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SUMMARY
The increasing density of geodetic measurements makes it possible to map surface strain rate
in many zones of active tectonics with unprecedented spatial resolution. Here we show that
the strain tensor rate calculated from GPS in the India–Asia collision zone represents well
the strain released in earthquakes. This means that geodetic data in the India–Asia collision
zone region can be extrapolated back in time to estimate strain buildup on active faults, or the
kinematics of continental deformation. We infer that the geodetic strain rates can be assumed
stationary through time on the timescale needed to build up the elastic strain released by larger
earthquakes, and that they can be used to estimate the probability of triggering earthquakes.
We show that the background seismicity rate correlates with the geodetic strain rate. A good
fit is obtained assuming a linear relationship ( Ṅ = λ · ˙ , where Ṅ is the density of the rate of
Mw ≥ 4 earthquakes, ˙ is strain rate and λ = 2.5 ± 0.1 × 10−3 m−2 ), as would be expected
from a standard Coulomb failure model. However, the fit is significantly better for a non-linear
relationship ( Ṅ = γ1 · ˙ γ2 with γ 1 = 2.5 ± 0.6 m−2 and γ 2 = 1.42 ± 0.15). The b-value of the
Gutenberg–Richter law, which characterize the magnitude–frequency distribution, is found to
be insensitive to the strain rate. In the case of a linear correlation between seismicity and strain
rate, the maximum magnitude earthquake, derived from the moment conservation principle,
is expected to be independent of the strain rate. By contrast, the non-linear case implies that
the maximum magnitude earthquake would be larger in zones of low strain rate. We show
that within areas of constant strain rate, earthquakes above Mw 4 follow a Poisson distribution
in time and and are uniformly distributed in space. These findings provide a framework to
estimate the probability of occurrence and magnitude of earthquakes as a function of the
geodetic strain rate. We describe how the seismicity models derived from this approach can be
used as an input for probabilistic seismic hazard analysis. This method is easy to automatically
update, and can be applied in a consistent manner to any continental zone of active tectonics
with sufficient geodetic coverage.
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1 I N T RO D U C T I O N
According to current best practice (e.g. Gerstenberger et al. 2020), the determination of a seismicity model for probabilistic seismic hazard
assessment is a rather cumbersome process that requires combining data of various nature, including seismicity catalogues, palaeoseismological
observations, active faults maps, fault slip-rates and geodetic strain rates, with expert judgement. A key reason for the need to combine these
various data is that known past seismicity cannot be considered representative of future seismicity, in particular because the return period of
devastating events generally exceeds the period of time covered by historical accounts, and even more so instrumental records. The complexity
of the process has defied any standardization, and incorporation of uncertainties is a challenge. As a result, the revision of such seismicity
models is a major endeavor requiring inputs from many disciplines, with the risk of significantly different outputs from one iteration to the
next.
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In this study, we assess a simpler approach that incorporates seismicity and geodetic strain data. Now that GPS geodesy has emerged
as a major tool to investigate crustal deformation (e.g. Blewitt 2007), and thanks to the effort of many institutions around the world, it is
now possible to produce relatively detailed strain rate maps of actively deforming regions. The geodetic data can indeed be used to monitor
interseismic strain rate buildup on active faults, and this information can be used to constrain seismic hazard models (e.g. Ward 1998; Bird
& Liu 2007; Shen et al. 2007; Bird et al. 2010; Riguzzi et al. 2012; Stevens & Avouac 2015, 2016; Rhoades et al. 2017; Rollins & Avouac
2019; Zheng et al. 2018; Wang & Shen 2020). The method presented here adopts this principle, but differs from these previous studies in
that the seismogenic zones are derived directly from the geodetic observations. The characteristics of each seismogenic zone, namely the
magnitude–frequency distribution of potential earthquakes, are next derived jointly from the seismicity and the geodetic data. Our method
does not require an analyst to define and characterize active faults or presumed homogeneous zones of distributed seismicity.
Hereafter, we first describe the rationale for the proposed approach, and then apply it to the India–Asia collision zone (Fig. 1), where
seismic hazard is a major concern. We use this particular case-example to verify the assumptions made to justify our rationale, and compare
the resulting hazard maps with those obtained in previous studies using a more traditional approach (Nath & Thingbaijam 2012; Anon. 2015;
Pagani et al. 2018; Stevens et al. 2018). We show that, with appropriate geodetic data and seismicity available, our method provides a simple
way to determine easily updatable seismicity models which can be used for probabilistic seismic hazard assessment.

2 M E T H O D, P R I N C I P L E S A N D A S S U M P T I O N S
We adopt a generalized form of Reid’s elastic rebound theory (Reid 1910), according to which an earthquake releases the elastic strain that
had built up prior to its occurrence: we assume that earthquakes release, on average over the long term, the elastic strain that had built up
between their occurrence. So we do not mean the notion to imply periodicity, slip predictability nor time predictability. When integrated over
a certain area encompassing many faults, and over a chosen period of time, the theory translates into the moment conservation principle
(Kagan 2002b). In this framework, geodetic data are used to constrain the rate of elastic strain buildup and place constraints on the rate of
seismic moment release over the long-term average (e.g. Kagan 2002b; Bird & Liu 2007; Rong et al. 2014; Avouac 2015; Bird et al. 2015;
Zheng et al. 2018). In our application of this principle, we make the following assumptions.
H1: The stress rate on seismogenic crustal faults is proportional to the geodetic strain rate. The stress field is spatially heterogeneous, as shown
by the variability of earthquakes focal mechanism, for example in the India–Asia collision zone (e.g. Molnar & Lyon-Caent 1989). This
hypothesis holds only if the geodetic data have enough spatial resolution to represent the elastic loading of faults given the heterogeneities
of the stress field. If this condition is met, the stress rate is proportional to the geodetic strain if interseismic strain is entirely elastic. Some
fraction of the geodetic strain rate might actually be anelastic. Stable frictional sliding on faults, or distributed pressure solution creep, could,
for example, contribute to the deformation within the seismogenic depth range. So this hypothesis holds if anelastic strain is negligible or
accounts for a constant fraction of the geodetic strain.
H2: Interseismic loading is stationary. The pattern of interseismic strain rate is derived from modern geodetic measurements, which generally
do not cover more than a couple of decades. We assume that the measured geodetic strain rate is representative of the loading distribution
and rate that drove past earthquakes, which are used to construct the seismicity model, and that will drive future earthquakes. The hypothesis
that interseismic strain is stationary is supported by the consistency of geodetic and geological measurements of slip rate on a number of
continental faults (e.g. Meade et al. 2013), in particular in the India–Asia collision zone (e.g. Stevens & Avouac 2015; Zheng et al. 2017).
However, there are counter-examples (e.g. Peltzer et al. 2001; Dixon et al. 2003; Bennett et al. 2004; Friedrich et al. 2004; Niemi et al. 2004;
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Figure 1. (a) Study area showing 100 yr of earthquakes from the ISC-GEM catalogue, 1917–2016, in red (Storchak et al. 2013, 2015; Di Giacomo et al.
2018). Arrow shows the plate motion of India with respect to stable Eurasia (DeMets et al. 2010). (b) Cumulative moment release for earthquakes from this
catalogue. (c) Histogram of total moment release for different 10-yr periods sampled from this catalogue.
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log10 (N (> M)) = a − b · M, (M < Mmax ).

(1)

Alternative formulations to this truncated G–R model could be adopted by assuming some form of tapering of the distribution at large
magnitude (e.g. Kagan 2002a).
We detail below how, based on these hypotheses, geodetic measurements of interseismic strain can be used to construct a seismicity
model suitable for probabilistic seismic hazard assessment, taking the particular example of the India–Asia collision zone.

3 S E T T I N G O F S T U D Y A R E A A N D G E O D E T I C S T R A I N R AT E S
In this section, we present the setting of our study area, the strain rate map produced from our compilation of geodetic data, the seismicity
data and the correlation with the strain rate map.
The India–Asia collision zone is a particularly good area to analyse the relationship between seismicity and geodetic strain given the
sheer size of the deforming area, the intense seismic activity, the diversity of focal mechanisms and the recent accumulation of geodetic
measurements (see references in Supporting Information). A number of studies have combined geodetic and geological slip rates, and
seismicity, to determine the pattern and rates of crustal deformation in the area (e.g. Holt et al. 2000; England & Molnar 2005; Delescluse &
Chamot-Rooke 2007). We do not repeat or revisit such studies, but aim, in addition to investigating the relationship between seismicity rate
and strain rates, to assess the assumption underlying these studies that the strain rate field is stationary.
Geodetic data were collected over the past ∼30 yr. They show the pattern of deformation induced by the ∼4 cm yr–1 (DeMets et al.
2010) indentation of India into Eurasia which is driving intense seismicity with occasional, very large events. The largest intracontinental
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Dolan et al. 2007; Oskin et al. 2008; Ganev et al. 2012). One possible explanation for these counter-examples is that high deformation rate
would switch from one fault to the other. For example, Peltzer et al. (2001) found that strain accumulation rate in the East California Shear
Zone is currently three times its average, and the Garlock fault shows no evidence of current strain accumulation although it has slipped by
7 mm yr–1 on average over the Holocene. This and other examples suggest that interaction between faults could induce significant temporal
variations of strain rates. The mechanisms responsible for such interactions are not well understood. Viscoelastic processes can result in
non-stationary reloading when one single fault is considered (e.g. Dixon et al. 2003; Kenner & Simons 2005; Lundgren et al. 2009; Perfettini
& Avouac 2004b; Tong et al. 2014) and could potentially allow for fault interactions and clustering of large earthquakes at the regional scale
(Chéry et al. 2001).
This issue has been discussed mostly based on the comparison of geological and geodetic rates. Here, we take another approach based on
the comparison of geodetic rates with background seismicity rates in the India–Asia collision zone. Earthquakes release elastic strain built
up over a duration much longer than the period covered by geodetic measurements. As a result, temporal variations of strain rate tensor, as a
tensor quantity, would reflect in geometric inconsistencies between the geodetic strain and coseismic strain.
H3: The rate of earthquake nucleation is proportional to the stress rate. Such a proportional relationship is expected if earthquake triggering
is instantaneous, as is the case with the standard Coulomb failure model (Ader et al. 2014). It is, however, well established that earthquake
nucleation is a time-dependent process, as is evident, for example, from the weak to insignificant correlation between earthquakes and
Earth tides (Vidale et al. 1998). The nucleation time is thus probably not negligible at the ∼12 hr timescale of earth tides (Beeler 2003),
but the correlation between seismicity and seasonal stress variations (Bettinelli et al. 2008; Johnson et al. 2017), or between post-seismic
deformation and seismicity following large earthquakes (Perfettini & Avouac 2004b; Lange et al. 2014), suggests that it is negligible at the
annual timescale. More sophisticated nucleation models than the standard Coulomb failure model can be used to derive the relationship
between seismicity and stress rate, using, for example, the rate-and-state friction formalism (Dieterich 1994; Heimisson & Segall 2018). With
such a model, the seismicity rate is still proportional to the stress rate if the loading rate is constant or varies at a timescale longer than the
nucleation time (Ader et al. 2014). Therefore our hypothesis holds if the loading rate is assumed constant or to vary slowly. It would not be
applicable to the case of a loading rate varying at a subannual timescale, as can happen in the case of seismicity induced by human activity.
H4: The density of faults on which earthquakes can nucleate is uniform in space. One might expect that the density of nucleation sites would
depend on local properties related to the tectonic history, lithology and thermal structure, but we will see that this hypothesis is nonetheless
verified in the case-example considered here.
H5: Earthquakes are triggered either by the quasi-static buildup of stress due to interseismic loading or by the stress changes induced by
previous earthquakes. This hypothesis means that the seismicity can be separated into two populations: the background seismicity, which is
driven by interseismic loading, and aftershocks. This essentially bimodal nature of seismicity is revealed in plots showing the distribution
of interevent time intervals and distances (Zaliapin & Ben-Zion 2013) and is the basis of models of seismicity such as ETAS (Ogata 1988),
which have been shown to reproduce seismicity catalogues very satisfactorily (Marsan & Lengliné 2008; Hainzl & Christophersen 2017;
Helmstetter et al. 2006).
H6: The background seismicity is assumed to result from a Poisson process. It is indeed commonly assumed that earthquakes not triggered
by other earthquakes follow a Poisson process as suggested by Gardner & Knopoff (1974). However, in reality whether this hypothesis is
verified or not depends on the declustering technique and parameters used to extract the background seismicity (Luen & Stark 2012).
H7: Seismicity follows the Gutenberg–Richter law (G–R, Gutenberg & Richter 1944), which states that the number of earthquakes with
magnitude larger than M, N( > M), over a certain period in a given seismogenic volume and up to the maximum magnitude, Mmax , obeys
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earthquake ever recorded, the Mw 8.7 Assam earthquake of 1950 (Molnar & Qidong 1984), occurred at the eastern end of the Himalayan arc,
and similar large earthquakes have probably occurred elsewhere according to palaeoseismic studies (e.g. Lavé et al. 2005; Kumar et al. 2006,
2010; Bollinger et al. 2014). The return period of large events (Mw > 8) in the Himalaya, where strain rates are particularly fast, probably
exceeds many centuries (Stevens & Avouac 2016). In areas with lower strain rate, the large events have probable return periods exceeding
many thousands of year, as for example along the Longmenshan which was struck by the devastating Sichuan Mw 7.9 earthquake of 2008
(e.g. Liu-Zeng et al. 2009). As a result, the time history of moment release, even integrated over the large area considered here, is very erratic
(Fig. 1b) and the seismic moment released over 10 yr varies by many orders of magnitude depending on the decade chosen over the last
century (Fig. 1c). Therefore, we cannot assume that the largest earthquake in a short instrumental catalogue, or even a 100-yr catalogue, is the
maximum magnitude earthquake that can occur. Instead, we can use moment conservation to estimate Mmax . Using the observed seismicity
together with the GPS can help us derive seismicity models that balance moment buildup and release.
We consider the region of latitude 10−45◦ and longitude 65−110◦ , which covers the zone of deformation resulting from the India–Asia
collision (Fig. 2). It includes the Himalaya and Tibetan Plateau, as well as the Tian Shan. We use 3203 GPS measurements compiled from
the literature, all rotated into the fixed-Eurasian reference frame (Fig. 2a, see Supporting Information for references). The geodetic data were
corrected for the coseismic steps due to large earthquakes (Mw ≥ 7.5). The data spans varying time periods, with the oldest GPS data dating
from 1994.
We used the method of Tape et al. (2009) to determine the horizontal strain rate field. We also tested the method of Shen et al. (2015),
and present the results in Fig. S1. The analysis confirms the results presented in the main text based on the method of Tape et al. (2009).
This method uses multiscale wavelets to adapt locally the resolution to the density of geodetic observations. We use a q-value of 8, which
corresponds to a minimum scale value of 28 km. Strain variations at a smaller scale are not resolvable with the current density of geodetic
measurements. The second invariant of the horizontal strain rate tensor is plotted in Fig. 2(b). The zones of higher strain rate correlate relatively
well with known active faults (Styron et al. 2010, Fig. 3), suggesting that the heterogeneities of geodetic strain reflect strain localization at
the lithospheric scale associated with crustal faults. The Himalaya clearly stand out as a continuous strip of higher strain rate where the strain
rate peaks at ∼10−7 yr−1 . The shortening rate across the range matches the slip rate on the Main Himalayan Thrust at the few sites where both
determinations can be compared, implying that, in the particular case of the Himalayas, the geodetic strain rate must be essentially elastic
(e.g. Stevens & Avouac 2015).
The high strain rate strip can be seen bending around the eastern and western syntaxes. South of the eastern syntax, a zone of localized
higher strain rate coincides with the north–south striking right-lateral Sagaing Fault, and becomes more diffuse southward (Wang et al. 2011;
Sone Aung et al. 2016). The Tian Shan can also be seen as a region of fairly high strain rate. On the eastern edge of the Tibetan Plateau, from
South to North, the Xianshuihe-Xiaojiang, Kunlun and Haiyuan strike-slip faults can be made out. The Altyn Tagh can also been faintly seen,
bordering the northwest edge of the plateau, though there are fewer GPS stations in this region, which perhaps is why it is less prominent.
The slightly increased areas of strain rate heading north perpendicular to the Main Himalayan Thrust coincide with extensional N–S trending
grabens. Southwest of the western syntax, there are rather few GPS points, which is the cause of the ill-defined broad area of larger strain rate
associated with the left-lateral strike-slip faults, including the Chaman and Ghazaband faults. These faults are the symmetrical equivalent of
the Sagaing fault system and accommodate the northward motion of India.
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Figure 2. (a) GPS velocities in the Eurasia-fixed reference frame used in this study (see Supporting Information for the data sources). (b) Second invariant of
the strain rate tensor for the region of interest calculated from GPS data.
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4 C O M PA R I S O N O F G E O D E T I C S T R A I N W I T H S E I S M I C M O M E N T T E N S O R S
To assess whether the GPS measurements are dense enough, and representative of the accumulated elastic strain that earthquakes release, we
compare geodetic strain rate tensors with the coseismic strain release tensors. We use the GCMT catalogue from 1976 to 2020 (Dziewonski
et al. 1981; Ekström et al. 2012). The smallest earthquake is Mw 4.6 and the largest is the 2008 Sichuan Mw 7.9. To maximize the spatial
coverage we did not impose any threshold magnitude. The catalogue is probably inhomogeneous due to the varying density of seismometers
and reporting practices. However, here we are evaluating seismic strain, which is dominated by the largest earthquakes, so the possible spatial
bias should minor. To verify this inference we determined the magnitude of completeness (Mw 5) and found that the 22 per cent earthquake
below this cut-off were apparently randomly distributed. Therefore we do not expect any bias introduced by our choice of not thresholding
magnitude. We select earthquakes with hypocentral depth shallower than 50 km depth and this leaves 1797 earthquakes, out of 2277 in
total.
As explained above, the rationale is that the moment tensor of earthquakes must reflect the ambient tectonic stresses, hence the result of
stress buildup over a period comparable to that needed to balance the coseismic stress drop due to previous events. The stress drop during
an earthquake is typically between 1 and 10 MPa, and the shear modulus is typically 30 GPa; it follows that the shear strain drop during an
earthquake is of the order of 3 × 10−5 to 3 × 10−4 (Kanamori & Brodsky 2004). Given that strain rates are on the order of 10−8 to 10−7 yr−1 ,
it takes on the order of 100 to 10 000 yr of interseismic loading to balance coseismic strain at a given location. The GCMT seismic catalogue,
which covers only 44 yr, is certainly not representative of the long-term average seismicity. In that case, it makes sense to compare coseismic
and geodetic strain tensors with regards to their orientation and aspect ratio, but not in terms of their amplitudes.
We calculate earthquake strain tensors using Kostrov’s approach (Kostrov 1974), which is commonly used to estimate the mean strain
tensor of the volume containing the faults activated by a collection of earthquakes (e.g. Holt et al. 1995). The original formula is not
strictly correct, as demonstrated by Carafa et al. (2017). However, the revision implies only a rescaling of the tensor and does not affect the
determination of the principal directions nor the ratio of the principle values of the seismic moment tensor, which are the quantities entering
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Figure 3. Strain rate map as in Fig. 2(b), with active faults superimposed in black, from Styron et al. (2010). MHT, Main Himalayan Thrust; AT, Altyn Tagh;
TS, Tian Shan; XX, Xianshuihe-Xiaojiang; KL, Kunlun; HY, Haiyuan; SG, Sagaing, CM, Chaman; GB, Ghazaband.
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our analysis. One can use this method to compare geodetic strain with some average coseismic strain within an area defined by the distribution
of GPS station, typically using a triangular meshing (e.g. Masson et al. 2005). This approach requires some weighting. If the weighting is
based on moment, as it should be if the catalogue was long enough to represent the long-term seismicity, a few larger earthquakes can have
an overwhelming contribution. Here we choose to compare the geodetic strain estimated at the location of each earthquake with its moment
tensor, so we apply Kostrov’s method for a volume that contains only one event. In this case, the coseismic strain tensor is proportional to the
moment tensor. Because we only compare the shape of the tensors, there is not need to specify a volume.
For every earthquake, the directions of horizontal principal strains are determined and compared with those from the GPS strain rate
map (Fig. 4). We find that the directions of principal strains and their ratio, calculated from both earthquakes and from the GPS strain rate
field, are very similar. Both show strong compression perpendicular to the Himalayan arc, with very small extension parallel to the arc. In the
Tibetan Plateau itself, there is significant east–west extension and only very minor north–south compression.
We use the Euclidean norm (the square root of the sum of the squared differences of each element in the strain rate tensor) to quantitatively
compare the normalized geodetic strain rate tensor and strain tensor derived from the seismic moment tensors:


n
 m 
|xi j − yi j |2 ,
(2)
||x − y|| F = 
i=1 j=1

where ||x − y||F is the Euclidean norm of the difference between the two matrices with components xij and yij , normalized so that both xij and
yij have a Euclidean norm of 1.
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Figure 4. Comparison of directions of principal horizontal strains. Red lines show direction of maximum compression and blue lines show direction of
maximum extension. (a) Moment tensor solutions. (b) GPS strain rate map. (c) Euclidean norm distribution. (d) Probability density functions (PDFs) of
Euclidean norm misfits between the strain tensors derived from seismicity and the geodetic strain rates for the Data, for a ‘Perfect’ fit (perfectly collinear plus
a standard deviation of 0.13 ± 0.075) and for a Random distribution. The median misfits are 0.31, 0.16 and 0.51, respectively.
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5 D E C LU S T E R I N G A N D T E S T S O F P O I S S O N D I S T R I BU T I O N A S S U M P T I O N
We look at both 10- and 100-yr earthquake catalogues. The 10-yr catalogue, extracted from the ISC catalogue (International Seismological
Centre 2013), extends from 1 December 2009 to 30 November 2019. We consider only crustal earthquakes, defined as those with hypocentral
depths less than 50 km and those with magnitudes reported either as Mw , Mb or Ms . We then use the relationships in Scordilis (2006) to
convert Mb and Ms into moment magnitude, Mw . The resulting data set consists of 15 789 earthquakes. The two largest magnitude events
in the catalogue are the 2013 Balochistan Mw 7.7 and 2015 Gorkha Mw 7.8 earthquakes; they account for 75 per cent of the cumulative
seismic moment release over that period. We decluster the earthquakes using the Reasenberg declustering method (Reasenberg 1985), with a
minimum look ahead time for non-clustered events of 1 d, and maximum look ahead time of 100 d. We use a confidence of 0.95 for observing
the next event in a sequence. We set the factor for radius of interaction to 25, an effective lower magnitude cut-off of 3, set to reduce to 2
during clusters. We assume horizontal and vertical uncertainties in earthquake location to be 3 and 15 km, respectively. After declustering we
end up with 11 837 earthquakes. For the analysis, we take earthquakes over the magnitude of completeness, Mc , here Mc = 4.0, leaving 8444
earthquakes.
The 100-yr catalogue is extracted from the ISC-GEM catalogue (Storchak et al. 2013, 2015; Di Giacomo et al. 2018). We select the
years 1917–2016 inclusive. This catalogue contains 3767 earthquakes between Mw 5 and 8.6, with a magnitude of completeness of 6. After
declustering, using the same parameters as above, we end up with 510 earthquakes above Mw 6.
We show the results of declustering in Figs 5 and 6. It can be seen that the increase in total number of earthquakes over time is nearly
linear after declustering (Fig. 5a). There are no longer obvious clusters of seismicity in space and time (Fig. 5b). We test declustering by
comparing rescaled time and distance density plots (Zaliapin & Ben-Zion 2013) for both the all events and declustered catalogues (Fig. 6).
If the non-declustered catalogues are considered, the plots show a bimodal distribution, with the clusters of events that are closer together in
space presumably corresponding to the aftershocks. For the declustered catalogues, we see a single mode suggesting that the aftershocks have
been well filtered out, though perhaps some aftershocks remain in the 100-yr declustered catalogue.
We next test the assumption that the declustered seismicity is consistent with a Poisson process. We compare observed interevent
times for different cut-off minimum magnitudes with the exponential distribution expected from a Poisson process (Fig. 7). We see that the
declustered catalogues, for both the 10- and 100-yr periods, follow a Poisson process, when considering all earthquakes ≥Mw 4 and also for
only large events, for example those ≥Mw 6.5. So we consider that H6 (the background seismicity results from a Poisson process) is verified
reasonably well.
Even after declustering, the distribution of epicentres over the entire study area is clearly not homogeneous. This is obvious from the
map view (Fig. 8), and from comparing the observed distribution of interevent distances in the declustered catalogues with the distributions
of interevent distances in a random catalogue with the same total number of events generated assuming a homogenous density of events
(Fig. 9). We use Ripley’s K function (Ripley 1977), which is a standard test of whether points are clustered or randomly distributed:
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Because geodetic and seismic strain tensors are normalized to unity, only the directions and the ratio of principal values are actually
compared. It can be seen that the misfit is in general small, and randomly distributed across the area. There is thus agreement between
earthquakes’ strain release and GPS strain rate. To test that the agreement is significant, we verify that the misfits are overall much smaller
than what would be expected from a random distribution of moment tensors. To estimate this we redistribute the earthquakes randomly over
the study area 1000 times, and for each randomized distribution, we calculate the histogram of Euclidean norms, with one example shown in
Fig. 4d. For the randomized distributions, the probability of obtaining a median misfit lower than the one obtained with the actual distribution
of earthquakes (∼0.27) is less than 1 per cent.
We also estimate the misfit that is expected in the case of a perfect match between the geodetic and the seismic strain tenors, given
the uncertainties on the moment tensors and on the GPS strain rates. To do so, we assume that nearby measurements, that is at distances
less than 100 km (the typical distance between nearby GPS stations), can be considered to represent independent measurements of the same
quantity. We then calculate the standard deviation of the Euclidean distance between all different groupings of nearby data, and use this
result to add errors to perfectly fitting data, to simulate earthquakes that ‘perfectly’ fit the GPS strain rate data within uncertainties (Fig. 4d).
This calculation shows that the misfits between the seismic moment tensors and the geodetic strain rate tensors are significantly larger than
expected if the tensors were perfectly collinear, taking into account the data uncertainties.
The larger scatter in the earthquake tensor solutions suggests that the stress field probed by the earthquake mechanisms is more
heterogeneous that the stress field inferred from the interseismic strain measured from geodesy. The moment tensors provide information
about local strain (at the scale of the earthquake source size), while geodetic strains are averaged over relatively larger areas defined by the
distribution of the geodetic measurements, so the scatter could be due to the lack of resolution of the geodetic measurements. However, factors
other than interseismic strain can cause stress heterogeneities. These stress heterogeneities could be due to, for example, topographic stresses
or local heterogeneities in the elastic medium and variations in fault friction (Rivera & Kanamori 2002; Bollinger et al. 2004; Fialko et al.
2005). Earthquakes themselves change the stress-field locally and must cause time-dependent heterogeneities of stresses. These effects are
probably dominant causes for the observed level of misfit. We however consider that the agreement between the seismic moment tensor and
the geodetic strain tensor is sufficient to lend support to hypotheses H1 (stress rate is proportional to geodetic strain rate) and H2 (interseismic
strain is stationary).
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Figure 6. Rescaled space-time density plots from the declustering test of Zaliapin & Ben-Zion (2013) for the 10- and 100-yr catalogues.
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Figure 5. (a) Cumulative number of earthquakes over 10 yr, from December 2009 to November 2019 inclusive, from the ISC catalogue. The dashed lines
labelled B and G show the occurrence of the 2013 Balochistan and 2015 Gorkha earthquakes respectively. (b) Latitude–date distribution of the 10-yr catalogue
comparing the all events, and the declustered catalogue.
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N
N
1
K o = λ(Neqs
× i=eqsj I (di j < r ), where λ = eqs
, A is the area, Neqs is the number of earthquakes within that area, dij is the distance
−1)
A
between events i and j, r is the search area radius and I is the indicator function, such that it is 1 when the operand is true, and 0 otherwise.
Our hypothesis is that the seismicity depends on the strain rate, but that within an area of uniform strain rate it is homogeneously distributed.
So we carry out the same test but now considering the seismicity within bins of strain rate.
The study area is divided into regions corresponding to 10 different levels of strain rate, from 0 to 9 × 10−8 yr–1 , with bin width 1 ×
10−8 yr–1 . We did not separate out regions with strain rate ≥10 × 10−8 yr–1 since they make up ≤0.1 per cent of the total area, and contain too
few earthquakes to be meaningful. The earthquakes from the 10-yr declustered catalogue within each of these areas were extracted (Fig. 8).

Downloaded from https://academic.oup.com/gji/article/226/1/220/6168368 by California Institute of Technology user on 12 August 2021

Figure 7. Comparison of observed interevent times (solid lines) versus the exponential distribution (dashed lines) expected for a Poisson process for different
minimum cut-off magnitudes, for the 10 yr (top two rows) and 100 yr (bottom row) catalogues. The Poisson distribution is calculated from ncp = Neqs · exp(
− t/t0 ), where ncp is the cumulative number of events, Neqs is the total number of events, t is the time interval and t0 is the mean interevent time.
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Within areas of moderate to high strain rate (>2 × 10−8 yr–1 ) the distribution of interevent distances in the catalogue follows closely the
distribution expected for a homogeneous density of probability (Fig. 9). This is not verified for the seismicity in areas of low strain rate
(0−2 × 10−8 yr–1 ), where the catalogue is not completely spatially random. This may be because aftershocks in areas of low strain rate can
last a very long time (Stein & Liu 2009), so there could be clusters corresponding to aftershocks of main shocks that are not recorded in
the instrumental catalogue, and are therefore not removed in the declustering. Another reason that could explain the inhomogeneity is that
iso-contour lines of strain rate are less well constrained in areas with lower strain rate where the distribution of GPS measurements is generally
sparser. In that regard, we note that the earthquakes tend to occur near the edges of the higher strain rate areas (see Fig. 2). It is also possible
that, within the lower strain rate areas, spatial variation of seismicity is governed by other factors than the strain rate, and related to the local
geology.
We tested different binning strategies. The results are shown in Figs S3−S5. Smaller bins yield more dispersion due to smaller data
sets in each bin, but the trends observed with 10 bins are all well preserved. We find the choice of 10 bins to be a good compromise. No
information is lost by oversmoothing.
In this section, we have verified H4 (the density of nucleation points of earthquake is uniform) and H6 (the background seismicity results
from a Poisson process) for our study area, at least where the strain rate is higher than 2 × 10−8 yr–1 . It thus seems that, within an area with
a given strain rate, the background seismicity can be considered to result from a stationary Poisson process with a uniform probability of
occurrence in space. In areas with strain rates less than 2 × 10−8 yr–1 the productivity of earthquakes does not seem homogeneous.

6 C O M PA R I S O N W I T H S E I S M I C I T Y R AT E
The rate of earthquakes in the declustered catalogue can now be assumed to represent the background seismicity rate. We now test how the
seismicity rate varies with the strain rate. We again use the subdivision of the study area into 10 regions corresponding to 10 different strain
rate bins (Fig. 8). In Fig. 10(a) we compare the strain rate in each region with the density of earthquake rate above the minimum cut-off
magnitude, Mc . We use the maximum-curvature method (e.g. Wiemer & Wyss 2000) to find Mc = 4 (see Fig. S2 for magnitude–frequency
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Figure 8. Plot showing boundaries of areas of different strain rate from GPS data. The contours were created through vectorization of the underlying strain
rate grid, followed by smoothing using Chaikin’s corner cutting algorithm (Chaikin 1974). Dots show the locations of the earthquakes from the declustered
10-yr catalogue. Both are colour-coded by different strain rate.
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distributions). We see that the higher the strain rate, the higher the rate of earthquakes. This correlation is much higher than what could
result from chance, as can be seen by comparing the coloured dots with the grey lines in the figure. The grey lines show the density of
earthquake rate found per strain rate bin from 100 000 realizations of earthquakes randomly distributed across the entire area, that is if there
was no dependence on strain rate. At face value the correlation suggests a possible non-linear relationship. Because we would expect a linear
relationship for a population of faults obeying a standard Coulomb failure model with constant stress drop, we determine a best fitting linear
relationship between the density of earthquake rate and strain rate:
Ṅ = λ · ˙ ,

(3)

where Ṅ is the density of earthquake rate in m−2 yr−1 , and ˙ is strain rate expressed in yr−1 . The constant is estimated to be λ = 2.5 ± 0.1 ×
10−3 m−2 for Mw ≥ 4 events.
The R-value is 0.92. Assuming a power-law relationship, we get a slightly higher R-value of 0.96 with
Ṅ = γ1 · ˙ γ2 ,

(4)

where γ 1 = 2.5 ± 0.6 m−2 and γ 2 = 1.42 ± 0.15. Using the F-test we find that the improvement of fit is significant at the 95 per cent level
when we add a second parameter.
We test a second method of computing strain, developed by Shen et al. (2015, Fig. S1), and recalculate the density of earthquake
rate within each strain rate bin. We find a similar correlation between strain rate and earthquake rate up to the highest two strain rate bins
(Fig. S3), showing that the correlation is real. Unlike the Tape et al. (2009) method, the Shen et al. (2015) method does not preserve the
continuity of strain rate along the Himalayan arc suggested by the data themselves.

Downloaded from https://academic.oup.com/gji/article/226/1/220/6168368 by California Institute of Technology user on 12 August 2021

Figure 9. Tests of homogeneity of spatial distribution. The interevent distance distribution is calculated with the declustered (dotted–dashed) catalogue and
compared with the distribution expected with a spatially completely random distribution (solid line). Ko is Ripley’s K function (Ripley 1977). The first panel
shows that the declustered seismicity considered as a whole is not homogeneously distributed. The other panels show the same test for seismicity within bins
of strain rate. Headers indicate the strain rate bin in 10−8 yr–1 . When the seismicity within bins of strain rate is considered, it is relatively homogeneous for
strain rates larger than 2 × 10−8 yr–1 .
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We test the impact of our binning, 1 × 10−8 yr–1 , by analysing the results of 0.5 × 10−8 and 0.1 × 10−8 yr–1 . A similar correlation
between density of earthquake rate and strain rate can be seen using any bin width, though the scatter increases as bin width decreases (see
Fig. S4). G−R plots of these two smaller bin widths again both show the correlation between density of earthquake rate and strain rate
(Fig. S5). We also find that our calculated Mc value is not critical to the correlation, since using Mc = 4.5 gives an almost identical trend
(Fig. S6).
The seismicity rate produced in a particular area thus seems to be proportional, to first-order, to the strain rate. So H3 (the rate of
earthquake nucleation is proportional to the stress rate) seems verified in our study area, although the data suggest that the relationship might
actually be non-linear. We therefore consider the two alternative hypotheses.

6.1 a- and b-values
If we know the density of earthquake rate Mw ≥ 4, Ṅ , and we know the b-value, we can then work out the a-value, since log10 ( Ṅ ) = a − Mw · b.
Eqs (3) and (4) show two different cases for how Ṅ could be related to ˙ , and here we show the a-value for both of these cases, which we call
Case 1 (linear) and Case 2 (power law).
Case 1: eqs (1) and (3) imply
apa = log10 (λ · ˙ ) + b · Mc

(5)

where apa is the a-value per unit area, and has units m−2 yr−1 . λ is the same constant as in eq. (3) and here Mc = 4.
Case 2: eqs (1) and (4) imply
apa = log10 (γ1 · ˙ γ2 ) + b · Mc

(6)

where γ 1 and γ 2 are the constants from eq. (4).
We determine b-values using the maximum likelihood method (Aki 1965; Utsu 1965) using the correction of Bender (1983), and we use
the equation of Shi & Bolt (1982) to estimate the error, as suggested by Marzocchi & Sandri (2003) to get unbiased results:
1
(7)
b=
ln (10) [μ̂ − (Mthresh − M/2)]
b
σb = √ ,
(8)
n
where μ̂ is the average magnitude of earthquakes above the cut-off magnitude, Mthresh is the cut-off magnitude, M is the width of the
magnitude bins, here 0.1 and n is the number of earthquakes above the cut-off magnitude.
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Figure 10. (a) Comparison of density of earthquake rate (Mw ≥ 4) and geodetic strain rate. Coloured dots correspond to discrete regions of different strain
rate levels. Coloured empty circles, which are mainly overlapping due to the small spread, show the effect of varying the epicentres within a circle of radius
10 km, to show how uncertainties in epicentre location may affect the results. Grey lines show 100 000 realizations of randomized distributions of earthquakes.
These show greater dispersion as strain rate increases because the size of the areas in which these strain rate levels occur decreases. The spread for a random
distribution is shown as grey vertical error bars on the coloured points. The solid black line shows the linear best fit, and the two dashed lines show the 1σ
errors on the line, assuming that earthquakes are a Poisson process. The curved grey line shows the best power-law fit, with an exponent of 1.42. (b) G−R plot
of declustered 10- and 100-yr catalogue within areas of different strain rate, normalized per area.
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Table 1. Seismicity characteristics of areas of different strain rate, derived from 10-yr catalogue. apa has units of m−2 yr−1 and is found from
log10 ( Ṅ (Mw > M/m2 )), where Ṅ is the density of earthquakes per year, and is the y-axis intercept, which can be thought of as the earthquake
productivity. b is the slope of the line and relates the number of smaller to larger earthquakes, and is the value found from G−R maximum
likelihood for the entire area. Mmax and Tr are shown for Case 1 (linear), and Case 2 (non-linear). Lower Mmax values assume cg = 2 while
upper Mmax values assume cg = 4.
Area
103 km2

Neqs
Mw ≥ 4

Neqs /area
Mw ≥ 4

b

0−1
1−2
2−3
3−4
4−5
5−6
6−7
7−8
8−9
9+
Combined

4984
5357
2685
1598
905
681
324
208
165
185
17 092

725
1444
1761
1349
765
689
410
411
385
505
8444

0.145
0.270
0.656
0.844
0.846
1.012
1.267
1.972
2.332
2.728
0.494

1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06

σb
apa
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

−6.7
−6.2
−6.0
−5.8
−5.7
−5.6
−5.5
−5.5
−5.4
−5.4

Case 1
Mmax
8.7−9.4
8.7−9.4
8.7−9.4
8.7−9.4
8.7−9.4
8.7−9.4
8.7−9.4
8.7−9.4
8.7−9.4
8.7−9.4

Tr (yr)

apa

1500−8050
470−2500
562−3000
675−3600
925−5000
1000−5350
1790−9530
2420−12 800
2700−14 300
2150−11 400

−7.1
−6.5
−6.2
−5.9
−5.8
−5.7
−5.6
−5.5
−5.4
−5.3

Case 2
Mmax
9.8−10.5
9.3−10.0
9.1−9.8
9.0-9.7
8.9−9.6
8.8−9.5
8.7−9.4
8.7−9.4
8.6−9.3
8.6−9.3

Tr (yr)

70 000−370 000
4440−23 600
2550−13 575
1900−10 050
1800−9650
1480−7870
2070−11 000
2280−12 200
2120−11 260
1440−76 600

Figure 11. b-Values found for the entire area (All), and for the different strain rate areas from the 10-yr instrumental catalogue. The values from the previous
10 yr (2000–2010) are shown faded in the background.

Here we assume a minimum cut-off value of Mw 4 for all areas. We find that in the areas of higher strain where there are fewer earthquakes
(Table 1), the errors on the b-value are larger (Fig. 11). We don’t see any trend that would suggest a dependency of the b-value on strain rate.
We also see that if we calculate b values using the previous 10 yr of instrumental data (2000–2010), the areas of higher strain show the largest
variability. Because of this large variability, we assume that the b-value for the entire region, 1.06 ± 0.01, is valid in all areas. In general, the
100-yr catalogue is fit well by this constant b- and the apa -values found from the 10-yr catalogue, apart from the lowest strain rate area where
there are fewer earthquakes in the historical catalogue than we would expect.
To test the impact of binning, we again study the results from bin widths 0.5 × 10−8 and 0.1 × 10−8 yr–1 (Fig. S7). For a bin width
of 0.5 × 10−8 yr–1 , the b- values fall mainly within the error bars of the original bin width, 1 × 10−8 yr–1 . For a bin width of 0.1 × 10−8 yr–1 ,
too few earthquakes occur within each bin, and the b-values are more scattered. In neither case do we see a dependency of b-values on strain
rate.

6.2 Moment conservation and Mmax
The moment conservation principle applies to the moment tensor as a whole. However, we simply retain a scalar form and use the second
invariant, ˙ , which reflects the magnitude of the total strain rate:

2
2
2
+ ˙EE
+ 2˙NE
.
(9)
˙ = ˙NN
Then to calculate the moment buildup rate, ṁ, in the different strain rate regions, we use
ṁ = cg · μ · Ts · A · ˙ ,

(10)
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where a and b are G–R parameters, α is the fraction of moment that is released seismically, here assumed to be 1, and ṁ is the moment
buildup rate. We see that the parameters controlling Mmax are a, b and ṁ. We can now substitute the ṁ-value from eq. (10) and the a-value
for the entire strain rate regions into eq. (11) for Mmax , for both Case 1 and Case 2. Case 1: the a-value for the entire region is
a = log10 (λ · ˙ · A) + 4 · b,

(12)

where a is yr−1 , for the entire strain rate region, of area A. We substitute this a-value into eq. (11) for Mmax :

2·b
1
log10 1 −
+ log10 α · cg · μ · Ts · A · ˙ − 9 − log10 (λ · ˙ · A) − 4 · b .
Mmax =
3/2 − b
3
We see that the strain rate, ˙ , and area, A, terms cancel out leaving us with

2·b
1
log10 1 −
+ log10 α · cg · μ · Ts − 9 − log10 (λ) − 4 · b .
Mmax =
3/2 − b
3

(13)

(14)

In this case, Mmax is independent of both strain rate and area. This is because an increase in area and strain rate not only increases the moment
buildup rate, but also increases the number of earthquakes, that is the a-values, so to conserve moment, the same Mmax would be needed. In
other words, areas of higher strain rate have more earthquakes to ‘compensate’ for the higher strain rate, so Mmax does not need to increase.
If the density of earthquake rate, Ṅ and so apa , were the same in all areas, the higher strain rate areas would then need higher Mmax .
Case 2: The a-value for the entire strain rate regions is now
a = log10 (γ1 · ˙ γ2 · A) + 4 · b.

(15)

Therefore
Mmax =


2·b
1
log10 1 −
3/2 − b
3

+ log10 α · cg · μ · Ts · A · ˙ − 9 − log10 (γ1 · ˙ γ2 · A) − 4 · b .

We see that the area term, A, cancels out, but now strain rate, ˙ , remains in the equation:

2·b
1
log10 1 −
+ log10 α · cg · μ · Ts − 9 − log10 (γ1 ) + log10 ˙ 1−γ2 − 4 · b .
Mmax =
3/2 − b
3

(16)

(17)

So for Case 2, where Ṅ is non-linear with respect to ˙ , Mmax decreases as ˙ increases (since γ 2 > 1, here γ 2 = 1.42). While this may be
slightly surprising, large earthquakes are seen in areas of very low ˙ (e.g., Crone et al. 2003; Walker et al. 2015; Calais et al. 2016), and the
return time of these earthquakes in rate areas is still expected to be longer than those in higher strain rate areas. It may also be that there is
correlation between the strain rate and the fraction of moment released seismically, or the dip of the faults, so if in areas of lower strain a
lower proportion of moment was released seismically, or the faults where steeper dipping, then the calculated Mmax in these regions would
decrease.
The recurrence time of Mmax is then
Tr = 1/ 10a−b·Mmax ,

(18)

where a is the a-value for the entire strain rate region, as in eqs (12) and (15). So unlike Mmax , Tr (Mmax ) does depend on both ˙ and A. An
increase in either ˙ or A will lead to a shorter Tr (Mmax ). Table 1 lists Mmax and Tr (Mmax ) for Cases 1 and 2.
Apart from b, other variables that can change are Ts and α, which contribute to the moment buildup rate, and λ, or γ 1 and γ 2 , which
are the coefficients relating the density of earthquake rate and the strain rate. Roughly speaking, if Ts or α are halved, Mmax will decrease by
about 0.6 units of magnitude. If λ is halved (i.e. rate of earthquakes in each region of strain rate is halved), then Mmax will increase by about
0.6 units of magnitude.
One simplification we made was from finding the moment buildup from the strain rate, eq. (10). We chose the values of cg to be a
reasonable guess independent of tectonic regime. In areas where there are fewer low-angle faults, the resulting moment rate calculated will

Downloaded from https://academic.oup.com/gji/article/226/1/220/6168368 by California Institute of Technology user on 12 August 2021

where μ is the rigidity, here assumed to be 33 GPa, A is the area of the strain rate zone, Ts is the seismogenic thickness, here assumed to be
15 km (e.g. Elliott et al. 2010; Wei et al. 2010) and cg is a geometric factor. The value of cg depends on the orientation and dip angle, δ, of
the faults taking up the strain. For dip-slip faults with uniaxial compression, cg = 1/[sin (δ) · cos (δ)], which takes into account the increased
area of fault plane per unit length, and the partitioning of the horizontal strain rate onto the fault plane. For dip-slip
faults of 45−15◦ dip,√cg
√
varies 2−4. For a conjugate set of vertical strike-slip faults striking α to the direction of principal strain, cg = 2/[sin(α) · cos(α)], where 2
comes from the bi-axial nature of the strain rate, and definition of the second invariant. If α = 30◦ , cg = 3.3. We consider two end-member
possibilities, one with cg = 2 and one with cg = 4, to find both the minimum moment buildup, and to account for the low-angle thrust faults
in this region, such as the Main Himalayan Trust, which has a dip of ∼15◦ (e.g. Elliott et al. 2016).
We then use moment conservation to balance the moment buildup rate with the moment release rate from earthquakes, and assuming that
earthquakes follow a truncated G–R distribution, to find Mmax . We rearrange eq. (5) of Avouac (2015), which expresses moment conservation
for a truncated G–R seismicity model, as in eq. (1), substituting log10 (Nmax ) = a − b · Mmax , to get:


2·b
1
log10 1 −
+ log10 (α · ṁ) − 9 − a ,
Mmax =
(11)
3/2 − b
3
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Figure 13. Moment release from modelled catalogues. (a) 25 modelled catalogues showing cumulative moment release over a period of 100 yr, with the real
moment release from 1916 to 2016 shown in black (see Fig. 1b). (b) Nine example catalogues showing moment release binned in different 10-yr periods.
Dashed and dotted line show mean and median moment release of 10-yr periods, respectively.

be an overestimation. We have also assumed that α = 1, which could also lead to an overestimation of moment rate. In areas of lower strain,
for Case 2, we see that we estimate unreasonable large Mmax (Table 1). In these areas we steeper dipping faults, or more moment released
aseismically, would lead to a decrease in Mmax .
To test our model, we compare expected and observed largest magnitude earthquakes in the different areas over 10 and 100 yr, and the
modelled versus observed overall moment release distribution for the past 100 yr (Figs 12 and 13). We simulate 10 000-, 10- and 100-yr
catalogues drawn from our modelled distribution. For each catalogue, we determine the maximum event in each strain rate bin and get a
distribution that we compare to observed maximum magnitudes in the 10- and 100-yr catalogues. We plot the 25th–75th quantile (thick blue
lines) and 5th–95th quantile (thin blue lines) of the distribution obtained from the synthetic catalogues, along with the absolute Mmax of our
model (red triangles) for each strain rate bin. All magnitudes are rounded to the first decimal. In all cases, even for the 100-yr periods, there is
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Figure 12. Comparison of the largest magnitudes observed in the 10- and 100-yr catalogues with the synthetic catalogues generated with our model Case 1.
The red triangles show the absolute Mmax expected in the model, and the blue lines show given the model, the probable Mmax seen within the different time
periods. The thick lines show the 25th– 75th quantile of the probability distribution, and the thin lines show the 5th– 95th quantile, meaning that if the model
is correct, there is a 10 per cent chance that the observations do not fall on the thin lines. Cases are shown for a moment buildup of Mo1, where cg = 2, and
Mo2, where cg = 4.
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7 DISCUSSION
7.1 Relationships between strain rate, seismicity rate and Mmax
Our study shows that geodetic rates govern spatial variations of earthquake rates over the India–Asia collision zone. Such a result is expected
if earthquakes are triggered by interseismic loading and if the geodetic data have sufficient resolution to capture the spatial variations of the
stress tensor. It is consistent with the positive correlation reported by Kreemer et al. (2002), Kagan (1997) and Shen et al. (2007) at the
global scale, for subduction zones in particular, and at the regional scale for Southern California respectively. Although it is intuitive that
seismicity might correlate with strain rate, one could also imagine Mmax or the b- value characterizing the magnitude–frequency distribution
of earthquakes varying with strain rate. Our analysis actually quantifies how spatial variations of seismicity rate, Mmax and b-values are linked
by virtue of the moment conservation principle.
We find that the b-value is insensitive to the strain rate and that the correlation between earthquake rate is linear to first order. This
linear correlation in space is the equivalent in space of correlation in time between post-seismic strain rates and aftershocks (e.g. Perfettini &
Avouac 2004a; Hsu et al. 2006). The fact that, according to our study, the correlation holds in areas of lower strain rates suggests that, even
in those areas, geodetic strain is probably dominantly elastic and released by seismicity in the longer run. If this were not the case, we would
expect a cut-off strain rate below which we would get no seismicity, corresponding to maximum strain rate that can be absorbed by viscous
deformation. We do not see such a cut-off in our data.
The expected maximum event to be observed in an area A, of strain rate ˙ , in a period of duration T, is a function of only the cumulative
strain, T · ˙ . Combining the G–R law with our values calculated for a (eq. (12) for Case 1 or eq. (15) for Case 2), we see that:
1
(T ) =
Mexp

log10 (λ · ˙ · T · A)
+ Mc
b

(19)

log10 (γ1 · ˙ γ2 · T · A)
+ Mc ,
b

(20)

and
2
(T ) =
Mexp

1
2
where Mexp
(T ) and Mexp
(T ) are the expected value of the largest magnitude earthquake in time T for Case 1 and Case 2, respectively. We
show the results from this equation together with the observed largest earthquakes in 10 and 100 yr in Table 2.
Our data suggest that the relationship between seismicity rate and strain rate might actually be non-linear. A power-law relationship,
with Ṅ proportional to ˙ 1.42 indeed yields a slightly better fit to the data. The possibility for a non-linear relationship between seismicity rate
and strain rate suggested by Fig. 10 is reminiscent of the finding by Bird (2009) of a non-linear relationship between seismicity rate and slip
rate at continental convergent boundaries (CCB). CCB are defined in their study as zones of continental convergence with a Benioff zone of
intermediate to deep earthquakes and/or a parallel volcanic arc with Quaternary activity. This definition actually excludes most orogens in
general, and our study area in particular. It includes less complicated zones of continental deformation along segments of plate boundaries
with convergence rate spanning <10 to >80 mm yr–1 , with a mean value of 24 mm yr–1 . Slip rates on individual faults in the India–Asia
collision zones fall in the lower range covered by the CCB class of Bird (2009). So although our observation was obtained following a
different procedure, it seems to confirm a non-linear behaviour for zones of continental convergence not included in the previous study of
Bird (2009), and with lower deformation rates. It is interesting to note that Bird (2009) did, however, find a linear correlation for continental
transform faults and continental rift zones. Our study area includes a mix of thrust, strike-slip and normal faults. It could be that the non-linear
behaviour is a specific characteristic of thrust tectonics. If we analyse separately areas of negative first invariant of strain rate, that is, areas of
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less than a 5 per cent chance that the largest earthquake we observe would have a magnitude equal to absolute Mmax , given the rounding to the
first decimal: This is shown by the distance between the thin blue lines and the red triangles. The largest magnitude earthquakes observed are
plotted as blue circles. In general, these are consistent with our modelled seismicity, since most observations fall on the blue lines (there is a
10 per cent chance that if our model is correct, the observed values would not fall on the blue lines). For the strain rate area 7−8 × 10−8 yr–1 ,
in the 10-yr catalogue, Mmax observed is less than 6, which our model suggests has a low, <5 per cent, probability of occurrence. For the
100-yr catalogues for the same strain rate bin, the observed maximum magnitude is very similar to the expected maximum value predicted
by our model.
We note that the model predicts an overall Mmax = 8.7−9.4 depending on the geometry of faults that take up the strain, that is the cg
value we use. According to the historical catalogue, there have been two earthquakes of Mw > 8 over the last 100 yr (the Mw 8.3 1920 Haiyuan
earthquake in northeastern Tibet and the Mw ∼ 8.6 1950 Assam earthquake of northern India), but no earthquakes Mw ≥ 9. However, local
application of moment conservation on the low-angle Main Himalayan Thrust Fault requires a Mmax ∼ 9.0 (Stevens & Avouac 2016). This
estimate is consistent with the Mw 8.6 magnitude of the great Assam earthquake (Chen & Molnar 1977) and palaeoseismic evidence for Mw
≥ 8.5 earthquakes (e.g. Lavé et al. 2005; Kumar et al. 2006, 2010; Bollinger et al. 2014).
The observed distribution of moment release from 1906 to 2016, and 25 realizations of our modelled catalogue, are shown in Fig. 13.
We also show examples from nine modelled catalogues of binning the moment release into different 10-yr periods, which can be compared
to the real data shown in Fig. 1(c). We see that our synthetic catalogues reproduce well the variability of moment release seen in the
data.
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Table 2. The largest earthquakes observed (Mobs ), and those expected for Case 1
1 ) and Case 2 (M 2 ), in the 10- and 100-yr time periods, for the different strain
(Mexp
exp
rate bins. The expected values are calculated from eqs (19) and (20).
Strain rate
10−8 yr–1

10 yr
1
Mexp

2
Mexp

Mobs

100 yr
1
Mexp

2
Mexp

6.2
6.2
7.1
6.5
6.7
7.7
6.9
5.4
7.8
6.8

6.6
7.1
7.0
7.0
6.8
6.8
6.6
6.4
6.4
6.5

6.2
6.8
6.9
6.8
6.8
6.8
6.5
6.5
6.4
6.5

7.0
7.5
8.3
8.0
7.8
7.8
7.1
8.0
7.9
8.6

7.6
8.1
8.0
7.9
7.8
7.7
7.5
7.4
7.3
7.4

7.1
7.8
7.8
7.8
7.7
7.7
7.5
7.4
7.4
7.5

thrust tectonics, we do indeed see a hint that the non-linear behaviour is enhanced in these regions (Fig. S8). The data set is too small for a
conclusive test restricted to the earthquakes in strike-slip and normal faulting areas.
A non-linear relationship would be expected if a fraction of interseismic strain is absorbed by non-linear viscous deformation.
The implications of the possible non-linear relationship between seismicity rate and strain rate for the rheology of the lithosphere and
earthquake physics are beyond the scope of this study, however it is interesting to note that a power-law relationship implies that Mmax depends
on the strain rate according to eq. (17). Given that the power-law exponent is larger than unity we find that Mmax should be anticorrelated with
the strain rate. This result is counter-intuitive but it is worth pointing out that it could be qualitatively consistent with the finding of Riguzzi
et al. (2012) for Italy that larger earthquakes tend to occur in areas of lower strain rate.
As a refinement to the model, it would be possible to introduce a local, rather than global moment budget for the strain rate zone, for
example by accounting for spatial variations of the tectonic regime, and hence of fault dip angles. Regions of shallow dip-angle thrusting,
like the Himalaya, would then have larger Mmax than regions of strike-slip faulting like most of Tibet. This would make the method more
consistent with local studies based on the moment budget and interseismic coupling models, such as Stevens & Avouac (2016) for the Main
Himalayan Thrust or Rollins & Avouac (2019) for the Los Angeles Basin.

7.2 Relationship between strain tensor and earthquake moment tensor
The approximate proportionality of the geodetic strain rate tensor and moment tensors suggests that the strain rate tensor has not changed
much through time. This means that the current strain rates measured over decades can be extrapolated back in time to evaluate strain build-up
on active faults over the entire interseismic period. This lends support to the practice of combining geological slip rates and seismicity
data to develop kinematic models of continental deformation (Haines & Holt 1993; Holt et al. 1995; England & Molnar 1997) or elastic
block modelling (e.g. Meade & Hager 2005). There are, however, more heterogeneities in the orientation of the focal mechanisms than
what would be expected from the geodetic strain field. This observation calls for sources of stress heterogeneities other than interseismic
strain. Stress heterogeneities could result, for example, from topographic stresses, heterogeneities of elastic properties and variations of
fault friction (Rivera & Kanamori 2002; Bollinger et al. 2004; Fialko et al. 2005). Earthquakes themselves change the stress-field locally
and must cause time-dependent heterogeneities of stresses (e.g. Hardebeck & Hauksson 2001). Erosion of the topography can additionally
cause non-negligible variations of the stress field (Steer et al. 2014). Assessing the contribution of these effects to the observed misfit is not
straightforward however.
Over larger spatial scales, the correlation between seismic and geodetic tensors should improve. Previous studies have indeed shown that
the scatter in the moment tensor does average out to match the geodetic strain tensor at some scale (Amelung & King 1997; Shen-Tu et al.
1998; Kreemer et al. 2002; Masson et al. 2005). We used GPS from the literature that had been correction for large seismic events, however
our ‘interseismic’ strain includes the coseismic strain due to some smaller, M < 7 earthquakes. In the historical catalogue, earthquakes
M < 7 have release only ∼10 per cent of the total moment, so we can assume that the correlation between geodetic strain and seismicity is
not due to geodetic strain being coseismic.

7.3 The problem of the low strain rate areas
The approach described here to infer seismicity from geodetic strain rate seems effective for areas with relatively large strain rates (≥2 ×
10−8 yr−1 ). It is not clear, however, that geodetic strain rates provide good guidance to define zones of homogeneous seismicity rate in areas
with lower strain rate. It is interesting in that regard to contrast the India–Asia collision zone area with other areas where limited correlation
between strain rates and directions and seismicity is observed. This is, for example, the case in Fennoscandia (Bungum et al. 2010; Keiding
et al. 2015; Craig et al. 2016) and the New Madrid seismic zone of the central United States (Newman et al. 1999). In Fennoscandia,
the current seismicity is probably releasing elastic strain accumulated as a result of postglacial relaxation in addition to the strain that has
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accumulated as a result of on-going tectonics (Bungum et al. 2010; Keiding et al. 2015). So the modern geodetic strain rate tensor might not
be collinear with the accumulated elastic strain available to be released by earthquakes.
In the New Madrid seismic zone, postglacial rebound could also play a role, although it has been suggested that the large earthquakes
have been caused by stress changes due to erosion, sedimentation and subsequent flexure of the lithosphere (Calais et al. 2010). It is probable
that in low strain areas, tectonic loading has not overprinted elastic strain dues to non-stationary processes such as postglacial rebound,
erosion or sedimentation. In addition, it seems that in stable areas large earthquakes are clustered in time and space so that the assumption of
a Poisson process with uniform probability is a most questionable hypothesis (e.g. Liu & Stein 2016; Salditch et al. 2020).

7.4 From geodetic strain rates to probabilistic seismic hazard analysis
We have shown in previous sections that seismicity in our study area is closely related to geodetic strain rate, in terms of principal strain
rate directions and rate of earthquakes. Therefore the strain rate from the GPS can be combined with the instrumental seismicity to produce
probabilistic seismicity models using a relatively simple procedure. These seismicity models can then be used as an input to probabilistic
seismic hazard analysis as we illustrate here.
We use OpenQuake (Pagani et al. 2014) to perform an area-based probabilistic seismic hazard analysis. Because all four seismicity
models presented above may be adequate to use as an input, we use the a, b and Mmax parameters found using the linear and non-linear
models, and two different values of moment build-up rate (see Table 1). Some weighting scheme then needs to be adopted to consider them
jointly. We estimate their relative probabilities by comparing them to the 100-yr catalogue. We first compare the number of earthquakes Mw
≥ 6 (the magnitude of completeness) in the data in each different strain bin, with the number expected for Case 1 and Case 2. We find that
Case 2 fits the data with a probability 1.2 times that of Case 1. We then look at the maximum magnitude earthquakes in each different strain
bin. None of our values for Mmax have been exceeded in any strain rate bin, and the largest earthquake we expect to see in 100 yr differs very
little considering our different Mmax values, since the expected return times of the largest earthquakes are much longer than a 100-yr period.
We therefore consider either value for moment buildup, and therefore Mmax , equally likely. This gives us weights for Case1 Mo1 : Case1
Mo2 : Case2 Mo1 : Case2 Mo2 of 1: 1: 1.2: 1.2.
We characterize the hazard by peak ground acceleration (PGA) with 10 per cent chance in 50 yr, using three different ground motion
prediction equations (GMPEs), selected from the default recommendations of GEM for both active crust and subduction zones (Boore et al.
2014; Chiou & Youngs 2014; Zhao et al. 2006), to account for path effects. We calculate the PGA for a reference Vs30 (the estimated average
S-wave velocity over the shallower 30 m) of 780 m s–1 (Fig. 14a), and also show the results using proxy Vs30 values calculated by the UGSS
(Allen & Wald 2009) in the Supporting Information (Fig. S9). Our hazard maps looks very similar to our strain rate map (Fig. 2b) since the
areas are defined based on the strain rate, and the areas of higher strain have larger a-values, which leads to a higher hazard.
We show how the four individual models differ from the average in Fig. 15. For Case 1, the linear models, the regions of higher strain
show slightly lower PGA values, and regions of lower strain show slightly higher PGA values compared to the average. This is the reverse
for Case 2, the power-law models. This is directly related to the modelled a value: The linear model gives relatively higher a values at
lower strains, and lower a-values at higher strains than the power-law model. This can be seen from Fig. 10 by the fact that the model fit
lines cross each other at strain rate of around 7 × 10−8 yr–1 . A comparison of hazard curves produced from these four models is shown in
Fig. 16(a). Changing Mmax does not make that much difference for a time period of 50 yr, since the larger magnitude earthquakes have a
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Figure 14. Comparison of PGA (g) with 10 per cent chance in 50 yr between this study and GEM (Nath & Thingbaijam 2012; Anon. 2015; Pagani et al. 2018),
both for a reference Vs30 of 780 m s–1 . D = Delhi, K = Kathmandu, L = Lhasa, C = Chengdu. Hazard curves for these four locations are shown in Fig. 16.
Our seismic hazard model including site conditions is shown in Fig. S9.
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Figure 16. (a) Hazard curves calculated for four major cities from the four separate seismic hazard model presented here, with locations marked on Fig. 14.
(b) Comparison of our average model with the Nath & Thingbaijam (2012) study (NT2012), which is the basis of the GEM model for the Indian subcontinent,
and the local study of Nepal by Stevens et al. (2018) (ST2018).

longer recurrence time, and very low chance of occurring in the 50-yr period. The Case 1 (linear) versus Case 2 (non-linear) model makes
more of a difference, especially in the low strain rate areas (where Delhi is), since in the non-linear model, the a-value is a lot lower here
than in the linear model. At the higher strain rate areas, the a-values from the different models are more similar, though slightly higher for
Case 2.

Downloaded from https://academic.oup.com/gji/article/226/1/220/6168368 by California Institute of Technology user on 12 August 2021

Figure 15. Comparison of the four input models with the average, shown in Fig. 14. Case 1 is the linear model, and Case 2 is the power-law model. Mo1 is
using the original moment, and Mo2 is using twice the original moment, which means Mmax changes from 8.7 to 9.4.

Strain-rate and seismicity

239

7.5 Comparison with other studies
Our seismicity forecast of might be compared with the forecast of Zheng et al. (2018) for the Tibetan region (Fig. 17) who also based their
forecast on geodetic strain rates. They used the SHIFT (Seismic Hazard Inferred from Tectonics) methodology (e.g. Bird & Liu 2007; Bird
et al. 2010). The SHIFT methodology is originally based on the Global Strain Rate Map (GSRM, Kreemer et al. (2003)), which along with
GPS velocities, uses geological strain rates from faults and constrains the style of the strain rate tensor from moment tensors of shallow
earthquakes. Two key hypothesises of SHIFT are 1: long-term seismic moment is about that computed using the coupled seismogenic
thickness of most comparable type of plate boundary and 2: the long-term earthquake rate is about that computed from its moment rate by
using the frequency–magnitude distribution of the most comparable type of plate boundary. This involves separating the deforming regions
into seven different tectonic classes, as defined by Bird (2003): ridge-transform faults, diffuse oceanic, subduction, continental convergent
faults, continental rift and continental transform faults and also ‘non-deforming’ zones. Each class is assigned a seismogenic thickness and a
frequency–magnitude distribution of earthquakes represented by a exponentially tapered G–R distribution. A corner magnitude is assigned to
each class to represent the tapering. Note that the exponential tapering is different from the truncation adopted in our study in that it formally
allows unbounded magnitudes.
Using the SHIFT model, but based on new GPS data, Zheng et al. (2018) applied the methodology but using the regional geodetic strain
rate model of Zheng et al. (2018) instead of the Global Strain Rate Model of Kreemer et al. (2003). Their input GPS data is similar to ours.
They additionally made use of three of the different tectonic classes defined in SHIFT for Tibet, and considered India to be a ‘non’deforming’
zone. They then recalibrated the empirical constants used so that the estimated moment release matches that observed. The corner magnitudes
+0.47
+0.76
used by Zheng et al. (2018) are 8.46+0.21
−0.39 , 8.01−0.21 and 7.64−0.26 for continental convergent, transform and rift-boundary areas, respectively.
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Figure 17. Comparison of our seismicity model with that of Zheng et al. (2018). We compare the density of Mw ≥ 6 and Mw ≥ 7.5 earthquake rate (number
of earthquakes per km2 per year) predicted by the two models. D = Delhi, K = Kathmandu, L = Lhasa, C = Chengdu.
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Our method predicts seismicity rate very similar to those based on the SHIFT methodology as can be seem for M > 6. and M > 7.5 (Fig. 17).
The main difference is that our methodology does predict a non-negligible hazard level within stable India, which is more consistent with
the historical records. The other more minor differences are essentially due to the different strain rate models used as input. This comparison
shows that the simple conversion of strain rate to seismicity rate based on the correlation between the second invariant of the strain rate tensor
adopted in our study, yields about the same results that the SHIFT methodology. Our approach is simpler to implement as it does not require
any tectonic zoning and the calibration is straightforward.
It is also instructive to compare hazard maps and hazard curves predicted by our model with those based on the GEM model for this
region (Pagani et al. (2018), Fig. 14b). This model is based on the studies of Nath & Thingbaijam (2012) for South Asia, and Anon. (2015)
for China. The South Asia section is based on area-sources, with a, b and Mmax determined within roughly 50 different tectonic areas, with
Mmax varying from 6 to 9.4 in the different regions. The China section is based on both area and known fault zones. The hazard maps derived
from GEM and our model are broadly similar. The main difference is that the GEM map shows zones of localized higher level of hazards
that correlate with the known active faults. By contrast our model yields a more diffuse pattern because the actives faults were actually not
included. Also, all earthquake in our approach are treated as point sources, independently of their size and local tectonic regime. For example,
an earthquake that nucleates in the Himalayan region is not constrained to rupture along the direction of the Main Himalayan Thrust. This is
certainly a limitation of the very simple methodology adopted here.
We also compare the hazard estimated from our approach with the hazard estimated following a more standard PSHA approach applied
to Nepal by Stevens et al. (2018). This study considers a local tectonic zoning in terms of active faults and distributed seismogenic areas.
Each zone is associated with a frequency-magnitude G−R relationship based on instrumental, historic and palaeoseismic earthquakes (see
Fig. 18). We see that the shape of the higher PGA areas are similar, though in the model of Stevens et al. (2018) there is some higher hazard
due to the largest earthquakes which are constrained to rupture the portion of the Main Himalayan Thrust (MHT) which is locked in the
interseismic period. We note that the zone of highest hazard in our model correlates well with the pattern of seismicity recorded locally, which
shows a belt of seismicity following closely the front of the High Himalaya (Fig. 18). This is a direct consequence of the fact that our model is
designed to forecast epicentres, but does not account for the finite extent of large earthquake ruptures. By contrast, the zone of higher hazard
in Stevens et al. (2018) is shifted southward compared to that belt of seismicity. This shift is due to the fact that the larger earthquakes are
expected to be thrust events rupturing the locked portion of the MHT, which extends south of the front of the High Himalaya and is relatively
silent seismically. Our model accounts for the fact that earthquakes tend to nucleate at the lower edge of the locked fault zones, as this is
where stress in building up in the interseismic period (Cattin & Avouac 2000; Ader et al. 2012). However, because earthquakes are treated
as point sources, our model ignores that large ruptures can propagate into locked fault zones. The fact that the locked portion of the MHT
is clearly distinct from the zone of earthquake triggered by interseismic loading is due to the particular low dip angle of the MHT which is
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Figure 18. Comparison of our hazard model in Nepal with that of Stevens et al. (2018) (ST2018). K = Kathmandu. Lower plots shows declustered earthquakes
from the 10-yr catalogue plus, covering Nepal, a relocated catalogue of the National Seismological Centre (NSC), recorded between 1995 and 2001 (0.8 ≤ M
≤ 5.5) (Ader et al. 2012; Rajaure et al. 2013).
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8 C O N C LU S I O N
Our study shows that seismicity rate determined using small and moderate independent earthquakes correlates well with geodetic strain
rates over the India–Asia collision zone. Therefore, we can use the strain rate from the GPS together with the instrumental seismicity to
produce a probabilistic earthquake model which can be used as an input for seismic hazard assessment. We made the choice of a truncated
G–R distribution to simplify the algebra. The analysis could be adapted to the more robust assumption of tapered frequency–magnitude
distribution, assuming for example exponential tapering (Kagan 2002a). We expect that this would affect only the very low probability tail of
hazard curves.
The rationale behind our method is that earthquakes are triggered by interseismic loading, and that the moment released by earthquakes
balances the deficit of moment that builds in the interseismic period. Interseismic loading is assumed stationary. Our method yields results
very similar to those obtained with SHIFT (e.g., Bird & Liu 2007; Zheng et al. 2018), regarding seismicity rates forecast, and standard PSHA
for hazard assessment (e.g. Stevens et al. 2018).
In contrast to current practice in PSHA, there is no subjectivity in delineating different seismogenic zones, they are determined based
only on the geodetic strain rates, and it is simple to see how the inputs influence the results. This is an advantage, as the choice of sources is
subjective and differs from model to model. Our method is more systematic and easier to update than the SHIFT or GEM approach (which
requires combining different models which are each difficult to rederive and update). The method presented here does not make use of
information such as the active faults maps, fault slip rates or palaeoseismic results, which are commonly used in PSHA. We have deliberately
not used data other than seismicity catalogues and GPS. The information on fault kinematics could easily be incorporated, although at the
cost of complicating the framework, by using as an input to our method the interseismic strain rates estimated from a block model constrained
by both geodetic rates and geological slip rates.
Our simple method for PSHA can be applied in areas with sufficient geodetic coverage and seismicity monitoring, both of which are
continuously improving. However, before use, it is necessary to be sure that the GPS used are representative of the long-term deformation,
and that the elastic strain released by seismicity is consistent with geodetic strain rate measured from geodesy. This method applies to active
areas, and probably does not work so well in areas of low strain rate (<2 × 10−8 yr–1 ), where the hypothesis that the elastic strain available to
drive future earthquakes can be estimated based on modern strain rate might not hold.
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estimated to about 7◦ on average (Elliott et al. 2016) and to the large width of the interseismic locked zone which is estimated to about 110 km
on average (Stevens & Avouac 2016).
The two models yield also different results for southern Tibet, as Stevens et al. (2018) included specific seismogenic zones to account
for the NS trending active normal faults there. By contrast the interseismic strain pattern associated with these normal faults is not resolved
with the geodetic data, so the seismic hazard predicted with our model is more uniform there.
We compare the hazard curves at Delhi and Kathmandu calculated from our model with those of Nath & Thingbaijam (2012) and Stevens
et al. (2018) in Fig. 16b). For Kathmandu, the hazard curves are higher, though similar, in both the other models, related to the explicit input
of the MHT. For Delhi, the model of Nath & Thingbaijam (2012), shows a significantly higher hazard curve. From Fig. 14 we see that in
their model, Delhi is in a bullseye of higher hazard, since in their model this tectonic region had more earthquakes than nearby. In our model,
Delhi is in a region of lower hazard, with hazard decreasing fairly smoothly away from the Himalayas. With the SHIFT method, all areas that
are classified as ‘plate interiors’ are assumed to have the same seismicity, based on the worldwide seismicity in these areas. This leads to a
much lower seismicity rate south of the Himalaya, which would yield an even lower hazard level than our model for peninsular India, and for
Delhi in particular (see Fig. 17).
This section shows that, despite in simplicity, our methodology leads to seismicity models and earthquake forecast similar to the SHIFT
methodology, and that hazard maps and hazard curves derived from our method are quite similar to those based on standard PSHA methods.
The simplicity and low computational cost of our approach is advantageous as it allows easy updating, sensitivity testing and uncertainty
quantification.
The main limitations of our approach are that active faults are not explicitly taken into account, and that earthquakes are treated as point
sources, leading to potential bias in the hazard maps due to the fact that large ruptures can extend into locked zone where geodetic strain rate
is small. These limitations could be overcome pending some adaptations which have not been implemented here. For example, active faults
could be included in addition to geodetic strain rates and seismicity by using as a input to the method not directly the measured geodetic
strain rate but some model on interseismic loading based on the joined inversion of geodetic and quaternary slip rates using some elastic
block model formalism (Meade & Loveless 2009). Similarly, the finite extent of earthquake sources could be accounted for by taking into
account the local tectonic context. These adaptations would come at a computational cost and create a less simple framework that would make
sensitivity testing and uncertainty quantifications more difficult.
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Tape, C., Musé, P., Simons, M., Dong, D. & Webb, F., 2009. Multiscale
estimation of GPS velocity fields, Geophys. J. Int., 179(2), 945–971.
Tong, X., Smith-Konter, B. & Sandwell, D.T., 2014. Is there a discrepancy
between geological and geodetic slip rates along the San Andreas Fault
System?, J. geophys. Res., 119(3), 2518–2538.
Utsu, T., 1965. A method for determining the value of b in the formula
log n = a-bM showing the magnitude-frequency relation for earthquakes,
Geophys. Bull. Hokkaido Univ. 13, 13, 99–103.
Vidale, J.E., Agnew, D.C., Johnston, M.J. & Oppenheimer, D.H., 1998. Absence of earthquake correlation with Earth tides: an indication of high
preseismic fault stress rate, J. geophys. Res., 103(10), 24 567–24 572.
Walker, R.T. et al., 2015. The Egiin Davaa prehistoric rupture, central Mongolia: a large magnitude normal faulting earthquake on a reactivated fault
with little cumulative slip located in a slowly deforming intraplate setting,
Geol. Soc. Lond., Spec. Publ., 432(1), 187–212.
Wang, M. & Shen, Z.K., 2020. Present-day crustal deformation of continental China derived from GPS and its tectonic implications, J. geophys.
Res., 125(2), doi:10.1029/2019JB018774.
Wang, Y., Sieh, K., Aung, T., Min, S., Khaing, S.N. & Tun, S.T., 2011.
Earthquakes and slip rate of the southern Sagaing fault: insights from an
offset ancient fort wall, lower Burma (Myanmar), Geophys. J. Int., 185(1),
49–64.
Ward, S.N., 1998. On the consistency of earthquake moment rates, geological fault data, and space geodetic strain: the United States, Geophys. J.
Int., 134(1), 172–186.
Wei, S. et al., 2010. Regional earthquakes in northern Tibetan Plateau: implications for lithospheric strength in Tibet, Geophys. Res. Lett., 37(19),
doi:10.1029/2010GL044800.
Wiemer, S. & Wyss, M., 2000. Minimum magnitude of completeness in
earthquake catalogs: examples from Alaska, the Western United States,
and Japan, Bull. seism. Soc. Am., 90(4), 859–869.
Zaliapin, I. & Ben-Zion, Y., 2013. Earthquake clusters in southern California
I: Identification and stability, J. geophys. Res., 118(6), 2847–2864.
Zhao, J.X. et al., 2006. Attenuation relations of strong ground motion in
Japan using site classification based on predominant period, Bull. seism.
Soc. Am., 96(3), 898–913.
Zheng, G. et al., 2017. Crustal deformation in the India-Eurasia collision
zone from 25 years of GPS measurements, J. geophys. Res., 122(11),
9290–9312.
Zheng, G., Lou, Y., Wang, H., Geng, J. & Shi, C., 2018. Shallow seismicity forecast for the India-Eurasia collision zone based on geodetic strain
rates, Geophys. Res. Lett., 45(17), 8905–8912.

Downloaded from https://academic.oup.com/gji/article/226/1/220/6168368 by California Institute of Technology user on 12 August 2021

Niemi, N.A., Wernicke, B.P., Friedrich, A.M., Simons, M., Bennett, R.A.
& Davis, J.L., 2004. BARGEN continuous GPS data across the eastern
Basin and Range province, and implications for fault system dynamics,
Geophys. J. Int., 159(3), 842–862.
Ogata, Y., 1988. Statistical models for earthquake occurrences and residual
analysis for point processes, J. Am. Stat. Assoc., 83(401), 9–27.
Oskin, M., Perg, L., Shelef, E., Strane, M., Gurney, E., Singer, B. & Zhang,
X., 2008. Elevated shear zone loading rate during an earthquake cluster
in eastern California, Geology, 36(6), 507–510.
Pagani, M. et al., 2014. OpenQuake engine: an open hazard (and risk)
software for the global earthquake model, Seismol. Res. Lett., 85(3),
692–702.
Pagani, M. et al., 2018. Global Earthquake Model (GEM) Seismic Hazard
Map (version 2018.1—December 2018), doi:10.13117/GEM-GLOBALSEISMIC-HAZARD-MAP-2018.
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Supplementary data are available at GJ I online.
Figure S1 Second invariant of the strain rate tensor calculated using the method of Shen et al. (2015).
Figure S2 G–R plot for both the full and declustered catalogues. We find Mc = 4 for both catalogues.
Figure S3 Same as Fig. 10(a), with black diamonds showing the results obtained from strain rates calculated using the method of Shen et al.
(2015).
Figure S4 Coloured dots show 1 × 10−8 yr–1 binning, as shown in Fig. 10(a). Black triangles show the results for (a) binning of 0.5 ×
10−8 yr–1 and (b) binning of 0.1 × 10−8 yr–1 . We see that, as expected, the dispersion increases as the size of the data set in each bin decrease,
but the trend remains the same, independently of bin size. Grey lines show 100 000 realizations of randomized distributions for the different
bin sizes. Scatter increases as the area size decreases, leading to the areas of higher strain rate, which are smaller in size, having the largest
scatter. The areas of very lowest strain rate are also small, so also have large scatter.
Figure S5 Same as Fig. 10(b) but now showing results for (a) binning of 0.5 × 10−8 yr–1 and (b) binning of 0.1 × 10−8 yr–1 .
Figure S6 Same as Fig. 10(a) but now comparing (a) Mc = 4.0 and (b) Mc = 4.5. Note the different scales on the y-axis.
Figure S7 Same as Fig. 11 but now showing black triangles for (a) binning of 0.5 × 10−8 yr–1 and (b) binning of 0.1 × 10−8 yr–1 .
Figure S8 Same as Fig. 10(a) but now showing separation into areas of negative and positive first invariant of strain rate. Grey lines show
100 000 realizations of randomized distributions for the number of earthquakes with a positive first invariant (3297 events). Since the spread
in the randomized data is similar to the spread in the real data for the higher strain rate bins, there are too few earthquakes here in areas of
positive first invariant for any trend to be significant.
Figure S9 PGA (g) for 10 per cent chance in 50 yr, with proxy VS30 from USGS (Allen & Wald 2009).
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