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Abstract The 2015 M7.8 Nepal earthquake ruptured part of the Main Himalayan Thrust beneath
Kathmandu. To study the dynamics of this event, we compute P wave spectra of the main shock and of
two large aftershocks to estimate stress drop and radiated energy. We find that surface reflections (depth
phases) of these shallow earthquakes produce interference that severely biases spectral measurements
unless corrections are applied. Measures of earthquake dynamics for the main shock are within the range
of estimates from global and regional earthquakes. We explore the azimuthal and temporal variations
of radiated energy and highlight unique aspects of the M7.8 rupture. The beginning of the earthquake
likely experienced a dynamic weakening mechanism immediately followed by an abrupt change in fault
geometry. Correlation of backprojection results with frequency-dependent variations in the radiated energy
rate and with the suggested geometry of the Main Himalayan Thrust yields new constraints on dynamic
ruptures through geometrical barriers.

1. Introduction

The M7.8 Gorkha Earthquake of 25 April 2015 was highly destructive because of its low angle, shallow depth,
and proximity to Nepal’s capital, Kathmandu. The earthquake propagated along the Main Himalayan Thrust
(MHT), between the Indian and the Eurasian plates, which accommodates a relatively fast shortening in Nepal
of 20 mm/year [Bilham et al., 1997; Ader et al., 2012]. The Himalayan convergence is a unique case of conti-
nental subduction, and its background seismicity is atypical in that it does not illuminate the shallow-dipping
locked part of the MHT [Pandey et al., 1999]. In the along-dip direction, repeated topography profiles, GPS
measurements, and the occurrence of concentrated seismicity provide a basis for constraining the geome-
try [Cattin and Avouac, 2000; Lavé and Avouac, 2001], in which crustal ramps at the base of a shallow-dipping
detachment contribute to the uplift. Models of seismic coupling indicate that the MHT is fully locked up to
the surface portion called the Main Frontal Thrust (MFT) [Ader et al., 2012]. In the along-strike direction, spatial
correlation of paleoseismic records provides constraints on past surface-rupturing megathrust earthquakes
[Jumar et al., 2006]. The Trisuli Transform [Mugnier et al., 2011, Figure 1a] might be a natural barrier between
the 1505 M8.2 rupture and the 1934 M8.1 and 1833 M8 earthquakes [Bilham, 1995; Ambraseys and Douglas,
2004] and coincides with a kink of seismicity [Pandey et al., 1999, Figure 1a]. Geomorphology and thermal
kinematic simulations suggest the presence of a lateral ramp and offsets in the location of the crustal ramp
[Berger et al., 2004; Robert et al., 2011].

The 2015 M7.8 earthquake ruptured between the 1505 and the 1934 events. The Global Centroid-Moment-
Tensor (GCMT) location and finite-fault slip inversions using long-period body waves (U.S. Geological Survey
(USGS)), ScanSAR imaging [Lindsey et al., 2015], and SAR interferometry (Geospatial Information Authority of
Japan (GSI), [Galetzka et al., 2015]) suggest that most of the slip occurred North of Kathmandu and East of
the Trisuli Transform, whereas the epicenter is on the western edge of the slip distribution and of the Trisuli
Transform (Figure 1a). Backprojection of teleseismic high-frequency P waves suggest a unilateral rupture to
the east [Avouac et al., 2015; Yagi and Okuwaki, 2015; Fan and Shearer, 2015], while low-frequency P waves
suggest a rather complicated multistage rupture [Fan and Shearer, 2015], a result in general agreement with
the GCMT solution and initial finite slip inversions (National Earthquake Information Center, USGS first solu-
tion). Long-period seismic and geodetic studies constrain the main areas of moment release and fault slip,
but more detailed information on rupture dynamics requires observations of high-frequency body waves
(0.1 Hz and above), which can be used to estimate corner frequencies and radiated energy. Here we com-
bine teleseismic P wave spectral measurements with backprojection results that identity the locations of
bursts of high-frequency energy, to produce a more complete view of the rupture dynamics of the M7.8 Nepal
earthquake.
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Figure 1. (a) Map of the area with landmarks, epicenters, and GCMT locations of the M7.8, M7.3, and M6.8 earthquakes, approximate historical rupture areas of
the 1505 M8.2 and 1934 M8.1 earthquakes [Ambraseys and Douglas, 2004], and relocated seismicity [Pandey et al., 1999; Ader et al., 2012]. (b) Map of stations used
in this study. (c) M7.8 main shock displacement P waveforms aligned to P arrival times recorded at Global Seismic Network stations with dark positive upward
P motion and gray negative upward P motions; red markers denote the abrupt change in rupture dynamics.

2. P Wave Spectra, Stress Drop, and Radiated Energy

Records of P waves from shallow earthquakes (< 100 km) show the direct downgoing P wave immediately
followed by the free-surface reflections (depth phases) pP and sP. The difference in arrival times between the
depth phases and the direct phase depends on the source depth and on the P velocity to S velocity ratio above
the source region. When the source pulses are separated enough that the phases can be clearly identified,
the traveltime difference can be used to constrain earthquake depth [Engdahl et al., 1998], but if the source
pulses are wide enough that the phases overlap, the traveltime difference cannot be measured directly. How-
ever, even when the pulses overlap, the amplitude spectrum of the seismic wave train (P, pP, and sP) has a
characteristic signature [e.g., Warren and Shearer, 2005] that provides a tool to constrain source depth. Depth
phases also affect the low-frequency asymptote of the amplitude source spectrum [Langston, 1978] and, if
ignored, strongly bias estimates of source spectral parameters such as corner frequency and seismic moment
[Hanks, 1981; Langston, 1982]. This is illustrated in Figure 2a, which shows that ignoring the presence of depth
phases in the spectra can produce overestimates of the true corner frequency and underestimates of the
low-frequency asymptote. For most thrust mechanisms and for steep takeoff angles, the teleseismic P and sP
phases arrive with opposite polarities, such that at shallow depths and for large earthquakes, they destruc-
tively interfere. Given a moment tensor to compute the radiation pattern, we can simultaneously constrain
the source depth and the source amplitude spectrum by searching for the best fit to the P wave train spectra
at individual stations.

We focus on the three largest events of the Nepal earthquake sequence, the M7.8 main shock of 25 April 2015,
the M6.8 event of 26 April 2015, and the M7.3 event of 12 May 2015, which have good signal-to-noise over
a broad frequency range. Two other large aftershocks were obscured by the surface waves of the M7.8 and
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Figure 2. Illustration of depth phase effects. (a) Simplified case of two pulses with (Figure 2a, top) opposite polarity
waveforms and (Figure 2a, bottom) their amplitude spectrum. (b) Observed P wave train from the M7.3 12 May 2015
shock (red), synthetic given the GCMT and the best fitting-depth from the free surface of 15 km (blue), and (Figure 2b,
bottom) the amplitude spectra.

M7.3 events. We use vertical component records of the P waves from global and regional seismic networks
(II, IU, MN, G, GE, AU, and JP) of stations within 30∘ and 90∘ of the earthquake epicenters (Figure 1c). We window
the P wave train for 100 s for the M7.8 and 30 s for the M6.8 and M7.3 events, starting 15 s before the P arrival
for both the main shock and aftershocks (see waveforms in Figure S1 in the supporting information). We apply
a cos2 taper with tails of 15 s at the beginning and end of each time series.

At each station, we predict the amplitude spectrum of the P wave train in a homogeneous half space with
shear wave speed 𝛽 = 3900 m/s, density 𝜌 = 3000 kg/m3 in a Poisson medium (𝛼 =

√
3𝛽). We assume a

Brune-type synthetic source spectrum, characterized by a corner frequency fc, a high-frequency falloff rate n,
and seismic moment M0,

|Ŝ(f )| = M0

1 +
(

f∕fc

)n , (1)

which we then convolve (multiply in the frequency domain) with the Green’s function for the direct and depth
phases. An example of this Green’s function is shown by the stick seismograms in Figure 2b. Finally we correct
the spectrum for attenuation by applying a t∗(f ) operator such that the corrected displacement spectra is
given by |Ŝ(f )| = |û(f )| exp(𝜋ft∗(f )). We use the Choy and Boatwright [1995] model of t∗, also used in Convers
and Newman [2011]:

t∗(f ) = 0.9 − 0.1 log10(f ), f ≤ 0.1Hz,

t∗(f ) = 0.5 − 0.5 log10(f ), 0.1Hz < f ≤ 1Hz,

t∗(f ) = 0.5 − 0.1 log10(f ), f ≥ 1Hz. (2)

We first estimate the source depth by best fitting the spectral shapes [Warren and Shearer, 2005]. The depths
of the M6.8 and M7.3 aftershocks are well constrained as the misfit functions have a clear global minimum
(Figure S3). However, it is difficult to find the minimum to the misfit function of the M7.8 main shock (see Figure
S3c), likely due to the depth-varying geometry of the MHT so that we choose the GCMT depth (15 km) as focal
depth. We find that the depth of the M6.8 is 18 km (compared to a GCMT depth of 17.4 km and a PDE depth
of 24.8 km), which could be appropriate for the lower ramp [Cattin and Avouac, 2000] given the uncertainty in
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Figure 3. (a) Stacked P spectra (thick solid lines) and their best fitting source models (thin solid lines) and synthetic (thin dashed lines). Also listed are their
high-frequency falloff rate n, corner frequency fc , stress drop Δ𝜎, total radiated energy ER , and scaled radiated energy. (b–d) show radiated energy estimates
from both the Boatwright and single-station methods as a function of azimuth for the M6.8, M7.3, and M7.8 events, respectively. Azimuths with relatively high
radiated energy, suggesting possible directivity, are shown with the red arrows.

the MHT topography and locations of the hypocenter and GCMT, while the M7.3, which clearly has a different
source time function (Figure S1) and is downdip of the M6.8, is shallower at 15 km (GCMT depth of 12 km and
PDE depth of 15 km). The M7.3 is likely not on the plate interface but rather on a parallel fault, which has been
proposed by structural studies [Pandey et al., 1999; Robinson et al., 2001; Mugnier et al., 2013].

After constraining the source depths, we stack the observed spectra (Figure S2) and the depth-phase syn-
thetic spectra over 20∘ azimuth bins to find the high-frequency falloff rates and the corner frequencies
(Figures S6a–S6c) that best explain the observations of all three events and examine azimuthal variations in
both parameters. Azimuthal variations in corner frequencies often reflect directivity effects, but variations in
falloff rates have not yet been addressed in theoretical analyses and are thus harder to interpret. The overall
stacks of the source spectra, performed over different azimuths, are shown in Figure 3a with the best
fitting Brune-model predictions, both before (source model) and after including the effect of depth phases
(i.e., convolving with the synthetic Green’s function).

Corner frequency and moment can be used to estimate stress drop, but the result will depend upon which
theoretical model is used for the calculation. Here we use the circular crack model of Madariaga [1976], in
which stress drop Δ𝜎 is given by

Δ𝜎 = M0

(
fc

0.42𝛽

)3

. (3)

We use the Madariaga model not because it is necessarily the most accurate (see discussion in Kaneko and
Shearer [2014, 2015]) but because it has been widely applied in other stress-drop studies [Allmann and Shearer,
2009; Baltay et al., 2010; Abercrombie, 2014], making it easier to compare results. We use the model of a circular
crack because deep penetration of the rupture shown in Fan and Shearer [2015]’s backprojection indicates an
aspect ratio close to 1. To compute standard errors for corner frequency, log10 stress drop, and high-frequency
falloff rate, we perform bootstrap resampling of the spectra that go into each azimuthal stack. We find that
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the average stress drop (mean in log space) is 22.7 ± 1.9 MPa for the main shock, 20.2 ± 1.3 MPa for the M7.3,
and 40 ± 1.5 MPa for the M6.8.

Because radiated energy contributes to the energy balance of earthquakes, high-frequency seismic waves
carry a great deal of information on rupture dynamics. Radiated body wave energy is commonly calculated
through two different approaches. Boatwright [1980] first developed a method to directly measure the radi-
ated energy flux, which makes relatively few assumptions but which is sensitive to the geometrical spreading
term and the radiation pattern and thus requires many receivers to average over the focal sphere.

The second method normalizes the zero-frequency asymptote of the amplitude spectrum to an indepen-
dently derived seismic moment (e.g., the GCMT moment), thereby accounting for radiation pattern and
geometrical spreading effects and assumes that the spectrum shape is well recovered at a single station.
This method in principle provides the true total body wave energy from even a single station, presuming
that its spectral shape is the same as that of the source spectrum (i.e., directivity or path effects have not
distorted the spectrum) and that we have the correct moment. Because of this property, we refer to this
as the single-station method, even though normally one would average the results from many stations.
The single-station approach has been widely used in empirical Green’s function studies [Mayeda and Walter,
1996; Baltay et al., 2010, 2014]. Both methods require accurate knowledge of attenuation and of body wave
velocities around the source.

The P wave Boatwright energy EB and the single-station energy ES integrate the source spectrum Ŝ(f ),

ES =
2𝜋M2

0⟨R2
P⟩

𝜌𝛼5 ∫
∞

0

||||f̂̄S(f )
||||

2

df , (4)

EB = 32𝜋3P𝜌𝛼 ∫
∞

0

|||f Ŝ(f )|||2
df , (5)

where the operator ⋅̄ denotes the amplitude normalization, 𝜌 is density, 𝛼 is P wave speed, M0 is the seis-
mic moment, ⟨R2

P⟩ = 4∕15 the squared radiation pattern of the P wave over the focal sphere, and P the
geometrical spreading.

In real data, both approaches suffer from depth-phase interference and a limited frequency bandwidth. In our
analysis, we build corrections for the biases using our synthetics in that we predict systematic errors in estimat-
ing energy from the limited frequency bandwidth synthetic spectra compared to the true energy known from
the source spectrum. We then compute both energy estimates at all azimuth bins where we have high-quality
stacked spectra. To obtain total radiated energy from P data alone, we assume that S and P share the same
spectral shape such that their radiated energy ratio is q = 23.4. Figures 3b–3d show that both estimates
(equations (4) and (5)) agree relatively well at all azimuths, compared to the uncorrected estimates (see Figure
S5), and provide more details on the direction of high-frequency radiation. Fan and Shearer [2015] find the
strongest overall directivity of the M7.8 main shock is at azimuth 130∘. We find higher energy at this azimuth
(see Figure 3d), consistent with directivity, but also see higher energy at an azimuth of 270∘. Intriguingly, this
suggests possible backward rupture in the direction normal to the crustal ramp, a result consistent with the
suggestion from Fan and Shearer [2015] that there may be late-arriving energy from near the hypocenter.
We find that the M6.8 aftershock is an energetic event, with large-scaled energy log10(ES∕M0) = −3.74 com-
pared to the other events, which results from its relatively high corner frequency and shallow high-frequency
falloff rate. Remarkably, as shown in Figure 3, these differences mean that the M6.8 aftershock radiated as
much energy as the M7.3 aftershock at frequencies above 0.3 Hz, despite its much lower moment. In contrast,
the M7.3 aftershock has radiated energy, high-frequency falloff rate, and stress drop more typical of other
earthquakes [e.g., Baltay et al., 2014].

3. Rupture Dynamics of the M7.8 Main Shock

Waveform similarities between the onset of the main shock and its M6.8 aftershock are striking (Figures 1b,
S1a, and S1b). Figure 4 shows that we can stretch the waveforms from the M6.8 to fit the duration and ampli-
tude of the first 20–25 s of the M7.8 such that we respect self similarity (i.e., M0 ∝ T 3) between the large event
displacement U(t) and the small event displacement u(t), U(t) = b2u(bt). As shown in the example in Figure 4a,
we find a stretching factor b = 2.15 that maximizes the correlation coefficient between the waveforms from
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Figure 4. (a) P displacement seismograms (proportional to the moment rate function) of the main shock (blue), the
M6.8 aftershock (red), and a stretched and scaled record of the aftershock at station II.KIV. (b) Histograms of the moment
magnitudes estimated at each station and the average, given the mean of the best fit seismic moments. (c) Model for a
P pulse that is proportional to the moment rate function Ṁ0(t) with the function exp(t∕T) compared to the function
exp(−t∕T), which most often describes slip rates in slip-weakening friction models. (d) Model for the slip function in
both cases.

the M6.8 and the onset of the main shock. Performing similar analysis to all stations yields a seismic moment
for the onset that corresponds to magnitude M7.3 (± 0.14), which is only 20% of the total moment release.
The P pulse exhibits slow growth that does not resemble typical slip-rate functions of self-similar cracks
[Kostrov, 1974]. The first 20–25 s of the earthquake corresponds to the Stage 1 rupture described in Fan and
Shearer [2015].

The similarity in the waveforms of the first 20–25 s of the M7.8 and the waveforms from the M6.8 likely reflects
similar weakening mechanisms. Ductile behavior on the plate interface is expected to start at the foot of the
crustal ramp [Cattin and Avouac, 2000; Berger et al., 2004]. Proportional to the moment rate function, the shape
of the P pulse suggests a slow initiation of slip and an acceleration phase with a power law time dependence,
until the rupture either continues into the area of greatest moment release in the case of the M7.8 or stops
in the case of the M6.8. This contrasts with most earthquake source time functions [Houston, 2001], which
generally lack such a long and slow onset. Moreover, observations of nucleation phases [Beroza and Ellsworth,
1996] predict nucleation times on the order of 1 s for the equivalent earthquake sizes. Thus, dynamic weak-
ening mechanisms likely produced the runaway rupture style of these two events. Such runaway behavior
has been simulated in dynamic ruptures along a strong elastic mismatch at fault interfaces [Shi and Ben-Zion,
2006]. Other dynamic weakening mechanisms (trapped waves in the hanging wall that would feed the rup-
ture propagation, flash heating, and thermal pressurization) should also be investigated, as dehydration and
melting may occur as shallow as 35 km on the MHT [Lemonnier et al., 1999], and seismicity has been correlated
with rain fall due to the monsoons [Bollinger et al., 2007].

An abrupt transition in the main shock rupture occurs between 20 and 25 s. To study this sudden change,
we cut each seismogram into 10 s windows, overlapping by 0.5 s, and construct source spectra by remov-
ing path effects (equation (2)). For each window, we analyze the high-frequency radiation by (i) measuring
the high-frequency falloff rate, (ii) estimating the radiated energy rate using equation (5) (corrected for the
depth-phase bias), and (iii) computing the ratio of radiated energy within the bands 0.2 Hz–0.5 Hz and
0.5 Hz–2 Hz to the total estimated radiated energy rate.
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Main Fontal Thrust (MFT)

Figure 5. High-frequency radiation throughout the main shock rupture from spectrogram analysis. (a) Proportion of intermediate- and high-frequency
(0.2 Hz–0.5 Hz and 0.5 Hz–2 Hz) energy and (b) high-frequency falloff rates within 10 s running time windows. (c) Spatial and temporal location of the low- and
high-frequency energy from backprojection [Fan and Shearer, 2015]. (d) Measure of radiated energy with time versus azimuth (black, bottom) and the azimuthal
average (red, top). The yellow highlights show times when the rupture propagates through the ramp.

Figures 5a and 5b show that the slow onset is enriched in high frequencies, with high-frequency falloff rates
between 1.6 and 2, and that the proportion of high-frequency radiation decays as the rupture grows. During
this period, however, the overall radiated energy rate is weak at all azimuths (Figure 5d). Around 20 s, backpro-
jection and finite-fault inversion results [Fan and Shearer, 2015; Yagi and Okuwaki, 2015] show that the rupture
may be located on a lateral ramp, the Trisuli Transform [Berger et al., 2004; Mugnier et al., 2011], and the radiated
energy rate peaks. The high-frequency falloff rate stabilizes at n = 2, and the energy portion carried by inter-
mediate frequencies (0.2 Hz–0.5 Hz) maintains a steady value of 60%. Between azimuths of 130∘ and 250∘, we
see two distinct high-energy pulses, also imaged by the Fan and Shearer [2015] backprojection to be almost
collocated with the Trisuli Transform. Adda-Bedia and Madariaga [2008] predict that antiplane shear ruptures
(mode III) that propagate through kinks can emit stopping phases at the kink (of 𝜔−2 high-frequency decay)
and can produce less radiation after passage through the kink. A plausible interpretation of the two succes-
sive decreases in radiated energy rate at 20 and 25 s is that they are related to the sharpness of the lateral
ramp. After 25 s, we see a clear decrease of radiated energy rate, although the backprojection results locate
the rupture to be where most of the moment is released (i.e., the GCMT location and geodetic slip inversions)
[Lindsey et al., 2015]. Fan and Shearer [2015]’s results also infer a loss in high-frequency coherence compared
to the low-frequency coherence. At this location and compared to the onset of the rupture, the large moment
release and the lack of emission of high frequencies support the hypothesis of a relatively low stress drop
underneath Kathmandu.
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From 35–40 s, where P amplitudes start to decrease, our seismograms are increasingly contaminated by the
stronger sP phase, and we do not pursue a time-varying analysis of the radiated energy rate.

4. Conclusions

Spectral analysis of the 2015 Nepal earthquake sequence allows us to probe the structure of the MHT and
explore dynamical effects predicted by fracture mechanics. Although contaminated by depth phases, we can
accurately estimate the source parameters of the P wave train by correcting for the effects of destructive inter-
ference. Our approach assumes a point source and is most efficient for rather smooth source time function
but likely loses effectiveness as the moment-rate function becomes complex. We find that the M7.8 and M7.3
events have stress drops that are typical for the region [Allmann and Shearer, 2009] but that the M6.8 has a
larger stress drop. We propose that dynamic weakening mechanisms control the runaway rupture style of the
onset of the M7.8 main shock and of the M6.8 aftershock, as suggested by the correlations in the shape of their
waveforms. The region of large main shock moment release, inferred from long-period surface waves (GCMT)
and geodesy, generates relatively little high-frequency energy and thus seems to occur on either a smoother
or more lubricated part of the MHT. The M7.8 main shock sits at the boundary of two large historical M8+
Himalayan great earthquakes and provides new constraints on rupture propagation through geometrical
barriers.
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