleseismic P wave, 12 horizontal components of six
GPS stations and four vertical components of four GPS
stations, line-of-sight deformations of 21 points from the
InSAR image, and 18 components of six strong motion
and high-rate GPS stations. We downsampled the InSAR
image while keeping rough characteristics with intervals
of 0.2°, a larger interval than the discretization of our
fault model. We then selected points whose absolute line-
of-sight deformations were greater than 10 cm. We did
not use near-field waveforms of TVU, PTN, THM, and
NAST because they are located on soft sediment and
their waveforms, especially their horizontal components,
are largely affected by sedimentary layers. Moreover, a
detailed velocity structure of the Kathmandu Valley was
not established.

First, the source fault was defined based on the hypo-
center distribution of the main shock and aftershocks
from the USGS data, as shown by the blue rectangle
in Fig. 1. Strike and dip angles were set to 293° and 7°,
the same as the Global CMT solution. The fact that the
source fault region is limited to the northern part of cen-
tral Nepal was inferred as the main reason for the smaller
M,, of the Gorkha earthquake in comparison with his-
torical earthquakes, such as the M, 8.2 1505 Lo Mustang
earthquake and the M,, 8.1 1934 Bihar—Nepal earthquake
(Ambraseys and Douglas 2004). Subsequently, a joint
inversion of the abovementioned three datasets was per-
formed to determine the rupture process of the Gorkha
earthquake.

For this purpose, we used the multi-time-window lin-
ear inversion method with nonnegative least squares and
smoothness constraints (Yoshida et al. 1996; Hikima and
Koketsu 2005). We divided a fault into 18 x 11 subfaults
with a size of 10 km in length and 10 km in width. Six
3-s ramp functions for the fault slip were set every 3 s
for each subfault. The optimal number of time windows
and their duration were determined by a trial-and-error
approach. Rake angles were varied between 90° £ 45°. We
determined the rupture front velocity, which controls the
timing of the first time window to be 3.3 km/s, because
this value minimized the teleseismic and near-field
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Fig. 2 a Strong motion and geodetic station map. Red star denotes the main shock epicenter. Sky blue triangles indicate strong motion stations.
Green squares indicate high-rate and static GPS stations. b Filtered (0.005-0.4 Hz, the frequency range of our inversion analysis) velocity waveforms
at four strong motion stations. All the waveforms are plotted using the same scale. ¢ Teleseismic stations map. Red star denotes the main shock

waveform variance. The weight of spatiotemporal
smoothness constraints was determined by minimiz-
ing the Akaike’s Bayesian information criterion (Akaike
1980). The weights of all data points were set equal after
flattening square values of each data point. Teleseismic,
geodetic, and near-field waveform Green’s functions
were computed by the methods of Kikuchi and Kanamori
(2003), Zhu and Rivera (2002), and Kohketsu (1985),
respectively. One-dimensional velocity structure model
of CRUST 2.0 (Bassin et al. 2000) was used for these cal-
culations. In this model, Vs around the source depth was
3.5 km/s. As such, the determined rupture front velocity
was approximately 90 % of the local shear wave speed,
indicating fast rupture propagation if rupture is primarily
triggered in the first time window. In near-field waveform
data processing, we integrated acceleration or differenti-
ated displacement waveforms to velocity. In teleseismic
data processing, we removed instrument response and
integrated to displacement. All waveforms were band-
pass-filtered between 0.005 and 0.4 Hz and resampled
every 0.5 s. We used previously published geodetic data
as it is.

The resulting total slip distribution with a maximum
value of 7.0 m is shown in Fig. 3a. Two other slip peaks
with 6.0 and 5.0 m are also obtained in the northeast of
Kathmandu. These slip peaks are probably one of the
main reasons for the severe damage in the north and

northeast of Kathmandu. Moreover, these multiple slip
peaks are consistent with the observed teleseismic and
near-field waveforms, which have multiple amplitude
peaks (Fig. 4a), such as the UD component of KTP that
has a small secondary amplitude peak (Fig. 4b). There is
a slip of 4.8 m at the southeast edge of the source fault.
We confirmed that this slip is inferred from the InSAR
data, specifically by two southeast data points (Fig. 4e).
The centroid of the M,, 6.7 aftershock that occurred 1 day
after the main shock, determined by the Global CMT
solution, is located where the slip of 4.8 m was obtained,
and the InSAR data include the effect of the aftershock.
Thus, this slip might be an artifact of the main shock
rupture process. Similarly, the M 6.1 earthquake that
occurred 4 min after the main shock at about 20 km
east of Kathmandu affects the InSAR data, but we can-
not evaluate the magnitude of the effect. The calculated
seismic moment is 7.4 x 10* Nm, which yields an M,,
of 7.8. Snapshots of the slip distribution are taken every
10 s after rupture initiation at the hypocenter (Fig. 3b),
showing that the fault rupture propagates eastward at
an almost constant velocity and then in two directions
at 30-40 s. The moment rate function (Fig. 3c) shows
that the total rupture duration is about 60 s with a peak
at approximately 35 s. Considering the snapshots, the
peak corresponds to the two slips in the northeast of
Kathmandu. Slip rate functions of each subfault show
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Fig. 3 a Distribution of resulting total slips with 1-m contour interval from the joint source inversion. Red star and white rectangle indicate the main
shock epicenter and Kathmandu, respectively. b Snapshots of slip distribution every 10 s with 0.5-m contour interval. € Final moment rate function.
d Resulting slip rate function of each subfault. Red star denotes the main shock epicenter

that slips mostly start in the first or second time window
around the largest slip area (Fig. 3d), indicating fast rup-
ture propagation of approximately 3.0 km/s. Observed
and synthetic waveforms and crustal deformation are
shown in Fig. 4a—e. Most datasets fit well, but some near-
field horizontal waveform fittings suggest that we need to
improve the assumed velocity structure model.

To evaluate the resolution of each dataset and our joint
source inversion analysis, we conducted checkerboard
resolution tests using the same previously determined
parameters. First, we set a target model, as shown in
Fig. 5a, and made synthetic datasets. Then, we performed
three inversions with (1) only teleseismic dataset; (2)
teleseismic and geodetic datasets; and (3) teleseismic,
geodetics, and near-field waveform datasets. The results
of the first and second inversions show that the teleseis-
mic dataset can reproduce the moment rate function
and geodetic dataset to improve the spatial resolution
(Fig. 5b, ¢). The results of the third inversion show that
our joint inversion analysis has a sufficient spatiotempo-
ral resolution (Fig. 5d).

Source process analysis by Grandin et al. (2015) is most
similar in terms of datasets. The difference between their
and our resulting slip distribution is that over 4 m slip
area expanded to about 50 km east of Kathmandu is only

seen in Grandin et al. (2015). This slip can be observed
in other studies that used InSAR data (Feng et al. 2015;
Galetzka et al. 2015; Hayes et al. 2015; Kobayashi et al.
2015; Lindsey et al. 2015; Wang and Fialko 2015); how-
ever, Avouac et al. (2015) also used InSAR data, and
their resulting slip distribution does not show the slip in
question. This is probably because one of the two InSAR
images used by Avouac et al. (2015) does not cover the
eastern region of Kathmandu. As mentioned previously,
the M 6.1 and M, 6.7 aftershocks occurred in the east
of Kathmandu. InSAR data are very dense to include
local deformation by the aftershocks. Our discretiza-
tion of InSAR data probably reduced the effects of the
aftershocks.

Relation between the Gorkha earthquake

and future earthquakes

To examine the relation between the Gorkha earthquake
and potential future earthquakes in Nepal, changes in the
ACFF (Reasenberg and Simpson 1992) were computed.
The computation was performed for receiver faults with
the focal mechanism of (strike, dip, rake) = (293°, 7°, 90°)
along the plate boundary shown in the inset of Fig. 1. The
results of the computation show that in Fig. 6, red zones
of a large positive ACFF are distributed in small-slip
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Fig. 4 Observed (red) and synthetic (black) waveforms at a teleseismic stations and b strong motion and high-rate GPS stations. Station code,
component, and peak amplitude (micrometer for teleseismic and centimeter for near-field) are written on the left of each waveform. Observed (red)
and synthetic (black) ground deformations from ¢ horizontal component of static GPS, d vertical component of static GPS, and e InSAR. Line-of-
sight deformations were derived from the processed InSAR images (Lindsey et al. 2015) and are used for the joint source inversion. Red star denotes

areas within the source fault (Fig. 3a) and in all regions
surrounding this fault. The ACFF features of these sur-
rounding regions are different from those reported by
Feng et al. (2015) because they calculated the ACFF at a
fixed depth. We note that the largest aftershock occurred
in the red zone within the source fault of the main shock

(Fig. 6).

Here, we focus on regions surrounding the source fault
because we cannot discuss potential future earthquakes
only through ACFFE. No large earthquake is expected in
the northern deeper part because this part is creeping
(Mugnier et al. 2013), and the M,, 8.1 1934 Bihar—Nepal
earthquake (Ambraseys and Douglas 2004) already
occurred in the eastern region (Sapkota et al. 2013).
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Fig. 5 a Slip distribution (left), moment rate function (middle), and slip rate function of each subfault (right) for the target model of checkerboard
resolution test, and the inversion results of the checkerboard resolution tests of b teleseismic, ¢ teleseismic and geodetics, and d teleseismic, geo-
detics, and near-field waveforms. Green star and white rectangle indicate the main shock epicenter and Kathmandu, respectively

Considering that the convergence rate and interseismic
coupling between the Indian and Eurasian plates are
spatially uniform in Nepal (Ader et al. 2012), remaining
southern and western regions (dashed magenta ellipses
in Fig. 6) might correspond to large earthquakes listed
in the history of earthquakes damaging Kathmandu
(Mugnier et al. 2013) and recent earthquakes felt in India
(Szeliga et al. 2010). The 1866 earthquake (M 7.2 or 7.6)

occurred in the southern region (Khattri 1987; Szeliga
et al. 2010), and trenching at the MFT in the western
region showed an event in the thirteenth or fourteenth
century (Mugnier et al. 2013). These southern and west-
ern regions where historical earthquakes in 1866 and
1344 occurred were likely stimulated by the Gorkha
earthquake, increasing the possibility of generating a
large earthquake. Between the two regions, the calculated
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Fig. 6 Distribution of ACFF due to the Gorkha earthquake. Areas with
positive and negative ACFF are colored red and blue, respectively. Yel-
low and orange stars denote the main shock epicenter and the largest
aftershock epicenter, respectively. Gray rectangle represents source
fault defined for the main shock, and magenta rectangles are those
obtained for the 1934 and 1505 earthquakes from the zone of VIIl or
greater intensities, assumed source region, and the epicenter in Fig. 1.
Their areas were calculated using scaling law between rupture areas
and M,, (Murotani et al. 2008). Green curves with triangles denote the
MFT. Dashed magenta ellipses with letters “S"and “W"in positive ACFF
areas indicate potential source regions for future large earthquakes
likely affected by the Gorkha earthquake

maximum ACFF of the southern region is one order of
magnitude larger than that of the western region. Thus,
the southern region was more likely stimulated.

In view of the abovementioned details, three scenarios
were considered related to the Gorkha earthquake. First,
if the entire western region was ruptured reaching up
to the MFT, an M8-class earthquake, such as the 1934
Bihar—Nepal earthquake, would occur in accordance with
its area (e.g., Murotani et al. 2008). Second, if the western
region was ruptured with a partially similar situation to
the Gorkha earthquake, an M7-class earthquake, such as
the Gorkha earthquake, would occur. Third, if the south-
ern region was ruptured, an M7-class earthquake, such as
the 1866 earthquake, would occur. Galetzka et al. (2015)
reported that the Gorkha earthquake was modest over a
short period and large over a long period. The abovemen-
tioned three scenarios are plausible future earthquakes
in this region, but it cannot be predicted if they will have
the same features as the Gorkha earthquake.

Conclusions

Our inversion results show that the Gorkha earthquake
mainly ruptured a relatively deeper part of the MHT
with maximum slip in the north of Kathmandu. The
total rupture duration was approximately 60 s, and the
rupture propagates at a relatively high speed of approxi-
mately 3.0 km/s. The calculated ACFF from the Gorkha
earthquake suggests three possible scenarios in the
southern and western regions for the source fault of this
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earthquake. Thus, a warning of high Himalayan seismic
hazards, which may include the three scenario earth-
quakes, should be continually issued to Nepal and coun-
tries around the Himalayas.
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