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Through a combination of infrastructure failure and triggered 
landslides, the 2015 moment magnitude (Mw) 7.8 Gorkha 
earthquake in Nepal killed at least 9,000 people, probably 

harmed thousands more and left 3.5 million people homeless1. 
Its largest aftershock to the east, the Mw 7.3 Kodari earthquake, 
occurred 2 wk later, causing more destruction. In a geological 
instant, the two events effectively unfastened an ~160 km along-
strike length at the lower edge of the locked portion of the Main 
Himalayan Thrust fault (MHT), offering a snapshot into the com-
plex structures that are fostered by the evolving collision between 
the Indian and Eurasian plates. The plate convergence, at a rate of 
~20 mm yr–1 (ref. 2), is known to produce frequent moderate-sized 
earthquakes and infrequent large damaging earthquakes like this 
one to accommodate the incremental passage of the Indian plate 
beneath the Tibetan Plateau3. Just 240 km southeast of the Gorkha 
epicentre, the last destructive earthquakes to occur in the region 
were the 1934 Mw 8.1 Nepal–Bihar4,5,6 (Fig. 1a) and 1833  Mw ~7.7 
earthquakes5,6. The 1934 event had a similar along-strike rupture 
length to the Gorkha earthquake, ~150 km, but unlike the 1833 
event, it is inferred to have ruptured to the surface along the trace 
of the Main Frontal Thrust7. Although the location and extent of 
rupture for the 1833 event are poorly constrained5, it is hypoth-
esized that the Gorkha event may have been a repeat of the 1833 
event that ruptured the same fault segment of the MHT8–10. Judging  
from the locations of these previous major earthquakes, and because  
the Gorkha event did not rupture the surface or have substantial  
up-dip afterslip11–14, another future damaging earthquake may 
occur to relieve accumulating tectonic strain in this shallower fault 
segment of the Himalaya3.

Before the 2015 Gorkha earthquake, the National Seismic 
Network in Nepal, operated by the National Seismological Centre, 
had 14 short-period seismic stations operating in central and  

eastern Nepal15. The centre publishes an earthquake catalogue 
online including events of local magnitude (ML) > 4. While this is 
a critically important effort, additional stations are needed to better  
constrain the locations and monitor how the Himalayan thrust  
belt is deforming, while supporting its high topography and storing 
tectonic strain. Due to the structural complexity and limited data 
for this region, there are many competing models for the orientation 
and geometry of the MHT developed from a variety of geological16–21 
and geophysical12,22–26 methods that lack resolution at depth. Six 
weeks after the Gorkha earthquake, we deployed a dense, 45-station 
seismic network for 11 mo in central Nepal, called the Nepal Array 
Measuring Aftershock Seismicity Trailing Earthquake (NAMASTE) 
Array27. Extending 222 km east–west and 133 km north–south with 
an average station spacing of 20 km, our NAMASTE network blan-
keted the entire rupture area to capture the prolific and dynamic 
sequence of aftershocks. From this regional network, we developed 
a robust catalogue containing over 8,000 earthquakes, all relatively 
relocated using HypoDD28 with a local velocity model29. The tight 
clustering of earthquake hypocentres illuminates the geometry of 
the MHT with unprecedented fidelity to depths of ~30 km (Fig. 2). 
In combination with earthquake moment tensors, we show a duplex 
along the MHT that is consistent with strong geological evidence of 
a Lesser Himalayan duplex16–18, reconcile them with three selected 
studies that present competing geometric models for the MHT in 
Nepal12,19,25 and relate these structures to the overall seismogenic 
processes and associated hazards in the Himalaya.

Results from the NAMASTE network
Although the NAMASTE array was deployed 6 wk after the Gorkha 
earthquake, some features in our 11 mo catalogue are strikingly  
similar to a catalogue developed by a study that explored the 
first 45 d of the Gorkha earthquake aftershocks using the Nepal 
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Seismological Network15. Both catalogues show moderate seismic-
ity between 20 and 48 km northeast of the Main Boundary Thrust 
(MBT), around where the physiographic transition from Lesser 
Himalaya to Greater Himalaya begins20. The catalogues are also 

similar in showing greatly increased numbers of aftershocks to  
the north beneath the foothills of the Greater Himalaya. This 
increased seismicity forms a band that trends from the Gorkha 
earthquake to the Kodari earthquake, but varies from narrow to 
broad along-strike (Fig. 1a), suggesting complex structural controls 
along the MHT. The main differences between these two catalogues 
are that ours contains the aftershock sequence for a much longer 
duration and is based on our much denser network with better  
azimuthal coverage using three-component seismometers, allow-
ing us to more precisely locate thousands of micro- to moderate- 
magnitude earthquakes.

In map view, we observe a southern and a northern band 
of moderate and diffuse seismicity (Fig. 1a), especially on the  
western side of our network, making it difficult to constrain the 
geometry of the MHT in these areas. Within the southern band, 
an interseismic coupling map based on geodetic data30 (Fig. 1b) 
shows a frictionally locked MHT (coupling >0.9) inhibiting  
post-mainshock brittle failure, and thus indicating an area of  
ongoing stress buildup14,30. The northern band of seismicity parallels  
the coupling contour line of 0.7 (Fig. 1b), and both undulate along-
dip of the MHT from west to east. The area of highest aftershock 
activity extends from the epicentre of the Gorkha earthquake to 
slightly east of the Kodari earthquake, predominantly along the 
northern edge of co-seismic slip12 (Fig. 1b), just below the foot-
hills of the Greater Himalaya where considerable post-seismic 
deformation is inferred to have taken place11–14. Thus, seismicity is 
moderate for 48 km north of the MBT because of high coupling of 
the MHT. Between 48 and 70 km, seismicity is intense due to cou-
pling decreasing rapidly northeastwards and due to stress loading 
from the Gorkha earthquake. Then seismicity becomes increas-
ingly sparse north of 70 km (measured from the MBT), where the 
MHT has been inferred by geodetic data to transition from locked 
to creeping8,14,30,31.

constraining a complex décollement beneath Nepal
To determine a geometrical model of the MHT at a depth based 
on our hypocentral locations (Fig. 2a), we could simply calculate 
a single best-fitting plane (or line in a two-dimensional model) to 
our data; however, this would not accurately resolve the indetermi-
nate shape (blob) of seismicity that spans ~10–20 km depth from  
~48–70 km north of the MBT. Therefore, after collapsing our data 
onto a plane striking N22° E, we divide our catalogue into three parts 
along-strike: the southern band, the blob that we infer to be a zone 
of structural complexity labelled ‘Duplex’ on Fig. 1a and a northern 
band (Fig. 2a). After applying a quantitative procedure based on the 
southern and northern bands of seismicity (Methods), we deter-
mine two fault planes for the MHT that dip ~2° north-northeast 
from 15–15.8 km depth and ~5° north-northeast from 17.8–19 km 
depth, respectively, and strike 292°. Furthermore, the down-dip tip 
of the shallower plane is ~2 km vertically above and ~22 km south-
southwest of the up-dip tip of the deeper plane.

To provide geometrical constraints around the zone of structural 
complexity, we generate nine new moment tensors (Supplementary 
Fig. 2 and Table 1) for small events (Mw ≥ 3.3) using the wvf-
grd96 source inversion program32 and supplement them alongside 
those relocated from the GCMT catalogue33 and determined by  
Bai et al.34. In total, we use 24 moment tensors within the duplex for 
this analysis. Despite most of the moment tensors showing thrust 
faulting and having relative uniformity of strike (17 out of 24), a few 
smaller-magnitude events show normal and strike-slip behaviour, 
demonstrating the extent of local structural and/or stress heteroge-
neities. Although a number of dip-slip events have varying degrees 
of obliquity, what they all have in common are nodal planes that dip 
more or less to the north-northeast. As this observation is consis-
tent with the tectonic kinematics (plate motion) of the region30,31, 
we regard these hinterland-dipping nodal planes as representing 
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Fig. 1 | Maps of the 2015 Mw 7.8 Gorkha earthquake aftershock sequence 
in central Nepal. a, Greyscale topography overlaid by locations of 
earthquakes (circles), stations (yellow triangles), major surface thrust 
faults (dark-brown barbed lines) that sole into the MHT, and the inferred 
rupture area of the 1934 earthquake (dark-red dashed line)6,15. All events 
are collapsed onto profile line C–C’ for view in cross-section (Fig. 2a). 
Events in purple, specifically, are collapsed onto profile line F–F’ for view 
in cross-section (Fig. 2b) where the duplex is most apparent. We show 
the most important moment tensors in this area, and not elsewhere, to 
minimize obstruction of the seismicity distribution—all moment tensors 
are given in Supplementary Fig. 2 and Supplementary Tables 1 and 2. There 
are four distinct style attributes for the moment tensors shown in this 
study: bold are those we derived here, non-bold are those derived from  
bai et al.[34], blue represent events that occurred on the MHT based on 
their location, and red represent events that occurred on higher-angle 
faulting structures. Southern and northern seismicity bands used to 
constrain the upper and lower planes of the MHT are labelled between  
the set of blue and green lines, respectively. The along-dip extent of the 
duplex is labelled between the blue and green lines. b, Co-seismic slip 
(yellow-red) distribution of the 2015 Mw 7.8 Gorkha earthquake12 overlaid 
by interseismic coupling contours of the MHT30 (black dashed lines).  
The locations of the Gorkha and Kodari earthquakes are from bai et al.34. 
MCT, Main Central Thrust; MbT, Main boundary Thrust; MFT, Main Frontal 
Thrust; EQ, earthquake.
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the true fault planes. Focusing specifically on the thrust events, 
we identify two distinct groups of moment tensors on the basis of 
their hypocentre location and magnitude. The first group consists 
of 14 events that correspond to steeply dipping thrusts within the 
seismically complex zone, ranging in angles from 20 to 81°. The 
average dip angle of this range is 44°. The second group consists of 
three low-angle thrusts—two of them being the Gorkha and Kodari 
earthquakes—along the base of the complex zone (the sole thrust of 
the MHT) and have more shallow dips that range from 6 to 14°. The 
average dip angle for these events is 10°. When collapsing the entire 
aftershock sequence onto a single cross-section (Fig. 2a), the steep 
structures that the moment tensors imply are not readily apparent; 
however, by creating multiple, smaller-width cross-sections along-
strike, we are able to tease out more coherent images of structures 
varying in orientation and geometry (Fig. 2b and Supplementary 
Fig. 2B). Bivariate histograms (density plots) of aftershocks for  

each cross-section (Fig. 2c and Supplementary Fig. 2C) show steep 
structures within our complex zone of seismicity; in particular,  
profile line F–F’ shows at least three parallel steep structures.  
The average dip of these three structures (measured directly from 
Fig. 2c) is 45°—consistent with the average dip of steeply dipping 
thrust moment tensors.

Lesser Himalayan duplex
Previous workers have suggested that the high microseismic  
activity beneath the foothills of the Lesser Himalaya occurs on a 
more-steeply dipping MHT plane11,12,29—a mid-crustal ‘ramp’. Such 
a ramp linking the down-dip tip of our shallow southern segment 
of the MHT with the up-dip tip of our deeper northern segment 
would dip ~8° and be analogous to this geometry. However, on the 
basis of moment tensors and earthquake distributions (Fig. 2b and 
Supplementary Fig. 2B), we interpret the diffuse area of seismicity 
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within a cross-section 35 km wide at 86° E. All cross-sections are true scale and plotted below mean sea level.

NATuRE GEoSciENcE | VOL 12 | DECEMbER 2019 | 1018–1022 | www.nature.com/naturegeoscience1020

http://www.nature.com/naturegeoscience


ArticlesNature GeoscieNce

as a duplex—a series of steeply dipping imbricate faults bounded by 
a sole and roof thrust. The duplex is most clearly recognized in the 
easternmost cross-section (Fig. 2b, profile line F–F’), where at least 
three high-angle active faults between 10 and 20 km are illuminated 
by the aftershock distribution. Robust moment tensors (Fig. 2b) 
corroborate activity on these steeply dipping faults. Furthermore, 
the 2015 Mw 7.3 Kodari earthquake (blue moment tensor, Fig. 2b) 
probably indicates the location of the MHT below. Although the 
increasingly low level of aftershock activity towards the western part 
of our study area is insufficient to clearly define a similar duplex, 
this does not necessarily mean that the along-strike extent of the 
duplex is limited—the low seismic activity may have simply failed 
to illuminate the duplex there.

Field mapping performed near our study areas in central16,35  
and western Nepal17 suggests that seismicity from 5 to 20 km  
depth is associated with the development of a Lesser Himalayan 
duplex; coincidently, vertically above this zone of seismicity—to 
the surface trace of the Main Central Thrust (MCT)—is where 
the maximum rates of surface uplift and horizontal convergence 
between India and southern Tibet are measured36. The develop-
ment of a duplex system has been inferred to occur by the south-
ward migration of a more localized ramp—in contrast to one  
that is much larger and shallowly dipping12,22,23,37—along the MHT, 
which is the leading edge of the sole thrust of a duplex16,17, where 
material is successively scraped off the underthrusting Indian  
plate. As this ramp propagates southward, more thrust sheets  
(older ramps) are incorporated into the Lesser Himalaya duplex. 
This stacking process of similar lithological units tends to express 
itself at surface-level—before erosional unroofing (present-day 
outcrops)—by passively folding the overlying crystalline rock and 
forming a large foreland-verging thrust-cored antiform38. A local 
example of this is the partly eroded Gorkha–Pokhara antiform35 to 
the western side of our network, between the MCT and Kathmandu 
Klippe (a remnant thrust-sheet outlier). The MCT in particular  
is responsible for carrying the Greater Himalayan Kathmandu 
Klippe 125 km over the Lesser Himalaya, which includes the 
Ramgarh–Munsiari thrust and the rocks within the duplex38. In 
central Nepal, a regional antiform is depicted north of Kathmandu, 
where studies infer that the southward overthrusting/duplexing of 
younger greenschist-facies metasedimentary rocks of the Lesser 
Himalayan Sequence began beneath the older MCT16 during the 
mid-Miocene38. These surface observations of a duplex in central  
and western Nepal help us to infer that the intense seismicity 
between 48–70 km north of the MBT along the entire length of  
the aftershock zone may illuminate parts of the duplex system  
with varying levels of activity. Hence, the MHT in this area is not 
confined to a single ramp/thrust.

Investigations that have employed other methods—for example, 
thermal and kinematic modelling21—are consistent with the afore-
mentioned geological studies, as they explore the mechanisms 
behind crustal shortening in this region. Whipple et al.23 comple-
ment our observations with geodetic (interferometric synthetic 
aperture radar and GPS) data around the Gorkha and Kodari earth-
quakes. They suggest that an out-of-sequence steeply dipping fault 
at the foot of the Greater Himalaya—one that could have initially 
manifested within a duplex and eventually breached the roof thrust 
to more shallow depths above the MHT—is mechanically necessary 
to explain the present-day scenario of internal deformation that is 
capable of sustaining topographic uplift. Other geophysics-based 
studies have argued for a mid-crustal ramp on the MHT, beneath 
the Greater Himalaya foothills—such as implied between the front 
and rear of our duplex (Fig. 2a)—as the primary driver for topo-
graphic growth12,29,37. In a similar location to these proposed geo-
metrical models, we observe a duplex, providing a mechanism of 
internal deformation and consequent high topography along the 
Himalayan arc21,23,29.

Reconciling previous models
In the model proposed here for the MHT in Nepal, the southern, 
shallower plane is well constrained by 587 events spanning ~30 km 
down-dip. The northern, deeper plane is less constrained since 
events dramatically decrease in abundance as they span ~15 km 
down-dip. The duplex in the zone of seismic complexity is the car-
dinal feature that connects these two planes. In Fig. 2a, we com-
pare our duplex model—which is based on our high-resolution 
seismicity catalogue and moment tensors—with a select group of 
previous models that effectively highlight the most common geo-
metric interpretations of the MHT in the same general area. On the 
basis of geology and source parameters of the Gorkha earthquake, 
Hubbard et al.19 developed a model that shows the MHT as having 
a middle ramp and a deep ramp that dip at 26°, and are separated 
by a middle (flat) décollement shallowly dipping at 7°. North of the 
deep ramp, the décollement flattens out again, dipping at 7°. Our 
proposed duplex lies between the two ramps proposed by Hubbard 
et  al.19. From geodetic data, Elliott et  al.12 suggest that the MHT 
has a single, steep 15–25° mid-crustal ramp in the region of our 
duplex, connecting two flat segments (5° and 5–7°). Although our 
model has similar flat segments to theirs, ours involves a complex 
duplex as opposed to a single mid-crustal ramp. This difference 
should be expected, though, since geodetic models lack the reso-
lution to distinguish between a duplex and a single ramp at this 
depth. By contrast, receiver function images from the Hi-CLIMB 
(Himalayan-Tibetan Continental Lithosphere During Mountain 
Building) experiment25 show a small but continuous increase in 
the dip of the MHT that begins beneath the Greater Himalaya, as 
opposed to having either a flat ramp–flat geometry or a duplex. In 
contrast to these previous models that have lower spatial resolu-
tion12,25 or rely on assumptions about fault geometries19, our model 
is derived directly from earthquake activity on the faults we seek 
to image, so it is inherently more likely to capture the true com-
plexity of the MHT. The other notable difference in our model is 
that our southern flat segment, well constrained by the copious 
aftershock seismicity and within the likely uncertainty of the pre-
vious receiver–function image25, is substantially deeper beneath 
the Kathmandu Klippe than a model based only on the main 
shock12 plus assumptions about possible geological constraints19. 
Because our data contains no evidence for an active ‘ramp 1’  
(Fig. 2a), our model has a much larger cross-sectional accommoda-
tion area above the active MHT that will require redrawing of existing  
balanced cross-sections.

In conclusion, we present a new model of the MHT in Nepal 
based on the Mw 7.8 Gorkha earthquake aftershock sequence 
that occurred primarily along the locked-to-creeping transi-
tion within a duplex. In doing so we reconcile surface geologi-
cal observations16–21 with geophysical studies12,22–26 surrounding 
complex structural characteristics of the MHT, as it has criti-
cal implications for Himalayan tectonics, kinematic models, 
earthquake source dynamics and seismic hazard. Tectonic stress 
is accommodated by an actively deforming duplex, particu-
larly by the steeply dipping imbricate faults within it. The geo-
metrical transition of the MHT from planar, to duplex, to planar  
again probably acts as an internally deforming tectonic doorstop 
that essentially impedes subduction of the Indian plate, causing 
stress concentrations on highly sensitive faults39 that may help nucle-
ate and control the rupture process of large earthquakes along the 
MHT, such as the 2015 Gorkha event. The presence of this duplex 
with abrupt and complex changes in dip angles along the MHT is 
a characteristic of crustal shortening that creates the physiographic 
transition from Lesser Himalaya into Greater Himalaya12,20,29,37.
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Methods
Using the Antelope (version 5.8, Boulder Real Time Technologies) software 
package, P-wave phases were automatically picked by running a short-term 
average/long-term average (STA/LTA) filter on all stations between 1 and 5 Hz and 
between 5 and 12 Hz. Candidate phases that did not meet a preset signal-to-noise 
ratio were discarded. We then used a second automatic algorithm, dbshear40, to 
detect S-wave arrivals between 5 and 12 Hz to accurately determine hypocentres. 
Next, P and S phases detected by at least four stations were associated with a 
preliminary event using a fine three-dimensional travel-time grid. Initial events 
were then relocated by perturbing (inverting) their origins on said grid to refine 
final locations and produce error estimates. Events that were relocated on the edges 
of the grid (the Cartesian aperture of the network) were discarded. All parameters 
used in the detection and location process were finalized once results became 
consistent with our mini trial catalogue where the equivalent process was exercised 
visually and manually (for example, by hand-picking arrivals of seismic phases). 
Lastly, ML was computed in Antelope for the finalized relocated events.

The 12,613 events that constitute our absolute catalogue were then passed 
into HypoDD (version 1.3)28 to be relatively relocated, but only events that were 
located with at least five phase arrivals were used. The conjugate gradients method 
(LSQR)41 was used for relative relocation. Notable parameters in HypoDD28 to 
achieve such tight clustering between event pairs are the following: a minimum 
of eight catalogue links per event pair, a minimum of eight phase links to define a 
neighbour and a maximum separation value of 4 km between event pairs. In both 
location procedures of Antelope and HypoDD28 a local velocity model was used29. 
This left us with a final earthquake catalogue containing 8,292 events, with local 
magnitudes varying between –0.3 and 5.1 (Supplementary Fig. 1a). A maximum 
likelihood analysis42 shows that our catalogue is complete above a magnitude of 1.8 
and has a b value of 0.8 (Supplementary Fig. 1a). Important to note is that for two 
brief periods—in early September and late December of 2015—our stations began 
to run out of disk space, resulting in a sudden decrease in aftershock detections; 
nonetheless, the frequency of aftershocks diminished gradually over time in an 
Omori law-like manner (Supplementary Fig. 1a).

To derive a model for the upper and lower planes of the MHT, we excluded the 
blob of seismicity as well as the sparse seismicity north of our northernmost station 
(87 km north of the MBT) and south of the southern band of seismicity. The two 
bands of moderate and diffuse seismicity were then contoured by density. For 
the densest regions within these contours (black dots in Fig. 2a), we determined 
two best-fitting straight lines to estimate the dip and depth of the northern 
and southern planes of the MHT. In this analysis, because we collapsed all the 
seismicity beneath the NAMASTE array onto a single cross-section perpendicular 
to the MBT, the strike of these planes is required to be ~292°. Although this 
method ignores along-strike variability in structure, our simple approach allows 
us to define representative parameters for the geometrically simple subhorizontal 
segments of the MHT.

Data availability
The waveform dataset and metadata are unrestricted and freely available through 
the IRIS Data Management Center website (https://ds.iris.edu/ds/nodes/dmc/) 
under network code ‘XQ: Rapid Response to the Mw 7.9 earthquake of April 25, 
2015 in Nepal’. The data that support the findings of this study can be obtained by 
referring to the supplementary information or contacting the author.

code availability
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information from the original publications. Requests for further materials should 
be directed to the corresponding author.
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