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Abstract—Geodetic measurements conducted in the Himalaya

over the last two decades have shown that the shallow portion of

the main himalayan thrust (MHT) was entirely locked during the

interseismic period. The induced elastic strain accumulated on the

MHT beneath the Lesser Himalaya was not released until the 2015

Gorkha Mw 7.9 earthquake, which ruptured the north edge of the

locked portion of the MHT. We utilized our own Global Posi-

tioning System (GPS) data from southern Tibet, combined with

published geodetic velocities, to quantify the spatial variations of

the coupling that prevailed before the Gorkha earthquake. The

refined coupling model shows that the MHT was strongly locked

(coupling[ 0.5) in the uppermost 15 km of crust, corresponding to

a downdip width of * 100 km. This model suggests a sharp

transition zone of strain accumulation, with a rapid decrease in the

coupling coefficient from 1.0 to less than 0.2 along * 50 km of

the MHT, coinciding with the locations of microseismicity. We

also determined slip models for the 2015 Gorkha earthquake and its

Mw 7.3 aftershock, considering the ramp–flat–ramp–flat structure

of the MHT. We found that * 85% of the total moment released

by the Gorkha earthquake was concentrated on the partially cou-

pled transition portion of the MHT, indicating that the earthquake

mainly ruptured the brittle/ductile transition zone. The coseismic

Coulomb failure stress increased along the southern and western

parts adjacent to the rupture zone, pushing these two regions closer

to failure. The moment deficits that have accumulated in these

regions could trigger Mw 8.0 and Mw 8.3 earthquakes,

respectively.

Key words: GPS, convergence rate, interseismic coupling,

2015 Gorkha earthquake, brittle/ductile transition zone.

1. Introduction

The Himalayan orogenic belt is the most active

intracontinental deformation region in the world,

resulting from the continuing collision between the

Indian and Eurasian plates since 50 Ma (Molnar and

Tapponnier 1975). The Himalaya defines the south-

ern margin of the Tibetan Plateau. To the south, the

topography rises abruptly from an elevation of less

than 1000 m in the foreland basin to more than

6000 m over a 200 km distance towards the plateau

(Avouac 2003). The formation of the mountains is

believed to be associated with the activation of three

main thrust faults, namely the main central thrust

(MCT), main boundary thrust (mbt), and main frontal

thrust (MFT), which absorb a significant fraction of

the shortening deformation in the Himalaya (Cattin

and Avouac 2000; Lavé and Avouac 2000, 2001).

Previous studies suggested that the three thrust faults

imbricate within the upper crust and sole into the

same mid-crust décollement, the main himalayan

thrust (MHT), which dips gently to the north beneath

the Higher Himalaya and southern Tibet, with depth

of 30–40 km (Fig. 1) (Nábělek et al. 2009). Global

positioning system (GPS) measurements show that

the present-day crustal deformation across the

Himalaya is characterized by a significant shortening

rate of 20 mm/year, representing nearly one half of

the total convergence rate between the Indian and

Eurasian plates (Bilham et al. 1997; Wang et al.

2001). The majority of the shortening across the

range has been accommodated by the slip along the

MHT, resulting in force to trigger large earthquakes.

The shallow portion of the MHT, south of the Higher

Himalaya, has been demonstrated to be frictionally

locked in terms of geodetic measurements and
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microseismic activities (Jouanne et al. 2004; Bet-

tinelli et al. 2006), resulting in significant strain

accumulation during the interseismic period. A por-

tion of this strain is ultimately released during many

large megathrust earthquakes, such as the

1505 M * 8.5 earthquake and the 1934 M * 8.2

earthquake in the central Himalaya (Fig. 1). More

than eight Mw[ 7.5 earthquakes have been recorded

in the Himalaya over the past 500 years (Bilham and

Ambraseys 2005). Although the coseismic ruptures of

these larger events, in responding to interseismic

strain accumulation, have partially released the elas-

tic energy, a moment deficit remains to be balanced

in the future, which could contribute to devastating

earthquakes (Stevens and Avouac 2016; Xiong et al.

2017).

Interseismic coupling plays an important role in

assessing earthquake potential and recurrence, and is

commonly employed to model the strain accumula-

tion state (Bollinger et al. 2004; Avouac et al. 2015).

GPS measurements in several subduction zones, such

as those of Chile, Sumatra, the Andes, and Japan,

have exhibited heterogeneous coupling patterns on

plate boundary faults, suggesting that the plate

interface in the 0–40 km seismogenic depth range

consists of interfingered patches that either remain

locked or creep aseismically (Suwa et al. 2006; Pra-

wirodirdjo et al. 2010; Chlieh et al. 2011). In the

Himalaya, the coupling pattern on the MHT has been

constrained by geodetic measurements. Ader et al.

(2012) proposed a coupling model in the Nepal

Himalaya, showing that the MHT is locked from the

Figure 1
Seismotectonic setting and large historic earthquakes in central Nepalese Himalaya. The epicenters of the 2015 Gorkha Mw 7.9 earthquake

and its Mw 7.3 aftershock are marked by two beach balls. From west to east, three earthquakes occurred sequentially in 1505 (green zone),

1833 (red zone), and 1934 (blue zone), respectively (Ambraseys and Douglas, 2004; Kumar et al. 2010; Sapkota et al. 2013). The blue dashed

line indicate lateral extension of surface rupture of the 1255 earthquake. The light yellow circles indicate historical earthquakes with

Mw[ 5.0 in 1976–2016 from the CMT catalog. The location of Kathmandu is marked by a blue square. The thick white arrow shows Indian

plate motion relative to Eurasia. The upper-right inset shows the topographical cross-section of transect A–A’ modified from Lavé and Avouac

(2001)
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surface to a downdip width of * 100 km. Stevens

and Avouac (2015) estimated the strain accumulation

along the whole Himalayan arc, suggesting that

coupling on the MHT behaves homogeneously with a

seismic moment accumulation rate of

15.1 ± 1 9 1019 Nm/year. These studies have

described the first-order characteristics of the strain

budget on the MHT. However, most previously

established GPS stations are situated in the foothills

of the Himalaya. GPS sites in southern Tibet are

sparse. The coupling variation beneath the Higher

Himalaya remains ambiguous. In addition, most

previous studies have suggested that seismic slips

during large earthquakes tend to occur in areas that

remain locked during the interseismic period (Chlieh

et al. 2011; Métois et al. 2012). Nonetheless, the

correlation between coseismic slips and interseismic

coupling in the Himalaya is still poorly understood,

owing to the lack of large earthquakes documented in

terms of seismic waveforms or geodetic observations.

The 2015 Mw 7.9 Gorkha earthquake occurred in

central Nepal along the higher Himalaya. The

hypocenter depth was 15 km, indicating that this

event appears to have occurred at the interface of the

MHT (Bai et al. 2016; McNamara et al. 2017; Arora

et al. 2017). The Gorkha event is the first occurrence

of a large continental thrust earthquake in Himalaya

to be concurrently recorded in terms of geodetic and

seismic measurements, providing a rare opportunity

to explore the correlation between the interseismic

coupling and coseismic rupture. It is well known that

a large earthquake is likely to rupture the most

strongly coupled segments. Analyzing the spatial

correlation between the interseismic coupling and

cosesimic slip distribution is helpful for understand-

ing the balance of the seismic moment accumulation

and release (Morsut et al. 2017). In this study, we

utilized GPS data surveyed in southern Tibet together

with published geodetic velocities to derive a com-

plete velocity field in the central Nepalese Himalaya.

This new velocity field is then employed to refine the

convergence rates across the central Nepalese

Himalaya. Considering the ramp–flat–ramp–flat

geometry of the MHT, we calculated the interseismic

coupling using triangular dislocation. We also

determined the coseismic slip distribution of the

Gorkha earthquake to analyze the spatial correlation

between the interseismic coupling and coseismic

rupture features.

2. GPS Data and Analysis

2.1. GPS Data Processing

The GPS velocities recorded in the central

Nepalese Himalaya mainly consist of results from

the Crustal Movement Observation Network of China

(CMONOC) project (Wang et al. 2017) and published

studies (Bettinelli et al. 2006; Bilham et al. 1997). In

addition, we began recording GPS measurements in

southern Tibet in 1999, and have obtained GPS data

for approximately 40 sites with an occupation of

more than 36 h for each survey. At least three periods

of observation were conducted for each site. All the

data were recorded prior to the occurrence of the

2015 Gorkha earthquake. The CMONOC data and

our own data were processed using the GIPSY-

OASIS-II software (Zumberge et al. 1997). The data

analysis followed the procedures adopted by Fu and

Freymueller (2012). We utilized the Jet Propulsion

Laboratory’s (JPL’s) reanalyzed IGS08 orbit and

clock products, and refined the absolute antenna

phase center models for both the GPS receiver and

satellite antennas. We utilized the global mapping

function (GMF) tropospheric mapping function and

the global pressure and temperature (GPT) model to

reduce the tropospheric delay error, and the ocean

tide model TPXO7.0 to correct for ocean tide

loading. Finally, we obtained a set of GPS velocity

fields under a unified reference frame by completing

a seven-parameter Helmert transformation through

some common sites that occur within the different

datasets. The differences in the EW and NS compo-

nents of the common stations between different

datasets are generally smaller than 1.2 and 1.0 mm/

year, respectively. Figure 2a shows the combined

velocity field for * 120 sites in the central Nepalese

Himalaya relative to the stable Eurasian reference

frame. The mean uncertainty of GPS velocities

is * 1.5 mm/year.

It should be noted that the majority of GPS

velocities in southern Tibet are derived from cam-

paign-model measurements. The use of vertical
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velocities in southern Tibet remains challenging,

owing to the limited observation timespan. Com-

monly, the vertical positioning precision of GPS

measurements is typically 2–2.5 times lower than that

of the horizontal. Furthermore, in southern Tibet the

magnitude of the crustal vertical velocity is usually

considerably smaller than that of the horizontal

velocity (Liang et al. 2013). Therefore, the vertical

velocities in southern Tibet are not adopted in the

modeling. In central Nepal, a network of continuous

GPS (cGPS) stations have been installed since 1997

by Caltech in order to monitor and determine present-

day velocities in the Himalaya (Ader et al. 2012).

Such a long time span of observations makes it

possible to acquire reliable vertical deformations in

this region. Data from the time of installation of the

cGPS stations to the day before the Gorkha earth-

quake were analyzed by Jouanne et al. (2017) using
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Figure 2
GPS velocity field in the central Nepalese Himalaya. a Horizontal GPS velocities relative to the Eurasia reference frame (with 95% confidence

ellipses). The yellow arrows represent GPS velocities from published studies (Ader et al. 2012; Bettinelli et al. 2006). The red arrows show the

velocities of the campaign and continuous sites from the CMONOC project. Our own * 40 GPS velocities in southern Tibet are plotted as

blue arrows. The three green boxes indicate the locations of the velocity profiles (AA0, BB0, CC0) perpendicular to the Himalayan arc. b GPS

vertical velocities in Nepal relative to the India reference frame. c–e GPS horizontal velocity profiles and calculated convergence rates. The

red circles and triangles with error bars represent the velocity components parallel to the azimuth of each profile with uncertainties of one

standard deviation. The triangles denote the velocity components of our own data and the CMONOC data. The blue solid lines indicate the

model predictions
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the Bernese software. These vertical velocities (rel-

ative to the India reference frame, as shown in

Fig. 2b) enhance the spatial density of observations

for the coupling model. These are utilized in the

coupling inversion approach presented below,

although we find that they do not add much constraint

to the model.

2.2. Estimation of Convergence Rate

An important goal in Himalayan studies during

recent decades has been to refine the Himalayan

convergence rate, as this is responsible for the

productivity of Himalayan earthquakes. In coupling

inversion, the long-term convergence rate across the

Himalaya is also an important reference value, as

described in Sect. 3. Here, we incorporate the new

GPS data from southern Tibet to further constrain the

Himalayan convergence rate. Following most previ-

ous investigations (e.g., Bilham et al. 1997; Bettinelli

et al. 2006), we modeled the interseismic strain

resulting from slips along a creeping dislocation

embedded in an elastic half-space. These dislocations

represent the aseismic shear north of the locked

portion of the Himalayan detachment system. Three

velocity profiles were projected along the azimuth of

convergence (N16
�
E). The length and width for each

profile were * 200 km and * 110 km, respec-

tively. We assumed that the thrusting slip on a

detachment fault dominated in every profile across

the Himalayan orogenic belt, ignoring lateral varia-

tions in the thrust slip in accordance with the two-

dimensional (2D) edge dislocation model. The ana-

lytical solution for a pure dip slip fault can be written

as follows (Freund and Barnett 1976):

v ¼ s

p
h2 cos aþ xh sin a

h2 þ x2
þ sin a tan�1ðx=hÞ

� �
ð1Þ

where v represents the site velocity normal to the

Himalayan arc, s denotes the thrusting rate on a major

detachment fault, and h and a are the locking depth

and fault dip, respectively. Furthermore, x indicates

the horizontal distance to the trace of the fault.

Moderate-sized earthquakes (5\Ms\ 6) and

smaller magnitude events (mL\ 4) in the central

Himalaya are confined to 10–20 km in depth (Molnar

and Chen 1984; Pandey et al. 1995). The INDEPTH

seismic reflection profile in eastern Nepal exhibits a

discrete fault plane dip of � 9
�
(Zhao et al. 1993).

Supposing that the aforementioned fault geometry

can be applied elsewhere in the central Nepalese

Himalaya, the locking depth of the MHT can be fixed

at 20 km with a dip of * 9�. The weighted least-

squares method was adopted to estimate the conver-

gence rate.

The 2D dislocation model provided an adequate

fit to the observed GPS velocities (Fig. 2c–e). The

root-mean-square (RMS) errors of the post-fit resid-

uals for each velocity profile were always less than

3 mm/year, which is broadly compatible with the

formal uncertainties of observed velocities, suggest-

ing that few if any unmodeled biases remained. The

inverted slip rates were not strongly affected (a

change of less than 2 mm/year) by the parameters of

the locking depth and fault dip in the range of

15 km\ locking depth\ 25 km and 4�\ fault

dip\ 12�, indicating that the trade-off effect between
the convergence rate and fault geometry was

moderate.

In west-central Nepal (profile AA’), the estimated

convergence rate is 20.6 ± 1.6 mm/year, which is

comparable to the 20.2 ± 1.1 mm/year estimated by

Stevens and Avouac (2015). In the central Nepalese

Himalaya (profile BB’), GPS observations yield a

convergence rate of 17.4 ± 0.3 mm/year, which is

slightly lower than the 21.5 ± 2.5 mm/year deter-

mined by the Holocene river terraces (Lavé and

Avouac 2000). This result implies that a small

fraction of the active convergence of the Himalayan

orogen might not be accommodated by slips along

the MHT. In the eastern Nepalese Himalaya (profile

CC’), GPS measurements suggest a convergence rate

of 16.9 ± 0.9 mm/year, which is consistent with the

slip rate of 16 mm/year determined by Banerjee et al.

(2008). In general, the convergence rate decreases

from the west-central to the eastern Nepalese

Himalaya. The along-strike variations for conver-

gence rates could reflect the postseismic viscoelastic

relaxation effects caused by large earthquakes,

because many GPS sites lie within or adjacent to

the epicentral areas of large Himalayan earthquakes,

and the GPS velocities are inevitably more or less

biased by the residual postseismic deformations from

large megathrust earthquakes. The postseismic

Vol. 176, (2019) Interseismic Coupling in the Central Nepalese Himalaya 3897



effects caused by the 1934 Bihar–Nepal M * 8.2

earthquake on the interseismic convergence rates are

evaluated and discussed in Sect. 5.1. It is worth

noting that because of our broader and denser

distribution of GPS data in southern Tibet, the

estimated convergence rates can provide more tightly

constrained upper bounds.

3. Modeling the Interseismic Coupling in Central

Nepal

The resolved coupling image can benefit from a

refined spatial density of observations, including

vertical deformation rates. In addition to the GPS

vertical velocities in Nepal, we also collected all the

available interseismic interferometric synthetic aper-

ture radar (InSAR) and leveling data in the central

Himalaya in order to determine the coupling param-

eters, although they are only localized in two narrow

profiles (Fig. 3) (Grandin et al. 2012; Jackson and

Bilham 1994). Owing to the highly rugged and heavy

vegetation terrains in the Himalaya, as of now only

one stripe of SAR C-band images acquired by the

ENVISAT satellite on track 119 (descending)

between 2003 and 2010 has successfully been pro-

cessed. For satellite SAR images, the small baseline

subsets (SBAS) processing strategy was exploited to

produce interferograms. In addition, a slope-adaptive

spectral shift range filtering method was applied

during interferogram formation to reduce the geo-

metric decorrelation resulting from steep terrain

slopes in central Nepal. After interferogram

unwrapping and geocoding, the line-of-sight (LOS)

displacement velocity maps and corresponding time-

series were retrieved (Readers interested in the
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Observed interseismic InSAR and leveling velocities in central Nepalese Himalaya
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information of ENVISAT SAR processed with the

SBAS method may refer to the work of Grandin et al.

(2012)). The InSAR profile shows a gentle increase of

the uplift rate toward the North, with a peak uplift

rate of 7 mm/year (* 100 km north of the MFT). To

reduce the burden of calculation in inversion, a quad-

tree algorithm was employed to down-sample the

velocities (He et al. 2016). For the leveling data, we

followed previous studies to remove the points in the

Kathmandu Valley that are undergoing obvious sub-

sidence (Grandin et al. 2012). Finally, 63 InSAR and

152 leveling velocities are included in the coupling

inversion.

We adopted the back-slip modeling approach

(Savage 1983) to solve for the slip rate deficit along

the MHT. This model assumes that the hanging wall

does not deform over the long term, and only applies

to the case of a planar fault. However, it remains a

valid approximation even if the megathrust is not

strictly planar in reality (Vergne et al. 2001). In our

modeling, the geometry of the MHT was character-

ized by four connected fault portions dipping

northward from the MFT (Elliott et al. 2016): first, a

shallow ramp with a dip of 30� between the surface

and a 5 km depth; second, a flat detachment with a

dip of 7� extending from a depth of 5 km to 15 km;

third, a mid-crust ramp that has a larger dip angle of

20� at 15 to 25 km; and finally a sub-horizontal

décollement with a dip of 6� beneath the Higher

Himalaya. These four fault segments constitute the

‘‘ramp–flat–ramp–flat’’ structure of the MHT (Fig. 4).

The strike of the interface is fixed at 2858. We

extended the model fault downward with a width of

400 km from the MFT to avoid edge effects. Mean-

while, such an expanded downdip width can better

constrain the slip rate deficit at a large depth using

our own GPS data in southern Tibet. The entire

interface of the MHT is discretized into a 93 9 20

matrix of rectangular subfaults, each with dimensions

of 20 km 9 20 km. To achieve seamless gridding on

the model plane, each subfault was approximated by

two triangular dislocation elements (TDEs). As a

result, a total of 1860 TDEs were employed, for

which we calculated the Green’s function using

angular dislocation in an elastic half-space (Meade

2007).

We calculated the coupling coefficient (/) for

each patch based on the following equation (Cheloni

et al. 2014):

/ ¼ Vd

Vc

ð2Þ

where Vd is the slip rate deficit on a fault patch and Vc

represents the long-term block convergence rate over

many earthquake cycles. The slip deficit rate is con-

strained to be positive and no larger than the long-

Figure 4
Cross section of the MHT interface used in the modeling. The two blue lines indicate the shallow and mid-crust ramps. The red lines denote

the flat structures of the MHT
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term convergence rate, so that the coupling coeffi-

cient can be constrained between 0 and 1. A coupling

value of 0 means that the MHT is creeping at the

long-term convergence rate, and a coupling of 1

means that there is no creep on the MHT during the

interseismic period (i.e., it is fully locked). A cou-

pling value between 0 and 1 means that the fault is

partially locked.

The optimal slip rate deficits can be solved

through the linear equation

dp

0

� �
¼ Ge;p

k2r2

� �
se: ð3Þ

The optimal objective function can be described

as follows:

WðGs� dÞk k2þk2 r2s
�� ��2¼ min; ð4Þ

where dp represents the displacement at point (p) on

the surface caused by the slip (se) on the triangular

elements (e) of a buried fault, Ge,p denotes the

Green’s function matrix,r2 represents the smoothing

operator to avoid a slip anomaly between neighboring

elements, k2 is the smoothing factor based on the

visual inspection of the trade-off curve between the

model roughness and the weighted residual sum of

squares (WRSS) (Fig. 5), and W is the weight matrix

combining the GPS (including the horizontal and

vertical components), InSAR, and leveling

observations. In the joint inversion, the datasets are

weighted based on the trade-off curve between

solution misfit and the optimum weight ratio between

GPS and InSAR-leveling data (Xu et al. 2009; Yi

et al. 2017). The non-negative least-squares algorithm

was applied to solve the slip on each patch (Lawson

and Hanson 1974). We utilized a scale-dependent

umbrella operator to regularize the fault-slip distri-

bution (Maerten 2005). The operator is defined as

follows:

r2si ¼
2

Li

X3
j¼1

sj � si

hij
; ð5Þ

where hij denotes the distance from the center of the

element i to the adjacent jth element, and Li and si are

the sum of the element center distances and the slip

vector of the ith element, respectively.

4. Results

4.1. Coupling Characteristics

The best-fitting coupling model along the MHT,

derived from joint inversion of the GPS, InSAR, and

leveling data, is illustrated in Fig. 6a. We illustrate

the fitness to the GPS, InSAR and leveling observa-

tions in Fig. 7. The mean misfits of the GPS

horizontal and vertical components are 1.38 and

1.47 mm/year, respectively, exhibiting small velocity

residuals. The mean misfits of the InSAR and

leveling data are 0.7, and 0.4 mm/year, respectively.

The reduction in the data variance is * 91% for the

GPS horizontal measurements, * 82% for GPS

vertical velocities, * 86% for the leveling data,

and * 92% for the InSAR observations, suggesting

that the geodetic observations can be satisfactorily

explained by the model.

In general, the MHT is fully locked along the

strike of the Himalaya, with no obvious shallow

creeping zone identified, and exhibits a homogeneous

coupling pattern. Unlike the coupling characteristics

along strike, the coupling distribution along the

downdip direction exhibits obvious spatial variations.

To illustrate the details of the coupling variation,

three arc-normal profiles of the coupling coefficient

were projected (Fig. 6b). These profiles show the

Figure 5
Trade-off curve between model roughness and WRSS during the

inversion of the coupling distribution. The red pentagram repre-

sents the optimal smoothing factor

3900 S. Li et al. Pure Appl. Geophys.



smooth distribution of the coupling coefficient with

respect to the downdip width. From the coupling

profiles, we can observe the following. First, the

MHT under the sub-Himalaya and Lesser Himalaya

is fully coupled. Nevertheless, the mid-crust ramp

beneath the front of the Higher Himalaya is partly

coupled, suggesting that this ramp is affected by

aseismic creeping. This result is different from the

100% coupling of the mid-crust ramp found by a

previous study (Ader et al. 2012). Second, maximal

creeping (with coupling as low as 0.2) is observed

north of the mid-crust ramp. The free creeping zones

always correspond to rate-strengthening areas, which

probably act as barriers resisting fault ruptures. Third,

if we consider a coupling coefficient of 0.5 as the

boundary value to distinguish fault locking or creep-

ing, then the locking width west of Kathmandu

(profile AA’) is * 110 km, which is slighter longer

than the locking width of * 90 km east of Kath-

mandu (profile CC’). The average locking width

of * 100 km in the central Nepalese Himalaya is

reasonably consistent with previous estimations

(Ader et al. 2012; Stevens and Avouac 2015; Jouanne

et al. 2017).

A sharp transition zone where the fault interface

gradually decouples from full locking to free creeping

(0.2\/\ 1.0) can be identified beneath the front of

the Higher Himalaya. The width of this transition zone

at the longitude of Kathmandu (profile BB’) is

approximately 50 km, which is considerably shorter

than the typical range of subduction zones (Lay et al.

2012). The sharpest transition zone corresponds to an

area where the resolution is enhanced by the leveling

data. This transition zone coincides spatially with the

location of the mid-crust ramp (Fig. 6b), suggesting

that the geometric structure of the MHT influences the

coupling status at the interface. The modeled maximal

uplift rates reach 6 mm/year in the high chain of the

central Nepalese Himalaya, which is slightly less than

the maximal observed uplift of 8 mm/year from

leveling measurements (Fig. 7c). This discrepancy

probably indicates that the real dip of the mid-crust

ramp might be slightly greater than 20� (which was

adopted in this study). In addition, the ongoing glacial

isostatic adjustment induced by the current melting of

the Himalayan glaciers might also contribute to the

larger observed uplift rate than that of the modeling

(Duputel et al. 2016).

4.2. Resolution Test

A series of checkerboard tests were performed to

evaluate the spatial resolution of the coupling image.

We imposed alternating slip rates of 20 mm/year (full
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locking) and 0 mm/year (free creeping) on the input

checkerboard patches. The surface velocities (GPS,

InSAR, and leveling) were synthesized by the input

model. The synthetic data were disturbed by Gaus-

sian noise, which followed a normal distribution with

zero mean and standard deviation for the observed

data. We inverted the noisy velocities using the same

strategy as for the real data. The results for the

checkerboard tests are illustrated in Fig. 8. In general,

the resolution decays as the checkerboard dimension

decreases. When the patch of the checkerboard is

approximately 50 km, the input coupling distribution

can be retrieved effectively except for the part from

the western portion to Kathmandu (84
� � 85

�
E), on

account of the sparse data in this region. A patch size

of * 30 km along the downdip direction near Kath-

mandu can be resolved owing to the incorporation of

leveling data, which is smaller than the width of the

coupling transition zone in central Nepal (* 50 km),

suggesting that this transition zone can be retrieved

by surface geodetic measurements. In general, the

main features of fault coupling can be resolved in

terms of both size and pattern using geodetic data.

5. Discussion

5.1. Viscoelastic Effects on the Convergence Rate

and Coupling

Previous studies have indicated that postseismic

deformation induced by great earthquakes M[ 8 in

Mongolia and Chile may persist for several decades,

or even a century (Vergnolle et al. 2003; Lorenzo-

Martı́n et al. 2006). In the Himalaya, the geodetic

measurements were all obtained in recent decades,

with some of them located close to the epicentral area

of the 1934 M * 8.2 earthquake. This large
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megathrust earthquake may still be contributing a

small postseismic signal, which could affect the

interseismic velocities and the estimated convergence

rates. In order to test the possible magnitude of this

effect, we adopt a simple source model according to

the seismic moments (Chen and Molnar 1977) and a

scaling law for the relation between the rupture size

and seismic moment (Feldl and Bilham 2006; Sap-

kota et al. 2013). A 2D rheologic structure for the

Himalaya and southern Tibet is considered in our

viscoelastic model (Fig. 9a). We select the steady-

state viscosities for the lower crust and upper mantle

from two recent studies on the postseismic deforma-

tion of the 2015 Gorkha earthquake (Zhao et al. 2017;

Wang and Fialko 2018). We employ the spectral

element method code VISCO2.5D to calculate the

deformation resulting from viscoelastic relaxation in

the lower crust and upper mantle of Tibet and India

caused by the 1934 event (Pollitz 2014). The results

are illustrated in Fig. 9b. For sites to the north of the

earthquake source area, notable southward motions

can be identified with a maximum value of 2.7 mm/
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Vol. 176, (2019) Interseismic Coupling in the Central Nepalese Himalaya 3903



year. For sites just above the source area, ongoing

northward motions of 1–2 mm/year are suggested.

This kind of contraction suggests that the continued

relaxation caused by the 1934 earthquakes would

increase the interseismic convergence rate across the

eastern Nepalese Himalaya. In fact, the convergence

rate across the western Nepalese Himalaya, where no

large earthquakes have occurred for several centuries,

is 3–4 mm/year larger than that across the eastern

Nepalese Himalaya, while the opposite would be

expected according to the modeling. Thus, the model

predication cannot account for the apparent differ-

ences in convergence rates between the eastern and

western Nepal Himalaya. If we removed the post-

seismic contributions from GPS velocities, then the

along-strike differences in the long-term convergence

rates between the eastern and western Nepalese

Himalaya might be even larger. We note that the

coupling pattern in the central Nepalese Himalaya is

barely modified after removing the postseismic

effects caused by the 1934 earthquake, although the

transition zone of the coupling is slightly broadened

compared to the original coupling map.

5.2. Spatial Correlation Between Interseismic

Coupling and Coseismic Slip

Only two large earthquakes (Mw[ 7.5) have

occurred along the Nepal Himalaya during the past

century: the 1934 Bihar–Nepal earthquake

(M * 8.2) in eastern Nepal and the 2015 Gorkha

earthquake (Mw 7.9) in central Nepal. The detailed

coseismic slip distribution for the 1934 earthquake is

particularly uncertain, thus preventing a comparison

with the interseismic coupling (Sapkota et al. 2013).

The 2015 Gorkha earthquake nucleated * 80 km

northwest of Kathmandu, and failed a 150 km long

segment of the MHT (Avouac et al. 2015). The

rupture image of the Gorkha earthquake is now well

documented by seismic and geodetic observations

(Galetzka et al. 2015; Grandin et al. 2015), allowing a

detailed comparison with the pattern of fault locking.

Before assessing the spatial correlation between

the coseismic slip distribution and interseismic cou-

pling, we developed a geodetically constrained slip

distribution of the Gorkha earthquake on the same

fault geometry as used in the coupling estimation

(Fig. 10a). The detailed process for the slip inversion
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is reported in the auxiliary material (Text S1,

Figs. S1–S5). The coseismic slip model exhibits an

elongated unilateral rupture, with a maximal slip of

7.8 m. In addition, three previous rupture models

derived from the inversion of geodetic and seismo-

logical data are also included for comparison with the

Figure 10
Map view illustrating the spatial correlation between the interseismic coupling and coseismic slip distribution of the 2015 Mw 7.9 Gorkha

earthquake. a The colored basemap shows the coseismic fault slip. White contour lines denote the interseismic coupling distribution. Black

dots show small background earthquakes derived by Pandey et al. (1995). Blue circles mark the locations of aftershocks according to Bai et al.

(2016). The four red dashed lines indicate the locations of four coupling profiles (AA’, BB’, CC’, DD’). b The blue-to-red basemap indicates

the coupling distribution. The blue, red, and green solid lines outline the spatial extent of the rupture of the Gorkha earthquake based on three

different studies (Galetzka et al. 2015; Grandin et al. 2015; Tan et al. 2016). c Fault profile perpendicular to the MFT. Top: The green dots

with error bars represent horizontal GPS velocities, and the red line denotes the model prediction. Middle: The thick dashed line denotes the

interface of the MHT and its color represents the slip deficit rate calculated by the coupling coefficient and convergence rate. Red circles

indicate the relocated aftershocks. Bottom: Blue and yellow histograms indicate the distributions of the moment release of the Mw 7.9

mainshock and the Mw 7.3 aftershock. The four solid lines (red, blue, green, and pink) show the coupling profiles along the downdip direction
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interseismic coupling (Fig. 10b). Comparing

Figs. 10a and b, we conclude that the spatial extents

of the four slip models behave consistently, although

their maximal slip magnitudes exhibit slight

differences.

The spatial correlation between the interseismic

coupling and coseismic slip distribution suggests that

the Gorkha earthquake unzipped the lower edge of

the locked portion of the MHT, in accordance with

the conclusion proposed by Avouac et al. (2015). As

shown in Fig. 10a, the Gorkha earthquake initiated

from the epicenter, where the coupling coefficient

was * 0.5, and then propagated laterally in the ESE

direction. In general, interseismic coupling behaves

homogeneously along the propagation direction of

the rupture. The fault patches are estimated to have

slipped C 4 m, corresponding to an area of the

interface in which 0.5\ coupling\ 0.8, with a peak

slip near a region coupled at C 0.7. The updip end of

the rupture stopped at the leading edge of the Lesser

Himalaya, with a coupling coefficient of * 1.0,

leaving the shallow fully locked part unbroken. In

the downdip direction, the coseismic slip terminated

almost at the bottom of the mid-crust ramp. This

result closely agrees with the decreased coupling

(\ 0.2) limiting the propagation of the rupture to a

greater depth. This characteristic indicates that the

ruptures of large megathrust earthquakes in the

Himalaya can fail patches that are inferred to be less

strongly coupled (as low as 0.2).

In more detail, our modeling suggests that the

Gorkha earthquake appears to have mainly ruptured

the transition zone of coupling on the MHT. This is

demonstrated by the distributions of the moment

release along the downdip direction (Fig. 10c). For

the mainshock, approximately 85% of the released

moment was concentrated on the partially locked

transition zone, where the coupling decreases from

1.0 to less than 0.2. Only * 15% of the released

moment was in the upper fully locked portion. For the

Mw 7.3 aftershock, all the released energy was

confined to the transition zone of the coupling

(Fig. 10c). In the map view, this brittle/ductile

transition zone is followed by a narrow belt of

background seismicity (Fig. 10a), reflecting a high

stress loading rate (* 10 kPa/year) during the inter-

seismic period (Pandey et al. 1995). Laboratory

experiments on quartzo-feldspathic rocks also show

that the transition zone of coupling is characterized

by temperature boundaries of 350 �C and 450 �C,
implying that there is a thermally controlled downdip

change from brittle–seismic to ductile–aseismic

behavior (Hyndman 2013). The width of the transi-

tion zone is believed to be controlled by the

geothermal gradient along the MHT, which in turn

depends on the dip of the fault. A sharp transition

zone usually indicates a relatively large dip angle for

the MHT below the Higher Himalaya (Bilham et al.

2017).

5.3. Seismic Moment Accumulation and Release

since the 1833 Earthquake

The moments released by known large earth-

quakes should equal the seismic moment deficit since

the latest historical earthquake, assuming that only

large earthquakes have contributed to strain release

(Stevens and Avouac 2015). In central Nepal, the

1833 earthquake has been suggested to have been the

latest large earthquake to occur prior to the 2015

Gorkha earthquake (Bilham 1995). It has been

proposed that the epicenter of the 1833 earthquake

was located northeast of Kathmandu, based on the

orientations of the fractures and dikes that developed

during the event (Mugnier et al. 2013). Bilham (1995)

reported that the epicenter was probably north or

northeast of Kathmandu, adjacent to the rupture zone

of the 1934 earthquake. In contrast, Ambraseys and

Douglas (2004) calculated an epicenter location for

the 1833 earthquake nearly 40 km east of Kathmandu

based on available macroseismic data. The uncer-

tainty concerning the epicenter location for this event

is in great part owing to the lack of records from

eastern Nepal, precluding a reliable determination of

the isoseismals (Mugnier et al. 2017). The magnitude

of the 1833 earthquake is also poorly constrained,

owing partly to the large uncertainty in the extent of

the 1833 rupture. Bilham (1995) suggested that the

extent of the 1833 earthquake reached to the northern

part of the Kathmandu basin, with a maximal slip of

5–6 m, corresponding to a Mw 7.7 ± 0.2 event,

which is somewhat greater than the value

(M 7.3 ± 0.1) determined by Szeliga et al. (2010)

using new intensity versus attenuation relations for
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the Himalayan region. In addition, in the shallow part

the rupture of the 1833 earthquake did not reach the

surface, exhibiting similar characteristics to the 2015

Gorkha earthquake (Mugnier et al. 2011). These

characteristics suggest that the 2015 earthquake may

have occurred on the same segment of the décolle-

ment as the 1833 event. The 2015 Gorkha earthquake

may have reruptured at least part, and perhaps all, of

the portion of the décollement that slipped during the

1833 earthquake. Thus, the 1833 earthquake provides

a critical window to understand the balance of the

seismic moment accumulation and release.

Given the long-term slip rate and pattern of the

interseismic coupling derived from this study, we

estimate a seismic moment buildup rate

M0 = 3.15 ± 0.5 9 1018 Nm/year (assuming a shear

modulus of 30 GPa) in the central Nepalese Himalaya.

This quantity is calculated from the area of the fault

plane and the slip deficit rate on eachpatch.Basedon the

seismic moment buildup rate calculated above, we

estimate an earthquakewith an average slip of * 2.5 m

is required to balance the strain accumulated since the

1833 earthquake. However, according to the coseismic

slip distribution, the average slip during the 2015

Gorkha earthquake was greater than 4 m, and reached

7.8 m locally (Fig. 10a). This simple comparison

suggests that the strain released in the 2015 Gorkha

earthquake was considerably greater than the strain

accumulated over the 182 years from 1833, which

implies that the 1833 earthquake only partially released

the strain that accumulated prior to that event.A fraction

of the elastic energy that was not released during the

1833 event was finally released by the 2015 Gorkha

earthquake. The partial strain released during an

earthquake has been reported in western Nepal, where

the 1505 M 8.5 earthquake occurred. The transient slip

for the 1505 earthquake was over 9 m, while the

accumulated displacement since the 1255 earthquake

was approximately 5 m assuming a long-term shorten-

ing rate of * 20 mm/year, suggesting that nearly half

of the strain accumulated before 1255 was not released

by the Mw[ 8 1255 earthquake (Mugnier et al. 2013).

The unbalance between the seismic moment accu-

mulation and the release by large known earthquakes in

central Nepal has important implications concerning the

recurrence intervals of large Himalayan earthquakes.

Assuming that the next earthquake in central Nepal has

the same spatial extent (150 km 9 60 km) and magni-

tude (Mw 7.9) as the Gorkha earthquake, a recurrence

interval of * 200 years is estimated considering the

average slip deficit rate of 14 mm/year from our

coupling model. However, if the 2015 Gorkha earth-

quake also did not release all of the accumulated elastic

strain, similar to the 1833 event, then the residual strain

would reduce the recurrence interval of the next large

earthquake near Kathmandu, and a realistic recurrence

interval might be less than 200 years.

5.4. Implications for Earthquake Hazards in Central

Nepal

The seismic risk in the central Nepalese Himalaya

remains high, although the 2015 Gorkha earthquake

partially released the accumulated strain. We calcu-

lated the coseismic static Coulomb stress change at a

depth of 15 km triggered by the Gorkha earthquake

using the expressions for calculating the stress field

associated with angular dislocations provided by

Meade (2007) (Fig. 11). This result clearly shows

that the stress status adjacent to the rupture zone was

perturbed by the Gorkha earthquake. To the south of

the rupture zone, the coulomb stress calculations

exhibited loading at a depth of 0–10 km, pushing this

region (* 150 9 70 km2) closer to failure. Geodetic

measurements over the past 20 years suggest that this

shallow décollement has been minimally affected by

aseismic slip (e.g., slow slip events) and postseismic

afterslip (Ader et al. 2012; Mencin et al. 2016;

Sreejith et al. 2016; Gualandi et al. 2017). Thus, we

believe that the strain accumulated in this portion will

be released via large seismic events. Our coupling

model suggests a slip deficit rate of 18 mm/year in

this segment. The slip deficit in this shallow décolle-

ment could have exceeded 3.2 m since the 1833

event, which is sufficient to trigger an Mw * 8.0

earthquake. In addition, a 300 km long section to the

west of the Gorkha earthquake has not undergone any

earthquakes for 500 years, since the 1505 M * 8.5

earthquake. However, our model shows that this

section is fully locked, with a downdip width of

110 km. The slip deficit could have exceeded 7.5 m

based on a slip rate of 15 mm/year on the MHT,

which is sufficient to fuel an Mw * 8.3 earthquake if

a 150 9 110 km2 zone is ruptured.
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6. Conclusions

The 2015 Gorkha Mw 7.9 earthquake highlights

the urgent need to re-analyze the strain accumulation

and release in Central Nepal. In this study, we

incorporated GPS observations in southern Tibet with

those publicly available for geodetic imaging of

interseismic coupling in the central Nepalese Hima-

laya. Our improved GPS measurements yield a

convergence rate of 20.6 ± 1.6 mm/year in west-

central Nepal, 17.4 ± 0.3 mm/year in central Nepal,

and 16.9 ± 0.9 mm/year in eastern Nepal, exhibiting

an along-strike variation of * 3 mm/year from west

to east. The refined coupling model confirms the

Figure 11
a Static Coulomb stress change at a depth of 15 km triggered by the Gorkha earthquake. Red areas denote stress loading and blue areas denote

stress release. The black line outlines the coseismic slip of the mainshock. The yellow star shows the epicenter of the mainshock. b Cross-

section with the Coulomb stress change calculated by the coseismic mainshock slip model. The white solid line denotes the interface of the

MHT
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finding of previous studies that the locking is essen-

tially continuous throughout the MHT. In addition,

we identified a sharp transition zone of the coupling

(0.2\/\ 1.0) with an average width of * 50 km

in the central Nepalese Himalaya. This transition

zone coincides spatially with the location of the mid-

crust ramp, suggesting that this ramp might control

the deep transition from locked to creeping. We

found that * 85% of the total moment released by

the 2015 Gorkha earthquake was confined to the

partially coupled transition portion of the MHT. This

spatial correlation indicates that the earthquake

mainly ruptured the brittle/ductile transition zone at

the lower edge of the locked portion of the MHT.
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