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Abstract Recent studies have shown that the Himalayan region is under the threat of earthquakes of
magnitude nine or larger. These estimates are based on comparisons of the geodetically inferred moment
deficit rate with the seismicity of the region. However, these studies did not account for the physics of
fault slip, specifically the influence of frictional barriers on earthquake rupture dynamics, which controls
the extent and therefore the magnitude of large earthquakes. Here we combine an improved probabilistic
estimate of moment deficit rate with results from dynamic models of the earthquake cycle to more fully
assess the seismogenic potential of the Main Himalayan Thrust (MHT). We propose a straightforward
and efficient methodology for incorporating outcomes of physics-based earthquake cycle models into
hazard estimates. We show that, accounting for uncertainties on the moment deficit rate, seismicity and
earthquake physics, the MHT is prone to rupturing in M w 8.7 earthquakes every T > 200 years.
Plain Language Summary

Recent studies have shown that the Himalayan region is under
the threat of earthquakes of magnitude nine or larger. To draw such estimates, researchers compare how
surface deformation translates as potential slip on a fault with the rate at which measured earthquakes
occur. In short, these studies only consider the kinematics of the region and compare current seismicity
with how much earthquakes are to be expected in the future considering the statistics of earthquakes
do not change with time. Therefore, these studies do not take advantage of the recent advances in fault
physics. Here, we compare surface deformation rates, earthquake catalogs and numerical simulations
of the earthquake cycle to assess the seismogenic potential of the Main Himalayan Thrust (MHT). Our
methodology incorporates outcomes of physics-based earthquake cycle simulations into hazard estimates.
We show that, accounting for all available uncertainties, the MHT is prone to rupturing in M w 8.7
earthquakes every T > 200 years.

1. Introduction
Historical records show that very large earthquakes have struck the Himalayan arc (e.g., Bilham, 2019;
Bollinger et al., 2014; Wesnousky, 2020). The 2015 M7.8 Gorkha (e.g., Avouac et al., 2015; Elliott et al., 2016;
Galetzka et al., 2015), 1950 ∼M8.7 Assam (Chen & Molnar, 1977) and 1934 ∼M8.4 Nepal-Bihar (e.g., Chen
& Molnar, 1977, 1983; Sapkota et al., 2013) earthquakes are the most recent examples of such hazard. These
large events occurred on the Indian-Eurasian plate interface called the Main Himalayan Thrust (MHT).
Paleoseismological studies of this megathrust have documented multiple >15 m slip events suggesting multiple M > 8.0 earthquakes over the last millennium (e.g., Kumar et al., 2010; Lave et al., 2005; Wesnousky
et al., 2017). Constraining this hazard and evaluating the magnitude of the largest possible earthquake,
hereafter referred to as maximum magnitude, is crucial in such a populous region.
© 2021. The Authors.
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In general, plate tectonics dictates that a region accommodates a certain amount of deformation in a given
time. Most evaluations of the seismic potential of a region estimate how this deformation rate is apportioned
among earthquakes of different magnitudes and recurrence intervals, using historical and instrumental
seismic catalogs as a guide. Significant efforts have been put forward in this direction in California (Field
et al., 2014), in Europe (Woessner et al., 2015) and in more local studies (e.g., Chartier et al., 2017). Some
models incorporate aspects of earthquake physics such as multi-fault ruptures or slip profiles within ruptures (e.g., Field et al., 2014), and a few attempts have been made to include other aspects (e.g., quasi-static
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elastic interactions; Shaw et al., 2018), but fault physics are not usually directly incorporated. This is largely
because physics-based models would significantly increase the computational time and power required to
derive large scale earthquake models such as the Himalayan arc.
One particular missing ingredient in such estimates is the influence of the spatial distribution of locked
sections of faults. The locking degree of a fault can be kinematically inferred from geodetic data, and is then
referred to as fault coupling,  (e.g., Chlieh et al., 2011; Hashimoto et al., 2009; Savage, 1983). At each point
on a fault, coupling ranges between 0, corresponding to a fault that slips aseismically at its long-term deformation rate (accruing no strain), and 1, corresponding to a locked fault (Avouac, 2015). In this framework,
locked regions of the fault accumulate moment deficit, an indicator of how much elastic strain accumulates
within the crust. Following the elastic rebound hypothesis (Reid, 1910), the moment deficit accumulated
during the interseismic period should be balanced on the long-term average by the moment released by
earthquakes and aseismic slip (Avouac, 2015; Molnar, 1979). Evaluating this “moment budget” can provide
first-order estimates of a regions seismic potential (e.g., Michel et al., 2018; Rollins & Avouac, 2019; Rong
et al., 2014; Shen et al., 2007; Stevens & Avouac, 2016, 2017).
The spatial variability of the slip budget along faults is not enough to constrain seismic hazard. On top of
modulating the moment budget, regions slipping aseismically influence the propagation and arrest of dynamic ruptures, controlling the size and thus the magnitude of earthquakes (Avouac, 2015; Béjar-Pizarro
et al., 2010; Kaneko et al., 2010; Pritchard et al., 2007). The physics of fault slip, controlled by factors such
as rheological properties and the history of stress along the fault, influences the timing and size of earthquakes, and so must be accounted for in hazard estimates. For instance, it has been recently proposed that
evaluating the ability of a fault to rupture using estimates of fracture energy would be a significant step
towards incorporating the physics of fault slip in hazard estimates (Weng & Ampuero, 2020).
On the MHT, moment budget evaluation based on previous coupling models and modern seismicity catalogs concludes that there is potential for millenary MW  9 earthquakes (Stevens & Avouac, 2016). However, the corresponding probability density function (PDF) of the maximum magnitude earthquake does not
exclude MW  10 events. Such events have not been observed or inferred on any fault on Earth and, if they
were to follow the empirical scaling between earthquake moment M0 and rupture area A, M0  A3/2 (e.g.,
Kanamori & Brodsky, 2004), would require rupture areas larger than the entire MHT. In addition, a recent
Bayesian evaluation of coupling along the MHT (which relaxes the strong assumptions required by previous
studies) suggests a more heterogeneous coupling distribution than previously inferred, including in particular an along-strike segmentation of the MHT with three segments that may act as aseismic barriers (Figure 1, Dal Zilio et al., 2020). These low-coupling sections of the megathrust should in principle influence
the size of earthquakes in the Himalayas, a hypothesis supported by historical earthquakes (Bilham, 2019;
Dal Zilio et al., 2021).
In this study, we develop a computationally efficient method to include the influence of fault physics on
seismic hazard estimates in the Himalayas and by extension in any setting. Our results suggest that earthquakes of magnitude comparable to that of the 1950 M w 8.7 earthquake are the most likely maximum magnitude earthquake in the Himalayas.

2. Overview of Method
Our approach combines geodetic, seismological and physical constraints to probabilistically evaluate the
seismic potential of the MHT. We convert the coupling model of Dal Zilio et al. (2020) into a probability density function (PDF) of total moment buildup rate (Section 3). We assume that on the long-term average, (a)
earthquakes and aseismic slip release moment at this same total rate (i.e., the moment budget is balanced)
and (b) earthquakes (excluding aftershocks) obey a power-law magnitude-frequency distribution (MFD)
up to a maximum magnitude (e.g., Michel et al. 2018). We build a suite of long-term earthquake rate models based on these criteria and, for each model, evaluate its probability in light of the seismic catalog. We
then multiply these probabilities by two physics- and data-driven priors (Section 4). First, we compute the
probability that the earthquakes in a given model would fit on the kinematically coupled part of the MHT,
using the empirical relation between seismic moment and fault area (e.g., Kanamori & Brodsky, 2004; Ye
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Figure 1. Regional setting of the Main Himalayan Thrust (MHT). (a) Interseismic coupling map along the MHT (Dal
Zilio et al., 2020). Black dashed lines indicate the position of the potential barriers to earthquake propagation. The
dots represent the microseismicity since 1995 from the ANSS catalog. Dark green dots are earthquakes selected for the
seismic potential analysis (<200 km from the MHT trench). Thick green lines indicate the spatial extent of historical
large earthquakes ( Mw  7.5 since 1500; Bilham, 2019). The thin solid blue line delimits the bottom extent of the
coupled zone, based on a coupling threshold of 0.3. The bottom left inset shows the probability density function of the
moment deficit rate. (b) Gray lines indicate the along-strike distribution of the mean coupling of each of the 360 000
coupling models (Supporting Information Text S1). The black line represents the mean value of the 360,000 coupling
models. The red dashed line indicates the coupling threshold of 0.3 used in this study. (c) Width of coupled zone based
on a coupling threshold of 0.3. Green shading indicates the width of the aseismic barriers for this particular case as an
example.

et al., 2016). Second, we include the probability that the earthquakes in a given model would have to cross
an aseismic barrier (in order to attain their full extent) and would be able to do so. Such statistics have been
evaluated in quasi-dynamic models of fault slip (Kaneko et al. 2010) and can be directly used in a probabilistic sense.
We define the probability of each seismicity model as PSM  PBudget PCat PSca PSeg , with PBudget the probability
of the models total moment rate (from the moment buildup rate PDF), PCat the probability of the model
considering the seismic catalog, PSca the probability of the model considering moment-area scaling laws and
PSeg the probability of the model considering the effect of aseismic barriers (Supporting I nformation Text S4;
MICHEL ET AL.

3 of 10

Geophysical Research Letters

10.1029/2021GL093106

Table S1). Note that any constraint can be added to this approach as long as it can be formulated as a probability density function.

3. Constraints From Coupling and Seismicity
We use the coupling model of Dal Zilio et al. (2020) (Figure 1) to build a PDF of moment buildup rate on
the MHT, estimate the available fault area, and estimate the size of potential aseismic barriers, effectively
propagating uncertainties in the original geodetic data to all of these constraints. Summed over the region,
moment deficit rate is normally distributed with a mean, MDR, and standard deviation,  MDR, of 9.88  0.29
1019 N.m.yr−1 (Figure 1; Supporting Information Text S1).
Each long-term earthquake rate model is characterized by a MFD, which we assume characterizes earthquakes excluding aftershocks. These MFDs depend on four parameters: b , which controls the relative rates
of small and large events; Mmax, the maximum magnitude;  s, the ratio of moment released by the earthquakes in the MFD to that released in total including aftershocks and aseismic deformation; and the total
moment rate of all earthquakes in each model. Assuming that the moment budget is balanced and the
MFD has a power-law form up to a maximum magnitude, the rates of earthquakes at all magnitudes can
be expressed in closed form and tied to the geodetic moment buildup rate (Avouac, 2015; Molnar, 1979). In
light of the debate on the shape of MFDs for large magnitude earthquakes (Frohlich, 2007; Kagan, 1993;
Wesnousky, 1995), we test two families of seismicity models. The first, which we call a truncated model, is
a cumulative power-law MFD (the Gutenberg-Richter law) truncated at Mmax (e.g., Avouac, 2015; Michel
et al., 2018; Stevens & Avouac, 2016). The second, which we call a tapered model, is formed from truncating
an incremental power-law MFD at Mmax, and has a tapered form in cumulative magnitude-log-frequency
space (Rollins and Avouac, 2019, Supporting Information Text S2, Figure S2). Note that it is not the same
as the tapered model used by (Kagan & Jackson, 2000) and subsequent studies. To compute the long-term
MFDs, we sample the space of Mmax , b and  s, assuming that Mmax and b have uniform priors and that  s
is normally distributed. The total moment release rate of each long-term MFD is a sample from the PDF of
the moment buildup rate (multiplied by the MFDs  s), so that the starting distribution of MFDs intrinsically
incorporates the distribution of PBudget .
For each MFD, at each magnitude Meach , we compute the probability that a Poisson process with the event
rate given by the MFD would, within the timespan of the seismic catalog, generate the exact number of
earthquakes of magnitude Meach that are in the seismic catalog. The catalog-based probability PCat for each
model is then the product of these probabilities over the magnitude bins. In this way, we probabilistically
estimate the long-term earthquake rates at each magnitude based on the moment budget and seismic catalog (Michel et al., 2018; Rollins & Avouac, 2019).
To estimate PCat, we need a declustered seismicity catalog (Supporting Information Text S3). We combine
two earthquake catalogs (Supporting Information Text S6 and Figure S9), one covering the instrumental
period (1995–2020, ANSS catalog, https://earthquake.usgs.gov/earthquakes/search/), the other including
M w  7.7 historical earthquakes (Bilham, 2019; Table S2), in a MFD with magnitude binning 0.5, corresponding roughly to the uncertainty on historical earthquake magnitudes. We decluster the instrumental
catalog using the probabilistic approach of Marsan & Helmstetter (2017) and retain events that are located within 200 km northward from the main frontal thrust, the surface expression of the MHT (Figure 1,
Supporting Information Text S6). We assume the historical catalog is declustered by nature and complete
after 1500 (Bilham, 2019) above M w 7.7. As the 1897 M w 8.2 Shillong earthquake was not on the MHT, we do
not include this event.

4. Constraints From Earthquake Physics
We separately evaluate the product PSca PSeg, the probability that an earthquake follows the moment-area scaling and behaves according to the physics of fault slip governed by rate-and-state equations. PSca is

obtained by considering a moment-area scaling of Log10
 M0  3 / 2 Log10  A  15.15  0.23 (Figure S4,
Supporting Information Text S5 and S7). We assume the coupling contour 0.3 defines the limit between
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the seismogenic and creeping areas of the fault. PSeg is the probability
of an event to pass through an aseismic barrier, which depends on the
non-dimensional parameter characterizing barrier efficiency, B (Figure S7; Kaneko et al. 2010). This efficiency is defined as the ratio between the barrier resistance to a perturbation and the effective size of the
perturbation,



Figure 2. (a) Seismic potential analysis using only the moment budget
and the seismicity catalog as constraints. The blue and green elements
in the figure are associated to the truncated and tapered magnitudefrequency distribution models, respectively. The dots indicate the mean of
the marginal probability density function (PDF) of the seismicity models.
The dashed lines indicate the spread of the 1% best seismicity models.
Red and orange crosses and error bars indicate the rate of occurrence of
historical earthquakes and earthquakes occurring over the instrumental
period, respectively. The gray shaded distribution indicates the marginal
probability of the maximum magnitude earthquake and its rate. The
solid lines on the Mw axis indicate the marginal probability of Mmax,
PMmax . The blue solid line on the earthquake frequency axis indicate
the probability of Mmax frequency, assuming that Mmax is equal to the
mode (i.e., peak of the PDF) of PMmax , MMode, for the truncated model:
P ( max | Mmax  M Mode ) . The dashed lines on the earthquake frequency
axis indicate the probability of having an event of magnitude Mw  MMode
at a certain rate,  : P  | Mw  M Mode . P  | Mw  M Mode considers
all magnitudes in the seismicity models, while P( max | Mmax  MMode )
considers only the recurrence rate of Mmax . The top-right inset shows the
marginal probability of the b-value. Note that the seismicity MFDs in the
figure are not cumulative. (b) PDF (expressed in counts) of earthquakes
considering the moment-area scaling law and the Main Himalayan Thrust
segmentation, from 408,500 events uniformly sampled between Mw 6 and
10. The pink histogram shows the PDF of earthquakes considering only
the moment-area scaling law while the yellow histogram considers both
the scaling law and the coupling segmentation into account. The black line
is the ratio between the yellow and pink histograms, representative the
effect of the segmentation, alone.
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where Δ VS is the barrier normal stress, aVS and bVS the constitutive parameters of the rate-and-state law, VDyn the slip rate as the seismic event
propagates through the barrier, Vi the interseismic slip rate, and DVS the
width of the barrier (Figure S6). Δ VW and DVW are the earthquakes
mean stress drop and length, respectively. The subscripts VS and VW
stand for Velocity Strengthening and Weakening, respectively describing
the frictional behavior of the barrier and the seismic asperity in terms of
rate-and-state friction (Dieterich, 1978; Ruina, 1983).  is the proportion
of stress redistributed by the earthquake that perturbs the barrier and
depends on the geometry of the system, assuming stress is redistributed
uniformly by the event (Kaneko et al. 2010). For the Himalaya case, all
parameters determining B, and their uncertainties, can either be estimated from the coupling models (Figures 1b and 1c) or from other published
studies. We chose a priori PDFs for the parameters involved within reasonable, but very large, bounds (Supporting Information Text S5). From
this, we sample the space of magnitudes, compute the corresponding spatial extent of ruptures and evaluate their probability considering the scaling and their probability to cross barriers. For instance, an earthquake of
magnitude 9 would have to potentially cross 2 or 3 barriers and the probability of crossing these barriers can be stochastically tested. All magnitudes and locations can be tested and lumped into the PDF of earthquakes for this region. The complete description of the test for a given
earthquake is given in Supporting Information Text S7.
We combine the PDF of seismic models that satisfy the moment budget
and the MFD of the current and historical catalogs with that of the physical consistency of earthquakes, and evaluate the marginal PDF of the
maximum magnitude earthquake and of its recurrence time. Finally, from
PSM, thus knowing the earthquake rate of each magnitude for each seismicity model and their related probability to be plausible, we calculate the
probability to have an earthquake over a certain magnitude for a given period of time, P ( M  M w | T ) (Michel et al., 2018; Rollins & Avouac, 2019).
Such estimates are important inputs for seismic hazard mapping.
4.1. The Seismogenic Potential of the MHT
We first evaluate PBudget PCat, the probabilistic long-term earthquake model given just the PDF of moment buildup rate and the seismic catalog,
for both the truncated and tapered forms (Figure 2a). For the truncated
model, we define  max as the recurrence interval of an earthquake of magnitude Mmax. The marginal PDF of PSM for the truncated model in the
Mmax -  max space is shown by the gray shaded distribution in Figure 2a.
The marginal PDF of Mmax indicates plausible values between M w 8.15
5 of 10
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and Mw  10 (Figure 2a), with two modes (i.e., peaks of the PDF) at Mmax = 8.65 and 8.95. Those are associated with modes of P ( max | Mmax  M Mode ) at  max = 400 and 1000 years, respectively. The probability









P  | M w  M Mode of having an event of magnitude M w  M Mode at a certain rate,  , taking all events of all

seismicity models into account, can also be estimated (Supporting Information Text S4). For M Mode = 8.65,

P  | M w  M Mode has two peaks (Figure 2a), one at  = 400 years arising from the actual recurrence time

of Mmax (same recurrence time as for P ( max | Mmax  M Mode )) and one at 4000 years arising from any events
with M w  M Mode present in seismicity models with larger M max than M Mode. The marginal probability of b
(solid blue line in Figure 2a inset) peaks at 0.92.
The Mmax marginal PDF for the tapered model (Figure 2a) rises at M w 8.25, peaks at Mmax = 8.65 and approaches zero again at M w  9.65. It is associated with a peak of P  | M w  M Mode at  = 1250 years. The





Mmax marginal probability peaks at b = 0.75. As with the truncated form, earthquakes of magnitude larger
than 10 cannot be ruled out when scaling laws and segmentation of coupling are not accounted for.

The distribution of plausible events considering the moment-area scaling law is shown as pink histograms
in Figures 2b and S12. Events with magnitude larger than 9.15 are less probable because of the scaling law,
whereas events with magnitude over 9.85 are impossible (Figure 2b) because they simply cannot fit on the
coupled part of the MHT.
The distribution of plausible events considering the combined effect of the moment-area scaling law and
the MHT segmentation is shown as yellow histograms in Figure 2b and S12. The ratio between the yellow
and the pink histogram allows us to visualize the effect of the MHT segmentation by itself (black line
in Figure 2b and S12). From this ratio, the influence of segmentation becomes obvious for events with
M w  8.0  8.5, as these events must propagate through one or multiple barriers. Multiple parameters highlight the role of barriers, including event magnitude, moment-area scaling and stress drop. For instance, we
note that events with M w  9.5 necessarily need to pass through all 3 barriers. However, smaller events with
low moment-area scaling (i.e., less than 1.5) have an anomalous length with respect to the mean scaling,
which involves these events must break through multiple barriers, hence a decreased probability. Stress
drop, Δ VW , has also a strong influence, with events with Δ VW  1 MPa being less likely to power through
barriers than events with Δ VW  100 MPa, hence there lower final probability. Other parameters do not
seem to have a striking influence although they theoretically should, either due to the range of values tested
or because their influence is hidden by that of other parameters. Note that all parameter distributions are
controlled by the initial range of M w tested.
The combined effect of moment budget, seismicity catalog, scaling law and fault segmentation on the marginal PDF of the maximum magnitude earthquake, PMmax , and of the corresponding recurrence time is
shown in Figure 3 and S13. For the truncated seismicity model, the scaling law and segmentation effect does
not change the mode of PMmax , and hence of P ( max | Mmax  M Mode ) (solid dark blue line in Figure 3), but
the marginal PDFs shrink significantly with no probable earthquake above M w  9.5. The corresponding
recurrence time associated with P  | M w  M Mode reduces significantly from 3981 years to 2512 years. The





second peak at 400 years does not move as it is arises from the recurrence rate of the seismicity models Mmax
(for Mmax  M Mode ) which hasnt changed from the scaling law and segmentation effects. For the tapered
seismicity model, the scaling law and segmentation effect changes the mode of PMmax slightly from M w 8.65
to M w 8.55. Mmax  9.5 were already initially improbable and the marginal PDF of the maximum magnitude earthquake shrinks only slightly. Consequently, the corresponding recurrence time associated with
P  | M w  M Mode just slightly reduces from 1259 to 1000 years.





The probability to have at least an earthquake with magnitude over 9 for a time period of 1000 years,
P( M  9 | T 
1000 yrs ), is equal to ∼12% and 3% for the truncated and tapered seismicity models, respectively (Figure 3e and 3f). The effect of scaling law and segmentation only arises for large time periods, on
the order of the recurrence time of events with M w  8.0  8.5 (∼1–4 103 yrs). Past this limit, the different
physics-based constraints play a more important role as larger event are expected to happen during this time
period. For example, for a 10,000 year period using the truncated model, M  9 are less probable using the
scaling law and segmentation constraints than if it was not taken into account. Whereas for shorter time
periods (e.g., 100 years), M  9 events will anyways be improbable. Finally, we can evaluate the probability
MICHEL ET AL.
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Figure 3. (a), and (c) show the evolution of the marginal probability density function (PDF) of the maximum magnitude for an earthquake (a) and of the
marginal PDF of the corresponding recurrence times (c) when progressively adding constraints, for the case of truncated MFDs. Dotted lines indicate the
marginal PDFs for the moment budget analysis, the dashed lines indicate marginal PDFs when adding the earthquake scaling constraint and the continuous
line indicate the marginal PDFs with all constraints. (e) Shows the probability of occurrence of earthquakes of magnitude larger than Mw over a period of X yrs
for the case of truncated MFDs. Dashed lines indicate the PDF considering only the moment budget analysis while continuous lines show the PDF including
all observational and physics-based constraints. We show the probability of occurrence of such events for 4 time periods, 30, 100, 1e3, and 1e4 yrs. (b), (d), and
(f) are the same as (a), (c), and (e) for the case of tapered MFDs. (g) Marginal probability of rupture extent for a Mw nine earthquake. This PDF directly derives
from our PDF of seismic models accounting for all observational and physics-based constraints. K and D stand for Kathmandu and Delhi. (d) Cumulative PDF
of a Mw 9 source distance from Kathmandu and Delhi.

of an event of a given magnitude for a given position along the megathrust considering the segmentation of
the megathrust and the moment-area scaling law. Figure 3g shows an example of the probability of a point
of the MHT to be part of a M w 9. Consequently, the distance between a chosen site and the seismic source
can be calculated (Figure 3h), such estimate being one important element of the seismic hazard evaluation.

5. Discussion and Conclusion
Our estimate of the seismic potential of the Himalaya accounts for observations and for our current
knowledge of the physics of earthquakes. In addition, we consider uncertainties on the MHT coupling
distribution (Dal Zilio et al., 2020), based on uncertainties in geodetic measurements and rheology, and
MICHEL ET AL.
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the uncertainties on the MFD, based on the uncertainties on the magnitudes of recorded and historical
earthquakes. We consider uncertainties on the frictional constitutive parameters of the MHT (e.g., barriers size, position and their efficiency) as well as uncertainties on the global statistics of earthquakes (i.e.,
moment-area scaling law). The combination of all these uncertainties suggest earthquakes of magnitude
comparable to that of the 1950 earthquake (∼8.7, Bilham, 2019) are the most probable candidates for being
the largest possible earthquakes in the Himalayas. The associated most probable recurrence time for such
event exceeds 1000 years. However, given the model of magnitude frequency distribution considered, the
probability of occurrence of an earthquake of magnitude larger than 8 over a 100 years ranges from ∼60%
to 80%, a number high enough for large hence damaging earthquakes to be considered seriously (Figure 3).
Our analysis depends on several assumptions, including assumptions impacting the moment deficit rate
and the seismic catalogs. First, the historical catalog includes the 1950 M w  8.7 Assam earthquake although this rupture only partially overlaps with the coupling map. We obtain similar results with or without
including this event in the catalog (Figure S13 and S14). Second, the width of the seismogenic zone and thus
the associated barriers size are based on a coupling threshold of 0.3. Tests with coupling thresholds of 0.2
and 0.4 (Figure S12) shifts the PDF of maximum magnitude of only ∼0.1. Third, the current coupling model may not be representative of the long-term coupling model (e.g., Hardebeck & Loveless, 2018). Fourth,
we assume a Poissonian distribution of events. However, whether an event passes through barriers or not
must influence the magnitude and the timing of the next large earthquake. More fundamentally, we do not
account for time dependent processes while the timing of previous large earthquakes must be of influence.
Fifth, and this is impossible to test yet, we assume the current or the historical earthquake catalog is representative of the long term seismicity rate. Large earthquakes ( Mw  7.5) might not follow the same MFD
as small ones. In such case, neither of the seismicity models tested (i.e., truncated and tapered) would be
representative of the seismicity for the MHT.
In conclusion, our study shows how the seismic potential of a fault can be evaluated taking into account
first-order physics of fault slip and all sources of uncertainties. We introduce constraints by considering
global scaling laws and the frictional segmentation of the MHT. We show that in the case of the MHT,
Mmax  9.5 are implausible considering the moment-area scaling law, and that Mmax  8.5 get less and less
probable due to the segmentation. Such estimation of the seismic potential can then be used to construct
probabilistic seismic hazard assessments.

Data Availability Statement
The historical seismicity data is available through Bilham, 2019. The coupling model data is available
through Dal Zilio et al. (2020).

Acknowledgments
This study has been funded by the
Center National d’Etudes Spatiales
(CNES) postdoctoral fellowship. This
project has received funding from the
European Research Council (ERC)
under the European Unions Horizon
2020 research and innovation program
(project Geo-4D, grant agreement
758210). Romain Jolivet acknowledges
funding from the Institut Universitaire de France. The study complies
with FAIR Data standards. We use the
instrumental seismicity catalog from
the ANSS Comprehensive Earthquake
Catalog (ComCat) (https://earthquake.
usgs.gov/earthquakes/search/). We
thank the two anonymous reviewers
for insightful comments which helped
improve the study.

MICHEL ET AL.

References
Avouac, J.-P. (2015). From geodetic imaging of seismic and aseismic fault slip to dynamic modeling of the seismic cycle. Annual Review of
Earth and Planetary Sciences, 43, 233–271. https://doi.org/10.1146/annurev-earth-060614-105302
Avouac, J.-P., Meng, L., Wei, S., Wang, T., & Ampuero, J. (2015). Lower edge of locked Main Himalayan Thrust unzipped by the 2015
Gorkha earthquake. Nature Geoscience, 8(9), 708–711. https://doi.org/10.1038/ngeo2518
Béjar-Pizarro, M., Carrizo, D., Socquet, A., Armijo, R., Barrientos, S., Bondoux, F., et al. (2010). Asperities and barriers on the seismogenic
zone in North Chile: State-of-the-art after the 2007 Mw 7.7 Tocopilla earthquake inferred by GPS and InSAR data. Geophysical Journal
International, 183, 390–406. https://doi.org/10.1111/j.1365-246X.2010.04748.x
Bilham, R. (2019). Himalayan Earthquakes: A Review of Historical Seismicity and Early 21st Century Slip Potential. (Vol. 483(1), pp. 423–
482). London, Geological Society: Special Publications, https://doi.org/10.1144/SP483.16
Bollinger, L., Sapkota, S. N., Tapponnier, P., Klinger, Y., Rizza, M., Van der Woerd, J., et al. (2014). Estimating the return times of great Himalayan earthquakes in eastern Nepal: Evidence from the Patu and Bardibas strands of the Main Frontal Thrust. Journal of Geophysical
Research: Solid Earth, 119(9), 7123–7163. https://doi.org/10.1002/2014JB010970
Chartier, T., Scotti, O., Lyon-Caen, H., & Boiselet, A. (2017). Methodology for earthquake rupture rate estimates of fault networks: Example for the western Corinth rift, Greece. Natural Hazards and Earth System Sciences, 17(10), 1857–1869. https://doi.org/10.5194/
nhess-17-1857-2017
Chen, W.-P., & Molnar, P. (1977). Seismic moments of major earthquakes and the average rate of slip in central Asia. Journal of Geophysical
Research, 82(20), 2945–2969. https://doi.org/10.1029/JB082i020p02945
Chen, W.-P., & Molnar, P. (1983). Focal depths of intracontinental and intraplate earthquakes and their implications for the
thermal and mechanical properties of the lithosphere. Journal of Geophysical Research: Solid Earth, 88(B5), 4183–4214.
https://doi.org/10.1029/JB088iB05p04183

8 of 10

Geophysical Research Letters

10.1029/2021GL093106

Chlieh, M., Perfettini, H., Tavera, H., Avouac, J.-P., Remy, D., Nocquet, J.-M., et al. (2011). Interseismic coupling and seismic potential
along the Central Andes subduction zone. Journal of Geophysical Research, 116(B12), B12405. https://doi.org/10.1029/2010JB008166
Dal Zilio, L., Hetényi, G., Hubbard, J., & Bollinger, L. (2021). Building the Himalaya from tectonic to earthquake scales. Nature Reviews
Earth & Environment, 2(4), 251–268. https://doi.org/10.1038/s43017-021-00143-1
Dal Zilio, L., Jolivet, R., & Dinther, Y. (2020). Segmentation of the main Himalayan thrust illuminated by Bayesian inference of interseismic coupling. Geophysical Research Letters, 47(4), 1–10. https://doi.org/10.1029/2019GL086424
Dieterich, J. H. (1978). Time-dependent friction and the mechanics of stick-slip. Pure and Applied Geophysics, 116(4–5), 790–806. https://
doi.org/10.1007/BF00876539
Elliott, J. R., Jolivet, R., Gonzalez, P. J., Avouac, J.-P., Hollingsworth, J., Searle, M. P., & Stevens, V. L. (2016). Himalayan megathrust geometry and relation to topography revealed by the Gorkha earthquake. Nature Geoscience, 9(2), 174–180. https://doi.org/10.1038/ngeo2623
Field, E. H., Arrowsmith, R. J., Biasi, G. P., Bird, P., Dawson, T. E., Felzer, K. R., et al. (2014). Uniform California earthquake rupture forecast, Version 3 (UCERF3)--The time-independent model. Bulletin of the Seismological Society of America, 104(3), 1122–1180. https://
doi.org/10.1785/0120130164
Frohlich, C. (2007). Practical suggestions for assessing rates of seismic-moment release. Bulletin of the Seismological Society of America,
97(4), 1158–1166. https://doi.org/10.1785/0120060193
Galetzka, J., Melgar, D., Genrich, J. F., Geng, J., Owen, S., Lindsey, E. O., et al. (2015). Slip pulse and resonance of the Kathmandu basin
during the 2015 Gorkha earthquake, Nepal. Science, 349(6252), 1091–1095. https://doi.org/10.1126/science.aac6383
Hardebeck, J. L., & Loveless, J. P. (2018). Creeping subduction zones are weaker than locked subduction zones. Nature Geoscience, 11(1),
60–64. https://doi.org/10.1038/s41561-017-0032-1
Hashimoto, C., Noda, A., Sagiya, T., & Matsu’ura, M. (2009). Interplate seismogenic zones along the Kuril–Japan trench inferred from GPS
data inversion. Nature Geoscience, 2(2), 141–144. https://doi.org/10.1038/ngeo421
Kagan, Y. Y. (1993). Statistics of characteristic earthquakes. Bulletin-Seismological Society of America, 83(1), 7–24.
Kagan, Y. Y., & Jackson, D. D. (2000). Probabilistic forecasting of earthquakes. Geophysical Journal International, 143(2), 438–453. https://
doi.org/10.1046/j.1365-246X.2000.01267.x
Kanamori, H., & Brodsky, E. E. (2004). The physics of earthquakes. Reports on Progress in Physics, 67, 1429–1496. https://doi.
org/10.1088/0034-4885/67/8/R03
Kaneko, Y., Avouac, J.-P., & Lapusta, N. (2010). Towards inferring earthquake patterns from geodetic observations of interseismic coupling.
Nature Geoscience, 3(5), 363–369. https://doi.org/10.1038/ngeo843
Kumar, S., Wesnousky, S. G., Jayangondaperumal, R., Nakata, T., Kumahara, Y., & Singh, V. (2010). Paleoseismological evidence of surface
faulting along the northeastern Himalayan front, India: Timing, size, and spatial extent of great earthquakes. Journal of Geophysical
Research, 115(B12), B12422. https://doi.org/10.1029/2009JB006789
Lave, J., Yule, D., Sapkota, S., Basant, K., Madden, C., Attal, M., & Pandey, R. (2005). Evidence for a Great Medieval Earthquake (1100 A.D.)
in the Central Himalayas, Nepal. Science, 307(5713), 1302–1305. https://doi.org/10.1126/science.1104804
Marsan, D., & Helmstetter, A. (2017). How variable is the number of triggered aftershocks? Journal of Geophysical Research: Solid Earth,
122(7), 5544–5560. https://doi.org/10.1002/2016JB013807
Michel, S., Avouac, J.-P., Jolivet, R., & Wang, L. (2018). Seismic and aseismic moment budget and implication for the seismic potential of the Parkfield segment of the San Andreas fault. Bulletin of the Seismological Society of America, 108(1), 19–38. https://doi.
org/10.1785/0120160290
Molnar, P. (1979).Earthquake recurrence intervals and plate tectonics. Bulletin of the Seismological Society of America, 9(1), 115–133.
Pritchard, M. E., Norabuena, E. O., Ji, C., Boroschek, R., Comte, D., Simons, M., et al. (2007). Geodetic, teleseismic, and strong motion
constraints on slip from recent southern Peru subduction zone earthquakes. Journal of Geophysical Research, 112(B3), B03307. https://
doi.org/10.1029/2006JB004294
Reid, H. F. (1910). The California Earthquake of April 18, 1906, Report of the State Earthquake Investigation Commission, The Mechanism
of the Earthquake Nature (Vol. 2). Washington, DC. https://doi.org/10.1038/084165a0
Rollins, C., & Avouac, J.-P. (2019). A Geodesy- and Seismicity-Based Local Earthquake Likelihood Model for Central Los Angeles. Geophysical Research Letters, 46(6), 3153–3162. https://doi.org/10.1029/2018GL080868
Rong, Y., Jackson, D. D., Magistrale, H., & Goldfinger, C. (2014). Magnitude limits of subduction zone earthquakes. Bulletin of the Seismological Society of America, 104(5), 2359–2377. https://doi.org/10.1785/0120130287
Ruina, A. (1983). Slip instability and state variable friction laws. Journal of Geophysical Research: Solid Earth, 88(B12), 10359–10370.
https://doi.org/10.1029/JB088iB12p10359
Sapkota, S. N., Bollinger, L., Klinger, Y., Tapponnier, P., Gaudemer, Y., & Tiwari, D. (2013). Primary surface ruptures of the great Himalayan
earthquakes in 1934 and 1255. Nature Geoscience, 6(1), 71–76. https://doi.org/10.1038/ngeo1669
Savage, J. C. (1983). A dislocation model of strain accumulation and release at a subduction zone. Journal of Geophysical Research: Solid
Earth, 88(B6), 4984–4996. https://doi.org/10.1029/JB088iB06p04984
Shaw, B. E., Milner, K. R., Field, E. H., Richards-Dinger, K., Gilchrist, J. J., Dieterich, J. H., & Jordan, T. H. (2018). A physics-based earthquake simulator replicates seismic hazard statistics across California. Science Advances, 4(8), eaau0688. https://doi.org/10.1126/sciadv.
aau0688
Shen, Z.-K., Jackson, D. D., & Kagan, Y. Y. (2007). Implications of geodetic strain rate for future earthquakes, with a five-year forecast of M5
earthquakes in Southern California. Seismological Research Letters, 78(1), 116–120. https://doi.org/10.1785/gssrl.78.1.116
Stevens, V. L., & Avouac, J.-P. (2016). Millenary Mw >9.0 earthquakes required by geodetic strain in the Himalaya. Geophysical Research
Letters, 43, 1118–1123. https://doi.org/10.1002/2015GL067336
Stevens, V. L., & Avouac, J.-P. (2017). Determination of Mmax from background seismicity and moment conservation. Bulletin of the Seismological Society of America, 107(6), 2578–2596. https://doi.org/10.1785/0120170022
Weng, H., & Ampuero, J. P. (2020). Continuum of earthquake rupture speeds enabled by oblique slip. Nature Geoscience, 13(12), 817–821.
https://doi.org/10.1038/s41561-020-00654-4
Wesnousky, S. G. (1995). The Gutenberg-Richter or characteristic earthquake distribution, which is it? International Journal of Rock Mechanics and Mining Science & Geomechanics Abstracts, 32(6), A255. https://doi.org/10.1016/0148-9062(95)99040-5
Wesnousky, S. G. (2020). Great pending Himalaya earthquakes. Seismological Research Letters, 91, 3334–3342. https://doi.
org/10.1785/0220200200
Wesnousky, S. G., Kumahara, Y., Chamlagain, D., Pierce, I. K., Karki, A., & Gautam, D. (2017). Geological observations on large
earthquakes along the Himalayan frontal fault near Kathmandu, Nepal. Earth and Planetary Science Letters, 457, 366–375.
https://doi.org/10.1016/j.epsl.2016.10.006

MICHEL ET AL.

9 of 10

Geophysical Research Letters

10.1029/2021GL093106

Woessner, J., Laurentiu, D., Giardini, D., Crowley, H., Cotton, F., Grünthal, G., et al. (2015). The 2013 European seismic hazard model: Key
components and results. Bulletin of Earthquake Engineering, 13(12), 3553–3596. https://doi.org/10.1007/s10518-015-9795-1
Ye, L., Lay, T., Kanamori, H., & Rivera, L. (2016). Rupture characteristics of major and great (Mw ≥ 7.0) megathrust earthquakes from 1990
to 2015: 2. Depth dependence. Journal of Geophysical Research: Solid Earth, 121(2), 845–863. https://doi.org/10.1002/2015JB012427

References From the Supporting Information
Alwahedi, M. A., & Hawthorne, J. C. (2019). Intermediate-magnitude postseismic slip follows intermediate-magnitude (M 4 to 5) earthquakes in California. Geophysical Research Letters, 46(7), 3676–3687. https://doi.org/10.1029/2018GL081001
Cocco, M., Tinti, E., & Cirella, A. (2016). On the scale dependence of earthquake stress drop. Journal of Seismology, 20(4), 1151–1170.
https://doi.org/10.1007/s10950-016-9594-4
Gardner, J., & Knopoff, L. (1974). Is the sequence of earthquakes in southern California, with aftershocks removed Poissonian. Bulletin
of the Seismological Society of America, 64(5), 1363–1367. Retrieved from http://basin.earth.ncu.edu.tw/download/courses/seminar_
MSc/2009/1105-2_Is_the_sequence_of_earthquakes_in_southern_California,with_aftershocks_removed,Poissonian.pdf
Graham, S. E., DeMets, C., Cabral-Cano, E., Kostoglodov, V., Walpersdorf, A., Cotte, N., et al. (2014). GPS constraints on the Mw = 7.5
Ometepec earthquake sequence, southern Mexico: Coseismic and post-seismic deformation. Geophysical Journal International, 199(1),
200–218. https://doi.org/10.1093/gji/ggu167
Gualandi, A., Avouac, J.-P., Galetzka, J., Genrich, J. F., Blewitt, G., Adhikari, L. B., et al. (2017). Pre- and post-seismic deformation related
to the 2015, Mw7.8 Gorkha earthquake, Nepal. Tectonophysics, 714–715, 90–106. https://doi.org/10.1016/j.tecto.2016.06.014
Jackson, M., & Bilham, R. (1994). Constraints on Himalayan deformation inferred from vertical velocity fields in Nepal and Tibet. Journal
of Geophysical Research: Solid Earth, 99(B7), 13897–13912. https://doi.org/10.1029/94JB00714
Kreemer, C., Blewitt, G., & Klein, E. C. (2014). A geodetic plate motion and global strain rate model. Geochemistry, Geophysics, Geosystems,
15(10), 3849–3889. https://doi.org/10.1002/2014GC005407
Liu Zeng, J., Zhang, Z., Rollins, C., Gualandi, A., Avouac, J.-P., Shi, H., et al. (2020). Postseismic deformation following the 2015 Mw 7.8
Gorkha (Nepal) earthquake: New GPS data, kinematic and dynamic models, and the roles of afterslip and viscoelastic relaxation. Journal of Geophysical Research: Solid Earth, 125(9). https://doi.org/10.1029/2020JB019852
Scordilis, E. M. (2006). Empirical global relations converting Ms and mb to moment magnitude. Journal of Seismology, 10(2), 225–236.
https://doi.org/10.1007/s10950-006-9012-4
Stevens, V. L., & Avouac, J.-P. (2015). Interseismic coupling on the main Himalayan thrust. Geophysical Research Letters, 42(14), 5828–5837.
https://doi.org/10.1002/2015GL064845
Wiemer, S., & Wyss, M. (2000). Minimum magnitude of completeness in earthquake catalogs: Examples from Alaska, the Western United
States, and Japan. Bulletin of the Seismological Society of America, 90(4), 859–869. https://doi.org/10.1785/0119990114
Woessner, J., & Wiemer, S. (2005). Assessing the quality of earthquake catalogues: Estimating the magnitude of completeness and its uncertainty. Bulletin of the Seismological Society of America, 95(2), 684–698. https://doi.org/10.1785/0120040007

MICHEL ET AL.

10 of 10

