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ABSTRACT

Central Nepal was struck on 25 April 2015 by the M,, 7.8
(M 7.6) Gorkha earthquake, which initiated about 80 km
northwest of Kathmandu and ruptured toward the east along
a 140-km-long west-northwest—cast-southeast fault segment.
Kathmandu basin, located about halfway along the ruptured seg-
ment a few kilometers from the southernmost fault tip, was
strongly affected. In this article, we present a preliminary analysis
of the acceleration-time histories of the 25 April 2015 M, 7.8
mainshock and the 12 May 2015 M, 7.3 (M 6.8) aftershock
recorded at the Department of Mines and Geology office build-
ing in central Kathmandu valley. We analyze their frequency
content using Stockwell ez 2/, (1996) time—frequency decompo-
sition and a polarization analysis (Pinnegar, 2006). We then
compute their strong-motion parameters and finally compare
their spectral accelerations with the Boore and Atkinson (2008)
ground-motion prediction equation.

Online Material: Raw accelerometric data at station DMG for
the 25 April mainshock, the 25 and 26 April aftershocks and
the 12 May aftershock, and preliminary analysis of signals re-
corded at station_ NQ.KATNP.

THE 2015 GORKHA EARTHQUAKE AND MAJOR
AFTERSHOCKS

The Gorkha earthquake occurred on 25 April at 06:11 UTC
(11: 56 Nepal Standard Time). It is the most devastating seis-
mic event in Nepal since the great 1934 earthquake (M, 8.4).
It was widely felt in Nepal and neighboring countries (India,
China, and Bangladesh). The intensity of the shaking in the
Kathmandu valley was strong, with reported macroseismic
intensities generally around VI-VII on the European Macroseis-
mic Scale (EMS) (Martin ez al., 2015). As a result, the seismic
event caused 8778 fatalities and 22,303 injuries, and more than
790,000 buildings were fully or partially damaged in Nepal
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(Government of Nepal, 2015, http://drrportal.gov.np/, last ac-
cessed June 2015). It triggered numerous landslides, avalanches,
and rockslides above and near the rupture zone.

The mainshock epicenter was located near Barpak village,
Gorkha district, 80 km northwest of Kathmandu. The local
magnitude reported by the National Seismological Center
of Nepal (NSC) was M 7.6, and the final moment magnitude
was M, 7.8 according to the U.S. Geological Survey (USGS).
The earthquake ruptured a segment of the Main Himalayan
thrust (MHT). This plate boundary megathrust accommodates
about 20 mm/yr of the convergence between the Indian and
Eurasian plates (~40 mm/yr; Lavé and Avouac, 2000; Jouanne
et al., 2004; Bettinelli ez al., 2006; Ader et al., 2012). The focal
mechanism displays a purely thrust-faulting motion consistent
with reverse-fault displacement of the MHT (Commissariat a
I'énergie atomique et aux énergies alternatives [CEA], 2015).

The mainshock rupture is delineated by the aftershocks, a
result consistent with preliminary finite-source modeling using
Interferometric Synthetic Aperture Radar, seismological data,
and continuous Global Positioning System (Avouac ef al,
2015; Galetzka ez al., 2015). From 25 April to 11 May, 260
aftershocks with M| >4.0 were located by the NSC (Adhikari
et al., 2015). A second major event took place on 12 May 2015
at 07:05 UTC, with M| of 6.8 (NSC) and M, 7.3 (USGS).
This event is located at the eastern edge of the mainshock rup-
ture zone (Fig. 1).

THE DMG ACCELEROMETRIC STATION

One accelerometer (DMG), installed in the premises of the
Department of Mines and Geology in Lainchaur, Kathmandu
(85.3166° E, 27.7193° N), recorded the mainshock and after-
shocks. The accelerometric station considered here was installed
to complement the existing National Seismological Center Net-
work (Fig. 1). The station is instrumented with a Geosig-AC23
sensor and a GSR24 digitizer (Bhattarai ez 4/, 2011) installed on
a concrete slab in a single-story building. Complementary non-
telemetered stations have been deployed in the past (Bhattarai
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A Figure 1. The seismic stations (black triangles) and the DMG accelerometric station (green triangle). Yellow stars show the location of
the mainshock and the major aftershock. The mainshock occurred on 25 April 2015; its epicenter is located at the western part of the
seismic sequence. Blue circles show the location of the aftershocks with magnitude greater than 4.0 until 14 May 2015.

et al., 2011). However, some were out of service and some re-
main unvisited because of the mainshock, given the recent work-
load at the NSC. The DMG station is located at the center
of the Kathmandu valley, a basin filled by Pleistocene and
Quaternary lacustrine, alluvial fan, and fluvial deposits. The sedi-
ments reach a depth of 500 m at DMG and rest on a metasedi-
mentary Pre-Cambrian to Paleozoic bedrock (Sakai, 2001).
Boreholes drilled nearby corroborate this subsurface geology.
However, to our knowledge, no geophysical data characterizing
the local shear-wave velocity or the site response at DMG are
presently available. Because of that lack, we use later estimates
of the average shear-wave velocity over the upper 30 m (¥ g3)
derived from a relationship between the topographic slope and
V30 (Wald and Allen, 2007). The ¥ g3, maps and grid are
available on the USGS website (http://earthquake.usgs.gov/
hazards/apps/vs30/, last accessed June 2015). At the DMG lo-
cation, Vg3 is estimated at ~250 m/s. We are aware of the
limitations of this method; however, the ¥ g3, value is consis-
tent with the range of 7 g3y values estimated by Japan Interna-
tional Cooperation Agency (JICA, 2002) to be between 180
and 310 m/s for the Kathmandu basin. In addition, Paudyal
et al. (2012) estimated the horizontal-to-vertical spectral ratios

(HVSRs) from microtremors (method introduced by Nakamura,
1989) for a grid of 171 points around Kathmandu. These au-
thors estimated dominant periods to be between 0.5 and 1 Hz in
the vicinity of DMG. Their study is reliable only for frequencies
larger than 0.5 Hz.

GROUND-MOTION OBSERVATION OF THE TWO
MAIN EVENTS AT DMG STATION

In this section, we describe the strong ground motion records
from DMG station for the Gorkha M, 7.8 mainshock and the
12 May 2015 M, 7.3 aftershock by considering the time his-
tories, the frequency content, the time—frequency decomposi-
tion, and the polarization. For the other aftershocks with
M7 > 6.5, the strong-motion parameters are computed follow-
ing Bhattarai ez a/. (2011) and are given in Table 1 (® the raw
accelerometric records are provided in the electronic supple-
ment to this article). NQ.KATNP, another accelerometric sta-
tion located in Kathmandu, recorded the seismic sequence; the
accelerograms recorded at this station are publicly available
(http://www.strongmotioncenter.org, last accessed June 2015)
and have been analyzed by Goda ez /. (2015) and Dixit ez 4/.
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Table 1
Main Characteristics of the Events with M, >6.5 Associated with the 25 April M,, 7.8 Gorkha Earthquake
Repi PGA PGV I CAV Iy  Dsr(5%-95%)
Event ID Station M./M,, (km) Components (cm/s?)  (em/s) (msa)  (m/ss) (cm) (s)
20150425_061140 DMG 7.6/1.8 80 N 174 58.7 1.02 16.9 95.7 48
20150425 061140 DMG 7.6/7.8 80 w 124 62.7 112 182 102.0 46
20150425 061140 DMG  7.6/7.8 80 D 202 30.1 138 172 66.8 36
20150425_0645 DMG 6.6/6.6 85 N 63.7 5.56 4,98 2.96 33.2 34
20150425_0645 DMG 6.6/6.6 85 W 62.2 1.1 9.92 3.98 56.1 27
20150425_0645 DMG 6.6/6.6 85 D 323 3.74 2.54 2.27 22.7 35
20150426_0709 DMG 6.9/6.7 73 N 57.4 6.86 12.3 6.04 34.7 48
20150426_0709 DMG 6.9/6.7 73 W 58.4 9.42 14.8 6.70 39.8 47
20150426_0709 DMG 6.9/6.7 73 D 443 3.65 6.22 4.39 24.2 43
20150512_0705 DMG 6.8/7.3 80 N 82.7 104 23.3 8.61 50.1 45
20150512_0705 DMG 6.8/7.3 80 w 120 17.1 332 9.65 825 36
20150512_0705 DMG 6.8/7.3 80 D 54.9 8.57 10.5 5.73 36.7 4
® These raw accelerometric data are provided in the electronic supplement.
Event ID corresponds to the event date defined as YYYYMMDD_HHMM; M,/M.,,, local/moment magnitudes; Ry, epicentral
distance; Components of the signal are N (north), W (west), and D (down); PGA, peak ground acceleration; PGV, peak ground
velocity; /,, Arias intensity; CAV, cumulative absolute velocity; /4, Housner intensity; Dsr, significant relative duration.

(2015). We analyzed the NQ.KATNP data using a process
similar to that used for the DMG station and present the analy-
sis in ® Figures S1-S3.

Time History Analysis (Fig. 2)
A simple processing is applied to the raw acceleration-time
histories recorded at DMG. The first 100 and 70 s of signal
are extracted for the mainshock and for the aftershock, respec-
tively. The signal is tapered with a 5% cosine taper. Then, the
acceleration-time histories are analyzed and the main strong-
motion parameters computed. Horizontal and vertical acceler-
ation-time histories of these two events are shown in Figure 2.

The mainshock records have a peak ground acceleration
(PGA) of 0.15¢ for the geometrical mean of the two horizontal
components, with a larger PGA of 0.21¢ on the vertical com-
ponent. Thus, the vertical-to-horizontal ratio is 1.4. Figure 2
presents a quantification of the strong ground motion duration
using the normalized Husid diagram (Husid, 1969), which rep-
resents the cumulative Arias intensity (I4) over time, a measure
of the signal energy (Arias, 1970). A common duration param-
eter is the significant relative duration (noted as Dsr(5%-
95%)) (e.g., Bommer ez al., 2009), which is the time interval
between 5% and 95% of the cumulative 7, over time. Dsr(5%—
95%) is around 42 s for the horizontal components and around
35 s for the vertical one. The energy is mainly accumulated
between 21 and 37 s. The horizontal components are mainly
characterized by a low-frequency signal from 23 s.

Time histories of the aftershock recorded at DMG show
PGAs of 0.10¢ and 0.06¢ for the horizontal and the vertical
components, respectively. Dsr(5%-95%) is around 28 s for

the horizontal components and around 33 s for the vertical
one. The energy is mainly accumulated between 13 and 26 s.

For both the mainshock and the aftershock, a second en-
ergy pulse in the S-wave part is observed on the north com-
ponent: ~44 s for the mainshock and ~32 s for the aftershock.
This is observable especially with the Husid plots, which
present a rapid increase at these times. The NQ.KATNP re-
cords reveal the same arrivals (® Fig. SI).

Spectral Content (Fig. 3)

Figure 3 shows the Fourier acceleration spectra (FAS) for each
component. For the mainshock, the predominant period of
the horizontal component is ~0.23 Hz. The vertical spectrum
is flatter and more consistent with a Brune model spectrum
(Brune, 1970, 1971) with an apparent corner frequency slightly
above 0.1 Hz. The large amplitude on the horizontal component
(~0.23 Hz) may be related to a Kathmandu basin site effect
and/or properties of the source. A classical way to estimate site
effects is to consider spectral ratios of ground-motion recordings.
The HVSR potentially highlights the predominant periods of
amplification resulting from strong impedance contrasts (e.g,
Lermo and Chavez-Garcia, 1993). The HVSR of the mainshock
exhibits a clear peak at 0.2 Hz (Fig. 3).

For the 12 May aftershock, we also observe amplification
at frequencies between 0.2 and 0.3 Hz, but the peak is less sharply
defined. HVSRs also reveal amplification around 2-3 Hz, which
is not visible on the mainshock HVSRs. For the FAS, the maxi-
mum is reached around 1 Hz. The vertical component reveals a
corner frequency of ~0.4 Hz.

The vertical-component FAS presents a larger amplitude at
high frequency for both events.
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A Figure 2. Acceleration-time histories in g at the DMG station (a) for the 25 April M,, 7.8 mainshock and (b) for the 12 May M,, 7.3
aftershock. N, W, and D correspond, respectively, to north, west, and down components. The normalized Husid diagrams are represented
on the second axis (gray solid lines). The time corresponding to 5% and 95% of the cumulative Arias intensity is also represented (dashed
gray lines). The peak ground acceleration (PGA) and significant relative duration Dsr(5%—-95%) are also indicated for each component.

Time—Frequency and Polarization Analysis (Fig. 4)

An analysis of three-component signals can provide an estimate
of polarization characteristics of seismic wavefields. The polari-
zation characteristics help with understanding the seismic-
wavefield composition and discriminating between the dif-
ferent types of waves based on their degree of ellipticity or
the orientation of their polarization plane. Here, the time—
frequency representation is incorporated in the polarization
analysis, and the polarization attributes are estimated directly
from the three components (Fig. 4).

Seismological Research Letters

Using three-component accelerometric DMG data, the
characteristics of the wavefield are analyzed in time—frequency,
both for the amplitude spectra using Stockwell ez al. (1996)
decomposition (called S-transform [ST]; Fig. 4ab.fg) and
for the polarization attribute spectra (Fig. 4c—c,h—j) based
on Pinnegar (2006). The model assumes that the ground mo-
tion at a specific time and frequency can be considered as an
clliptical motion confined in a plane. The polarization attrib-
utes used in this study to characterize the elliptical motion are
the ellipticity and the orientation of the polarization plane.
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A Figure 3. (left) Fourier acceleration spectra (FAS) and (right) horizontal-to-vertical spectral ratios (HVSRs) for the two main events. FAS
are smoothed according to the Konno and Ohmachi (1998) smoothing with b = 30. FAS and HVSRs are represented on the frequency band

for which the signal is larger than the noise.

The ellipticity is defined as the ratio between the semi-minor
axis and the semi-major axis of the main ellipse motion. The
ellipticity values range from 0 to 1, with 0 corresponding to
pure linear motion and 1 to pure circular motion (Fig. 4c-h).
The azimuth and the dip describe the orientation of the polari-
zation plane. The azimuth (Fig. 4d—i) represents the orienta-
tion from the north, and the dip (Fig. 4c—j) is the angle from
the horizontal plane (0° corresponds to a horizontal plane and
90° to a vertical plane). Opacity is used to highlight significant
amplitudes.

Considering the mainshock (Fig. 4a—¢), two separate fre-
quency behaviors are observable: below and above 1 Hz. The
low-frequency part (below 1 Hz) on the horizontal compo-
nents of the ST is dominated by a peak of amplitude around

0.25 Hz (Fig. 4a). This peak is less energetic on the vertical
component (Fig. 4b). Around this frequency of 0.25 Hz, the
ellipticity is close to 1 from 12 to 40 s (Fig. 4c), meaning that
the particle motion is almost circular. After 40 s, the cllipticity
becomes close to 0, corresponding to a linear particle motion.

At high frequencies (above 1 Hz), the amplitude is mainly
concentrated on the vertical component (Fig. 4b). The waves
are all close to linearly polarized motion (ellipticity around 0).
It is difficult to determine the actual nature of the wavefield
(body or surface waves) without velocity information. Three
large, high-frequency energetic arrivals appear around 2 Hz at
26,32, and 44 s (Fig. 4c—e). The two first arrivals at 26 and 32 s
are confined in nearly vertical polarization planes with an azi-
muth of 40° from north. The polarization of the last arrival at
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A Figure 4. Analysis of the mainshock event (on the left) and the aftershock (on the right). (a) and (f) Amplitude of the
S-Transform (ST) of the horizontal components normalized by the maximum of the total amplitude, defined as
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(c) and (h) ellipticity attribute; (d) and (i) dip attribute; (e) and (j) azimuth attribute. In plots (c—e) and (h—j), opacity has been used
to highlight the values at which the total amplitude is larger than an arbitrary threshold, lighter colors are for values between 0.1

and 0.5, and brighter colors are for values above 0.5.

44 s is nearly horizontal. This last energetic arrival at 44 s on
the horizontal component corresponds to the pulse observed
only on the north component of the acceleration-time his-
tory (Fig. 2).

The rupture surface of the aftershock was located at a
larger distance from Kathmandu than the rupture surface of
the mainshock, therefore P- and S-wave arrivals become distin-
guishable from each other. The P waves, arriving around 10 s,
are mainly represented on the vertical component and are do-
minated by high frequency between 2 and 10 Hz (Fig. 4fg).
The § waves arrive around 20 s and have a broader frequency
content from 0.25 to 10 Hz. The time—frequency representa-
tions are dominated by two peaks of energy, both around 22 s

Seismological Research Letters Volume 86, Number 6 November/December 2015

at 1 and 3 Hz (Fig. 4h—j). The peak of energy at 3 Hz is con-
centrated on the horizontal component, whereas the peak at
1 Hz is polarized with a dip of 45° and with an azimuth of
60°. This peak at 1 Hz is noticeable on the three components
and is not observable on the mainshock, meaning that it is
probably due to a source effect.

We obtain similar time—frequency results for NQ.KATNP
(see ® Fig. S3), providing a confirmation of the fidelity of both

recordings.

Preliminary Discussion about Site Effects
Previously, the work of Paudyal ez 4/ (2012) discussed site
effects in the Kathmandu basin. Unfortunately, the signal
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and of the 12 May M,, 7.3 aftershock, compared with the ground-motion prediction equations of Boore and Atkinson (2008;
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fault type.

processing choices did not allow investigation of signals below
0.5 Hz. In this study, the analysis reveals a large, low-frequency
amplification: that is, a clear peak at 0.2 Hz for the mainshock
and a slightly more diffuse frequency amplification between 0.2
and 0.3 Hz for the aftershock. The observed predominant
frequencies are consistent both with the site response estimates
of Galetzka e /. (2015) and Dixit et /. (2015) and with the
dominant frequency observed for NQ.KATNP (® Figs. S2
and S3).

The differences of predominant frequency between the
mainshock and the aftershock could be explained by geometric
effects (e.g., Kawase, 1996). Indeed, the Kathmandu basin has a
complex geometric shape (Sakai, 2001). These two events have
two different azimuths; and, for the aftershock, HVSRs display
differences between the two horizontal components. In
addition, the second pulse, observed mainly on the north com-
ponent for the two events and at the two stations (DMG and
NQ.KATNP), could be diffracted waves.

Otherwise, the observed differences in terms of frequency
could indicate some potential nonlinear site effects, as sug-
gested by Dixit ez /. (2015) and as has been inferred for other
large earthquakes (e.g., Chin and Aki, 1991; Field ez al., 1997;
Bonilla ez 4/, 2011). Nonlinear site effects are characterized by
a decrease in frequency of the predominant peak with the PGA
(Beresnev and Wen, 1996).

A more advanced study is required to fully understand the
nature of site effects. It seems necessary to process a larger num-
ber of events with different characteristics in terms of magni-
tude, distance, PGA, and azimuth to detect any potential basin
edge effects and/or nonlinear effects.

RESPONSE SPECTRA AND COMPARSION WITH
PREDICTION

The reference papers for the seismic-hazard assessment in

Nepal are National Society for Earthquake Technology (2001)
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and JICA (2002). A recent global probabilistic seismic-hazard
analysis study of Chaulagain ez 2/ (2015) predicts, with 10%
probability of exceedance in 50 years for the Kathmandu met-
ropolitan city, a PGA around 0.3¢ and a maximum response
spectrum of 0.65¢ around 0.2 s.

The acceleration response spectra with a damping of 5%
are computed and compared with the prediction from the
empirical model of Boore and Atkinson (2008) (Fig. 5).
The Boore and Atkinson (2008) ground-motion prediction
equation (GMPE) is developed from the Next Generation At-
tenuation database, composed of worldwide data from active
crustal regions. This model has the advantage of well represent-
ing the physics of the phenomenon (e.g,, nonlinearity with the
magnitude, nonlinearity of the geometric attenuation, and
nonlinearity of the site) with only few input parameters
(M, Ryp, Vg3, and the style of faulting). The Joyner-Boore
distance (Rjp) parameter, defined as the shortest distance from
a site to the surface projection of the rupture surface, must be
estimated. A distance of 15 km is used for the mainshock (fol-
lowing the Galetzka ez 4l., [2015] rupture model) and a dis-
tance of 65 km is used for the aftershock (following the rupture
model of CEA, 2015).

A GMPE obtained from different types of sites represents
an average spectral acceleration for a given V3. The compari-
son of a GMPE with a real response spectrum highlights the
characteristics of a specific site. The two horizontal observed
response spectra are generally in good agreement with the pre-
diction within %1 sigma (Fig. 5). For the mainshock, the ob-
served PGA (0.15¢) occurs in the lowest part of the predicted
distribution, that is, lower than the predicted median (0.27¢).
Thus, this comparison indicates that mainshock was only mod-
erate for the magnitude and distance. However, the response
spectra from DMG reveal some amplification peaks with am-
plitudes larger than the Boore and Atkinson (2008) GMPE.
For example, the response spectrum of the mainshock shows
a huge amplification at 0.25 Hz.
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CONCLUSION

This article presents a preliminary analysis of the acceleration-
time histories of the 25 April M, 7.8 earthquake and its main
aftershock of the 12 May M, 7.3. These time histories are re-
corded at the station DMG located in Kathmandu under the
responsibility of NSC. The comparison with Boore and Atkin-
son (2008) GMPE indicates that the Gorkha carthquake was
only moderate for the magnitude and distance.

The Kathmandu basin is composed of soft sediments with
a thickness of about 500 m at the DMG accelerometric station.
The rheological contrast between sediments and the bedrock
has contributed to amplify the low-frequency ground motions
coming from the rupture of the mainshock. During the main-
shock, most of the buildings in Kathmandu did not suffer from
the low-frequency ground motions because the buildings are
not high enough to be affected.

Our time history analysis reveals a particular frequency
content with high amplification of the horizontal components
around 0.25 Hz for the mainshock and around 0.3 Hz for the
aftershock. For the mainshock, the maximum corresponds to
circular waves in a horizontal plane. Unfortunately, the com-
parison with previous site-effect studies is limited because past
studies did not consider data below 0.5 Hz. To better under-
stand the frequency content associated with these two events, a
more detailed site response analysis would be required. B
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