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Abstract Several recent moderate-magnitude (M,, > 7) earthquakes, such as the 2015 Gorkha, Nepal,
ruptured only the deep (>15 km depth) portions of megathrust faults, leaving the updip sections
unbroken. Here we investigate the effects of geometrical and frictional variations at depth on the stress
accumulation and release in ramp-flat structures using 2-D finite element models. Our results show that
ramp-flat structures allow for faster but lower shear stress accumulation with increasing dip of the deep ramp
section while increasing frictional strength of the faults allows more stress accumulation. These factors lead
to earlier yet smaller failures of the ramp followed by larger and less frequent failures affecting the shallow
section. Our models thus suggest that the dynamics of strain reservoirs are related to both the frictional
strength and dips of ramp-flat megathrust structures, and the failure time of the shallow fault section is
affected by the stress regime at the deep fault segment.

Plain Language Summary Many recent earthquakes only rupture in deep (>15 km depth) with
the shallow portion of the fault unbroken in a longer time, including the case of the 2015 M,, 7.8
Gorkha Nepal earthquake in the central Himalayan arc. A few historical earthquakes seem also rupture
only the deep portion, with much stress unreleased in the shallow portion as a stress “reservoir.” It is
unclear how these phenomena are related to fault friction and geometry properties. We used numerical
models to study the influences of these properties on stress accumulation during the interseismic period
and on the time of final coseismic break. We found that comparing to shallow-dipping fault, steep-
dipping fault can cause faster stress accumulation but is capable of sustaining lower stress in total, so it
tends to break in a shorter time. On other hand, stronger frictional strength allows more stress
accumulation in a longer time before the earthquake. In this way, the shallow portion of a fault with low
dip angle and high frictional strength can be very stable in a long time and even absorbs stresses from
earthquakes of the deep portion. So the shallow portion of this kind of fault is capable of hosting a very
large earthquake.

1. Introduction

Recent detailed earthquake studies highlight that there is a population of moderate- to large-magnitude
earthquakes (M,, > 7), termed zone-C events (Lay et al., 2012), that rupture the deeper portions of plate
boundary thrust faults in regions where larger (M,, 8-9+) earthquakes are known or suspected to have
occurred (e.g., Barnhart et al.,, 2018; Beck et al.,, 1998; Bilham & England, 2001; Delouis et al., 2009; Elliott
et al, 2016; Hayes et al.,, 2014; linuma et al, 2011; Konca et al., 2008; McNamara et al., 2017; Melgar et al.,
2017; Moreno et al., 2018; Okada et al., 2005; Schurr et al.,, 2012; Simons et al, 2011). For example, the 2016
M,, 7.6 Melinka, Chile earthquake partially ruptured a downdip portion of the 1960 M 9.5 Valdivia earthquake
source region (Melgar et al., 2017; Moreno et al., 2018) and the 2015 M,, 7.8 Gorkha, Nepal earthquake and its
largest aftershock partially ruptured the Main Himalayan Thrust (MHT; e.g., Avouac et al., 2015; Elliott et al.,
2016; Hayes et al., 2015; Mencin et al., 2016). These moderate-magnitude events reflect incomplete ruptures
of fault segments that later can rupture as great earthquakes, and the greater frequency of these moderate-
magnitude earthquakes lead to a heterogeneous strain distribution that may influence the timing and spatial
distribution of subsequent earthquakes through the generation of an updip strain reservoir (e.g., Mencin
et al, 2016). Consequently, understanding why these deeper, more frequent moderate-magnitude earth-
quakes occur and why they fail to rupture the entire updip portion of the thrust can inform regional seismic
hazard and the properties of faults that control earthquake segmentation.
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The mechanisms underlying these incomplete ruptures and the development of strain reservoirs remain
enigmatic. Broadly, two end-member properties have been proposed to explain this mechanical segmenta-
tion: frictional heterogeneities and geometric heterogeneities at depth. Both of these possibilites are exem-
plified by the 2015 Gorkha, Nepal earthquake. The Gorkha earthquake ruptured the downdip portion of the
MHT in a region encompassing along-dip geometric changes, or “ramp-flat” structures (Zhao et al., 1993;
Schulte-Pelkum et al., 2005; Hubbard et al., 2016), which are frequently observed in continental collision
zones or subduction zones, for another instance, in the Zagros Mountains (e.g., Barnhart et al.,, 2018).
Geodetic and seismic investigations of the Gorkha earthquake revealed that coseismic slip concentrated near
the geometric transition of the flat to the ramp segment at ~15 km depth, and negligible, seismic or aseismic,
slip propagated to the shallow depth (<10 km; Elliott et al., 2016; Mencin et al., 2016; Qiu et al., 2016; Zhang
etal,, 2017). The lack of fault slip in the updip flat portion of the MHT indicates that this portion of the mega-
thrust absorbed considerable elastic strain that has not yet been released. Previous earthquakes in this region
exhibited similar behavior, leading to the hypothesis that shallow portion of the megathrust may act as strain
reservoir, with elastic energy tranferred and stored from deep, more frequent but smaller ruptures until a great
earthquake eventually sweeps through these shallow regions (Bilham et al,, 2017). These observations suggest
that downdip seismogenic segmentation of the MHT is geometrically controlled (e.g., Qiu et al,, 2016; Lindsey
et al, 2018), as has been suggested in other regions (e.g., Bletery et al., 2016; Duan, 2012; Yang et al., 2013).
However, slip distributions of the Gorkha earthquake mimic incomplete ruptures in other regions where
incomplete rupture seem to be depth-controlled, which is consitent with the notion that a plate boundary
thrust is zoned according to frictional strength variations (e.g., Konca et al,, 2008; Perfettini et al., 2010; Lay
etal, 2012; Moreno et al., 2018). Previous numerical studies showed that depth-varying friction may influence
the earthquake size and timing (e.g., Gao & Wang, 2017; Moreno et al,, 2018; Murphy et al., 2018).

In this study, we explore the interplay between friction and geometric heterogeneities of thrust faults, and
how they contribute to cycles of incomplete and full-fault ruptures along large thrust faults. We establish a
suite of 2-D mechanical models to simulate the earthquake cycle in the presence of both frictional and geo-
metric variations as a means to quantitatively describe the relative impacts of these properties on interseis-
mic stress accumulation, earthquake frequency-magnitude relationships, and the relative time to complete
fault failure. We use observations of the Gorkha earthquake and the paleoseismic history of the central
Himalayan Arc to calibrate our models in locales where it is inferred that the entire thrust interface is capable
of coseismic slip.

2. Methods

To investigate the competing contributions of friction and variable fault geometry on the earthquake cycle of
a thrust fault, we developed a suite of 2-D mechanical models with the open-source finite element code
PyLith (Aagaard et al., 2013). To simulate the steady interseismic loading, we implement the previously
reported kinematic elastic plate model of Kanda and Simons (2010; Figure 1a). In this model, the entire base
of the downgoing plate (assigned a thickness of 40 km) and the top of the downgoing plate below the seis-
mogenic zone are allowed to creep freely at a convergence rate (i.e., 20 mm/year (Lavé & Avouac, 2000;
Loveless & Meade, 2011)) and the seismogenic zone is defined as the contact interface between the down-
going and overriding plates. The seismogenic zone extends from the surface to 25-km depth based on source
models the 2015 Gorkha earthquake (e.g., Avouac et al., 2015; Elliott et al., 2016; Feng et al., 2017; Galetzka
et al, 2015; Hayes et al,, 2015; Lindsey et al., 2015; McNamara et al., 2017; Yue et al,, 2017) and is assigned
velocity-weakening friction behavior (Scholz, 1998; described later in this section). In doing so, continuous
motion of the downgoing plate and frictional locking of the seismogenic zone mechanically drive the inter-
seismic stress accumulation in the system until there is frictional instability (coseismic slip) on the fault inter-
face. In each simulation during the period that the fault is fully locked, we track the shear stress accumulation
rate (k) along the fault and the velocity field (e.g., Figures 1b and 1c), which are dependent on the setups of
material properties, boundary conditions, and fault geometry.

Following the generalized geometry of the MHT in the central Himalayan Arc, the shallowest (<15 km) portion
of the seismogenic zone is characterized as the shallowly dipping “flat,” while the deeper (>15 km) portion is
characterized as the more steeply dipping “ramp”. We then iteratively vary the dip angles of the ramp seg-
ment from 7 to 40°. We additionally generate simulations with no depth-dependent dip variations. For
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Figure 1. Geometrical (fault dipping) effects on shear stress accumulation x along the fault interface and deformation pattern in the hanging wall during the
interseismic period. (a) Elastic plate model (Kanda & Simons, 2010) setup and test geometries (not to scale): The planar fault and two ramp-flat faults. Blue and red
lines show the ramp segments of the ramp-flat faults. (b) Shear stress accumulation rates of different fault geometries under the same tectonic loading. (c) Velocities
normalized by the plate convergence rate (in percentage) in the hanging wall with different fault geometries under the same tectonic loading. (d) Differences

of normalized velocities of the planar fault model and ramp-flat fault models. The scales of the velocities are enlarged 2 times comparing Figure 1c. The three fault
segments are projected onto the horizontal axis.

simplicity, we assign uniform elastic material properties to both the upper and lower plates, with a shear
modulus of 30 GPa and a Poisson’s ration of 0.25. In this setup, any variations between model runs should
depend solely on the imposed fault dips and frictional coefficients. The variation in imposed fault dips
inherently affects the area of the seismogenic zone (i.e,, the planar fault has a larger area of seismogenic
zone than ramp-flat fault; Figure 1a). In our simulations, we do not allow for the occurrence of rupture of
splay faults; thus, all slip is accommodated by a single plate boundary structure.

In order to simulate fault failure, we impose the Coulomb failure criterion on the seismogenic portion of the
fault (Jaeger & Cook, 1979):

I'=uo+c (M

where T is the absolute shear strength resolved onto the fault, i’ is the effective friction coefficient, o is the
fault normal stress, and c is the fault cohesion. Here y’ includes the typical frictional sliding coefficient (u)
and the effects of pore fluid pressure (1), that is, u’ = uo(1 — A). The occurrence of earthquakes has long been
hypothesized to result from a stick-slip frictional instability (Ruina, 1983). Such instability is described as a sud-
den drop of ' (Au') from a preseismic static value to a coseismic dynamic value, causing the weakening of
the fault strength (AT, strength drop):

Al = <lustatic0 + C) - <:udynamic0- + C) = A,u o )

We assume that the modeled system is in lithostatic equilibrium and the normal stress along the fault equals
the force due to the gravity of the overlying rock column, which is invariant before and after the earthquake.
AT can thus be further written as

AT = Ay’ pghcos 6 (3)

where p is the density, g is the gravitational acceleration, h is the fault depth, and @ is the fault dip. For sim-
plicity, p is assumed to be 2,700 kg/m?, and g is 9.80665 m/s. Fault instability occurs when the accumulated
shear stresses (Ar) exceed AT; for example, AT defines the maximum shear stress (At,,,) that the seismo-
genic zone is capable of accumulating during the interseismic period (Atmay = AT’ = Au’pghcos6). For a typical
great earthquake, Aty is on the scale of 1 to 10 MPa (Allmann & Shearer, 2009). This equates to an effective
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friction coefficient drop (Au’) of 0.01 at 20-km depth (~5 MPa). Since normal stress is proportional to fault
depth, higher Ay’ is indicative of larger earthquake size.

In addition to the geometry of the ramp-flat segment, we iteratively vary Ay’ (0-0.02) on both the shallow
and deep segments. We note that the order of magnitude of Ay’ is consistent with the values inferred from
heat flow measurements (e.g., Gao & Wang, 2014) and geodynamic and analytical modeling results (e.g.,
Gerya et al, 2015; Kaneko et al., 2010; Wang & Hu, 2006), but lower than the values measured in laboratory
sliding experiments (e.g., Di Toro et al., 2004; Goldsby & Tullis, 2011). We simulate a total time of 3,000 years
of steady loading for each model iteration, and the time when the fault starts to slip is retrieved as the failure
time. We do not include dynamic rupture and nucleation physics in our simulations (e.g., Michel et al., 2017).
Rather, we focus on the time length needed to overcome Au’ and initiate stick-slip events under the steady
tectonic loading. Therefore, our model informs the magnitudes of stress and time that the seismogenic zone
can support before rupturing in moderate (M,, > 7) to large (M,, > 8) earthquakes.

3. Results

We first investigate the impacts of fault dip variations on the rate of shear stress accumulation (x) along the
fault interface and the displacement velocities in the hanging wall (Figure 1). For a planar fault (i.e., no depth
variation in fault dip), x increases nonlinearly with depth (Figure 1b). This indicates that there is a first-order
control on k introduced by the thickness of the hanging wall. In the simulation with varying dip between the
ramp and flat segments, x of the ramp segment increases at a higher rate than in scenarios where there is no
variation in fault dip (Figure 1b). This accelerated stress accumulation is particularly pronounced at the transi-
tion point between the flat and ramp segments. Interestingly, with the presence of ramp segment, the rate of
shear stress accumulation within the updip flat segment also increases compared to the shear stress accumu-
lation rates at the same depth in the planar fault simulations. For instance, the ramp-flat fault with a 20°
dipping ramp segment and a 7° dipping flat segment accumulates shear stresses at rates of ~7 and
~2 kPa/year faster than the planar fault at depth of 20 and 10 km, respectively (Figure 1b). With higher dip
angles of the ramp, x accumulates at increasingly higher rates (Figure 1b). Under the same tectonic loading,
faults with a ramp-flat geometry induce smaller horizontal and vertical displacements in the hanging wall in
comparison to the planar fault (Figure 1c). The normalized velocity differences between the ramp-flat model
and the planar model (Figure 1d) indicate that the extending and uplifting deficits are built up immediately
above the ramp segment in the hanging wall of flat-ramp model in comparison to the planar fault model.

We then explore the geometrical and frictional controls on At,,y for a realistic earthquake (approximately a
few megapascal stress drop) along the fault interface. In simulation where we impose a constant fault dip,
ATmay is linearly dependent on Au’ and depth to the fault plane (i.e., Byerlee's law, Byerlee, 1978; Figure 2).
With increased dip angles, normal stress resulting from the vertical load of rocks decreases, and At,,x addi-
tionally decreases as a result. We term this effect the “geometric stress deficit” in this study. For instance, for
Ay’ =0.01, a 30° dipping fault accumulates 0.7 MPa of shear stress less than the 7° dipping fault at a depth of
20 km (Figure 2a). We also find the distribution of Aty,., depends on Ax’. Higher Ay’ results in larger Atay
that is proportional to the normal stress. We term this effect the “frictional stress reservoir” in this study. For
instance, for a fault dipping of 7°, faults with Ax’ = 0.02 can accumulate 2.6 MPa more shear stress than the
fault with Ay’ = 0.01 at depth of 10 km (Figure 2b).

The combination of x and At,,,,, determines the Coulomb failure time of the fault. To better understand the
geometrical and frictional effects on the failure time, we investigate two scenarios: (1) a ramp-flat structure
wherein we impose a uniform Ay’ along the entire seismogenic zone and vary the dip of the deeper ramp
segment (Figure 3a) and (2) a planar fault (no depth-dependent dip variations) wherein we impose depth-
dependent variations in Au’ along the shallow and deep segments (Figure 4a). For case 1, we find that the
failure time of the deep ramp segment decreases (i.e., shorter earthquake recurrence intervals) as dip
increases (Figure 3b). This means that steeper dipping faults are prone to slip at earlier time than shallower
dipping faults under the same loading condition and with the same fault friction properties. The variations
in failure time induced by variations in fault dip are also influenced by Ay’ (Figure 3b). With increasing Ay,
the effect of dip on failure time becomes more pronounced. For instance, when dip is increased from 7° to
40°, the reduced time to failure in the ramp segment under our loading conditions is ~1,000 years for
Ay = 0.004, but only ~200 years for Ay’ = 0.001. Because steeper dip angles induce increased x
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from planar and ramp-flat faults with 20° and 30° dipping angles as shown in Figure 1a. (@) Assumed uniform Ay’
(b) Assumed segmented Ay’

(Figure 1b), the shallow, shallowly dipping “flat” segment always slips later than the deep, steeply dipping
“ramp” segment. The time lag between these fault and ramp failures increases with the increasing dip of
the ramp segment (Figure 3c). More interestingly, even for the case of planar fault, the shallow segment
breaks later than the deep segment (positive values at the vertical dashed line in Figure 3c), because «
increases exponentially with depth if there is no geometrical variation along the fault (black curve in
Figure 1b). Again, the increased time lag between the failure of the upper and lower segments also depends
on Ay'. With larger Ay, the effect of 8 on the time lag becomes more significant (i.e., the slope of the curve
increases with Ay’ in Figure 3c). For instance, when @ is increased from 7° to 40°, the failure time lag of flat
segment increases ~500 years for Au’ = 0.004 but ~50 years for Au’ = 0.001.

For case 2, we find that the failure time of shallow/deep segment is predominantly controlled by A,z/1 /A,z/2
(Figures 4b and 4c), meaning that a longer time is required for one segment to overcome a larger frictional
weakening of this segment. Furthermore, we find that the failure time of one segment is also influenced by
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Figure 3. Geometrical effects on inferred rupture time along frictionally homogeneous fault. (a) Sketch illustrates the tested variables. (b) Failure time of the ramp
segment. Dip angle, quick rupture of dipper segment, but also shallow segment. (c) The failure time lag between the flat and ramp segments (i.e., the failure
time of flat segment minus the failure time of the ramp segment). Vertical dashed line shows the results of planar fault model.
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the strength of the other segment. The effect of Ay’ of the shallow segment to the rupture time of the deep
segment is weaker than the influence of Ay’ of the deep segment on the failure time of the shallow segment.
The failure time of the deep segment is far more sensitive to its own Ay’ than to the changes in Ay’ on the
shallow segment. For instance, given A,u'2 = 0.006, the failure time of deep segment increases ~500 years
when A,u'1 increases from 0.001 to 0.01 (Figure 4b), while given A,u'1 = 0.006, the failure time of shallow
segment increases >1,000 years when A//z increases from 0.001 to 0.01 (Figure 4c). We iterate here that when
A,u'1 = A,u'z, the shallow segment breaks later than the deep segment (dashed line in Figure 4c) because «
increases exponentially with depth for the planar fault (same as the dashed line in Figure 3c).

4, Discussion and Conclusions

Previous geodetic studies have found that the MHT along the entire Himalayan arc is fully locked at shallow
depth with a narrowed transition zone (~20-30 km depth) to fully creeping state (Ader et al., 2012; Stevens &
Avouac, 2015). This transition zone has been proposed to be temperature-dependent and bounded by 350
and 450 °C isotherms (Ader et al., 2012; Bilham et al., 2017). Under such temperatures, the fault behaves par-
tially brittle-seismic and partially ductile-aseismic (Hyndman, 2013); hence, it represents a lower effective fric-
tion coefficient in comparison to the shallow brittle zone (Gao & Wang, 2017). Our models show that lower
effective friction coefficients and/or higher dipping angles of deep segment would allow for diminished
capacity to store shear stress within the seismogenic zone of a fault (Figure 2), leading to an earlier failure
time as would be expected from Coulomb failure (Figures 3b and 4b). This may explain why moderate-size
earthquakes (7 < M,, < 8) tend to occur more frequently in the deeper portions of the seismogenic zone
of the Himalayan arc (Bilham et al., 2017) as well as subduction zones (e.g., Moreno et al., 2018). The “geome-
trical stress deficit” may be particularly relevant here (Figure 2a). Topography may also impact the slip pro-
cesses at various depths on the fault (e.g., Elliott et al, 2016; Thompson et al,, 2015), while topography is
normally not considered in the earthquake slip determination with half-space models. In contrast, the shal-
low segment with higher effective friction strength and/or lower dipping angle has enhanced capabilities
to accumulate shear stress (Figure 2), leading to a longer interseismic loading time (Figures 3c and 4c).
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When the frictional-weak deep-dipping ramp segment breaks as a moderate-size earthquake, the frictional-
strong shallow-dipping flat segment may be able to “absorb” static stresses transferred from deep as a “stress
reservoir” until the added stresses are large enough to trigger a consequent failure of shallow segment. The
“frictional stress reservoir” may be particularly relevant here (Figure 2b). In this way, shallow and deep
earthquakes can therefore separately fill the long-term slip deficit accumulated through locking of the plate
interface. Our results therefore provide some mechanical insights to the previously proposed strain reservoir
hypothesis in Himalaya (Bilham et al., 2017; Mencin et al,, 2016).

Comprehensive analysis of interseismic deformation indicates that the crustal ramp is an active structure
beneath the topographic front of the Higher Himalaya (Berger et al., 2004; Grandin et al., 2012; Lindsey
et al, 2018). The ramp seems spatially coincident with the clustered background microseismicity (Pandey
etal, 1995), indicating that high shear stress is building up near such geometrical variation under steady tec-
tonic loading. This observation is compatible with our modeling results that the high shear stress rate is on
the ramp segment, especially on the transition area from the flat segment to the ramp segment
(Figure 1b). Aftershocks also appear to concentrate on such geometrical barriers as observed following some
continental earthquakes (e.g., 2015 Gorkha earthquake (Elliott et al., 2016) and 2008 Wenchuan earthquake in
eastern Tibet (Qi et al,, 2011)). One interesting finding of our models is that the steeper ramp would cause
faster shear stress accumulated on the shallow segment and increase the seismic hazards of the entire fault.
This effect is not considered in previous (analytical) geometry studies (e.g., Bletery et al., 2016). Thus, 3-D
models with laterally varying dip angle of the ramp would help us to evaluate the variation of seismic
potential in lateral direction (e.g., Whipple et al., 2016; Zhang et al., 2017) and may provide insights on the
mechanisms of lateral seismic segmentation of large megathrust system.

Our numerical experiments are specifically designed to investigate the geometrical and frictional effects on
interseismic stress accumulation and hence the coseismic failure time. Therefore, we have employed quasi-
static simulations and ignored dynamic processes related to the coseismic rupture (e.g., fault overshoot or
undershoot (Ide et al,, 2011)) as well as the effects of earthquake cycles (e.g., earthquake supercycles (Sieh
et al., 2008)). These complex phenomena need future studies with rate-state and/or slip-weakening friction
laws. Previous studies either emphasize the importance of geometry or friction on the seismogenesis. Our
models highlight that both factors contribute to interseismic stress accumulation and hence to failure time
of large earthquakes (Figures 3 and 4). Moreover, the two factors tend to nonlinearly couple each other.
For instance, the higher the friction is, the stronger the effects of dip angle on decreasing the failure time
are (Figure 3). Our models further reveal the feedback of shallow and deep segments as a frictional segmen-
ted system; that is, the influence of deep segment to shallow segment (Figure 4b) is stronger than the shallow
segment to the deep segment (Figure 4a) in terms of failure time. This finding supports the hypothesis that
the deep segment may influence the failure of the shallow segment (Bilham et al., 2017), which is applicable
to subduction zones (e.g., Konca et al., 2008; Moreno et al., 2018).
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