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Abstract The distribution of slip during subduction megathrust earthquakes depends on the slip deficit
that accumulates on the plate interface prior to the event. We develop 3-D finite element models of
subduction zones to investigate how locked zones restrict surrounding regions on the plate boundary from
sliding. What is new is that we quantify the slip around asperities on the megathrust. The models show plate
interface slip increasing from zero at the edge of a locked zone to the relative plate motion over a distance
of ~200 km along the megathrust. This area of reduced slip accumulates a seismic moment deficit up to 10
times larger than the moment deficit in the asperity alone. Updip of locked areas, slip at the trench can be
reduced by more than 50% of the plate motion. Despite large displacements of the upper plate near the
trench, this region moves as a semirigid block. Rupture models of the 2011 Tohoku earthquake, its tsunami
characteristics, and geophysical observations near the trench can be interpreted to reflect the consequences of
slip deficit accumulated on a low friction interface updip of the seismogenic zone. Neighboring asperities
affect plate interface slip in a nonlinear way. Multiple asperities have overlapping pseudo-coupled regions
that may restrict the magnitude of coseismic slip in single-asperity ruptures. Once an earthquake has a
rupture length greater than ~250 km, it may recover the entire accumulated slip deficit. This is consistent with
the magnitude of coseismic slip in several recent great megathrust earthquakes.

1. Introduction

The amount and distribution of slip deficit that accumulates on the plate boundary prior to an earthquake are
important to the potential kinematic characteristics of great (moment magnitude Mw 8.0+) subduction plate
interface (megathrust) ruptures. Frictionally locked areas (asperities) accumulate slip deficit at the conver-
gence rate, while other sections of the interface sufficiently far from these asperities accumulate zero slip def-
icit; that is, they slide, creep, or otherwise deform at or near the relative plate velocity. There are also sections
of subduction plate interfaces that move at velocities slower than the convergence rate during the inter-
seismic period. One cause of these reduced velocities arises from the continuity of the plates; regions on
the plate boundary that would otherwise creep will slide more slowly when they are sufficiently close to a
locked zone. We quantify the pattern of inter-seismic slip deficit produced by this effect to improve estimates
of slip deficit accumulation over the plate boundary and evaluate how it can also affect the patterns of coseis-
mic slip in great earthquakes.

Figure 1 shows the relationship between coseismic slip and the estimated accumulation of interseismic slip
deficit (derived from geodetic measurements) for four recent great earthquakes along well instrumented
subduction zones (Figures 1a–1c show events offshore Chile: (a) 2014 Mw 8.2 Iquique, (b) 2015 Mw 8.3
Illapel, and (c) 2010 Mw 8.8 Maule, and Figure 1d shows the 2011 Mw 9.0 Tohoku event offshore Japan).
The locations of dominant moment release in these events are assumed to correspond to asperities—areas
that are locked between earthquakes. The locations of peak coseismic slip in these events are generally in or
near regions inferred to be accumulating slip deficit at 80% or more of the convergence rate. It should be
noted that both the 2010 Maule and 2011 Tohoku earthquakes also had areas of high coseismic slip in
regions inferred to be accumulating interseismic slip deficit at a lower rate (Figures 1c and 1d). In all four
of these earthquakes, smaller but still significant amounts of coseismic slip extend away from the regions
of peak slip along-strike or updip into areas of inferred lower accumulated slip deficit surrounding the aspe-
rities. Sometimes a rupture will propagate from one asperity to another across one of these low slip deficit
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regions. This may lead to substantial coseismic slip involving multiple asperities during a single event, as
occurred in the 2010 Maule or 2011 Tohoku earthquakes. These largest events have both greater rupture
areas involving multiple asperities and larger slip magnitudes within each asperity as compared to
relatively smaller, single-asperity earthquakes (e.g., the 2014 Iquique and 2015 Illapel events).

The large tsunamis generated during the Illapel, Maule, and Tohoku earthquakes are also consistent with sub-
stantial coseismic slip on the shallow part of the subduction megathrust, seen in some of the rupture models
of these events (Figures 1b–1d). The occurrence of substantial shallow coseismic slip implies that this part of
the plate interface accumulated significant slip deficit prior to these great earthquakes. However, the shallow
part of the subduction megathrust does not appear to be frictionally locked in the same way as deeper parts
of the plate interface, based on differences in the seismic waves radiated from these regions (Lay et al., 2012).
In addition, earthquakes rarely initiate at shallow depths. The seismogenic zone on the megathrust, defined
as the depth range where earthquakes nucleate, typically lies at depths of 15–45 km in subduction zones
(Hayes et al., 2012; Pacheco et al., 1993). Therefore, shallow slip deficit accumulates despite apparent physical
characteristics that differ from the seismogenic section of the plate interface.

In this study, we use elasto-static models with rheologically simplified locking on the plate interface to (a)
understand and quantify the inter-seismic partial slip deficit around asperities accumulating slip deficit at
or near the convergence rate, (b) compare the results with megathrust locking observations, and (c)

Figure 1. Comparisons of pre-earthquake megathrust slip deficit accumulation with coseismic slip distributions (Hayes,
2017). Interseismic coupling is indicated by the background colors, and the dashed white line is the 0.8 coupling con-
tour. The thin blue lines are 2-m coseismic slip contours, and the bold blue lines are 10-m slip contours. (a) 2014 Mw 8.2
Iquique, Chile, earthquake (coupling distribution from Metois et al., 2016); (b) 2015 Mw 8.3 Illapel, Chile, earthquake
(coupling from Metois et al., 2016); (c) 2010 Mw 8.8 Maule, Chile, earthquake (coupling from Moreno et al., 2010); (d) 2011
Mw 9.0 Tohoku, Japan, earthquake (coupling from Loveless & Meade, 2011).
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provide insight into the causes of observations of coseismic slip in great subduction zone earthquakes. One
approach toward understanding the range of coseismic slip behaviors applies dynamic simulations of earth-
quake cycles with mechanical, rheological, and frictional complexity (e.g., Avouac, 2015; Hashimoto et al.,
2014; Kaneko et al., 2010; Liu & Rice, 2005; Thomas et al., 2014; van Dinther et al., 2013). Although these mod-
els can reproduce many features of the earthquake cycle across timescales, their complexity obscures the pri-
mary contributor to interseismic geodetic observations and the corresponding implications for coseismic
rupture scenarios. In this study, we specifically investigate the effect of elasticity in the plates on the pattern
of slip on the plate boundary.

Our modeling approach is based on the observation that the seismogenic section of the megathrust is
embedded in a region that generally behaves elastically (Turcotte & Schubert, 2002). This implies that defor-
mation in each plate should be continuous away from the asperity. As a consequence, sections of the fault
that would otherwise slide or creep will have lower slip if they are near a locked patch. This effect decreases
with distance from the locked patch in a way that has not been previously quantified. When imaged geode-
tically, the transition zone between locked and fully sliding sections of the megathrust will appear to be “par-
tially coupled,” even if this region is otherwise able to slide at the plate motion velocity in the absence of the
nearby asperity (Wang & Dixon, 2004). We refer to this type of reduced inter-seismic slip adjacent to an asper-
ity as “pseudo-coupling” to distinguish it from (partial) slip deficit produced by mechanical coupling (such as
friction) on the interface.

Pseudo-coupling has been inferred along the strike-slip Hayward fault system in California, where analyses of
interseismic GPS and creepmeter observations indicate that sections of the fault are creeping at a rate slower
than the far-field relative velocity (Gans et al., 2003; Malservisi et al., 2003). These studies modeled the pattern
of observed surface displacements with a fault consisting of a binary distribution of fully locked asperities on
an otherwise zero-resistance interface. The combined asperity and surrounding partial slip region reflect a lar-
ger potential coseismic slip area thanmight be estimated based on the distribution of fully coupled asperities
alone. These studies concluded that the slip deficit over the entire Hayward fault (including both locked and
creeping sections sliding at lower velocities) is accommodated dominantly through large earthquakes.
Bürgmann et al. (2005) applied this concept to the Kamchatka subduction zone, showing that interseismic
upper plate GPS velocities are well matched by a distribution of fully locked areas (corresponding to the
high-slip regions of previous large earthquakes) surrounded by a frictionless interface that is prevented from
sliding by the asperities. Almeida et al. (2018) also used this approach to show that the area updip of a locked
zone can accumulate significant slip deficit, although onshore geodetic data may not be able to observe the
effects of this slip distribution.

A similar result was derived by Hetland and Simons (2010) for slip deficit accumulation around an asperity on
a subduction megathrust through a conceptually different model. They drove their simulations with earth-
quakes that triggered postseismic creep on the surrounding interface and recognized that the total slip at
every point on the plate interface should be the same over an earthquake cycle. This led to regions with high
postseismic creep near the asperity having lower levels of inter-seismic slip; that is, these areas would be
interpreted as accumulating high slip deficit late in the interseismic stage of the earthquake cycle.

We model the effects of relative plate motion and locking in the interseismic period using a numerical mod-
eling approach, similar to Gans et al. (2003) and Malservisi et al. (2003). This approach allows us to investigate
interactions between locked and unlocked regions on the plate interface under geologically representative
boundary conditions, explore the effects of geometric and rheologic complexity, and constrain the potential
effects on megathrust earthquakes.

2. Model Setup

We use a simplified subduction zone model setup that allows us to isolate the effects of pseudo-coupling
independent of other geometric complexity (e.g., interface dip or curvature and asperity shape; Figure 2).
The subducting plate is a planar slab with a 25° dip. The upper plate is triangular in cross section, extending
400 km horizontally from the trench to a “backstop” (the x direction; Govers et al., 2018) and 1,000 km along
strike (y direction). Because we are assessing the spatial deformation pattern caused by megathrust locking,
we represent cumulative relative plate motion in the interseismic stage with displacement boundary condi-
tions. We apply 1-m displacements to both the updip and downdip sides of the subducting plate (arrows in

10.1029/2018JB016336Journal of Geophysical Research: Solid Earth

HERMAN ET AL. 8262



Figure 2), while the backstop of the upper plate is held fixed in all direc-
tions. The along-strike sides of the model are constrained to move only
in the x-z plane. We assign homogeneous elastic properties to the two
plates (Young’s modulus = 100 GPa and Poisson’s ratio = 0.25, correspond-
ing to shear modulus = 40 GPa). Since the system is elastic, the modeled
displacements, strains, and stresses scale linearly with the amount of
relative displacement (or displacement rate), assuming that the model
geometry is held constant. The specific choices of elastic moduli do
not affect the modeled displacements (only the associated stress levels),
because our model is driven by displacements and not forces. Three-
dimensional meshes are generated with Gmsh (Geuzaine & Remacle,
2009) and convergence tests demonstrate that our results are insensitive
to further mesh refinement. We use the finite element modeling plat-
form GTECTON (version 2017.1; Govers & Wortel, 1993; Govers &
Wortel, 2005; Govers et al., 2018) compiled with PETSc 3.4.2 (http://
www.mcs.anl.gov/petsc) to solve the static mechanical
equilibrium equations.

Two types of boundary conditions are imposed on the plate interface:
locked (i.e., zero slip allowed) and unlocked (i.e., free to slide with no resis-
tance). We define locked sections as rectangular areas on the megathrust
with one side oriented parallel to strike (the along-strike dimension is the
fault length) and the other along dip (the fault width) for straightforward
comparison with the solutions of Okada (1992; Figure 2). We also tested
circular and elliptical locked zones and found that the model results show
limited sensitivity to the exact shape of the locked zone. Any area outside a
locked section on the surface is made free to slide using the “slippery

node” formulation, which allows nodes on the interface to have discontinuous displacements in the plane
of the fault (Melosh &Williams, 1989). These dynamically slipping areas of themegathrust are defined to have
zero shear traction resolved on the interface.

Studies of the effects of shear tractions acting along subduction plate boundaries suggest that a low shear
resistance boundary condition outside asperities is a reasonable approximation over the decades- to
centuries-long time scales of inter-seismic loading. The regions updip and immediately downdip of the seis-
mogenic zone on the megathrust are thought to be both frictionally weak and sliding stably (Hardebeck,
2015; Ikari et al., 2011; Scholz, 1998), while the regions farther downdip on themegathrust boundary are envi-
sioned to be narrow shear zones creeping continuously at reduced shear stresses due to higher temperatures
and viscous rheology (Hyndman et al., 1997; Tichelaar & Ruff, 1993; van Keken et al., 2002). We also define
regions outside of locked areas, within the seismogenic depth range, as having zero shear traction
(Hardebeck & Loveless, 2017) and sliding stably, although it is unknown whether these areas exhibit this
behavior because of mineralogy (Saffer & Marone, 2003), high fluid pressures (Audet et al., 2009), interface
topography and geometry (Wang & Bilek, 2014), or other processes. It should be noted that other studies
have interpreted these regions as sliding stably at high shear tractions (e.g., Gao & Wang, 2014). Applying
zero shear tractions to the unlocked areas in our models results in the minimum amount of interseismic slip
deficit that can accumulate in those locations; a higher shear resistance would increase the slip deficit. In our
analyses, we also test the effects of choosing different resistive forces on the plate interface in our models.

We investigate models for several simple asperity configurations that are representative of locking patterns
inferred in subduction zones (e.g., those shown in Figure 1). We explore the effects of individual asperity size
and location as well as slab dip on the accumulation of slip deficit on the plate interface. We also evaluate the
effects on displacements and stresses throughout the model volume. We pay particular attention to displa-
cements on the surface of the upper plate because these are analogous to geodetic observations. The model
setup allows us to define an arbitrary number of locked regions with varying dimensions on the interface
(Figure 2). We evaluate how nearby asperities may interact with each other in the interseismic and coseismic
stages by placing multiple locked areas on the interface. The underlying physical character of asperities with

Figure 2. Subduction model setup. The subducting slab is planar and dips at
25°. It is displaced parallel to the dip direction by 1 m at both ends (indicated
by arrows), while the upper plate backstop is held fixed and the sides are
constrained to move only in the x-z plane. All points on the interface
between upper and subducting plates are allowed to slide with no resistance
except for the nodes within rectangular locked zones with dimensions
Length (along strike) and Width (along dip). In these regions the plates can-
not slide.
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different dimensions appears to be similar based on earthquake characteristics (Ide & Beroza, 2001; Kanamori
& Anderson, 1975), so we treat all of these locked zones identically in our models.

3. Results
3.1. Single Asperity (Reference Model)
3.1.1. Fault Slip
The reference model contains a 40 km by 40 km locked zone (the dimensions of a Mw ~7.3 earthquake;
Mai & Beroza, 2000; Allen & Hayes, 2017; and the approximate length scale that can be resolved in slip
inversions using onshore geodetic data) centered at a depth of 30 km (Figure 3). This geometry puts
the updip edge of the locked zone at a depth of 22 km, 46 km horizontal distance from the trench,
and 51 km from the trench measured along the interface. The zone of pseudo-coupling around the locked
area appears as an annulus of reduced slip magnitude on the plate interface. Note that when we describe
model results, we refer to the magnitude of plate interface slip, which is related to the accumulation of slip
deficit by

slip deficit ¼ relative plate motion� plate interface slip

The functional shape of plate interface slip as it recovers to full plate motion is similar in the downdip and
along-strike directions. Fault slip increases from zero at the edge of the locked zone to 0.5 m over a
distance of ~20 km (measured along the fault). By ~70 km from the edge, slip is at 0.8 m, and by
~120 km from the edge, slip is back to 0.9 m, making it practically indistinguishable from the plate rate.
The fault slip recovers more gradually updip of the locked zone because of the effects at shallow depths
of the nearby free surface. As a result, the area of the megathrust between the updip edge of the locked
patch and the trench does not slide at the relative plate motion rate despite being free to slide (similar to
the result from Almeida et al., 2018). In the reference model, the magnitude of fault slip at the trench
updip of the locked zone is 0.51 m.
3.1.2. Displacements
The relative motion of the subducting plate drives the upper plate toward the backstop (the positive x direc-
tion) and downward at the locked zone (the black arrows in Figure 4 show the displacements in a cross
section through the reference model at y = 500 km). Upper plate displacements have the largest magnitudes
(0.60–0.65 m) adjacent to and updip of the locked zone and decrease in magnitude with distance from the
locked zone toward the backstop. The displacements along the surface of the upper plate are comparable
to geodetic observations, such as those which are used to infer patterns of slip deficit accumulation. For
the 1 m of relative motion and 25° dip in the reference model, the magnitude of the horizontal surface dis-
placement is 0.38 m at the trench and increases slightly to its maximum value of 0.41 m above the updip
edge of the locked zone (solid purple line in Figure 4, inset). The horizontal displacement decreases to
0.25 m above the downdip edge of the locked zone and further decreases with distance from the trench until
it is zero at the backstop. Vertical surface displacements change more sharply with distance (solid green line
in Figure 4, inset). At the trench, the upper plate subsides 0.23 m, and the maximum subsidence (0.35 m)
occurs above the updip edge of the locked area. By the downdip edge of the locked zone, the magnitude
of subsidence is 0.12 m, and the vertical motion is practically zero at distances of ≥150 km from the trench.
Note that the reference model, which is completely elastic, produces only subsidence along the surface of the
upper plate.
3.1.3. Stresses
We quantify the stress field in the plates around the locked zonewith the principal stresses (arrows in Figure 5)
and the potential for earthquake slip with the maximum shear stress (τmax; color contours in Figure 5). The
stress field in the upper plate is dominated by compression associated with horizontal shortening. The prin-
cipal stresses in the subducting plate are also compressive at depths shallower than the downdip edge of the
locked zone but become dominantly tensional at greater depths. Themaximum shear stress τmax (the second
invariant of the deviatoric stress tensor) is largest near the edges of the locked zone, with a maximum value of
6.1 MPa in the reference model. τmax decreases with distance from the locked zone until it is ≤0.1 MPa at dis-
tances of ~100 km or greater. Although τmax is ≥0.25 MPa in the upper plate between updip edge of the
locked zone and the trench, the dominant contribution to the stress tensor in this region is a large σyy
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component (supporting information Figure S1). Therefore, the part of the upper plate near the trench does
not accumulate significant shear stress associated with megathrust earthquake slip (supporting information
Figure S1f).

The shear tractions resolved onto the plate boundary (τpb) are responsible for driving coseismic slip in mega-
thrust earthquakes (supporting information Figure S2). The spatial pattern primarily reflects the boundary
conditions of the plate interface; outside the locked zone, τpb is zero, and inside the locked region, τpb is
allowed to increase to arbitrarily high values to result in zero slip. The largest τpb on the megathrust accumu-
late along the interior edge of the locked zone, increasing asymptotically toward the edge (e.g., Okada, 1992).
In the reference model, the maximum τpb is 4.1 MPa. In the middle of the locked region, τpb is lower, with a
minimum value of 0.4 MPa.
3.1.4. Maximum Seismic Moment Deficit
Although the locked zone is responsible for building stresses toward the eventual earthquake, the reduced
slip on the interface outside the locked zone is also slip deficit and can also potentially contribute to seismic
moment release. The seismic moment deficit accumulated within the locked region in the reference model is
M0 = 6.4 × 1019 Nm (moment magnitude Mw 7.3), for a shear modulus of 40 GPa and 1 m of coseismic slip
(Figure 3a, inset). Although the rate of seismic moment deficit accumulation per unit area is smaller in the
regions of the model with reduced slip than in the locked zone, the total area accumulating moment deficit
at a lower rate is large. In the context of our models, we cannot discriminate what percentage of this moment
deficit would be released seismically. The maximum seismic moment accumulated over the entire mega-
thrust in the reference model is 7.1 × 1020 Nm (Mw 7.9).

Figure 3. Plate interface slip in the referencemodel. (a) Slip distribution on themegathrust. The location of the locked zone
is indicated by the white square. Colors indicate slip magnitude, from zero (black) to 1 m (white). Vectors show the motion
of the upper plate relative to the subducting plate. The inset shows the seismic moment deficit accumulated within slip
contours. Locations of fault slip transects are indicated by blue dashed lines. (b) Along-strike fault slip transect in the
reference model (bold blue curve) and for the same locked zone at different depths (depth indicated by line color). The
depth of the locked zone does not significantly change the along-strike pattern. (c) Along-dip fault slip transect for the
locked zone at different depths. The reference model is indicated by the bold blue curve. (d) Slip at the trench versus along-
dip distance between the trench and the edge of the locked zone.
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3.2. Sensitivity Tests
3.2.1. Sensitivity to Locked Patch Position
We evaluate how slip deficit at the trench depends on the location of the locked zone by shifting the updip
edge of the locked patch updip and downdip relative to the reference model while keeping its dimensions
the same (Figure 3). We test models with trench-edge distances (measured along the plate interface) ranging
from 4 to 98 km. When the shallow limit of the locked zone is 4 km from the trench, only 0.03 m of slip occurs
at the trench. Fault slip at the trench increases nearly linearly with locked zone distance up to approximately
the position of the reference model (Figure 3d). Plate interface slip is more symmetric around locked zones
deeper than the reference model because of less interaction with the free surface. Therefore, slip at the
trench for these deeper locked zones simply follows the functional shape of reduced plate interface slip.
Even a locked zone centered at the base of the seismogenic zone (50-kmdepth; trench-edge distance = 98 km)
reduces the magnitude of slip at the trench to 0.72 m.
3.2.2. Sensitivity to Size of Square Locked Patch
We also explore the effects of varying the side length of the square locked patch from 10 to 80 km
(supporting information Figure S3). To isolate this size-related effect from the position-related effect
described in section 3.2.1, we fix the location of the shallow limit of the locked zone at the same position
in these models (51 km from the trench, measured along the interface). Increasing the side length of the
locked patch then moves the center and downdip edge of the locked zone farther from the trench. The mag-
nitude of slip at the trench decreases with the increasing side length of the locked zone, from 0.78 m of slip
for the 10 km locked region, to 0.51 for the 40-km locked region (the reference model), to 0.38 km for the
80 km locked zone. Over the rest of the interface along strike and downdip, larger locked zones result in lar-
ger areas with reduced slip, but this effect does not scale linearly with the size of the locked area. Smaller
locked zones have a proportionally larger restrictive effect on the surrounding interface (as measured by
the ratio of the size of the reduced slip area to the size of the locked region). Nevertheless, the broad regions
of reduced slip around the largest locked zones will dominate the pattern of inter-seismic plate interface slip.

Figure 4. Modeled displacements projected onto a cross-section at y = 500 km. The location of the locked zone is indicated
by a thick white line. The black displacement vectors are from the reference model, and the red vectors are from the vis-
coelastic model (the location of the viscoelastic region is shaded grey). Surface displacements along the upper plate are
shown in the upper panel. The solid curves correspond to the reference model, the dashed lines are for the viscoelastic
model, and dotted lines are from a single Okada (1992) fault coincident with the locked zone (ignoring slip elsewhere on
the plate boundary). Note that the reference model produces only subsidence, whereas the viscoelastic model introduces
flexure in the elastic region, causing subsidence near the trench and uplift near the backstop.
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3.2.3. Sensitivity to Dip of Plate Interface
Subduction zones typically have shallower dip angles near the trench, so we investigate how reducing the
dip of the subducting plate affects the pattern of fault slip around the locked zone. We test models with
dip angles ranging from 5° to 25°, while keeping the dimensions of the locked patch (40 km square) and
the downdip distance between the trench and updip edge of the locked patch (51 km) the same as in the
reference model. This test shows that the magnitude of fault slip updip of the locked zone is lower for shal-
lower dip angles (supporting information Figure S4). At a dip angle of 5°, there is only 0.20 m of slip at the
trench (compared to 0.51 m in the reference model). This effect is primarily a consequence of the thickness
of the upper plate above the locked zone, which is defined by the subduction zone geometry. When this
thickness is small (shallow dip), the near-trench region has relatively little mechanical connection to the rest
of the upper plate, and therefore, its kinematics are more similar to that of the locked zone. As the dip angle
and thickness increase, the region updip of the locked zone behaves less like the locked zone because it is
more strongly connected to the rest of the upper plate. Downdip of the locked zone, the dip angle of the slab
has relatively little effect on the pattern of fault slip.
3.2.4. Sensitivity to Along-Strike Length of Locked Patch
In many subduction zones, locked areas and associated earthquake slip extend much greater distances along
strike (>200 km) than downdip (50–100 km; Figure 1). We test a model with a locked patch that is 250 km
along strike (the “long-asperity model”), with all other aspects equal to the reference model. The long-
asperity model shows reduced plate interface slip over a substantial area of the megathrust (Figure 6a).
Updip of the locked zone, fault slip is 0.30 m at the trench (compared to 0.51 m in the reference model).
Downdip of the locked zone, reduced slip extends close to the bottom edge of our modeled plate boundary.
The extent of reduced slip along strike from the locked zone is short compared to the downdip extent, similar
to that of the reference model.

The displacements on the surface of the upper plate in the long-asperity model also have a similar spatial pat-
tern to those from the reference model but with greater magnitudes (Figure 6b). Near the trench, the upper
plate moves 0.55 m toward the backstop and subsides 0.40 m. However, the upper plate within ~30 km hor-
izontal distance of the trench has low τmax (<0.05 MPa; Figure 6b), despite these large-magnitude surface

Figure 5. Stresses in the reference model projected onto a cross-section at y = 500 km. The background colors indicate the
magnitude of the maximum shear stresses. The arrows show the orientations of principal stresses and are scaled by
magnitude. The blue arrows indicate the maximum compressive stress, and the green arrows indicate the minimum
compressive (or maximum tensional) stress.

10.1029/2018JB016336Journal of Geophysical Research: Solid Earth

HERMAN ET AL. 8267



displacements. This indicates that the part of the upper plate updip of the locked zone moves a large
percentage of the plate motion and, importantly, it dominantly acts as a semirigid block, that is, without
significant internal deformation.
3.2.5. Sensitivity to Asperity Strength
In previous models, the locked region had infinite strength, allowing the resistive shear tractions, τpb, to
increase to arbitrarily high levels to keep the region from slipping. This is particularly relevant near the interior
edge of the locked zone, where our reference model has τpb = 4.1 MPa and a completely locked fault has a
shear stress singularity in analytical solutions (Okada, 1992). We test the effect of lowering τpb on the pattern
of slip produced over the rest of the interface (supporting information Figure S2). This results in a small
amount of fault slip inside the locked zone near the edges, thereby lowering the maximum magnitude of
τpb. However, the pattern of reduced slip in unlocked regions around the locked zone does not change
significantly when τpb is reduced near its edges.
3.2.6. Sensitivity to Shear Tractions in Unlocked Regions
The unlocked sections of the plate boundary can have nonzero sliding friction, so we investigate the effects
of applying a uniform, constant shear traction of 0.3 MPa over these areas. The distribution of slip on the plate
boundary for each 1 m of relative motion in this model is identical to that of the reference model. This pattern
of fault slip also corresponds to identical accumulation of displacements, strains, and stresses throughout the
model volume. The total stress field is the linear sum of the stress field from the reference model and the
stress field corresponding to 0.3 MPa of shear traction applied outside the locked area. The only difference
between this model and the reference model is this background stress level. This model indicates that the
pseudo-coupling effect is insensitive to the magnitude of the shear traction on unlocked parts of the inter-
face (even if the shear traction varies spatially), provided these tractions remain constant over time.

Figure 6. Results for the long-asperity model. (a) Fault slip, contoured the same as in Figure 3a. The white dashed lines show the 0.1-m slip contours from the refer-
ence model for comparison. The inset figure shows along-dip slip transects; the long-asperity model (solid line) has 0.3 m of slip near the trench and reduced slip
extending farther downdip from the locked zone than in the reference model (dashed lines). (b) Cross section through the long-asperity model at y = 500 km
showingmaximum shear stresses as colors and displacements as vectors. Note the lowmagnitude of stress in the upper plate near the trench. Surface displacements
for both the reference (dashed lines) and long-asperity (solid lines) models are plotted above the upper plate. The spatial pattern from the two models is similar, but
the long-asperity model produces larger magnitude displacements.
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3.2.7. Sensitivity to Assumption of Purely Elastic Deformation
Over the timescales of interseismic loading, the thermal structure of the upper plate causes it to deform like
an elastic sheet over a viscous fluid (Govers et al., 2018; Thatcher & Rundle, 1984). We investigate the sensi-
tivity of our model results to this rheology by taking our reference model and assigning a Maxwell (linear)
rheology with viscosity = 1019 Pa s in the upper plate at depths greater than 40 km (shaded region in
Figure 4) to represent the behavior of the warmer, deeper lithosphere (the “viscoelastic model”). We examine
the results after 100 one-year time steps with a relative motion rate of 1 cm/year, which allows the subjacent
viscoelastic material to reach a loading steady state in response to the plate motion, then scale the results to
match the kinematics of our reference model.

The pattern of reduced slip on the megathrust around the locked zone is similar to that of the reference
model (supporting information Figure S5). Displacements in the upper plate are still oriented away from
the trench but are ~15% larger in the viscoelastic model than in the reference model (Figure 4). Horizontal
surface displacements are 0.49 m at the trench, 0.51 m above the updip edge of the locked zone, and
decrease linearly from this maximummagnitude to zero at the backstop (blue dashed line in Figure 4, inset).
All else remaining the same, the primary difference between the viscoelastic model and the reference model
is in the vertical surface displacements. With this rheology, the upper plate acts as a relatively thin elastic
sheet, which allows flexure in the elastic part of the plate. This results in 0.40 m of subsidence near the trench,
which changes to slight uplift ~200 km from the trench (red dashed line in Figure 4, inset). The maximum
uplift in this model is 0.05 m at 300 km from the trench. In contrast, the vertical displacements in the
elastic-only model are uniformly downward. These models highlight how inferring plate interface slip with
an elastic model can introduce substantial artifacts in the solution (e.g., Li et al., 2015). They also suggest that
the artifacts are largest when using vertical motions, whereas the potential artifacts are smaller for the
horizontal displacements.

3.3. Multiple Locked Zones

To quantify the importance of pseudo-coupling between adjacent asperities, we use a model configuration
consisting of two locked patches from the reference model (the “two-asperity model”). We place these two
40-km square locked zones on the megathrust, centered at a depth of 30 km and separated along strike
(Figure 7). When the two locked zones are 40 km (one side length) apart, the interface slip is similar to the
slip produced by a single locked zone that is 120 km long (Figure 7b). The magnitude of fault slip in the inter-
vening region is low, never exceeding 0.30 m, and the downdip extent of the reduced slip zone is expanded.
As the locked zones become more separated, slip on the freely sliding interface between them increases
(Figure 7a, inset) and the surface displacement footprint produced by each locked zone separates along
strike (supporting information Figure S6). The reduction in interface slip between two locked zones is not a
linear combination of the slip surrounding two individual locked zones, so the basic locking elements from
the reference model along with its adjacent partial slip zones cannot be simplistically used as Green’s func-
tions in linear inversions. When the offset distance reaches 200 km (five side lengths), the slip in the midpoint
between the two asperities is above 0.80 m (Figure 7d). Subduction megathrusts rarely seem to have creep-
ing sections that extend more than 200 km along-strike (a notable exception is the Shumagin Gap in the
Aleutians; Freymueller & Beavan, 1999), suggesting that most subduction zones will contain asperities with
overlapping pseudo-coupled zones.

We also use the results from the two-asperity model to evaluate how much of the interseismic slip deficit
accumulation in one asperity is taken up by the pseudo-coupling from its neighbor. When the two locked
zones are separated by 40 km, the left asperity by itself reduces fault slip in the center of the right asperity
to 0.76 m (Figure 7b, light blue area). Note that this is simply the result from the reference model at a distance
of 60 km from the edge of the left asperity. Locking the right asperity reduces the fault slip from this pseudo-
coupling level (0.76 m) to zero (dark red area). For greater separation distances, the proportion of locking in
the right asperity that comes from the pseudo-coupling of the left locked zone decreases. For a separation
distance of 120 km between the locked areas, pseudo-coupling accounts for 0.09 m out of the full 1 m in
the right locked zone (Figure 7c). By a separation distance of 200 km, the level of pseudo-coupling in the right
locked zone is only 0.02 m (Figure 7d), implying that nearly all the slip deficit accumulating in the right locked
zone comes from it being locked, rather than from the influence of the left asperity.
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3.3.1. Implications of Multiple Asperities for Coseismic Slip
If only one of the two locked areas ruptures, then that region cannot recover all of the slip deficit accumulated
at that location. Even in the case of complete stress drop in the ruptured asperity, where, the shear traction
goes to zero, our models show that there will still be slip deficit at that location because of the pseudo-
coupling around the adjacent locked zone. In other words, only the portion of slip deficit in excess of the
pseudo-coupling from adjacent locked asperities can be released coseismically. This means that as the
distance between locked regions decreases, themaximum amount of coseismic slip that can occur in the rup-
ture of a single asperity decreases according to the functional form of the pseudo-coupling of the unruptured
locked zone. For example, in the case of two 40-km square locked regions separated by 40 km, the maximum
amount of coseismic slip available to occur in the right asperity is ~75% of the plate motion (Figure 7b). In
fact, the amount of slip available in this scenario varies over the length of the rupturing asperity; the side
closest to its locked neighbor can slip 70% of the total accumulated slip deficit while the far side can slip
up to 80%. This asymmetry is enhanced as the rupture area gets closer to the edge of the locked asperity.

We explicitly test the influence of pseudo-coupling and rupture length on the maximum possible magnitude
of coseismic slip with a model consisting of three asperities (Figure 8). All three asperities have the same 40-
km downdip extent as in the reference model. We evaluate the maximum coseismic slip for central asperity
lengths of 40, 160, and 280 km. The two side asperities are each fixed at 200 km long, and the gap between
the edges of the central asperity and the side asperities is set to 40 km. As in the reference model, we first
accumulate interseismic slip deficit around the three locked asperities for 1 m of relative motion. We then

Figure 7. Plate interface slip in the two-asperity model. (a) Contours of fault slip around two 40 km square locked zones
separated by 120 km, colored as in Figure 3a. The location of along-strike transects is indicated by the black dashed line.
The inset figure shows the amount of interface slip at y = 500 km versus offset distance. (b) Slip transect for locked zones
separated by 40 km. The bold black line indicates the fault slip resulting from both locked zones. The blue dashed lines
indicate the fault slip generated by a single locked zone at the location of each asperity, without the effect of the other. The
light red area indicates the maximum slip if only the right side asperity is unlocked. The dark red area indicates the max-
imum slip within the right asperity boundary. When the locked zones are close, they appear similar to one continuous,
120 km long locked section (orange dashed line). (c) As the gap between the locked zones increases (here shown 120 km
apart), more slip occurs between them and they become distinguishable. (c) Once the asperities are far enough apart (here
shown 200 km apart), they begin to behave more like independent locked zones, but their pseudo-coupling overlaps even
at this separation distance.
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simulate the maximum possible slip in a rupture of the central asperity by unlocking it, while keeping the side
asperities locked and other parts of the interface unlocked. This allows rebound to occur in both the central
asperity and its surrounding pseudo-coupled zone. For a 40-km-long rupture, the maximum slip is 45% of the
total accumulated slip deficit (Figure 8a). The amount of slip in the central asperity increases with rupture
length. A typical Mw 8.0 earthquake has a length of 100–150 km (Allen & Hayes, 2017), which our models
suggest can have a maximum coseismic slip of 60–75% of the total accumulated slip deficit. At a threshold
rupture length of ~250 km the center of the rupture area is far enough from the pseudo-coupling zones of
its locked neighbors that the earthquake can release almost the entire interseismic slip deficit. The peak
co-seismic slip saturates at 1 m, and further growth of the rupture zone increases only the area that can
slip this maximum amount (Figure 8c). This correlation between slip magnitude and rupture length also
appears in other (dynamic) numerical models (e.g., Kaneko et al., 2010) as well as analog models of
interacting asperities (e.g., Corbi et al., 2017). Note that because this model has identical locked asperities
on either side of the rupture zone, the slip is symmetric. If the distribution and sizes of locked and
unlocked regions were more complex, the asymmetry shown in Figure 7 could become visible in the
co-seismic slip pattern as well.

4. Discussion
4.1. Comparison of Pseudo-coupling Models With Elastic Half-Space Models

We first evaluate whether a typical interseismic inversion method is compatible with the patterns of pseudo-
coupling in our models. If we take the slip over the entire megathrust in the reference model and use it as the
input in a back-slip model (Savage, 1983) with Green’s functions for fault slip in an elastic half-space (Okada,

Figure 8. Maximum possible coseismic slip when an asperity is unlocked while adjacent asperities (shaded regions) remain
locked. Maximum slip magnitude is contoured with colors. (a) In an earthquake the size of the reference model (40 km by
40 km), the maximum amount of slip that occurs is 0.50 m. The inset shows how the maximum slip magnitude increases
with rupture length. (b) For a 160-km-long earthquake, the maximum slip is 0.75 m. (c) Once the earthquake exceeds a
rupture length of ~250 km, it can release nearly the entire accumulated slip deficit in the parts of the rupture zone farthest
from the adjacent locked asperities.
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1992), then the resulting displacement field is practically the same as in the reference model (supporting
information Figure S7). This indicates that the displacement field depends on the fault slip over the whole
plate boundary, irrespective of the mechanical coupling at each point (Wang & Dixon, 2004). An inversion
of these displacements using the same Green’s functions could recover the complete distribution of plate
interface slip, assuming that the observations are distributed in a way that provides good resolution of the
plate boundary. However, these inversions do not necessarily indicate specific interface frictional properties.

However, a limitation of this standard inversion procedure is that the fault segments have no inherent inter-
actions between them. Therefore, areas inferred to be fully locked in this type of slip deficit inversion do not
reduce the slip on the surrounding parts of the plate boundary. Some inversion regularization approaches
(e.g., Laplacian smoothing) can approximate the interactions between adjacent sections of the interface,
but these do not typically capture the details of how areas interact. This can lead to biased estimates of asper-
ity locations and dimensions, the magnitude of slip deficit that accumulates near the trench (Almeida et al.,
2018), the slip deficit downdip of the seismogenic zone, and the distribution of shear tractions.

We explore these differences further by comparing the patterns of fault slip and surface displacements pre-
dicted by a pseudo-coupling model to an inter-seismic GPS data set and slip deficit inversion for the South
America subduction zone offshore Chile (Metois et al., 2016). That study applied a standard back-slip inversion
approach with elastic half-space Green’s functions and identified multiple regions interpreted to be accumu-
lating full slip deficit, with lower inferred coupling between these fully locked regions (Figure 9a). In their slip
deficit solution from 20°S to 29°S, we identify seven distinct locked zones surrounded by regions with appar-
ent partial coupling (pseudo-coupling?; Figure 9b). We define these seven areas as locked in a pseudo-
coupling model and assign the rest of the interface to have zero shear resistance. To better represent the
geometry and kinematics of the South America subduction zone, the dip of the interface in this model is
20° and the convergence azimuth is 75°. The relative displacement is scaled to reflect one year of Nazca-
South America motion (70 mm; DeMets et al., 2010). Because of the obliquity of the plate motion and
asperities located near the along-strike edges in this model, there are significant interactions between the

Figure 9. Comparison of fault slip and surface displacements between a pseudo-coupling model and an elastic half-space-based inversion (Metois et al., 2016). (a)
Coupling distribution inverted from inter-seismic GPS velocities (black arrows in (c)). (b) Plate interface slip around seven locked zones in a pseudo-coupling model.
These locked zones are areas with coupling values close to 1.0 identified in (a). Fault slip vectors are shown as black arrows. (c) Observed and synthetic horizontal
surface velocities. Observed velocities are in black. Synthetic velocities from the Metois et al. (2016) coupling model shown in (a) are in orange. Synthetic velocities
from the FEM corresponding to the fault slip distribution shown in (b) are in green. All of these horizontal surface velocities show a general agreement in both
direction and magnitude.
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pseudo-coupled regions and the side surfaces. Therefore, we do not use results within 60 km of the ends of
the model.

The pseudo-coupling model produces a distribution of slip on the interface that resembles that of the inver-
sion, even without precisely matching the interface geometry or plate kinematics of the system (cf.,
Figures 9a and 9b). In both models, there is low interseismic slip (high slip deficit accumulation; 50–90% of
the relative plate motion) extending along strike between the fully locked asperities. The pseudo-coupling
model also has low slip (high slip deficit; >60% of the convergent motion) up to the trench, whereas the
half-space inversion puts less slip on the shallow interface (a region poorly resolved by onshore observa-
tions). Downdip of the locked asperities, the half-space inversion has an abrupt transition from fully locked
to sliding at the relative plate velocity over a horizontal distance of ~50 km. In the pseudo-coupling model,
this transition occurs over a much larger distance.

Despite the differences in the patterns of fault slip, the pseudo-coupling model produces horizontal surface
velocities that are comparable in orientation and magnitude to the observed velocities, implying that it pro-
vides a reasonable explanation for this GPS data set (Figure 10c). The fit of the pseudo-coupling model hor-
izontal surface velocities to observed velocities is similar to that of the synthetic velocities produced by the
inverted slip deficit distribution. The vertical components of these GPS observations show that much of
onshore Chile is uplifting at rates of up to 5 mm/year, while some coastal regions subside at several
mm/year. Similar patterns of interseismic vertical motions (subsidence near the coast and uplift farther
inland) are also observed in the subduction zones in Cascadia (Burgette et al., 2009), Japan (Aoki & Scholz,
2003), and Sumatra (Chlieh et al., 2008). Instead of fitting these vertical motion data sets with a sharp
downdip transition from locked to sliding at the plate rate (as is done in many elastic half-space inversions),
we attribute them to flexure of the elastic portion of the upper plate above its warmer, viscoelastic base
(section 3.2.6; Figure 4).

4.2. Earthquake Implications

The slip deficit produced by pseudo-coupling of the plate interface limits the maximum possible slip if a
neighboring asperity does not rupture. The Iquique section of the Chilean subduction zone provides a useful
test of this hypothesis, because a large fraction of the slip deficit over much of the plate interface in this
region was likely released in the last giant earthquake in 1877 (Mw ~ 8.8). From 1877 to 2014, no event larger
than Mw 7.5 occurred in this section of the subduction zone (Kelleher, 1972; Lomnitz, 2004). The total inter-
seismic slip deficit accumulated over this period was 9–10 m (at a convergence rate of 65–73 mm/year;
Angermann et al., 1999; DeMets et al., 2010). For a rupture length of 100–150 km, the pseudo-coupling mod-
els in this study indicate that the coseismic slip can be up to 60–75% of the total slip deficit (5–7 m for the
Iquique section; Figure 8). The 2014 Iquique earthquake had a rupture length of ~100 km and peak slip of
5–7 m (Figure 1a), consistent with these estimates. In other words, we interpret that the Iquique earthquake
released nearly the maximum amount of coseismic slip deficit possible because of its closeness to a nonrup-
turing asperity. This still leaves 3–5 m of slip deficit on the region of the interface ruptured by the earthquake.
Another effect of the Iquique earthquake is that the pseudo-coupling that was previously associated with the
ruptured asperity may have disappeared. This pseudo-coupling would have reduced the maximum possible
co-seismic slip on adjacent sections of the plate interface, but now that it is gone, subsequent events on aspe-
rities adjacent to the Iquique rupture zone can potentially have greater magnitude co-seismic slip.

The pre-earthquake slip deficit is more difficult to constrain for the Illapel section of the Chilean subduction
zone, but the magnitude of coseismic slip in this event is also compatible with estimates from pseudo-
coupling models. The region from 30 to 33°S last experienced a giant event in 1730 (Mw ~ 9.0) and since then
has experienced at least four Mw 8.0–8.5 earthquakes (Kelleher, 1972; Lomnitz, 2004). The total convergence
from 1730 to 2015 was ~21 m (at 74 mm/year), The 2015 earthquake had a rupture length of ~150 km, which
corresponds to amaximum slip of 11–15 m in the pseudo-coupling model. Estimates of peak slip in the Illapel
earthquake range from 7 to 12 m (Figure 1b). Despite the more complicated history of earthquakes in this
part of the subduction zone, the coseismic slip is still compatible with the maximum amount allowed by
adjacent locked asperities.

The very largest earthquakes, with rupture lengths >300 km, have coseismic slip that occurs far from
adjacent locked asperities. These areas in the middle of large earthquake rupture zones can potentially slip
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up to the total slip deficit accumulated on the plate interface (Figure 8c). In the case of the Maule section of
the Chilean subduction zone, 13–14m of slip deficit had accumulated since three great earthquakes occurred
in 1822–1837 (Kelleher, 1972; Lomnitz, 2004). Peak slip in the 2010 Maule event was 12–16 m (Figure 1c),
consistent with releasing nearly all of the accumulated slip deficit in this location.

Offshore of Japan, the last Mw ~ 9.0 earthquake occurred in 869 (Minoura et al., 2001), implying ~90 m of slip
deficit accumulation for a Pacific-North America velocity of 80 mm/year (DeMets et al., 2010). Peak slip esti-
mates for the 2011 Tohoku earthquake were 45–65 m (Lay, 2018) or 50–75% of this total accumulated slip

Figure 10. Synoptic picture of inter- and co-seismic slip on the subduction interface. (a) In between earthquakes, locked
asperities of varying dimensions (dark red areas) accumulate slip deficit at or near the convergence rate. Near these
asperities and updip of this region, slip deficit accumulates due to pseudo-coupling at a high fraction of the plate motion
rate (light red areas). Downdip, the pseudo-coupling effect decreases until the plates move past each other at the full plate
motion rate (orange to yellow areas). Regions that appear to have partial coupling may simply be pseudo-coupled and
host little to no seismic activity, but small asperities on the interface in the pseudo-coupled region may appear also appear
partially coupled (especially in the poorly resolved updip part of the interface) while still hosting seismicity. The rheology of
the upper plate (elastic in the cooler, shallower regions and viscoelastic in the warmer, deeper regions) leads to flexure
of the upper plate. (b) During an earthquake, the size of the rupture is a key factor in determining the magnitude of slip.
Single asperity, smaller ruptures (right) have their slip reduced by pseudo-coupling generated by the neighboring
asperities. These events may still produce shallow slip and tsunamis if the pseudo-coupling distribution relative to the
rupture area allows shallow slip. In contrast, multi-asperity, larger ruptures (left) produce much greater magnitude slip
throughout the rupture area far from adjacent asperity pseudo-coupling zones. These events can access the entire slip
deficit updip of the locked zone, which may be a large fraction of the total accumulated slip deficit.
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deficit estimate. Numerous earthquakes occurring within the Tohoku rupture area between 869 and 2011
(including Mw ~ 7.0 earthquakes every 20–30 years and Mw ~ 8.0 events occurring at least once per century;
Hashimoto et al., 2009; Simons et al., 2011; Satake, 2015) may account for at least part of the difference. To
account for the other 30–40m of slip deficit, there would have to be 5–7Mw 8.0 events, 11–16Mw 7.5 events,
or 30–40Mw 7.0 earthquakes (Allen & Hayes, 2017), consistent with the number of events that occurred in the
1,142 years between giant earthquakes.

4.3. Tsunami Implications

Although onshore geodetic observations do not provide information about slip on the shallow megathrust,
tsunamis generated by recent great earthquakes (e.g., in the 2004 Sumatra, Lay et al., 2005; 2010 Maule,
Moreno et al., 2010; and 2011 Tohoku, Mori et al., 2011, events), widespread geological evidence of coseismic
slip in the accretionary wedge sections of subduction décollements (Hubbard et al., 2015), and slip deficit
modeling (Almeida et al., 2018; this study) suggest that large coseismic shallow slip is possible at many sub-
duction zones globally. We compare results from the models in this study to observations from the tsunami
source region of the 2011 Mw 9.0 Tohoku earthquake to explore the role of pseudo-coupling effects in
tsunami-generation processes.

Significant coseismic slip in the 2011 Tohoku earthquake propagated close to the trench (Lay, 2018), produ-
cing the widespread tsunami. Slip inversions of the Tohoku earthquake based on observations sensitive to
the near-trench motion, such as tsunami waves (Fujii et al., 2011; Grilli et al., 2012; Mori et al., 2011) and sea-
floor geodetic measurements (Iinuma et al., 2012; Sato et al., 2011), are generally consistent with shallow slip
that is comparable to or larger in magnitude than the deeper slip. In contrast, models based on seismic or
onshore geodetic observations tend to image the greatest moment release at slightly greater depths
(~30 km) and reducedmoment release up to the trench (Ammon et al., 2011; Ozawa et al., 2011; Simons et al.,
2011; Yue & Lay, 2011). It should be noted that some inversions utilizing seismic or geodetic data sets do pro-
duce maximum slip at shallow levels; for example, reducing the shear modulus of the shallowest parts of the
Earth model results in higher co-seismic slip estimates, overcoming the fact that relatively little seismic
moment appears to be released in those locations (Hayes, 2011; Lay et al., 2011). Bathymetric changes indi-
cated that the seafloor within 40 km of the trench shifted ~50m eastward in the earthquake but moved with-
out significant spatial gradients to the surface displacements (Fujiwara et al., 2011). Finally, postseismic
borehole heat flow measurements showed a very small increase in temperature associated with coseismic
frictional sliding, implying little change in shear traction during the earthquake in that area (Fulton et al., 2013).

A model of a subduction zone with a low-shear-resistance shallowmegathrust updip of a broadly locked seis-
mogenic zone produces results that provide a reasonable interpretation of these observations of the Tohoku
earthquake, namely, (a) large amounts of shallow slip that (b) produced relatively weak seismic radiation; (c)
block displacements of the upper plate near the trench; and (d) low coseismic heat production on the shallow
megathrust. In the long-asperity model, slip deficit at the trench is 0.70m and the upper plate within 50 km of
the trench displaces up to 0.65 m parallel to plate motion. These modeled interseismic displacements indi-
cate the potential for significant shallow coseismic slip and corresponding static surface displacements.
However, these large displacements are accompanied by low strain/stress accumulation in the upper plate
within 30 km of the trench; in other words, this region moves dominantly as a semirigid block (Figure 6).
Because large-amplitude seismic waves are generated primarily by the release of elastic strain energy from
rocks adjacent to the rupturing fault (Aki & Richards, 2002), this region accumulating little interseismic elastic
strain should not be expected to release as much strain energy in an earthquake as the high strain regions
near the locked asperity. Finally, if we assume that the shallow interface in this scenario has a similarly low
shear resistance prior to and during the earthquake (Ujiie et al., 2013), the large-magnitude coseismic slip
in this region would not produce significant heating due to sliding.

This coseismic slip on the shallow interface also implies that the mechanical interpretation of stress drop in
pseudo-coupled areas is not as straightforward as for asperities. Within the asperity, the stress drop has a sim-
ple mechanical meaning: the difference in shear stress resolved onto the megathrust before and after the
earthquake (Kanamori & Anderson, 1975). In contrast, pseudo-coupled sections of the interface have con-
stant shear stress resolved on them prior to and following the earthquake (in our models). This means that
despite potentially rupturing and hosting significant slip during the earthquake, the shear stress resolved
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onto the ruptured sections of the plate boundary outside the asperity immediately after the earthquake may
simply remain at a similar level from before the event.

5. Conclusions

The combination of interseismic and coseismic observations along with the results from our numerical mod-
els allows us to draw a synoptic picture of slip on the subduction plate interface prior to and during great
earthquakes (Figure 10). Asperities are concentrated at depths of 10–50 km, in the seismogenic zone, and
can take on a range of sizes. During the interseismic period, the interface within these asperities accumulates
slip deficit at or near 100% of the plate convergence rate (Figure 10a). The interface immediately adjacent to
the asperities has high levels of pseudo-coupling, accumulating slip deficit at a large fraction of the conver-
gence rate. Up-dip of the seismogenic zone there are fewer asperities, so there is little to no seismicity. In this
part of the plate boundary, high, uniform slip deficit accumulates due to pseudo-coupling and the narrowing
thickness of the upper plate. Some apparently partially coupled regions on the interfacemay host some smal-
ler magnitude seismicity; we interpret these regions to contain small asperities that cannot be resolved by
current imaging techniques. Downdip of the asperities, the pseudo-coupling decays until the plates move
past each other at the full rate.

In the ensuing earthquake, the coseismic slip behavior depends largely on whether one or multiple asperities
slip. In a single-asperity rupture, themaximum slip can be up to the pseudo-coupling level of the neighboring
asperities, implying smaller peak slip magnitudes (Figure 10b). Our modeling results suggest that shallow slip
may depend on the location of the slipping asperity and the distribution of unruptured asperities around the
rupture, which limit themagnitude of any shallow slip. Once a rupture is sufficiently long (our models suggest
a length of ~250 km or more), the pseudo-coupling produced by adjacent asperities in the middle of the slip-
ping asperities drops to essentially zero, so the earthquake can have a maximum slip that is nearly the entire
accumulated deficit. This accounts for the much greater slip values in earthquakes with larger rupture
lengths. These observations are reflected in patterns of coseismic slip seen in recent great earthquakes. If
the shallow part of the plate boundary updip of the rupture zone can slip along with the deeper asperity, this
regionmay slip up to its total accumulated pseudo-coupling level, which our models demonstrated are ~75%
of the total slip deficit. This results in substantial motion of the seafloor and a large tsunami, without neces-
sarily generating the characteristic seismic waves and heat generation typically expected for slip in
typical asperities.
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