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Key Points:

« We propose a probabilistic interseismic coupling model of the Main Himalayan
Thrust

e Our Bayesian analysis suggests heterogeneous coupling along the Main Hi-
malayan Thrust
 Spatial coincidence between low coupling regions and subsurface ridges suggests

a possible segmentation of the Main Himalayan Thrust
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Abstract

We use a recent compilation of geodetic data of surface displacements in a fully
Bayesian approach to derive a probabilistic estimate of interseismic coupling along the
Main Himalayan Thrust (MHT). Our probabilistic estimate of interseismic coupling
highlights four large, highly-coupled patches separated by three potential barriers of
low coupling. Locked patches overlap with estimated rupture areas of historical large
earthquakes over the past centuries. The coincident spatial variability in coupling,
seismicity, and prominent active topography, suggests a structural segmentation of the
MHT imposed by inherited tectonic structures from the India-Eurasia collision. This
correlation implies that inherited tectonic structures may affect how stress builds up
along the MHT, thereby influencing the location and size of large Himalayan earth-

quakes and the growth of the mountain range.

Plain Language Summary

Large Himalayan earthquakes occur along the plate interface between the Indian
and Eurasian plates: the Main Himalayan Thrust. Structural complexities of the
downgoing Indian plate are thought to play a role in the segmentation of this large
fault and hence its seismic potential. However, it is not clear how these tectonic
structures affect the interseismic stress buildup between earthquakes. With geodetic
data and a fully Bayesian approach, we estimate the pattern of interseismic coupling
along the Main Himalayan Thrust, defined as a measure of kinematic locking along
fault interfaces. We observe a heterogeneous distribution of interseismic coupling that
coincides with the pattern of large earthquakes, topography, and subsurface ridges
inherited from the India-Eurasia collision. These findings help us to highlight where

large Himalayan earthquakes are more likely to occur.

1 Introduction

The magnitude (M,,) 7.8 Gorkha—Nepal earthquake of 2015 was a dramatic re-
minder of the importance of understanding seismic hazard in the Himalayas (e.g.,
Bilham et al., 2001) (Fig. 1). This densely populated region has been struck by some
of the largest continental earthquakes, including the 1905 M,, 7.8 Kangra earthquake,
and the 2005 M, 7.6 Kashmir earthquake. It is also known to have produced larger
historical earthquakes of magnitude larger than 8, such as the 1950 M, 8.5 Assam
earthquake and the 1934 M, 8.2 Nepal-Bihar earthquake (Chen and Molnar, 1990;
Sapkota et al., 2013).

Tectonic shortening imposed by plate motion on interseismically locked, seis-
mogenic faults leads to elastic strain accumulation, which is ultimately released by
earthquakes (e.g., Savage, 1983). Geodetic observations allow derivation of spatial
variations of strain rates induced by interseismic locking of the main boundary faults.
Interseismic locking varies spatially along plate boundary faults, highlighting segments
that are locked versus those that slip aseismically (e.g., Avouac, 2015). In the Hi-
malayas, most large earthquakes have ruptured the Main Himalayan Thrust (MHT),



the main plate boundary fault between the Indian and Eurasian plates (e.g., Bilham
et al., 2001). Interseismic strain results from relative plate motion across the MHT,
which seems to increase eastwards from ~13 £1.7 mm yr—! to ~21 £2.0 mm yr—!

across the Himalayas (Stevens and Avouac, 2015).

There is now a relatively good coverage of Global Positioning System (GPS)
stations (Kreemer et al., 2014), which allows quantification of the degree of fault
locking and its spatial distribution on the MHT. For the purposes of this study, fault
locking is referred to as coupling, defined as the ratio of the deficit of slip rate in the
interseismic period divided by the long-term slip rate imposed by tectonic shortening.
This ratio varies from 0 for a portion of the MHT that slips aseismically at a rate equal
to the plate convergence rate to 1 for a fully locked fault. Many models derived from
geodetic data suggest that interseismic coupling on subduction megathrusts worldwide
is spatially heterogeneous, defining locked patches where stress increases more rapidly
surrounded by segments that slip aseismically (e.g., Chlieh et al., 2008; Moreno et al.,
2011). Megathrust earthquakes occur to first order on these interseismically locked
patches (e.g., Loveless and Meade, 2011). Conversely, previously published models
in the Himalayan region suggest that the MHT is nearly uniformly locked from the
surface to beneath the front of the high range over a width of 100 £20 km (Ader
et al., 2012; Li et al., 2018; Ponraj et al., 2010; Sreejith et al., 2018; Stevens and
Avouac, 2015; Yadav et al., 2019). Therefore, the MHT appears to be an anomaly
with respect to subduction megathrusts worldwide. However, a recent and detailed
GPS velocity solution over Bhutan highlights local variations in coupling, with a less
wide fully coupled segment in eastern Bhutan and a partially unlocked deeper crustal
ramp (Marechal et al., 2016).

Mapping the spatial distribution of interseismic coupling is key to understanding
the segmentation of the MHT and its seismic potential (e.g., Stevens and Avouac,
2016). In addition, quantitative assessments of uncertainties on the slip deficit in-
ferred from geodetic data are still missing. Here, we use a Bayesian approach to derive
a probabilistic estimate of fault coupling along the MHT. Such probabilistic estimate
does not rely on any spatial smoothing, an approach often used to regularize slip inver-
sions. Contrarily to more classic, regularized slip and coupling inversion techniques,
our approach explores all the possible distributions of coupling along the fault that
explains the data. In doing so, we avoid explicit formulation of arbitrary constraints
that restrict the range of possible models. Furthermore, we provide full posterior prob-
ability distributions of coupling made of the ensemble of plausible models that fit the

observations and are consistent with prior constraints.



Methods
Geodetic Observations

To assess the extent of interseismic coupling, we use an updated set of GPS-
derived velocities spanning the 1990s to 2015 (Kreemer et al., 2014). This dataset
was recently used to estimate the width of coupling across the MHT through a series
of two-dimensional transects (Lindsey et al., 2018) (Fig. S1). To better resolve the
pattern of coupling we also include levelling measurements from the Survey of Nepal
collected between 1977 and 1990 (Jackson and Bilham, 1994).

Our fault model considers the total length of the arc over roughly 2000 km
(Stevens and Avouac, 2015), from 73°E to 96°E (Fig. S1). The dip angle is set to
10° as in previous studies (Ader et al., 2012; Stevens and Avouac, 2015). To account
for the arcuate and irregular shape of the MHT, we divide the fault geometry into
four planar sub-fault blocks. These sub-faults are discretized in 353 triangles with
variable size, smaller near the surface (~45-50 km) and larger down-dip (~250 km).
As estimates of the extent of plate coupling depend on the direction and rate of the
plate convergence, we set a specific convergence rate and azimuth for each sub-fault
based on plate motion models and regional geodetic measurements (see Table S1).
We also assume that the otherwise rigidly moving Indian plate is fragmenting around
the eastern end of the Himalayan arc where there is evidence for internal deformation
(Vernant et al., 2014). To account for this deformation, we consider two distinct blocks
and related subnetworks: Indian and the Shillong block south of the eastern Himalaya
(Fig. S1). The elastostatic Green’s functions of each sub-fault and block, relating unit
slip on each patch to surface displacements at the data locations, are thus computed
assuming a different long-term convergence rate and azimuth. The inversion solves
for the poles of rotation with respect to India, as well as the coupling pattern. We
predict the response to subsurface fault slip at each data (GPS and levelling) location
assuming a stratified semi-infinite elastic medium (Simons et al., 2002; Zhu and Rivera,
2002). Our elastic half-space consists of 3 layers with elastic properties following the

average properties of the crust in the region (Pandey et al., 1995) (Fig. S2).

Bayesian analysis

We consider the forward problem d = Gm, where d is the vector containing the
horizontal component of the GPS-derived velocities and of the vertical displacement
of the levelling-derived measurements, m is the vector of model parameters, and G
is the matrix of Green’s functions. Green’s functions consist of surface displacement
of each data location (GPS and levelling) for unit slip on each point of the fault.
G includes elements of reference frame estimate for the GPS displacement field as
well. We solve the inverse problem to infer the distribution of model parameters (m)
consistent with our data (d). The solution to this inverse problem is non-unique and
large uncertainties on the parameters are expected. Therefore, instead of deriving a

single model, we explore all potential solutions using a Bayesian approach to derive



the posterior probability density function (PDF) of our model given our set of data,
p(m|d) (Minson et al., 2013). We thus derive a probabilistic estimate of the degree of
fault locking along the MHT. Following Bayes’s theorem, we write the posterior PDF
as:
1 _
p(mld) o plm) eap [ 3 (d ~ Gm)” G (d ~ Gm)];

where p(m) is the prior PDF of the model that describes our state of knowledge
before acquiring data, d is the data vector, G the Green’s functions matrix, and m is
the vector of model parameters. C,, is the covariance matrix in the data space, defined
as the sum of the data covariance matrix Cgq, (i.e., measurement error matrix) and
the prediction error matrix, Cp, which describes uncertainties in our elastic model for
the crust:
C,=Cq+Cp.

We account for prediction uncertainties (i.e., in the Cp covariance matrix) due
to inaccuracies in this layered elastic model using the approach of Duputel et al.
(2014). The uncertainty on the elastic structure, presented as grey standard deviation
in Fig. S2, is estimated by comparing previously published models across the entire
Himalayan region. We need a careful description of errors in order to not overfit the
data and produce reasonable estimates of coupling uncertainties on each portion of the
megathrust. Considering the variability and uncertainties on the 1D velocity models
(Fig. S2), we test both 5% and 10% uncertainty on the elastic properties of each
layer of the elastic half-space. We prescribed 10% uncertainty in the reference model.
Previous studies have shown that not including the prediction errors when sampling

for posterior PDF of coupling may lead to biased results (Jolivet et al., 2015).

The solution of the inverse problem is the posterior ensemble of all plausible
interseismic coupling models (m) that fit the GPS data (d) and that are consistent
with our prior hypotheses. We test two different prior hypothesis: (1) a uniform PDF
assuming no prior knowledge on the model parameters and (2) a binary prior (with
10% uncertainties) along-dip — that is, imposing a prior of 1 from the surface to
100 km downdip (18 km depth), followed by a linear decrease between 100 and 110
km (18-20 km depth), and a constant prior of 0 at depth >20 km. We generate
360’000 models corresponding to the posterior information on geodetic coupling given
measured interseismic velocities. Our final solution consists of an ensemble of models

that are statistically distributed according to the posterior PDF.

Interseismic coupling distribution

The posterior mean coupling model shows remarkable spatial variations in in-
terseismic coupling, both down-dip and along-strike the MHT (Fig. 2a). We infer
discrete highly-coupled segments along the fault extending throughout the arc. Cou-
pling is high at the front, where the Main Frontal Thrust (MFT) — the youngest and

southernmost thrust of the Himalayan wedge — reaches the surface and the resolu-



tion resulting from observations is highest. Down-dip, coupling tapers to negligible
values around 100-120 km north from the MFT. From west to east, we observe a
large lateral variability in geodetic coupling. Four large (ca. 300-450 km) and discrete
highly-coupled segments (>0.8) are separated by three relatively smaller (ca. 100 km)
regions with lower coupling (<0.3). These lateral variations of coupling raise two fun-
damental questions. First, are these variations a robust feature driven by the data?
Second, what difference between our approach and previously published methods leads

to the emergence of these low coupling segments along the MHT?

We interrogate the posterior PDF of coupling to assess the robustness of our
estimate by considering six representative local PDFs of coupling (nodes 1-6 in Fig.
2a). Marginal PDFs for nodes 2, 4, and 6 show a >75% probability that fault coupling
exceeds 0.8. On the other hand, for node 1 and 5, we infer a 68% probability that fault
coupling is lower than 0.4, confirming a significantly higher probability of low coupling.
In contrast, the shape of the cumulative distribution function of coupling on node 3
suggests a wider range of probable values, not far from the initial prior distributions
(i.e., uniform probability of coupling) but still tending towards lower values of coupling.
This similarity of prior and posterior distributions suggests the data are less informa-
tive to derive fault coupling along this limited section of the model. Although our
inversions include larger covariances compared to previous studies (Ader et al., 2012;
Stevens and Avouac, 2015), observed vs. predicted horizontal GPS displacements (Fig.
2b) and residuals (Fig. S3) from our mean model show a good agreement with the
geodetic measurements. However, it is important to note that the regions with low
coupling are spatially coincident with the block boundaries, and where the GPS data
are less dense (Fig. S1). To check the reliability of our results, we perform two tests in
which we assume (i) a fault model with a constant convergence rate (1743 mm yr—!)
and azimuth (8°E), and (i7) 5% uncertainty on the elastic properties of each layer of
the elastic half-space. Despite small variations, these fault models show very similar
results as the regions with low coupling are still easily detectable (Fig. S4 and S5).
These results thus provide strong evidence that the inferred variations of interseismic

coupling are consistent with the data and the given posterior uncertainties.

For comparison, instead of assuming a uniform non-informative prior, we con-
sider a constrained prior PDF distribution. In particular, we assume that the MHT
is highly-coupled from the surface to 18-km-depth and with negligible coupling at
depths greater than 20 km. To do so, we consider a tight Gaussian prior PDF with a
standard deviation of 10%, centered on 1 from the surface to 18-km-depth (i.e., fully
locked) and on 0 for depths greater than 20 km (i.e., slip at plate convergence rate).
All other assumptions and hypothesis are kept identical to our reference model. This
strong assumption is based on previous geodetic studies using GPS campaign and lev-
elling measurements (Bollinger et al., 2004), a few continuous GPS stations (Bettinelli
et al., 2006), and a recent physics-based forward model of the Himalayan seismic cycle
(Dal Zilio et al., 2019). Also, the location of the down-dip end of the locked fault

zone is consistent with the seismicity pattern observed in Nepal Himalaya (Cattin and



Avouac, 2000), and the postseismic deformation following the 2015 M,, 7.8 Gorkha
earthquake (Gualandi et al., 2017).

The posterior mean model suggests the MHT is highly-coupled from its surface
expression along the Himalayan foothills to beneath the front of the high range about
100 km to the north (Fig. S6). In general, coupling is nearly binary (1-to-0), with a
sharp transition between the coupled and creeping zones, similarly to what has been
observed in previous studies (Ader et al., 2012; Stevens and Avouac, 2015). This
distribution of coupling is actually very close to the prior PDF we have considered.
Strikingly, residuals are of the same order of magnitude as in our reference model with
uniform prior. This leads to the conclusion that both models, the one assuming a
constrained prior and the one with a uniform prior, fit the data almost equally well
and are both possible. However, examination of marginal posterior PDF's suggest that
the model derived from highly-constrained prior is only a subset of potential models.
As shown by marginal PDF's of coupling on node 1, 3, and 5 (Fig. S6), models with
high coupling are not excluded, but they are less probable than low coupled models
given the available data. Homogeneous coupling along the MHT thus results mainly
from a strong prior assumption. On the other hand, relaxing this hypothesis reveals a
complex distribution of coupling and this complex distribution is more probable given
the available data as shown by the posterior uncertainties directly translated from the
data.

Segmentation of the Himalayan megathrust and seismicity

The spatial variability of interseismic coupling is an important factor to con-
sider in interpreting relationships with the slip distribution of historical ruptures (Fig.
3). Along-strike, low coupling regions around nodes 1, 3, and 5 (Fig. 2a) coin-
cide with three subsurface Indian basement ridges in the Indo-Gangetic plains: The
Delhi-Haridwar ridge (DHR), the Faizabad ridge (FR), and the Munger-Saharsa ridge
(MSR). These subsurface basement ridges extend northward across the Himalayan
foothills and they might have affected the development of the arcuate shape and the
morphology of the Himalayan arc. They have been detected first from basin thickness
changes (Raiverman et al., 1983), and they have been confirmed by the analysis of
arc-parallel gravity anomalies (Hetényi et al., 2016). They typically include oblique to
transverse synclines, folds, fracture zones and/or strike-slip faults oriented transverse
to the strike of the Himalaya, which are associated with normal faulting and strike-slip
seismicity (Cannon et al., 2018; Murphy et al., 2014). Details of the origin and nature

of the lineaments, however, remain mostly obscure at present.

The subduction of these major tectonic structures may relate to a segmentation
in the seismic behavior of the MHT. Despite significant uncertainties, the rupture ex-
tent of major and great Himalayan earthquakes for past two hundred years appears
to correlate with the regions of ridge subduction and the pattern of coupling (Fig.

3b). For example, the eastern edge of the 1905 Kangra earthquake rupture appears



to approximately coincide with the Delhi-Hardwar ridge (Gahalaut and Kundu, 2012;
Wallace et al., 2005). The western edge of the 1803 rupture, though not well con-
strained, abuts the Delhi-Hardwar ridge (Rajendran and Rajendran, 2005). The 1934
Nepal Bihar earthquake rupture propagated eastward until or into the Munger—Saharsa
ridge (Hough and Bilham, 2008). However, it should be noted that an error of about
50 km could exist in the estimation of the rupture extent and rupture dimensions, and
in the northward extrapolation of the ridges under the Himalayan region (Gahalaut
and Kundu, 2012).

Recorded M>4.5 earthquakes (NEIC catalog from 1964 to 2018) show that the
background crustal seismicity varies along-strike (Fig. 3c). Cumulative seismic mo-
ment released reveals along-strike variations with less seismic moment released in the
three regions corresponding to the subsurface ridges. In particular, the cumulative
effect of all smaller events does not reach that of a single M6 event. Furthermore,
low seismicity across the Faizabad ridge has been evidenced by a dense seismic net-
work in Nepal (Ader et al., 2012). Relocated microseismic activity (Ader et al., 2012;
Mahesh et al., 2013), which extends over two regions from 77°E and 81°E and from
81°E to 87°E, respectively, follow the down-dip edge of the highly-coupled patches
quite well (Fig. S7). East of Bhutan, in Arunachal Pradesh, there is a seismically
active band that extends into the orogen. Also, the cluster of seismicity extending
into the Himalayan orogen at 77.5-78°E turns northward as a possible continuation of
the Delhi-Haridwar ridge.

Coupling vs. topography

If interseismic coupling is stable over geological time scales (Kyr), the resulting
pattern of strain should influence the construction of topography locally. To first or-
der, topography contour lines show how the Himalaya rise abruptly at a distance of
about 120-150 km from the Main Frontal Thrust (Fig. 4a). Notably, the down-dip
end of the highly-coupled section of the MHT is spatially coincident with the abrupt
rise in topography. Such correlation could reflect anelastic strain, which contributes
to topographic uplift in the long run (Bilham et al., 1997; Stevens and Avouac, 2015).
Such anelastic deformation suggests that the down-dip limit of the brittle-ductile tran-
sition is located where the shear stress accumulation is the highest, and drops under

topography greater than 3500 m of elevation (Bollinger et al., 2004).

It is also interesting to notice that the largest across-strike graben of the Hi-
malayan belt, the Kaurik-Chango Rifts, the Thakola Rifts and the Yadong Rifts, lie
near the prolongation of the three ridges (Fig. 4a). In particular, normal faulting
earthquakes continuously occur along N-S fault planes in the Kaurik-Chango Rift
(Gahalaut and Arora, 2012), where the eastern limit of the 1905 Kangra earthquake
is located. Possibly, the Kaurik-Chango Rift keeps this part of the Himalayan seismic
belt in a dilated (or low stress) state so that earthquake ruptures along the MHT do

not extend through it. It should be noted, however, that the assumption of a linear



extension in the trend of these ridges below the Himalaya is uncertain and that the

ridges may in fact deviate from their extrapolated linear trend.

A link between topography and coupling suggests a long-term influence of the
seismic behavior of the megathrust and topography building. One possibility to recon-
cile the segmentation of topography and that of coupling is to consider the topographic
effects of ridge subduction. In subduction zones, seafloor observations (Singh et al.,
2011) and numerical experiments (Ruh et al., 2016) suggest that subduction of large
topographic structures (e.g., seamounts) result in a bulge above the underthrusting
seamount and normal faults within the overriding plate. If this holds for the Himalayan
orogen, the long-term passage of these three basement ridges could explain the topog-
raphy cusps and the arc-perpendicular normal faults. More generally, the correlation
between the pattern of interseismic coupling and the topography suggests that segmen-
tation and effective frictional properties vary little in time, while irrecoverable strain
of the Himalayan wedge is small during the interseismic period. As previously inferred
from the colocation of the bulge of interseismic uplift with the front of the Higher
Himalaya (Meade, 2010), some fraction of the interseismic geodetic strain, albeit small
as discussed above, could be actually anelastic and contributes to topographic uplift

over geological time scales.

To investigate lateral variations in collisional structure we also compare (i) the
Arc-Parallel Topography Anomalies (APTA) (Hetényi et al., 2016), which define the
topography differences from the average arc-perpendicular profile, (ii) the 0.5 contour
line of coupling, and (iii) the location of the three subsurface ridges (Fig 4b). The
variation of the APTA exceed 500 m with a number of alternating negative and positive
patches throughout the arc. Neglecting important effects of climate conditions and
surface processes (e.g., Whipple, 2009), the higher values at the front of the range
are located where the coupling is low and the three subsurface ridges come across the
Main Frontal Thrust. The western boundary near 76.5°E, aligned with the Delhi-
Haridwar ridge (DHR), is visible in the topography anomalies. The middle boundary
near 82.5°E, aligned with the Faizabad ridge (FR), as well as the eastern end of the
Munger-Saharsa ridge (MSR) near 87.5°E, are also visible in the topography anomalies.
This latter is certainly a major boundary in (or of) the Indian plate (Hetényi et al.,
2016). Despite some exceptions (e.g., between 89 and 92°E), the correlation between
the topography anomalies and coupling suggests that fault segments beneath positive
APTA are likely more aseismic, as already observed in subduction zones (Song and
Simons, 2003).

Conclusions

In summary, we propose that inherited structures along the Himalayan arc in-
duce a zonation of interseismic coupling along the plate interface. Regardless of un-
certainties, our probabilistic estimate of interseismic coupling along the MHT suggests

that the Himalayan megathrust is segmented by regions of low coupling. These low-



coupled patches overlap with inherited structures. Despite competing hypotheses, the
segmentation of the orogen into these blocks is also visible in the along-strike rupture
extension of historical earthquakes. Large earthquakes of the past millennium do not
propagate across segment boundaries defined by lower plate inherited structure (Gaha-
laut and Arora, 2012; Hetényi et al., 2016). Therefore, the here identified low-coupled
patches potentially set three boundaries for the lateral extent of future megathrust
earthquakes. From a general agreement between previous results (Ader et al., 2012;
Stevens and Avouac, 2015), geodetic data, and geological constraints, our results con-
firm that the fraction of anelastic deformation in the highly-coupled regions might be
within uncertainties of the geodetic data (<10%). These new results highlight impor-
tant targets for future studies, which will be essential to question how these segment
boundaries control interseismic strain accumulation. Future GPS campaigns should

assist in answering this challenging but crucial question.
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Figure 2. Posterior mean coupling model of the Himalayan megathrust. (a) The
resulting posterior mean model accounts for data uncertainties and 10% of prediction uncertain-
ties (see Methods for details). Coupling values are inverted at each triangle knot. For each of
the histograms, orange bars are the marginal probability densities at discrete nodes of the fault
model. Thin grey lines represent the fault mesh. The large blue arrows show the long-term ve-
locities in each region. Solid blue line shows the surface trace of the Main Frontal Thrust. (b)
Same posterior mean model with the GPS displacement (in the fixed Eurasian reference frame)

and model predictions plotted as black and blue arrows, respectively.
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Figure 3. Comparison between along-strike variability of coupling, lateral ex-
tension of historical M>7.5 earthquakes, location of the subsurface ridges, and cu-
mulative seismic moment released. (a) arc-parallel coupling profile at 45-50 km from the
Main-Frontal-Thrust, derived from the posterior mean coupling model shown in Fig. 2. Shaded
grey area represents the corresponding 2-0 deviation. Blue dashed lines indicate the location of
the subsurface ridges in the Indo-Gangetic plains at the Main Frontal Thrust: DHR — Delhi
Hardwar ridge; FR — Faizabad ridge; MSR — Munger—Saharsa ridge. (b) Known major and
great earthquakes in the Himalaya (see Table S2). The lateral extension of the 1555, 1505, and
1255 earthquakes is speculative. (c) Lateral variation of cumulative seismic moment released of
M>4.5 earthquakes across the Himalayan belt. The seismicity is defined within 250 km north of

the Main Frontal Thrust.
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Figure 4. Interseismic coupling vs. topography. (a) Comparison between the present-
day topography and coupling distribution inferred from the posterior mean coupling model shown
in Fig. 2. Blue colormap displays the interseismic coupling pattern. Solid coloured lines show the
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patches indicate the location of the subsurface ridges beneath the Indo-Gangetic Plains. The

Main Frontal Thrust fault is outlined in black.
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