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Supplemental Material

We computed the stress-change tensor around the 2015 Mw 7.8 Gorkha earthquake
with two different rupture models: a simple uniformly dipping model and a complex
ramp-flat-ramp-flat fault-slip model. In general, the Coulomb failure stress changes
(ΔCFS) computed on the optimally orientated faults based on a ramp-flat-ramp-flat
fault-slip model showed the best spatial correlation with the aftershock seismicity.
This close relationship was further verified by the focal mechanism solutions of 17 inter-
mediate-size aftershocks. The ΔCFS calculated from the known focal mechanisms of
most events were close to the values computed from the optimal fault planes and slip
directions using the complex slip model with a nonplanar rupture along the Main
Himalaya thrust. We further computed the stress accumulation in the seismic gap
regions located around the Gorkha earthquake and between the 1505 and 1934
Mw 8+ historical earthquakes. We found a significant increase of the Coulomb failure
stress by 0.2–0.5 MPa caused by the three earthquakes, especially at the shallow ramp
of the seismic gap, which indicates an enhanced seismic risk around the Kathmandu
area.

Introduction
The Main Himalayan thrust (MHT) accommodates approxi-
mately half (∼20 mm=yr) of the ongoing convergence between
the India and Eurasian plates (e.g., Ader et al., 2012), which was
released occasionally by catastrophic earthquakes (Bilham et al.,
2001; Fig. 1). On 25 April 2017, a devastating earthquake of
magnitude Mw 7.8 struck Gorkha, Nepal (hereafter referred as
to the Gorkha earthquake), resulting in more than 8700 deaths
and 3.5 million homeless (Bilham, 2015). The Gorkha earth-
quake initiated at approximately 28.147° N, 84.708° E (yellow
star in Fig. 1) and ruptured the northeast section of a large seis-
mic gap between the 1505 Mw 8.6 and the 1934 Mw 8.4 earth-
quakes, which has been speculated to have a high probability of a
great earthquake as large as Mw 8.5 (e.g., Bilham et al., 2001;
Ambraseys and Douglas, 2004; Ader et al., 2012).

Modeling of coseismic slip (e.g., Yagi and Okuwaki, 2015;
Elliott et al., 2016; Sreejith et al., 2016; McNamara et al., 2017)
showed that the Gorkha earthquake failed to fully rupture the
entire seismic gap on the MHT, leaving the vast area in the
south and west (yellow area in Fig. 1) yet to be unlocked.
Although significant postseismic deformation was observed
along the northern edge of the main rupture, only subtle

afterslip occurred in a narrow zone south to the rupture
(Mencin et al., 2016; Sreejith et al., 2016). On the other hand,
most aftershocks were distributed within the main rupture area
and its close periphery (Baillard et al., 2017; McNamara et al.,
2017). These observations suggest the accumulated stress in the
unruptured southern and western parts of the seismic gap has
not been released, and consequently seismic hazard remains
a big concern in these areas including the capital city of
Nepal, Kathmandu (Bilham, 2015; McNamara et al., 2017).
Estimating the stress level, especially stress changes due to
the Gorkha earthquake, is thus of great importance to under-
stand the seismic risk.

Coulomb failure stress changes (ΔCFS) of large earthquakes
have been widely used in explaining aftershock distribution
and earthquake triggering (King et al., 1994). Although many
observations found that aftershocks tend to occur in regions
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with an increase of ΔCFS (e.g., Toda et al., 1998; Stein, 1999),
there were also studies that suggest a weak to no correlation
between ΔCFS and spatial distributions of aftershocks
(Hardebeck et al., 1998; Mallman and Zoback, 2007).
Recently, DeVries et al. (2018) investigated the aftershock

distributions of 118 large earthquakes and found that the after-
shock locations are better explained by the maximum change
in shear stress. Studies of Coulomb stress transfer also suggest
that compared to strike-slip earthquakes, it is more difficult to
correlate the calculated depth-dependent ΔCFS of thrust
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Figure 1. The 25 April 2015 Gorkha earthquake. Red line outlines
the ruptures of the Mw 7.8 mainshock on the west and sub-
sequentMw 7.3 aftershock on the east, and yellow stars indicate
their epicenters. Light gray circles represent the well-located
aftershocks occurring in the first three months after the main-
shock (Baillard et al., 2017). Focal mechanisms of the 17 inter-
mediate aftershocks (Wang et al., 2017) are colored based on the
calculated Coulomb failure stress changes (ΔCFScmt) of the
complex rupture model, with red and blue indicating positive and
negative, respectively. Blue contours outline the afterslip (mm) on
the Main Himalayan thrust (MHT) derived from Global
Positioning System data (Mencin et al., 2016). The gray arrow
illustrates the convergence between the India and Eurasian
plates, which is ∼36 mm per year, and about half this conver-
gence (19.4 mm/y) is absorbed by thrust. The rupture areas of

two nearby historical great earthquakes to the east (1934,
Mw 8.4) and west (1505, Mw 8.6) are approximated by two light
purple-shaded rectangles (Mencin et al., 2016). The region
between two historical great earthquakes is a seismic gap that
has remained unruptured for many centuries (Mencin et al.,
2016). The Gorkha earthquake ruptured part of the gap, leaving
the Lamjung and Lalitpur areas (shaded yellow) stay locked,
where potential great earthquakes ofMw > 8 may occur (Bilham
2015). A–A′, B–B′, C–C′, and D–D′ are four cross-section profiles
on which ΔCFS and aftershocks will be illustrated in Figure 3.
Whereas B–B′ and C–C′ run through the rupture area, A–A′ and
D–D′ are located outside of the main rupture to investigate the
off-fault earthquake triggering. Inset shows the overview of the
study region. The color version of this figure is available only in
the electronic edition.
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earthquakes with their aftershock distributions, partially due to
the large uncertainty in focal depth of aftershocks (Lin and
Stein, 2004; Toda, 2008).

Several studies have computed the ΔCFS around the MHT
(Segou and Parsons, 2016; Chan et al., 2017) and in Southern
Tibet (Li et al., 2017) induced by the Gorkha earthquake and
the associated seismic hazard. These calculations of ΔCFS are
generally based on simple slip models with a uniform-dipping
angle across the MHT. The realistic geometry of the MHT is,
however, far more complicated, comprising several flat and
ramp segments, and the rupture area of the Gorkha earthquake
is located right on the hinge between the flat and ramp seg-
ments (e.g., Elliott et al., 2016). In addition, to assess the
seismic hazard of the unruptured locked section, it is impor-
tant to integrate the elastic stress transfer of the Gorkha earth-
quake and the postseismic inelastic stress changes produced by
the historic great earthquakes, such as 1505 Mw 8.6 and the
1934 Mw 8.4 earthquakes, due to viscous lower crust and
upper-mantle relaxation.

In this article, we first examined the validity of the earth-
quake-triggering hypothesis by a close inspection of the spatial
correlation between aftershocks and theΔCFS computed by two
slip models of the Gorkha earthquake. We then calculated the
coseismic and postseismic ΔCFS accumulated on the unrup-
tured sections of the MHT by the Gorkha earthquake and
two adjacent historical large earthquakes (1505 Mw 8.6 to the
west and 1934 Mw 8.4 to the east of the Gorkha rupture)
and evaluated the seismic hazard of the Nepal Himalaya region.

Methodology
We employed the technique developed by Wang et al. (2003,
2006) to compute the coseismic and postseismicΔCFS induced
by a large earthquake. The code of Wang et al. (2006) can pro-
vide a semianalytical solution ofΔCFS in a layered viscoelastic-
gravitational half-space. In our case, the half-space model con-
sists of a uniform mantle overlaid by a three-layered crust. The
three layers are a 3 km thick hard sediment layer, a 20 km crys-
talline upper crust, and a 22 km thick lower crust. The local
velocity model was taken from McNamara et al. (2017), and
was derived from travel-time data of local and regional phases.
The viscosity of the sediment and crystalline upper crust, lower

crust, and mantle was set to be ∞, 1 × 1020, 1 × 1020 Pa · s,
respectively. Details of the model are listed in Table 1.

Once the coseismic and postseismic changes of the stress
tensor, Δσ, were computed, then the ΔCFS along a fault with
a unit normal vector of n and unit slip vector υ can be written
as (e.g., King et al., 1994; Stein, 1999)

EQ-TARGET;temp:intralink-;df1;308;509ΔCFS � Δτ � μ�Δσn � Δp�
� �Δσ · n� · v � μf�Δσ · n� · n� Δpg; �1�

in which Δτ and Δσn are changes of the shear stress along the
slip direction, and the normal stress of the fault. μ and Δp
are the friction coefficient and pore pressure, respectively.
Δσ · n is the traction force acting on the fault plane and cen-
tered dot represents dot product. For an isotropic poroelastic
medium, there is a linear relationship between pore-pressure
change and the confining pressure: Δp � −BΔσn (e.g., Rice,
1992). Here, B is Skempton coefficient and varies from 0.0
to 1.0 (Harris, 2000). Therefore, the ΔCFS can be rewritten as:

EQ-TARGET;temp:intralink-;df2;308;335ΔCFS � Δτ � μΔσn�1 − B� � Δτ � μ′Δσn; �2�

in which μ′ � μ�1 − B� is the apparent coefficient of friction.
In this study, we first computedΔCFS by assuming that after-

shocks had the same focal mechanism of the mainshock, which is
referred to as ΔCFSmas. For the relatively large aftershocks whose
moment tensor solutions were available, we further calculated
their corresponding ΔCFS (ΔCFScmt). Finally, we computed
the maximum ΔCFS (ΔCFSopt) by assuming that aftershocks
occurred with the optimum focal mechanisms, which were deter-
mined by the total stress field. The total stress field (σ) is the sum-
mation of the prestress field (σ0) and the coseismic stress change
(Δσ� : σ � σ0 � Δσ. In the principal total stress coordinate σ1,
σ2, σ3 that were sorted decreasingly in amplitude, for a failure
plane parallel to the intermediate σ2 axis and oriented at θ to
the greatest σ1 axis, CFS�θ� can be written as (King et al., 1994):

EQ-TARGET;temp:intralink-;df3;308;114CFS�σ;θ�� 1
2
�σ1 −σ3��sin2θ�μcos2θ��μ

�
1
2
�σ1�σ3��p

�
:

�3�

TABLE 1
Model Used in Computing the Stress-Change Tensor

Layer Thickness (km)* VP (km= s)* VS (km= s)* Density (kg=m3) Viscosity (Pa·s)

1 3.0 5.50 3.25 2370 ∞

2 20.0 5.70 3.60 2670 ∞

3 22.0 6.10 3.60 2730 1 × 1020

4 — 8.10 4.50 3390 1 × 1020

*Parameters are taken from McNamara et al. (2017).
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By differentiating equation (3) with respect to θ, we can obtain
the optimal fault orientation (θopt) that yields the maximum CFS:

EQ-TARGET;temp:intralink-;df4;53;717

θopt �
1
2
tan−1

�
1
μ

�

CFS�σ; θopt� �
1
2
�σ1 − σ3�

��������������
1� μ2

q
� μ

�
1
2
�σ1 � σ3� � p

�
: �4�

We further computed the unit normal vector (nopt) of the opti-
mum fault as well as the optimum slip vector, υopt, based on θopt
and the principal total stress directions. The optimum ΔCFS,
ΔCFSopt, is defined as

EQ-TARGET;temp:intralink-;df5;53;585ΔCFSopt � CFS�σ; θopt� − CFS�σ0; θopt�
� �Δσ · nopt� · vopt � μf�Δσ · nopt� · nopt � Δpg: �5�

In general, when an earthquake ruptures, both the elastic
upper crust and the viscous lower crust and upper mantle
are deformed. Although the static deformation in the upper
crust leads to an instantaneous change in the stress field,
the deformed lower crust and upper mantle start to relax after
the earthquake, which transfer the stored coseismic strain
energy upward to the upper crust, leading to the postseismic
buildup of ΔCFS in the seismogenic layer. The viscoelastic
relaxation effect was often used to study time-dependent stress
transfer and assessment of long-term earthquake hazards. In
this study, we calculated the ΔCFS induced by the postseismic
viscoelastic relaxation of two historical earthquakes adjacent to
the unruptured segment (1505 Mw 8.6 and the 1934 Mw 8.4
earthquakes) using the code of Wang et al. (2006), which
was designed to calculate the time-dependent Green’s func-
tions of a given layered viscoelastic-gravitational half-space
model. More details can be found in Wang et al. (2006).

Data
In this study, we adopted two slip models to compute coseismic
and postseismic stress changes. The first slip model was taken
from Liu et al. (2017), which consists of a total of 273 subfaults
on a plane with a strike and dip angle of 293° and 7°, respec-
tively. Each subfault has dimension of 10 × 10 km, and there are
21 and 13 subfaults along the strike and dip directions, respec-
tively (Fig. S1a, available in the supplemental material to this
article). Most of the Gorkha earthquake slip is distributed on
the central part of the plane (Fig. S1a). Hereafter, we refer it
as to the simple slip model. The second model was taken from
Sreejith et al. (2016), which has a fault with a ramp-flat-ramp-
flat geometry (Fig. S1b). The rupture model consists of four seg-
ments along the dip direction that have the same strike angle of
292.8° and different dip angles, which are 30°, 5°, 16°, and 6°
from shallow to deep, respectively (Fig. S1b). The four segments
were discretized in 2 × 2 km, 6:0 × 5:9 km, 8:1 × 8:3 km, and
10:2 × 10:0 km along the strike and dip directions, respectively,

resulting in a total of 485, 352, 144, and 144 subfaults on the
shallow ramp, shallow flat, deep ramp, and deep flat segments.
The total number of subfaults is 1095, and the model is referred
to as the step or complex slip model.

We employed the relocated aftershock catalog determined
by Baillard et al. (2017), which has a total of 9188 aftershock
events during the first three months after the Gorkha earth-
quake. Because ΔCFS induced by a thrust earthquake varies
strongly with depth, therefore we selected 4158 aftershocks
with a location error of<10 km in focal depth from the catalog
to examine whether these aftershocks occurred in the location
with an increased Coulomb failure stress, which were com-
puted from the two slip models. Because we have no direct
knowledge on pore-pressure changes, and the focal depths
of most selected aftershocks are around 10–20 km, therefore
we employed the apparent friction coefficient μ′ in computing
ΔCFS. Previous studies of Coulomb stress changes have used a
wide range of μ and μ′ values ranging from 0.0 to 0.8 (e.g., King
et al., 1994; Toda et al., 1998; Stein, 1999) and 0.2 to 0.5 (e.g.,
Santoyo and Luzon, 2008), respectively. However, changes in
the resulting ΔCFS were generally small and insignificant.
Here, we employed an intermediate value of the friction coef-
ficient, μ′ � 0:4, in our calculation of stress changes.

For the prestress field, we assumed that the mainshock
occurred on the optimal-oriented plane determined by maxi-
mum and the minimum principal stresses. We first computed
the directions of the three principal prestresses based on the
strike (293°), dip (7°), and rake (90°) of the mainshock. In
the present study, we assumed σ01 − σ03 is 10 MPa, which is
about the upper bound of stress drops of large shallow inter-
plate earthquakes. It should be noted that an isotropic prestress
field has no influence on the calculation of the optimal
Coulomb stress change. Therefore, we set σ01 � 0 MPa,
σ02 � −1 MPa, and σ03 � −10 MPa.

We also computed the coseismic stress changes at the hypo-
centers of 17 Mw > 4 aftershocks with well-determined focal
mechanisms in the study area (Wang et al., 2017) to examine
whether the actual failure planes are close to the optimally ori-
ented fault planes determined by Coulomb stress changes, that
is, how close is ΔCFScmt to ΔCFSopt. The focal mechanisms of
the 17 earthquakes are listed in Table S1.

Results
Static coseismic ΔCFS and its spatial correlation
with aftershocks
We computed four coseismic ΔCFS values on two types of fail-
ure planes, main rupture parallel faulting (ΔCFSmas), and opti-
mal faulting (ΔCFSopt), induced by the simple and step rupture
models, respectively. All the ΔCFS values are calculated on a
grid map, with each grid cell being 5 km × 5 km. The ΔCFS
values between two grid points are interpolated, and 4158
aftershocks’ locations are projected on to the grid map. For
the simple slip model, the numbers of aftershocks that have
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an increased Coulomb failure stress are 41.9% and 59.6% based
on the parallel and optimal faulting hypotheses, respectively.
These numbers are 41.2% and 87.2% for the step slip model,
suggesting that most of the aftershocks were indeed facilitated
by the mainshock and occurred on faults that align with
increases of Coulomb failure stress. Figure 2 shows the ΔCFSopt
at the depth of 15 km computed from the ramp-flat-ramp-flat
slip model. In general, the calculatedΔCFSopt is positive (red) in
most of the areas, except for two gently negative (blue) areas
located in the southwest and southeast (area labeled with a
and b in Fig. 2). To examine the overall spatial correlation
between ΔCFSopt and aftershock distribution, we overlaid after-
shocks with a focal depth ranging between 10 and 20 km onto
the map (gray circles in Fig. 2). The result indicates that most
aftershocks occurred in the stressed area with an increase of
ΔCFSopt greater than ∼0:5 MPa, and only a small number of
aftershocks occurred within the stress shadow regions.

To further examine the spatial correlation between the
calculated ΔCFSopt and aftershock distribution at different

depths, we showed the calculated ΔCFSopt and aftershocks
along four cross sections at various parts of the thrust front
in Figure 3a. Here, only aftershocks located within 5 km from
a section were plotted. As shown in Figure 3a, most of the
aftershocks occurred along the hinge between the shallow flat
and deep ramp with a focal depth of 10–20 km, in particular
around the B–B′ and C–C′ sections, where large coseismic slip
occurred (the white solid line in the two middle two sections).
Except for section A–A′ where very few aftershocks were
observed, almost all the aftershocks occurred in regions with
a significant increase of ΔCFSopt, that is, ≥1:0 MPa in sections
B–B′ and C–C′ and ≥0:5 MPa in section D–D′.
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Figure 2. ΔCFSopt of the Gorkha earthquake and Mw 7.3 after-
shock computed from optimally oriented faults and slips at the
depth of 15 km are shown in color contours. Gray dots represent
the first three-month aftershocks occurred in the depth range of
10–20 km. The color version of this figure is available only in the
electronic edition.
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For comparison, we showed ΔCFSopt calculated with the
simple slip model in Figure 3b. Although the correlation
between the positive ΔCFSopt and the aftershock distribution
was generally good (59.6%), the correlation in C–C′ section
was noticeably worse than that shown in the left panel. For
both the simple and step rupture models, the correlations
between the ΔCFSmas and aftershock distribution were quite
poor (see Fig. S2a,b). As mentioned earlier, less than half of
the seismicity was located inside the positive ΔCFSmas regions.

A comparison of focal mechanism and optimal
failure planes
The calculated ΔCFS of the 17 Mw > 4 aftershocks with focal
mechanism solutions are shown in Figure 4 and further listed
in Table S1. Because the fault orientation and slip direction of
the 17 earthquakes are known, we computed the ΔCFScmt

along the known fault planes, instead of using the focal mecha-
nism of the main rupture. In Figure 4, the calculated ΔCFS
along the 17 known fault planes based on the simple and com-
plex rupture models are shown in open and solid circles,
respectively. In general, the ΔCFScmt calculated from the com-
plex model is larger than that of the simple model (Fig. 4 and
Table S1), except for event 6 whose simple model prediction is
significantly larger than that of the complex model. The result
also shows that 14 (red focal mechanism plot in Figs. 1 and 4)
out of 17 events were brought closer to failure by an increase of
ΔCFScmt between 0.139 and 4.65 MPa (Table S1), and the larg-
estMw 7.3 aftershock (event 13,Mw 7.14 determined by Wang
et al., 2017) received a 0.290 MPa increase in ΔCFS, which is
approximately 30 times as much as the threshold (0.01 MPa)
for earthquake triggering suggested by Stein (1999).

The optimal ΔCFSopt of the 17 aftershocks calculated from
the complex slip model is shown in open triangles in Figure 4,
which has a value between −0:421 and 6.543 MPa. A compari-
son of the ΔCFScmt and ΔCFSopt values calculated from the

complex slip model (solid circles and open triangles) indicates
that their differences are generally small, usually within
0.30 MPa (Fig. 4 and Table S1).

Discussion
Dependence on selection of aftershocks,
prestress, and pore-pressure levels
When we compared the bulk aftershock seismicity and various
ΔCFS in Figures 2 and 3, we employed a depth uncertainty
of 10 km in selecting earthquakes from the catalog. We also
employed a stricter criterion of 5 km in selecting data, which
yields a filtered catalog of 1000 aftershocks. The comparison of
this catalog and the computed ΔCFSopt from the complex fault-
plane model along the C–C′ profile was shown in the middle part
of Figure S3. For comparison, we also plotted the raw catalog
of 9188 aftershocks on the computed ΔCFSopt along the same
profile in the bottom of Figure S3. It is clear that most of the
aftershocks indeed occurred inside the positive ΔCFS regions
in all the catalogs. We thus concluded that the strong correlation
between aftershock seismicity and positive ΔCFSopt computed
with the complex slip model is a robust feature of the relocated
aftershock catalog determined by Baillard et al. (2017).

As noted in the Methodology section, the principal prestress
directions are reasonably well constrained from focal mecha-
nism of the mainshock. Although the absolute amplitudes of
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Figure 3. ΔCFSopt along the four cross sections shown in Figure 1,
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available only in the electronic edition.

6 Seismological Research Letters www.srl-online.org • Volume XX • Number XX • – 2020

Downloaded from https://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220190254/4976473/srl-2019254.1.pdf
by Rice University user
on 20 April 2020



the three principal prestresses are difficult to know, their differ-
ential amplitudes can be roughly estimated from stress drop of
the mainshock. We assume a σ01 − σ03 of 10 MPa in our pre-
vious calculations, which is based on estimates of coseismic
stress drops of large earthquakes. We also employed two other
differential principal prestress (σ01 − σ03) values, 7 and 13 MPa
in computing the ΔCFSopt. Figure S4 shows the correlation
between the computed ΔCFSopt of the step model and the
aftershock distribution along the four cross sections. In gen-
eral, the positive correlation is also very noticeable in both
cases. There is a negative ΔCFSopt spot along the C–C′ profile
in the case of large differential prestress level.

In our calculation of the ΔCFS so far, we have set friction
coefficient μ � 0:4, the Skempton coefficient B � 0:0, that is,
an apparent friction coefficient μ′ � 0:4. To estimate how
pore-pressure changes could affect our results. We also com-
puted (ΔCFS) with several other combinations of friction (μ′)
and Skempton (B) coefficients: (1) μ � 0:5, B � 0:2, μ′ � 0:4;
(2) μ � 0:4, B � 0:2, μ′ � 0:32; (3) μ � 0:4, B � 0:4,
μ′ � 0:24.We found that the results of case (1) that has a similar
apparent friction coefficient are almost similar to our previous
results. Figure S5a,b showed the results of cases (2) and (3) along
the four cross sections. Compared to Figure 3a, we found that

the computed ΔCFSopt values
were very similar, suggesting
our results were not so sensitive
to pore-pressure changes, as
reported by previous studies
(e.g., Santoyo and Luzon, 2008).

Optimal ΔCFS versus
maximum shear stress
changes
A noticeable feature in Figure 4
is that among the 17 after-
shocks with focal mechanism
solutions, all the negatively
stressed aftershocks (events 6,
11, and 12 in Fig. 4) are located
in the central eastern side of
the rupture area between
∼85° and ∼86° E (Fig. 1) where
the underneath fault segment
was suggested to have a com-
plicated geometry. In addition
to a ramp-flat-ramp-flat geom-
etry dipping toward north, the
MHT dips gently toward the
east at depth of 15–18 km
(Baillard et al., 2017). This
structural feature was not
included in the complex slip
model we used, probably lead-

ing to the negative ΔCFScmt values in our results. Overall, the
ramp-flat-ramp-flat slip model (Sreejith et al., 2016) yields bet-
ter results than the uniform dip model (Liu et al., 2017) in pre-
dicting the focal mechanism of the 17 aftershocks, which
suggests that for thrust earthquakes with complex fault geom-
etry, ΔCFS calculation is strongly sensitive to the source slip
model. Also, except for events 6, 7, 8, 11, and 12, which
occurred in the region that has a complicated main thrust, the
differences between ΔCFScmt and ΔCFSopt are small, and the
actual ruptures of the other 12 earthquakes are generally close
to the optimal fault planes with optimal slip directions.

The closeness between the actual and optimal ruptures of the
large aftershocks and the good spatial correlation between the
ΔCFSopt and distribution of the bulk well-located aftershocks
argue favorably for the Coulomb hypothesis of aftershock trig-
gering for the 2015 Gorkha earthquake. DeVries et al. (2018)
employed a deep-learning approach to investigate the potential
correlation between static stress changes and aftershock location
and found that aftershocks are better correlated with the maxi-
mum shear stress changes. We computed the shear and normal
components of theΔCFSopt along the four cross sections, and the
results along the C–C′ section were Figure S6. Here, we employed
μ � 0:4, B � 0:0, and μ′ � 0:4. We found that the second term
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Figure 4. ΔCFS calculated from different faulting of the 17 intermediate-size aftershocks and
different rupture geometry of the mainshock are shown together for comparison. Blue triangles
show the ΔCFSopt based on optimal focal mechanisms. Red open and solid circles represent the
ΔCFScmt computed from the actual focal mechanisms using the simple (Liu et al., 2017) and the
ramp-flat-ramp-flat (Sreejith et al., 2016) slip models, respectively. The known focal mechanisms of
the 17 aftershocks are plotted as focal mechanism plots in color at the bottom of the figure. The
three gray focal mechanism plots represent the optimal focal mechanisms for the three after-
shocks, which fell into the negativeΔCFS regime even with the complex slip model with the known
focal mechanisms. The color version of this figure is available only in the electronic edition.
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of the ΔCFSopt shown in equation (5) was generally smaller than
the first term in most of the surrounding regions. Therefore, the
optimal ΔCFS were quite close to the maximum shear stress
changes. This also explains why our ΔCFS calculation results
were not so sensitive to the friction coefficient, μ.

Stress accumulation and seismic risk of the
unruptured segment
We further computed the stress accumulation on the unrup-
tured segment of MHT (Lalitpur and Lamjung areas) due to the
coseismic and postseismic stress transfers of the 2015 Gorkha
earthquake and two historical great events—the 1505 Mw 8.6
and the 1934 Mw 8.4 earthquakes. The 1505 earthquake
occurred in western Nepal, not far from the Kathmandu
Valley (Mugnier et al., 2011), and the 1934 earthquake occurred
in the Dolakha area, east of Kathmandu (Sapkota et al., 2013;
Fig. 1). It was suggested that both earthquakes ruptured the
entire locked zone of the MHT (Bilham and Wallace, 2005;
Sapkota et al., 2013). Considering there were no direct measure-
ments of the magnitudes of these two earthquakes, we decided to
employ the largest estimates of the magnitude of the two earth-
quakes, which are Mw 8.6 and Mw 8.4 for the 1505 and 1934
earthquakes, respectively, for the purpose of emphasizing seis-
mic hazards (Mugnier et al., 2013). Due to the lack of coseismic
slip models of these earthquakes, we simplified each of the rup-
tures with a uniform slip on a rectangular fault. The rupture
lengths were taken from paleoseismological study of Mugnier
et al. (2013), and the width of rupture and the amount of slip
were scaled by an empirical relationship derived by Wells and
Coppersmith (1994). In general, uncertainty in rupture geom-
etry is expected to have insignificant effect to the calculated
ΔCFS in the far-field distance.

To compute the accumulated stress on the MHT, we
employed a nonplanar fault that has a similar ramp-flat-
ramp-flat structure whose strike, dip, and rake angles were esti-
mated by Elliott et al. (2016). The coseismic ΔCFSmas loadings
of the 1505 and 1934 earthquakes on the unruptured segment,
together with their postseismic stress transfer integrated to the
moment right after the 2015 Gorkha earthquake, are shown in
Figure 5a and 5b, respectively. Figure 5c shows the coseismic
ΔCFSmas loadings of the 2015 Gorkha earthquake on the same
unruptured segment. The total Coulomb failure stress loaded
by the three earthquakes is shown in Figure 5d.

To examine the evolution of ΔCFS along the MHT, we show
five snapshots of the calculated stress changes across a profile
O–O′ in the strike direction (Fig. 5e). The 1505 Mw 8.6 earth-
quake posed a significant increase of coseismic ΔCFSmas by as
much as 0.9 MPa at the western margin of the Lamjung segment
right after the earthquake (Fig. 5a and thick black solid line of
Fig. 5e). The stressed area is, however, quite limited and has an
eastward extension of less than 60 km where ΔCFSmas drops
below 0.01 MPa and becomes almost negligible in the Lalitpur
area (Fig. 5a). Although the ΔCFSmas in the Lalitpur segment

increased by almost seven times by the postseismic viscoelastic
adjustment over the next 400 yr (blue dashed line in Fig. 5e),
the increased failure stress level is still pretty low, ∼0:02 MPa.
The 1934 Mw 8.4 earthquake imposed a maximum coseismic
ΔCFSmas increase of ∼1 MPa at the east end of the Lalitpur area
(Fig. 5b and red dashed-dotted line Fig. 5e). Similar to the 1505
earthquake, the 1934 earthquake stressed only a small portion of
the eastern Lalitpur (<40 km) and had almost no coseismic effect
to the far Lamjung region (Fig. 5b,e). The postseismic relaxation
associated with the 1934 earthquake over the next 80 yr seems to
be very small (difference between the thin pink solid line and the
red dashed-dotted line in Fig. 5e).

The 2015 Gorkha earthquake transferred a significant
amount of coseismic Coulomb failure stress onto the entire
Lalitpur and eastern portion of the Lamjung area, with a maxi-
mum ΔCFSmas over 0.25 MPa in the central part of the Lalitpur
segment (Fig. 5c), which is almost 10 times as much as those
induced by the 1505 and 1934 earthquakes. The total ΔCFSmas

increase imposed by the three earthquakes are ∼0:28 and
∼0:13 MPa in the Lalitpur and Lamjung segments of the
MHT, respectively, where the fault surface is located at a depth
∼7 km (thick green dotted line in Fig. 5e). We also showed a 2D
section across the Lalitpur region in Figure 5f, where significant
Coulomb stress changes are observed at the up-dip part of
the thrust system. For the seismic hazard in the up-dip region,
Avouac et al. (2015) indicated that earthquakes in this region
(1833 Mw 7.6–7.7 and 2015 Mw 7.8) did not propagate to
the front of the Himalaya. Hubbard et al. (2016) suggested that
an additional ramp on the fault might exist in this area such
that more careful calculation of ΔCFSmas is needed for better
assessing the seismic hazard in the up-dip region.

Paleoseismological studies identified that the Lalitpur and
Lamjung areas (Fig. 1) are of particular concern of seismic haz-
ards, because they have not experienced any great earthquakes
(Mw > 8) since 1255 (e.g., Chan et al., 2017). Geodetic studies
(Ader et al., 2012) indicated that this unruptured segment has
been accumulating a significant amount of strain, somewhat
equivalent to a magnitude 8.5+ earthquake (Bilham, 2015).
Bollinger et al. (2014) suggested that the average recurrence
periods of the great earthquakes on the Nepal section of
the MHT range between 750� 140 and 870� 350 yr. The
Lalitpur and Lamjung areas thus are stressed to a critical level
of great earthquakes. The large ΔCFSmas loading induced by
the Gorkha and the other two nearby great earthquakes thus
could further advance the occurrence of the potential great
earthquake. Ader et al. (2012) estimated the stress building rate
to be ∼0:005 MPa=yr at the unruptured Lalitpur and Lamjung
areas from geodetic data. The amount of accumulatedΔCFSmas

shown in Figure 5 (∼0:2–0:5 MPa) thus can advance the next
great earthquake by as much as 40–100 yr (Fig. 5f). Recent
studies (McCloskey et al., 2005; Michel et al., 2017) suggested
that the edges of unruptured segments could be particularly
important to become nucleation zones of the next great
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Figure 5. (a) Coseismic and postseismicΔCFS of the 1505Mw > 8
earthquake, integrated to the moment right after the Gorkha
earthquake are shown in color contour map. The red contour,
two yellow stars, and the two shaded yellow areas are defined in
Figure 1. (b) Similar to (a) except for the 1934 Mw 8.4 earth-
quake. (c) Coseismic ΔCFSmas of the 2015 Gorkha earthquake.
(d) The summed ΔCFSmas of those shown in (a), (b), and (c). O–O′
and B–B′ show the two stress profiles shown in (e) and (f).

(e) Snap shots of the ΔCFS across the profile O–O′ at five dif-
ferent times: (1) right after the 1505 (solid black line), (2) right
before the 1934 earthquake (blue dashed line), (3) right after the
1934 earthquake (red dashed-dotted line), (4) right before the
2015 earthquake (purple solid line), and (5) right after the 2015
earthquake (green dotted line). (f) The accumulated ΔCFSmas on
cross section of B–B′. The color version of this figure is available
only in the electronic edition.
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earthquakes. Hence, we need to pay special attention to the
western edge of Lamjung and the eastern edge of Lalitpur
in analyzing future seismic risk of the area.

Conclusions
We investigated the coseismic and postseismic stress changes
of the 2015 Mw 7.8 Gorkha earthquake and their capability in
predicting aftershock locations and focal mechanisms. We
found: (1) the ΔCFS along the optimally orientated faults com-
puted from the ramp-flat-ramp-flat thrust model showed the
best spatial correlation with the aftershock seismicity; and
(2) most of the 17 intermediate-size aftershocks occurred at
locations with positive ΔCFS and a focal mechanism close
to the optimal fault orientations and slips that maximize the
Coulomb stress changes. We further computed the stress accu-
mulation caused by the 1505Mw 8.6, the 1934Mw 8.4, and the
2015 Mw 7.8 earthquakes in the unruptured area south and
west to the Gorkha earthquake and found a significant increase
of ΔCFSmas by 0.2–0.5 MPa, which could significantly advance
the next great earthquake.

Data and Resources
The simple rupture model used in this study is from Liu et al. (2017),
and the complex rupture model is from Sreejith et al. (2016).
The aftershock catalog used in this research is from Baillard et al.
(2017), and the intermediate aftershocks with centroid moment tensor
(CMT) information is taken from Wang et al. (2017). All the men-
tioned data came from published journals, which can be found in our
reference section. The supplemental material of this article contains
detailed result of 17 intermediate aftershocks and figures of two rup-
ture models from Sreejith et al. (2016) and Liu et al. (2017). Figures of
Coulomb failure stress changes (ΔCFSmas) result and sensitivity tests
regarding to different parameters of prestress field and pore-fluid
pressure can also be found in the supplemental material.
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