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1. Introduction building process and seismic cycles (e.g., Masek and Duncan, 1998; Dal
Zilio et al., 2021; Lamb, 2021; Mallick et al., 2021). Although long-
term processes such as duplexing, ramp breaks, and splay faulting are
known to occur within orogenic wedges (Suppe, 1983; Qiu and Barbot,
2022), and the cumulative effect of incremental slip during and between
earthquakes is to raise mountains (Darwin, 1840), these phenomena
are challenging to incorporate in models of seismic cycles because of
the disparate spatial and temporal scales involved (Van Dinther et al.,
2013; Van Zelst et al., 2019; Dal Zilio et al., 2019; Petrini et al., 2020;
Uphoff et al., 2023).

Here, we investigate how strain is partitioned between slip on the
Himalayan megathrust and internal deformation of the hanging wall,
leading to the creation of permanent topography, and how the struc-

During the past 60 million years, the Indian plate has been grad-
ually colliding with the Eurasian plate, leading to the closure of the
Tethys Sea and the uplift of the Himalayan mountains to elevations
of about 5 to 8 kilometers above sea level (Powell and Conaghan,
1973; Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1977;
Tapponnier et al., 1986, 2001; Avouac, 2003; Ding et al., 2022; Wang
and Barbot, 2023). Over geological time scales spanning millions of
years, the structure of the Himalayan megathrust continuously changes
and impacts tectonic uplift and landscape evolution (Molnar and Tap-
ponnier, 1975; Wesnousky et al., 1999; Yin and Harrison, 2000; Lavé
and Avouac, 2000, 2001; Hubbard et al., 2016). At shorter timescales
spanning seconds to thousands of years, the system features cycles of

earthquakes of varying magnitudes repeating over years, centuries, and
millennia (Feldl and Bilham, 2006; Bilham, 2019; Mugnier et al., 2013;
Sapkota et al., 2013; Gupta and Gahalaut, 2014; Bollinger et al., 2014;
Qiu et al., 2016; Wesnousky, 2020). A general question that animates
the tectonophysics community is the relationship between the mountain
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tural complexity of the mechanical system affects short-term seismic
cycles in the Nepalese Himalayas. We explore the structural evolution
of the megathrust along two representative cross-sections in Central
Nepal (CN) and East Nepal (EN) that feature distinct degrees of struc-
tural complexity. We build kinematic structural models that account for
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Fig. 1. Perspective view of the Himalayan subsurface and observational constraints on the shortening-rate in Nepal. The three-dimensional fault geometry with
3x vertical exaggeration and the cross-sectional surface across Central Nepal are plotted based on Hubbard et al. (2016). The fault geometry at two representative
cross-sections in Central and East Nepal (CN and EN, respectively) is highlighted with the frictionally unstable seismogenic zone in red and the creeping region
in black. The contours for the last known earthquakes in these segments, the M, 8.2 1934 Nepal-Bihar earthquake (EN) and the M, 7.8 2015 Gorkha earthquake
(CN), are represented in yellow. Dashed lines along the Main Frontal Thrust (MFT) indicate the surface trace of the 1934 event, as widespread evidence of surface
rupture along the entire length is challenging to discern (Sapkota et al., 2013; Bollinger et al., 2014; Wesnousky et al., 2018; Rizza et al., 2019; Riesner et al., 2023).
Central Nepal features a middle ramp that is absent in East Nepal. Fault system evolution allows break-forward episodes of one or more ramps allowing accretion of
Indian lithosphere onto the upper plate. The long-term geological shortening rate spanning multiple seismic cycles is shown with arrows. The local long-term slip
on individual fault segments, which may vary down-dip due to internal deformation of the orogenic wedge, is represented by double arrows.

the internal deformation of the orogenic wedge by active folding in the
hanging wall and underplating in the footwall of the Main Himalayan
Thrust (MHT). We show that strain can be stored and released in the
hanging wall at timescales of millions of years during stages of uplift
and duplexing, producing dynamic segmentation of the long-term slip
rate down-dip and along the megathrust, with possibly distinct geologic
and geodetic slip rates. Using numerical simulations of seismic cycles
with active folding, we show how the internal deformation of the hang-
ing wall can lead to different spatio-temporal patterns of earthquake
cycles and corresponding seismic hazards.

2. Architecture and structural development of the Himalayan
orogenic wedge

The Himalayan orogenic wedge consists of a forward-propagating
sequence of thrust faults; from north to south, these are the Main Cen-
tral Thrust (MCT), the Main Boundary Thrust (MBT), and the Main
Frontal Thrust (MFT, the most active splay fault in the system), respec-
tively. These splay faults sole at depth into the Main Himalayan Thrust
(MHT), which accommodates crustal shortening and related deforma-
tion (Fig. 1). The base of the MHT consists of a mid-crustal ramp, a
steeply dipping thrust fault segment that connects two levels of décolle-
ment (gently dipping, bed-parallel thrust fault). Slip along this ramp

influences the long-term uplift of Himalayan rocks, as well as short-
term seismicity due to persistent strain accumulation (Avouac, 2003;
Hubbard et al., 2016; Dal Zilio et al., 2021).

In Central Nepal, the presence of a mid-crustal ramp is evidenced by
seismic reflection studies (Hauck et al., 1998), microseismicity (Pandey
et al., 1995), geologic data (Schelling and Arita, 1991; Hubbard et al.,
2016), and magnetotelluric data (Lemonnier et al., 1999). The position
of the mid-crustal ramp in East Nepal can be traced using the sur-
face expression of Gorkha-Pokhara anticlinorium (GPA) as a proxy. The
structural heterogeneity in the fault architecture is illustrated by the
curvature of the GPA along strike. Another structural complexity in the
MHT is the presence of a middle ramp in Central Nepal within the seis-
mogenic zone (Hubbard et al., 2016). The middle décollement ruptured
during the recent 2015 M,, 7.8 Gorkha earthquake and the 1833 rup-
ture (Avouac et al., 2015; Bilham, 1995). Unlike areas to the east and
west, Central Nepal has not experienced a megathrust-spanning full rup-
ture (from the base of the megathrust to the surface) in the last ~ 800
years, indicating that strain remains to be released and suggesting an
impending seismic hazard (Bollinger et al., 2016). This middle décolle-
ment, however, vanishes to the east, as the ramps below and above
it merge into a single large mid-crustal ramp (Hubbard et al., 2016).
The last known earthquake to rupture this section of Nepal is the 1934
Nepal-Bihar earthquake (Pandey and Molnar, 1988).
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Fig. 2. Structural evolution of the MHT in Central and East Nepal. a) The locations of the two-dimensional profiles in Central (CC’) and East (EE’) Nepal are shown
on a geological map of Nepal. b) Illustration of fault-bend fold theory concepts applied to reconstruct the structural development of the Himalayan megathrust. The
long-term slip rate of fault segments varies depending on the fold shape and the history of deformation. The Main Frontal Thrust (MFT) can slip at a rate faster
(pink) or slower (yellow) than the long-term loading rate due to active folding and shortening. Reconstruction of hanging wall evolution along profile EE’ in East

Nepal (c-e) and profile CC’ in Central Nepal (f-k).

To explore the evolution of the fault system and its impact on the
earthquake cycle, we use representative two-dimensional cross-sections
along Central and East Nepal with variations in down-dip fault geom-
etry. We apply quantitative models of fault-bend folding to study the
geometric and kinematic development of folds, and create a sequence of
cross-sections that illustrate the structural evolution of the hanging wall
as shortening progresses, paying particular attention to the long-term
slip rates on different fault segments. Following standard fault-bend
folding methods, we hold the thickness of stratigraphy across each fold
and the cross-sectional area constant (Suppe, 1983). We model axial
surfaces or fold axes as infinitesimally narrow, approximating the small
thickness of fault and stratigraphic bends relative to the 200-km length
scale of the plate boundary (Sathiakumar et al., 2020).

Large anticlines, like the GPA, are created due to slip across com-
posite fault bends with a flat-ramp-flat geometry. When stratigraphic
layers traverse fault bends, they are folded and uplifted, building to-
pography. Notably, when these layers are at an angle to the fault, the
slip magnitude on either side of the fault bend will be different, due to
the geometric conservation of total cross-sectional area (Suppe, 1983;
Shaw et al., 2005). In our progressive cross-sections, we track these
changes in slip rate across the multiple fault bends in the MHT as short-
ening progresses (Fig. 2). The ratio of slip below and above the bend

depends on the shape of the fault and the associated fold (Suppe, 1983;
Shaw et al., 2005).

Our two-dimensional cross-sections of Central and East Nepal (CN
and EN, respectively) are based on the three-dimensional fault geom-
etry described by Hubbard et al. (2016). In the early developmental
stages (stages CN1, CN2, EN1), the stratigraphic layers are parallel to
the underlying fault everywhere except above the ramps, which cut
through existing layers (Fig. 2¢,f,g). As the hanging walls of the ramps
are pushed up, they travel over fault bends onto the shallower flat fault
segments, causing folding and a change in slip rate. These types of fault
bends, called anticlinal fault bends, are associated with a decrease in
slip rate. In our cross sections, this implies that up-dip fault segments
will have lower long-term fault slip rates compared to the deep loading
rate (Fig. 2). With typical Nepal fault structure parameters, we obtain a
decrease of ~12-15% (stages EN1, CN2) or ~25% (stage CN1) in frontal
fault slip rate, reflecting one or two anticlinal fault bends, respectively.
During these stages, the structures are in a predominantly “crestal up-
lift” phase, as the crests of the anticlines continue to rise, contributing
to the growth of topography (Fig. 2).

As shortening continues, the kink bands widen, and the inactive ax-
ial surface associated with the base of the ramp reaches the top of the
ramp. At this point, the hanging wall rocks above the ramp become
parallel to the ramp, and the slip rate across the upper bend becomes
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Fig. 3. Seismotectonic implications of down-dip long-term slip-rate variations. a and b) Illustrations of two-dimensional fault geometry models for Central and East
Nepal with fault segments and sample active axial surfaces. Unstable weakening is denoted in red, velocity strengthening in black. Ru and Rb are non-dimensional
numbers that control the dynamics of fault behavior in the rate-and-state friction framework. Ru is the ratio of seismogenic zone width to characteristic nucleation
size, and Rb is the ratio of static to dynamic stress drop. ¢ and d) Down-dip rupture width illustration for megathrust-spanning full ruptures (great ruptures),
multiple-segment large ruptures (major ruptures), and single-segment ruptures (strong ruptures); stars indicate hypocenter locations. e) Colored histogram indicating
frequency of ruptures of a given width for each of the stages in our simulations (CN1-CN5, EN1-EN3). Darker colors indicate more frequent ruptures. Lower bar
indicates the slip rate of the MFT for each stage; colors of lower bar are taken from Fig. 2. f) Recurrence times of great ruptures for all models (black: Central Nepal

stages CN1-CN5; blue: East Nepal stages EN1-EN3).

constant (stages CN3, EN2). This brings the local long-term slip rate on
all the fault segments back to the deep loading rate (Fig. 2 d,h). The
structural signature of this process now transitions to “crestal broaden-
ing”, with passive transport of the folded kink bands along the upper
detachments, and the crests of the associated anticlines grow in width
but not height. In the later stages (stages CN4, CN5, EN3), inclined
stratigraphic layers that already went through one folding process start
to climb the up-dip ramps. The resulting folds, called “synclinal fault-
bend folds”, are associated with an increase in slip rate on the up-dip
part of the fault (Fig. 2 e,i,j). In our cross sections, this creates a ~13%
(stages EN3, CN4) or ~26% (stage CN5) increase in long-term slip rate
at the frontal thrust compared to the deep loading rate, reflecting one
or two synclinal fault bends, respectively.

Thus, the frontal part of the megathrust can slip slower or faster
than the deep loading rate, averaged across the seismic cycle. These
slip rates can last for hundreds of thousands to a few million years be-
fore transitioning to a new, stable slip rate. The process described here
reflects the evolution of the hanging wall over a static fault geometry.
The next stage of the fault system involves breaking forward of one or
several of the ramps, allowing accretion of Indian lithosphere onto the
upper plate. Break forward of the mid-crustal ramp will start a new cy-
cle of fault-bend folding (e.g. stage CN6, Fig. 2k). We do not simulate
the break-forward episodes explicitly. Instead, our kinematic structural
model describes the geometry before and after any break-forward hap-
pens.

In the Himalayas, these long-term folding mechanisms must impose
heterogeneous long-term loading rates along different segments of the
plate interface that can differ measurably from the deep loading rate. As
the local loading rate affects the recurrence time and other characteris-
tics of earthquakes (Barbot, 2019; Sathiakumar et al., 2020; Shi et al.,
2020; Barbot, 2020), the structural development of the orogenic wedge
will modulate the short-term seismo-tectonic behavior. In the next sec-
tion, we explore numerical models of the seismic cycle that incorporate

the boundary conditions and internal deformation representative of the
different stages of growth of the Himalayan orogenic wedge. We use our
results to discuss the impact of off-fault deformation on seismic hazards
along the Central and East Nepal representative cross-sections.

3. Earthquake cycles with spatially variable slip rate and active
folding

To study the impact of folding in the orogenic wedge on the seismic
cycle, we employ physics-based numerical simulations of earthquake se-
quences using slip-rate- and state-dependent friction coupled to internal
deformation of the hanging wall across active axial surfaces (Sathiaku-
mar et al., 2020). In order to isolate the effect of structure on the
two-dimensional Central and Eastern cross-sections (see Supplemen-
tary Tables 1 and 2), we use the same effective physical properties for
both models, based on earthquake sequence simulations of the 2015
M,, 7.8 Gorkha earthquake (Sathiakumar and Barbot, 2021). The tran-
sition from deep steady-state velocity-strengthening behavior to shal-
lower unstable weakening is fixed at ~15km. The deep loading rate in
both models is set to 17mm per year, which is an intermediate rate
between the best-fit geodetic and geologic rates, and within the uncer-
tainty range of geodetic models.

We incorporate axial surface dynamics to account for off-fault defor-
mation associated with fault bends. To bridge long-term (> 100,000 to a
few million years) and shorter-term or seismic cycle timescales (seconds
to thousands of years), we implement our kinematic forward model of
the structural evolution of the hanging wall: we generate one model
for each stage of development in Central and Eastern Nepal (stages CN
1-5, EN 1-3, Fig. 2, Supplementary Figure 1). For each of these models,
we simulate seismic cycles for 20,000 years and compare the results to
study the evolution of seismic behavior as the hanging wall deforms.
For each region, the underlying fault geometry and frictional properties
remain the same, while the slip rates of the fault segments and the ori-
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entations of the axial surfaces within the hanging wall stratigraphy vary
(Supplementary Figure 1). This model allows us to study how long-term
geological evolution impacts short-term seismic processes.

We simulate super-cycles of earthquakes that express megathrust-
spanning full ruptures (great ruptures), multiple-segment large ruptures
that may or may not break the surface (major ruptures), and smaller
ruptures that break individual fault segments (strong ruptures). Each
seismic super-cycle starts and ends with a through-going “great” rup-
ture.

Our models show that variations in slip rate impact several earth-
quake cycle characteristics, including down-dip rupture width (and
therefore magnitude), hypocenter location, and the recurrence times
of great and partial ruptures (Supplementary Figures 2, 3). First, frontal
fault slip rates impact the recurrence times of great ruptures (Fig. 3).
When the frontal slip rates are higher than the deep loading rate, our
models produce more frequent great events with less slip per event,
compared to the more infrequent, larger events associated with slower
frontal slip (mean recurrence time of ~1,000 years versus ~1,800 years,
respectively). The recurrence time of great ruptures is also more peri-
odic for faster frontal slip compared to more chaotic for slower frontal
slip.

In addition to impacting the largest ruptures, long-term slip-rate
variability also modifies the number of partial ruptures between two
great ruptures (i.e., within a complete super-cycle). Models in which the
frontal slip rate is lower or the same as the loading rate produce twice
as many incomplete ruptures per super-cycle compared to those with
faster frontal slip. These partial ruptures are of variable size, ranging
from multi-segment major ruptures to single-segment strong ruptures.
Models with faster frontal slip also do not encompass the full spectrum
of rupture sizes observed for lower frontal slip rates and exhibit less
variability of hypocenter locations, which cluster around fault bends in
all cases (Fig. 3 and Supplementary Figure 2).

The recurrence time and behavior of single-segment “strong” rup-
tures bounded by ramps, a behavior seen in the 2015 Gorkha rupture
in Central Nepal, are uniform throughout the earthquake cycle in all
stages of structural evolution. These events nucleate at the transition
between the velocity-strengthening and velocity-weakening parts of the
fault (Supplementary Figure 2). These partial ruptures of the MHT can
precede or succeed great ones, with inter-event times between 100 and
500 years. In general, seismic cycle properties and patterns can shift de-
pending on the time duration of each structural configuration and can
range between 300 thousand years and 1.3 million years (Figs. 3 and
EOR

The structural differences between Central and East Nepal mani-
fest as distinct characteristics of the earthquake cycle. The seismogenic
width of East Nepal is smaller, reducing the size of down-dip ruptures.
It also does not contain a middle ramp; this reduces the opportunity
for geometric or slip rate segmentation, and we observe a more limited
range of rupture sizes as a result. The fault structure and the down-dip
slip-rate segmentation determine the seismo-tectonic attributes of the
system (Fig. 3 and Supplementary Figure 3).

4. Slip-rate variability in the Himalayas

The deformation of the Himalayan orogenic wedge is captured by
observations sensitive to variable timescales and locations. Along the
MFT, faulting and folding coupled with surface processes provide im-
portant constraints on earthquake characteristics and seismic hazard in
these thrust-faulted terrains (Burbank et al., 1996; Lavé and Avouac,
2001; Godard et al., 2014; Bollinger et al., 2014; Mishra et al., 2016;
Rajendran and Rajendran, 2021; Ghoshal et al., 2020). A survey of the
Holocene abandoned fluvial terraces perched above the Bagmati river
in Central Nepal across a 20 km wide deformation zone suggests a fault
slip rate of 21 + 1.5 mm/yr in the Himalayan foreland using geomet-
ric relationships between faulting and folding (Lavé and Avouac, 2000,
2001). At this longitude, the most recent estimates of convergence from
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geodesy are ~ 20 — 30% smaller (15 + 2.4 mm/yr) (Lindsey et al., 2018;
Li et al., 2018). Geodetic estimates of the shortening rate vary among
studies, with previously reported geodetic rates matching the Holocene
shortening rates more closely (Stevens and Avouac, 2015). However,
the lower rate of 15mm/yr consistently explains the various geodetic
data in Nepal (See Section 3.4 in Lindsey et al., 2018) and the total
India-Tibet convergence measured in South Tibet (Zheng et al., 2017).

Considering uncertainties in the geodetic and geologic estimates of
shortening rate, it is unclear whether geodetic and geologic rates truly
agree or disagree locally. Additionally, longitudinal variations in strain
accumulation and partitioning may play an important role (Bollinger et
al., 2014; Hamahashi et al., 2022). Below, we discuss the mechanisms
of deformation in the orogenic wedge that enable a possible discrepancy
between geologic and geodetic shortening rates.

Fault-bend folding makes it possible for the frontal rate to exceed
the deep loading rate, but only under specific conditions. In order for
frontal fault slip rates to be higher than the deep loading rate in Central
Nepal according to our model, the structural evolution must be in a
stage similar to stages CN4, CN5, or CN6. In these stages, inclined beds
are being refolded at one (CN4 and CN6) or two (CN5) additional up-dip
ramps (Figs. 2 and 4).

A deep loading rate of 13-17mm/yr can lead to a long-term slip
rate at the frontal thrust of 14.5-19.5 mm/yr during stage CN4 (~ 13%
increase) and 16.5-21.5mm/yr during stage CN5 (~ 27% increase).
Structural cross-sections based on surface geology at this location (Hub-
bard et al., 2016) suggest that the mid-crustal ramp has moved from
crestal uplift to crestal broadening, and that inclined beds are climbing
the up-dip middle ramp. This increases slip up-dip similar to processes
described in both stages CN4 and CN5 in our models (Fig. 4a).

Our kinematic models capture the first-order approximations of fault
evolution with a fixed geometry. More accurate models can capture
other complexities like break-forward processes of the frontal fault sys-
tem. For instance, the middle ramp originally formed as the lower part
of a surface-breaching Main Boundary Thrust fault (MBT) and, eventu-
ally, its hanging wall rocks were uplifted and eroded away. Our model
does not include this evolution; instead, these hanging wall rocks are
transported up the fault, and in stage CN5 cause an additional increase
in slip rate updip as they reach the MFT. The slip rate increase in stage
CNS5 is therefore not supported at this location, although intermediate
ramps like this one may be active in other locations. Thus, although the
possible difference in slip rate from geological and geodetic estimates in
Central Nepal is best fit by stage CN5, stage CN4 is more representative.

In East Nepal, shallow slip rates remain uncertain. Data from sed-
iments in boreholes in the Himalayan foothills reveal the deformation
history and MFT fault slip rates on the Bardibas fault, the southernmost
segment of the frontal thrust (Hamahashi et al., 2022). At the Bhabsi
river, shortening rates are ~ 3 — 12 mm/yr, accommodating 20-80% of
the geodetic shortening rate. This lower slip rate is due to partitioning
of shortening onto other hanging wall faults, including the Patu Thrust
in the north, as this is a step-over region between the two faults; in-
corporating this additional shortening could plausibly make the total
shortening comparable to geodetic rates (Hamahashi et al., 2022). No-
tably, river terraces from the Ratu river, just east of the Bhabsi River
suggest uplift rates of 10-12mm/yr on the Bardibas Thrust (Bollinger
et al., 2014), possibly suggesting 20-35mm/yr of shortening assuming
a 20 — 30° dipping fault. These widely variable rates, from far below to
far above the geodetic loading rate, highlight the difficulty of measur-
ing geologic rates. In addition to structural uncertainties, non-tectonic
climate signals can affect the uplift of river terraces (Hamahashi et al.,
2022).

Here, we demonstrate that this budget can also vary depending on
the hanging wall structure. In the case of Eastern Nepal, the total MFT
shortening budget could be consistent with the lower slip rate estimate
from the Bhabsi River (in stage EN1) or the higher slip rate estimate
from the Ratu River (in stage EN3). Given the uncertainties in estimates
and the likelihood of additional active faults and sedimentary processes,
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Fig. 4. Variations of long-term slip-rates on the MFT over multi-million year timescales due to active folding and duplexing compared to the geodetic loading rate. a
and b) Fault-bend folding predicts different frontal fault slip rates depending on the history of kinematic development (black and blue horizontal lines representing
Central and East Nepal, respectively). In Central Nepal (a) the geologic shortening rate at the MFT (estimated from fluvial terraces, indicated by the shaded brown
region) is 10-30% higher than the geodetic loading rate for the MHT (shaded yellow region). An increase in frontal long-term slip rate is possible due to the uplift
of inclined rock layers in Central Nepal in stages CN4-CN6. In East Nepal, the geologic rates are highly uncertain, and so it is not currently possible to distinguish
between different stages of evolution based on rates alone. C) Evolution of long-term slip rate on the shallow MHT and MFT in Central Nepal (black) and East Nepal
(blue). The modified slip rates due to structural evolution are sustained for many seismic super-cycles, spanning hundreds of thousands to a few million years. D)
Geological cross-section of Central Nepal (Hubbard et al., 2016), showing inclined beds climbing the middle-ramp, causing a long-term slip rate increase in the

up-dip segments, similar to Stage CN4.

all stages remain possible. To reduce the uncertainties of geologic rates,
better assessing the detailed structure of the orogenic wedge may be
particularly useful.

As mountain-building processes continue in the Himalayas, ramps
break forward to create duplexes, and the system transitions to a new
cycle of structural evolution. A hypothetical stage CN6 shows how
southward migration of the mid-crustal ramps could shift the fault struc-
ture in Central Nepal to a setup similar to East Nepal. In all scenarios,
geodetic data can estimate the long-term deep loading rate representa-
tive of the India-Eurasia convergence across the MHT, while the shallow
geomorphic rates can help constrain the dynamics of the hanging wall
in the toe of the orogenic wedge.

5. Discussion and conclusions

The relationship between mountain building and megathrust seis-
micity is poorly understood. Seismic cycles are thought to result primar-
ily from elastic interactions. Yet, over geological time scales, the rise of
mountains shows clear evidence of permanent, inelastic deformation.
In fold-and-thrust belts, the internal deformation of the orogenic wedge
accommodates a variable strain rate over millions of years due to ac-
tive folding in the hanging wall. Off-fault strain accumulation occurs
during periods of crestal uplift and is manifested by slower frontal fault
slip rates. Strain release occurs during crestal broadening by speeding

up the frontal thrusts. These variable rates can be stable for 100,000 to
millions of years as the orogenic wedge evolves, with frontal fault slip
rates ranging from 70% to 130% of the deep convergence rate. For the
fault system in Central Nepal, the periods when the frontal slip rate is
lower than the deep loading rate are likely to feature more partial rup-
tures of the megathrust, leaving behind concentrated pockets of high
stresses that affect the timing and slip of megathrust-spanning ruptures.
In contrast, periods when the frontal slip rate is higher than the deep
loading rate are likely to feature more frequent great ruptures that ex-
tend through the entire seismogenic zone.

Variable fault slip rates can cause local shortening rates to be mea-
surably lower, comparable, or higher, than the deep loading rate de-
pending on the history of internal deformation and the morphology of
the underlying megathrust. Measurements of shortening from geodesy,
which describe interseismic deformation over large regions, are repre-
sentative of the long-term convergence rate between tectonic plates.
This deformation is accommodated elastically around the deep regions
of faults, and drives intermittent slip up-dip. In contrast, measurements
with sensitivity to shallow deformation, such as geomorphic signals, in-
corporate the kinematics of the orogenic wedge.

Combining the kinematics of deep and shallow deformation allows
a more comprehensive picture of the dynamics of a plate boundary,
from the foreland to the hinterland. In Nepal, the deep convergence
rate may also change with the life cycle of faults in the Tibetan Plateau
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and other changes in distant boundary conditions (Tapponnier et al.,
2001; Wang and Barbot, 2023). These effects will be modulated by the
internal deformation of the orogenic wedge, which impacts the local
shortening most effectively near the frontal section.
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