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Abstract
Seismic hazard assessment in the Himalayan region remains highly uncertain due to the limited historical
record and complex fault behaviour. To help address this, we present a 10,000-year long catalogue of syn-
thetic earthquake ruptures on the Main Himalayan Thrust (MHT), one of themost hazardous continental fault
systems on Earth. Simulationswere performed by implementing geodeticmodels of theMHT’s geometry and
slip rate into the physics-based Rate-and-State Earthquake Simulator (RSQSim), which applies the concepts
of rate and state-dependent friction to generate long-duration synthetic earthquake catalogues. TheMHT cat-
alogue we generated reproduces key characteristics of observed seismicity, including magnitude-frequency
distributions, rupture extents, and spatial patterns along theMHT. A key result is that low-coupling zones, pre-
viously inferred from geodetic data, consistently act as rupture barriers in the simulations, effectively limiting
themaximummagnitude toMw 8.9. In addition, we implemented this MHT RSQSim catalog into a stochastic
probabilistic seismic hazard assessment (PSHA) of Nepal and compared the hazard estimates to a conven-
tional PSHA model. At 10% probability of exceedance (PoE) in 50 years, the maximum difference (RSQSim
derived hazard - classical PSHA) in Peak Ground Acceleration (PGA) range from +0.1g (+20%) to -0.6g (-70%),
while at 2% PoE in 50 years the differences are +0.3g (+30%) to -0.6g (-40%), and at 0.5% PoE in 50 years, it is
+0.4g (+30%) to -0.7g (-40%). In relative terms, 84% of sites have an absolute hazard difference below 60% at
10% PoE in 50 years, while 84 % of sites have an absolute hazard difference below 30% for 2% and 0.5% PoE
in 50 years. Our results suggest that physics-based simulations offer a valuable complement to conventional
source models, particularly for faults with variable rheologies and limited earthquake records like the MHT.

1 Introduction

The Himalayan mountain range is the most prominent
surface expression of the ongoing collision between the
Indian and Eurasian plates, active since the Eocene.
The convergence rate between the Indian and Eurasian
plates occurs at a rate of 40 mm/year, with approx-
imately half accommodated by the Main Himalayan
Thrust (MHT) (e.g., Bilham et al. 1997; Larson et al.
1999; Jouanne et al. 2004; Stevens et al. 2018; Dal Zilio
et al. 2020). In turn, this convergence has been ac-
commodated by a spectrum of seismic events along the
MHT, ranging from blind thrust events, such as the
1833 Mw 7.5 ± 0.3 Nepal Earthquake and 2015 Mw 7.8
Gorkha Earthquake (Bilham, 1995; Elliott et al., 2016), to
surface-rupturing megathrust events like the 1950 Mw

8.5 Assam Earthquake (Chen and Molnar, 1977), 1934
Mw 8.2 Bihar-Nepal Earthquake (Sapkota et al., 2012),
and Mw 8.0±0.5 Lo Mustang Earthquake in 1505 (Jack-
son 2002; Ambraseys and Jackson 2003). These seis-
mic behaviours reflect the interplay between long-term
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tectonic deformation and transient rupture processes
that shape the Himalaya across multiple timescales
(Dal Zilio et al., 2021).

Since 1800, earthquakes in the Himalayas have
caused over 150,000 documented fatalities (Bilham,
2019). Accurate characterization of the MHT’s earth-
quake rates, magnitudes, and rupture extents is thus
critical for assessing seismic hazard in one of the
world’smost densely populated regions. However, fore-
casting future MHT seismicity is challenging due to the
limited length and completeness of instrumental and
historical earthquake records. While paleoseismic data
can help extend these records further back in time,
interpretation of these data in the MHT is often non-
unique and debated (e.g., Kumar et al. 2006; Sapkota
et al. 2012; Le Roux-Mallouf et al. 2020). Moreover, ob-
taining paleoseismic data in the Himalayas poses addi-
tional challenges due to its rugged and inaccessible to-
pography and high erosion rates (Stevens et al., 2018),
and that these records inherentlymiss blind earthquake
ruptures that appear to be common along the MHT.

In this study, we examine if the physics-based earth-
quake simulator RSQSim can help address the gap be-
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Figure 1 (a) Interseismic coupling factor and slip rates on the MHT (Dal Zilio et al., 2020). Creeping, locking, and transition
zones are defined based on the coupling factor. TheMHT surface trace is illustrated by a solid black line with barbs indicating
the fault hanging wall. (b) Ramp-flat-ramp geometry of the MHT at A-A section after Elliott et al. (2016). (c) Planar geometry
of the MHT at B-B section after O’Kane et al. (2022)

tween theMHT’s incomplete earthquake record and the
needs of seismic hazard models. We begin by describ-
ing how geological, seismic, and geodetic data were
used to constrain theMHT’s 3Dgeometry, slip rates, and
frictional properties into RSQSim. We then evaluate the
synthetic catalogue of MHT earthquakes produced by
RSQSim by comparing its magnitude-frequency distri-
bution (MFD) with historical and instrumental seismic-
ity on the MHT. Additionally, we compared the spatial
extent of rupture suggested by RSQSim with those ob-
served in historical earthquakes in the Himalayas. In
particular, we investigate whether previously inferred
low-coupling zones —defined as areas with low ratios
of slip deficit to long-term slip rate— act as barriers
to large earthquake rupture propagation. Finally, we

generate stochastic probabilistic seismic hazard (PSH)
maps from the RSQSim catalogue and compare them
with previously published PSHmodel for Nepal.

2 The Rate and State Earthquake Sim-
ulator (RSQSim)

Multiple physics-based earthquake simulators are now
available (Pollitz, 2012; Ward, 2012; Sachs et al., 2012).
In this study, we selected RSQSim to model the long-
term seismicity on the MHT due to its computational
efficiency and its demonstrated ability to reproduce
historical earthquake patterns across several regions
(Shaw et al., 2018, 2022; Niroula et al., 2025; Herrero-
Barbero et al., 2021). RSQSim is a 3D boundary element
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���-�.�*�) � �/ ���'�Ù�Ú�¦�®�®�®�Ü���*�0���)�)� � �/ ���'�Ù�Ú�§�¥�¥�©�ù�Ù ��� �*��� �ð
�/�$�� �(�*��� �'�. �$�)���$�����/� �/�#���/ �/�#� ���	�� �������*�(�(�*�����/� �.� �ª�¥�¶
�*�! �/�#�$�. ���*�)�1� �-�"� �)��� �-���/� ���)�� �/�#���/ �.�'�$�+ �-���/� �. �$�)���-� ���.� 
�!�-�*�( �2� �.�/ �/�* � ���.�/ ���4 �1���-�4�$�)�" ���(�*�0�)�/�.�Û �!�-�*�( �¦�¨�Ù�¨�Ë�¦�Ù�¬
�(�(���4�- �/�* �§�¦�Ù�§�Ë�§�Ù�¥ �(�(���4�- �ø���/� �1� �)�. ���)�� ���1�*�0�����Ú�§�¥�¦�ª�ù�Ú
�!�-�*�( �¦�¨�Ù�¦�Ë�¥�Ù�­ �/�* �§�¥�Ù�­�Ë�­�Ù�­ �ø�����' ���$�'�$�* � �/ ���'�Ù�Ú�§�¥�§�¥�ù�Ú �*�- �!�-�*�(
�¦�ª�Ù�¨ �/�* �§�¥�Ù�§ �ø�
�$�)���.� �4 � �/ ���'�Ù�Ú�§�¥�¦�­�ù�Ù ���'�' �/�#� �.� �.�'�$�+ �-���/� �. ���-� 
���*�)�.�$�.�/� �)�/ �2�$�/�# �/�#� �'�*�)�"�ð�/� �-�( �"� �*�'�*�"�$�����' ���)�� �"� �*�(�*�-�ð
�+�#�$�� �.�'�$�+ �-���/� �. �ø� �Ù�"�Ù�Ú���/� �1� �)�. ���)�� ���1�*�0�����Ú�§�¥�¦�ª�ù�Ù

���#� �-� ���-� �.� �1� �-���' �"� �*��� �/�$�����'�'�4 ��� �-�$�1� �� ���*�0�+�'�$�)�"
�(�*��� �' �!�*�- �/�#� �	�$�(���'���4�� �-� �"�$�*�) �ø� �Ù�"�Ù�Ú����� �- � �/ ���'�Ù�Ú�§�¥�¦�§�Ü
���-� � �%�$�/�# � �/ ���'�Ù�Ú�§�¥�¦�­�Ü���/� �1� �)�. ���)�� ���1�*�0�����Ú�§�¥�¦�ª�Ü�
�$ � �/ ���'�Ù�Ú
�§�¥�¦�­�Ü�����' ���$�'�$�* � �/ ���'�Ù�Ú�§�¥�§�¥�Ü������� �$ � �/ ���'�Ù�Ú�§�¥�§�©�ù�Ù ���*�.�/ �*�!
�/�#� �.� �(�*��� �'�. ���-� �Ú �#�*�2� �1� �-�Ú �-� �"�$�*�)���' �$�) � �3�/� �)�/�Ü ���)�� �.�*
�2� �!�*���0�. �*�) �/�2�* �(�*��� �'�. �/�#���/ � �3�/� �)�� �/�#�-�*�0�"�#�*�0�/ �/�#� �	�$�ð
�(���'���4�� �ø���/� �1� �)�. ���)�� ���1�*�0�����Ú�§�¥�¦�ª�Ü�����' ���$�'�$�* � �/ ���'�Ù�Ú�§�¥�§�¥�ù�Ù
�
�) �/�#� �����.� �*�!���/� �1� �)�. ���)�� ���1�*�0�����ø�§�¥�¦�ª�ù �/�#� ���	�� �$�.
�$�)�!� �-�-� �� �/�* �0�)�$�!�*�-�(�'�4 �'�*���&� �� ���'�*�)�" �$�/�. �'� �)�"�/�# ���)�� �/�* ��
���*�2�)�ð���$�+ ���$�.�/���)��� �*�! �����*�0�/ �¦�¥�¥�Ë�§�¥ �&�(�Ù ���/ �/�#�$�. ���*�2�)���$�+
� �3�/� �)�/�Ú �/�#� �-� �$�. �� �.�#���-�+ �/�-���)�.�$�/�$�*�) ��� �/�2� � �) �/�#� ���	���ç�.
�'�*���&�$�)�" ���)�� ���-� � �+�$�)�" �5�*�)� �.�Ù ���*�-� �-� ��� �)�/�'�4�Ú�����' ���$�'�$�*
� �/ ���'�Ù�ø�§�¥�§�¥�ù �0�.� �� �� �!�0�'�'�4 �����4� �.�$���) ���+�+�-�*�����# �/�#���/ �$�)���$�ð
�����/� �� �1���-�$�����'� �$�)�/� �-�.� �$�.�(�$�� ���*�0�+�'�$�)�" ���'�*�)�" �/�#� ���	���Ú
�2�$�/�# �!�*�0�- �#�$�"�#�'�4 ���*�0�+�'� �� �+���/���#� �. �.� �+���-���/� �� ���4 �/�#�-� � 
�'�*�2�ð���*�0�+�'�$�)�" �5�*�)� �. �ø���$�"�Ù�¦���ù�Ù ���#� �.� �/�#�-� � �'�*�2�ð���*�0�+�'�$�)�"
�5�*�)� �. ���'�.�* ���*�-�-� �.�+�*�)�� �/�* �-� �"�$�*�)�. �2�$�/�# �'�*�2� �- �$�)�.�/�-�0�(� �)�ð
�/���' �.� �$�.�(�$���$�/�4 �-� ���*�-�� �.�$�)��� �¦�®�ª�¥ �ø���$�"�Ù� �̈ù�Ù ���0�-�/�#� �-�(�*�-� �Ú
�0�)�'�$�&� �/�#� ���/� �1� �)�. ���)�� ���1�*�0�����ø�§�¥�¦�ª�ù �(�*��� �'�Ú �/�#�$�. �(�*��� �'
�$�)���$�����/� �� �"�-�����0���' �1���-�$���/�$�*�)�. �$�) ���*�0�+�'�$�)�" ��� �/�2� � �) �'�*���&�ð
�$�)�" ���)�� ���-� � �+�$�)�" �5�*�)� �. �*�) �/�#� ���	���Ù

�· ���	�� ���������$�( �(�*��� �'

��� �0�.� �� ���������$�( �/�* �.�$�(�0�'���/� �� �¦�ª�Ú�¥�¥�¥�ð�4� ���- �-� ���*�-�� �*�!
���	�� �.� �$�.�(�$���$�/�4�Ù ���* ���1�*�$�� ���-�/�$�!�����/�. ���.�.�*���$���/� �� �2�$�/�#
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�� � ��� �$�.�(�$�� �	���5���-�� �*�) �/�#� �����$�) �	�$�(���'���4���) ���#�-�0�.�/ �!�-�*�( ���#�4�.�$���.�ÿ�����.� �� �����-�/�#�,�0���&� ���$�(�0�'���/�$�*�)�.

���$�"�0�-� �µ������ ���*�(�+���-�$�.�*�) �*�! �������. �*�! �.�4�)�/�#� �/�$�� � ���-�/�#�,�0���&� �. �!�-�*�( �/�#� ���	�� ���������$�( �(�*��� �' �!�*�-� �Œ �³�é�µ�ê �³�é�·�ê ���)�� �³�é�¹�é ������ ���*�(�ÿ
�+���-�$�.�*�) �*�! �/�#� ������ �*�! �.�4�)�/�#� �/�$�� � ���-�/�#�,�0���&� �. �!�-�*�( ���������$�( ���µ�³ �3 �¸�³�³ �4� ���-�. �.�0���ÿ�����/���'�*�"�.�� �2�$�/�# �$�)�.�/�-�0�(� �)�/���' � ���-�/�#�,�0���&� �. �¸�é�¸
� M w �Ž �º�é�¸ ���´�¼�¸�³ �ÿ �µ�³�µ�³�� ���)�� �#�$�.�/�*�-�$�����' � ���-�/�#�,�0���&� �.M w � �º�é�¸ �*�) �/�#� ���	�� �.�$�)��� �´�¸�³�³�é ���#� �-� �� �'�$�)� �.�#�*�2�. �(� ���) ������ �!�-�*�(
���������$�(�ê ���)�� �/�#� ���'�����& �'�$�)� �.�#�*�2�. �/�#� �$�)�.�/�-�0�(� �)�/���' ���)�� �#�$�.�/�*�-�$�����' � ���-�/�#�,�0���&� �.�é ���#� �#�$�.�/�*�-�$�����' ���)�� �$�)�.�/�-�0�(� �)�/���' � ���-�/�#�,�0���&� 
�������. ���-� �*���/���$�)� �� �!�-�*�(���/� �1� �)�. ���)�� ���1�*�0�������µ�³�´�¹�� ���)�� �/�#� �
�)�/� �-�)���/�$�*�)���' ��� �$�.�(�*�'�*�"�$�����' ��� �)�/�-� ���
������ �����/���'�*�"�0� �����$ ���$�����*�(�*
� �/ ���'�é�ê�µ�³�´�¸���é �������ê �������ê ���)�� ��� �� �.�#�*�2 ���0�(�0�'���/�$�1� �+�-�*�������$�'�$�/�4 ���$�.�/�-�$���0�/�$�*�) �!�*�- � �1� �)�/ �)�0�(��� �-�. �+� �- �4� ���-M w � �¹�é�³�êM w � �º�é�³�ê ���)��
M w � �»�é�³�ê �-� �.�+� ���/�$�1� �'�4�é���#� �1� �-�/�$�����' �����.�#� �� �'�$�)� �. �.�#�*�2 �/�#� �$�)�.�/�-�0�(� �)�/���' ���)�� �#�$�.�/�*�-�$�����' � ���-�/�#�,�0���&� �-���/� �.�é

�(�*��� �' �$�)�$�/�$���'�$�5���/�$�*�)�Ú �2� ���$�.�����-��� �� �/�#� �ž�-�.�/ �ª�Ú�¥�¥�¥ �4� ���-�. ���.
�� �æ�.�+�$�)�ð�0�+�ç �+� �-�$�*���Ú ���0�-�$�)�" �2�#�$���# ���������$�( � �1�*�'�1� �. �/�*�2���-��
�� �.�/���/�$�.�/�$�����'�'�4 �.�/� �����4 �.�/���/� �ø���#���2 � �/ ���'�Ù�Ú�§�¥�§�§�Ü�	�0�"�#� �.
� �/ ���'�Ù�Ú�§�¥�§�¨�ù�Ù ���* �$�(�+�'� �(� �)�/ �/�#� ���	���ç�. �$�)�/� �-�.� �$�.�(�$�� ���*�0�ð
�+�'�$�)�" �!�����/�*�-�Ú �.�'�$�+ �-���/� �Ú ���)�� �"� �*�(� �/�-�4 �$�)�/�* �/�#� ���������$�(�Ú
�2� �����*�+�/� �� �/�#� �(�*�.�/ �-� ��� �)�/ �"� �*��� �/�$�� ���*�0�+�'�$�)�" �(�*��� �'
�ø�����' ���$�'�$�* � �/ ���'�Ù�Ú�§�¥�§�¥�ù�Ù �� �-� �,�0�$�-� �(� �)�/ �*�! �0�.�$�)�" �/�#�$�.
�(�*��� �' �$�. �/�#���/ �/�#� ���	�� �#���. �� �0�)�$�!�*�-�( �+�'���)���- �"� �*�(� �/�-�4
�2�$�/�# �� ���$�+ �*�! �¦�¥� ��� �"�-� � �. �ø�����' ���$�'�$�* � �/ ���'�Ù�Ú�§�¥�§�¥�ù�Ù ���#� 
�!���0�'�/ �.�0�-�!����� �2���. ���$�.���-� �/�$�5� �� ���/ �© �&�( �-� �.�*�'�0�/�$�*�)�Ú �4�$� �'���$�)�"
���+�+�-�*�3�$�(���/� �'�4 �¬�¥�Ú�¥�¥�¥ �!���0�'�/ �+���/���#� �.�Ù �����.� �� �*�) �/�#� ���	��
���*�0�+�'�$�)�" �!�����/�*�-�.�Ú �2� ��� �ž�)� �� �'�*���&�$�)�" �øcouplingfactor �
0:5�ù�Ú �/�-���)�.�$�/�$�*�) �ø0:2 < couplingfactor < 0:5�ù�Ú ���)�� ���-� � �+�ð
�$�)�" �øcouplingfactor � 0:2�ù �5�*�)� �. �ø���$�"�Ù �¦���ù�Ù ���*�'�'�*�2�ð
�$�)�" �+�-� �1�$�*�0�. ���������$�( �.�$�(�0�'���/�$�*�)�. �ø� �Ù�"�Ù�Ú�	�0�"�#� �. � �/ ���'�Ù�Ú
�§�¥�§�¨�Ü��� �'�*�"�&�*�. � �/ ���'�Ù�Ú�§�¥�§�¨�ù�Ú �2� ��� �-�$�1� �� �/�#� �� ���)�� �� ���*�)�ð
�.�/���)�/�. �*�! �/�#� �-���/� ���)�� �.�/���/� �!�-�$���/�$�*�) � �,�0���/�$�*�) �ø���$� �/� �-�$���#�Ú
�¦�®�¬�®�Ü���0�$�)���Ú�¦�®�­�¨�ù �!�-�*�( ���) �$�/� �-���/�$�1� ���+�+�-�*�����# �/�#���/ �.� �ð
�'� ���/�. �/�#� �.� �1���'�0� �. �!�-�*�( �/�#�*�.� �/�#���/ �-� �.�0�'�/ �$�) � ���-�/�#�,�0���&� 
�/�#���/ ���-� �(�*�.�/ ���*�)�.�$�.�/� �)�/ �2�$�/�# � �(�+�$�-�$�����' �(���"�)�$�/�0��� ���-� ���ð
�.�����'�$�)�" �-� �'���/�$�*�)�. �*�! ���*�)�/�$�)� �)�/���' �ø���/�$�-�'�$�)�" � �/ ���'�Ù�Ú�§�¥�§�¨�Ü
���#�$�)�"�����$�%���( � �/ ���'�Ù�Ú�§�¥�¦�¬�Ü���'�'� �) ���)�� �	���4� �.�Ú�§�¥�¦�¬�ù ���)��
�.�0�����0���/�$�*�) �5�*�)� � ���-�/�#�,�0���&� �. �ø� �Ù�"�Ù�Ú���#���2 � �/ ���'�Ù�Ú�§�¥�¦�­�Ú
�§�¥�§�§�Ü�	� �-�-� �-�*�ð�����-��� �-�* � �/ ���'�Ù�Ú�§�¥�§�¦�Ü �������'� �¦�Ú ���$�"�Ù ���¦�ù�Ù

�
�/ �$�. ���*�(�(�*�) �$�) ���������$�( ���)�� �*�/�#� �- �+�#�4�.�$���.�ð�����.� �� �.�$�(�ð
�0�'���/�$�*�)�. �/�* �0�.� �"�'�*�����'�'�4 �����'�$���-���/� �� �!�-�$���/�$�*�) �+���-���(� �/� �-�.
�ø�	� �-�-� �-�*�ð�����-��� �-�* � �/ ���'�Ù�Ú�§�¥�§�¦�Ü���#���2 � �/ ���'�Ù�Ú�§�¥�§�§�Ü�	�0�"�#� �.
� �/ ���'�Ù�Ú�§�¥�§�¨�ù�Ù �	�*�2� �1� �-�Ú �$�) �/�#� �����.� �*�! �/�#� ���	���Ú �.�/�0���$� �.
�#���1� �$�)�!� �-�-� �� �� �-���)�"� �*�! � �.�/�$�(���/� �. �!�*�- �$�/�. �.�/���/�$�� ���)�� � �!�ð
�!� ���/�$�1� �!�-�$���/�$�*�) �.�/�-� �)�"�/�#�Ù�����/�/�$�) ���)�� ���1�*�0�����ø�§�¥�¥�¥�ù � �.�/�$�ð
�(���/� �� �/�#� ���+�+���-� �)�/ �!�-�$���/�$�*�) ���*� �¢���$� �)�/ �/�* ��� � �¥�Ù�¨ �!�*�-

�/�#� �Ÿ���/ �.� �"�(� �)�/ ���)��� �¥�Ù�« �!�*�- �/�#� �-���(�+ �.� �"�(� �)�/ �*�! �/�#� 
���	���Ù ���4 ���*�)�/�-���.�/�Ú���*�'�'�$�)�"� �- � �/ ���'�Ù�ø�§�¥�¥�©�ù �.�0�"�"� �.�/� �� �/�#���/
�/�#� �!�-�$���/�$�*�) �*�) �/�#� ���	�� �$�. ��� �'�*�2 �¥�Ù�¨ ���)���	� �-�(���) � �/ ���'�Ù
�ø�§�¥�¦�¥�ù �+�-�*�+�*�.� �� ���) � �¡� ���/�$�1� �!�-�$���/�$�*�) ���*� �¢���$� �)�/ �*�! �'� �.�.
�/�#���) �¥�Ù�¥�¬�Ù ���* � �3�+�'�*�-� �/�#� �$�)�Ÿ�0� �)��� �*�! �/�#�$�. �0�)��� �-�/���$�)�/�4
�*�) �/�#� �.�$�(�0�'���/�$�*�)�.�Ú �2� �"� �)� �-���/� �� ���������$�( �����/���'�*�"�0� �.
�2�$�/�# �/�#� ���*� �¢���$� �)�/ �*�! ���4�)���(�$�� �!�-�$���/�$�*�)� �.� �/ �/�* �¥�Ù�§�Ú �¥�Ù�©�Ú
���)�� �¥�Ù�« �ø�������'� �¦�ù�Ù ���#� �-� �.�0�'�/�. �$�)���$�����/� �� �/�#���/ �/�#� �(�*��� �'
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