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Towards inferring earthquake patterns from
geodetic observations of interseismic coupling
Yoshihiro Kaneko1*, Jean-Philippe Avouac2 and Nadia Lapusta2,3

Ultimately, seismotectonic studies seek to provide ways of assessing the timing, magnitude and spatial extent of future
earthquakes. Ample observations document the spatial variability in interseismic coupling, defined as a degree of locking of
a fault during the period of stress build-up between seismic events: fully or nearly locked fault patches are often surrounded
by aseismically creeping areas. However, it is unclear how these observations could help assess future earthquakes. Here we
simulate spontaneous seismic and aseismic fault slip with a fully dynamic numerical model. Our simulations establish the
dependence of earthquake rupture patterns and interseismic coupling on spatial variations of fault friction. We consider the
long-term evolution of slip on a model fault where two seismogenic, locked segments are separated by an aseismically slipping
patch where rupture is impeded. We find that the probability for a large earthquake to break through the rupture-impeding
patch is correlated with the interseismic coupling averaged over this patch. In addition, the probability that an earthquake
breaks through the rupture-impeding patch and interseismic coupling are both related to fault friction properties through a
single non-dimensional parameter. Our study opens the possibility of predicting seismic rupture patterns that a fault system
can produce on the basis of observations of its interseismic coupling, and suggests that regions of low interseismic coupling
may reveal permanent barriers to large earthquakes.

Simple conceptual models of fault behaviour assume that
seismic rupture segmentation is persistent and that fault
segments remain locked in the interseismic period separating

episodic slip events1. These models predict quasiperiodic repetition
of ‘characteristic’ earthquakes with similar rupture extent and
moment2 or a time-predictable or slip-predictable behaviour
if non-quasiperiodic behaviour is allowed1. As observations
accumulate, it becomes quite evident that earthquake sequences
on natural faults are more complex than these simple models
predict3–6, although faults do seem to obey some systematic
behaviours with respect to their segmentation7 and, possibly, the
timing of major earthquakes8. One potential explanation is that
faults may consist of several subsegments that rupture either
independently or jointly with neighbouring segments during larger
earthquakes7,9, with the non-periodic or even chaotic behaviour
arising from stress transfers and their effect on prestress10–12. This
segmentation may partly be controlled by geometrical complexities
such as local non-planarity and fault step-overs13. However, there
is growing evidence that spatial variation of fault friction properties
is an influential and perhaps determining factor that affects the
spatial extent, size and timing of earthquake ruptures. Hence,
barriers prone to aseismic creep may have an important effect
on the observed patterns of seismic ruptures, an issue that is
the focus of this study.

Evidence for heterogeneous fault friction properties
Measurements of surface deformation show that, in the interseismic
period between successive large earthquakes, some fault areas
remain locked whereas others creep aseismically. This has been
observed along a number of subduction zones including Sumatra,
Japan, Alaska, Peru and Chile14–19. The pattern of interseismic
coupling (ISC), the ratio of slip deficit during the interseismic
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period divided by the long-term slip (Supplementary Information
S2), is thus generally found to be heterogeneous and, to some
degree, coincides with the pattern of large earthquakes. For
example, the distribution of seismic asperities in the Kurile–Japan
trench seems to be relatively stationary20 and lie within a zone
with high ISC (ref. 21). Similarly, large earthquakes offshore of
Sumatra seem to have ruptured areas that had remained locked
during the interseismic period6,16. More evidence that the mode of
slip on faults varies spatially comes from observations of aseismic
afterslip occurring in areas surrounding the seismic ruptures19,22–25
and seismic patches embedded in creeping faults in various
tectonic settings15,26,27.

These observations can be interpreted as evidence for heteroge-
neous fault friction properties. In the laboratory, both rock surfaces
and layers of fault gouge have been shown to exhibit rate and state
frictional behaviour (Supplementary Information S1), in which the
steady-state frictional strength τss can be expressed as28,29

τss = σ̄
�
f0 + (a−b)ln(V /V0)

�
(1)

where a and b are rate and state parameters, V is slip rate, f0
and V0 are the reference friction coefficient and slip rate and σ̄ is
the effective normal stress. In steady state, rock friction exhibits
either velocity weakening (VW, a−b< 0) or velocity strengthening
(VS, a − b > 0), depending on a number of factors including
normal stress, temperature and the type of rock material28–32.
Models predict that VS fault regions would slip stably under
slow tectonic loading, whereas VW fault regions would produce
‘stick–slip’ motion12,33–38.

In this framework, earthquakes and aseismic slip are mainly
linked to VW and VS segments, respectively, although earthquakes
can penetrate into VS segments and parts of VW segments can
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Figure 1 | Schematic illustrations of ISC as commonly observed on
subduction megathrust faults and distribution of friction properties in
our 2D and 3Dmodels. a, The proportion of slip accommodated by

interseismic creep varies spatially, from 0% in fully locked areas (ISC= 1)

to 100% in areas creeping with the interplate rate (ISC=0). b, The 2D
model is intended to investigate the effect of friction heterogeneity in the

along-strike direction. c, The 3D model has the same along-strike

heterogeneity of friction properties at the seismogenic depth as the 2D

model but incorporates a finite seismogenic fault widthW.

experience aseismic slip37,39–41. Fault patches that creep aseismically
can be interpreted to be dominantly VS whereas locked patches
are dominantly VW. Predominantly creeping patches that are
characterized by a VS frictional behaviour can act as systematic
barriers to earthquake propagation, as in the case of the Batu Islands
area, Sumatra16, or in the Paracas Peninsula area, Southern Peru19.
On the other hand, some earthquakes rupture across aseismic
barriers. For example, the 1964 Alaska earthquake of moment
magnitude Mw 9.2 ruptured through an area with locally low

ISC (ref. 42). The impeding effect of this patch may have been
responsible for the two-peaked source-time function43. Similarly,
the 2007 Pisco earthquake ruptured two locked patches separated
by a VS barrier19,44. Patches with relatively low ISC, but not
as pronounced as in the Batu Islands, are also observed in the
Mentawai Islands16 and presumably influenced the 2007 earthquake
sequence6. The non-systematic effect of these heterogeneities on
seismic ruptures might be the origin of the complex behaviour
of this area, which repeatedly involved clustered large earthquakes
with overlapping rupture areas8. Together, these observations imply
that spatial variations of fault friction properties can influence
the location and extent of seismic ruptures in a systematic or
non-systematic manner. However, how such variations translate
into the pattern of ISC and complexity of earthquake ruptures is not
well understood. To explore this issue, we construct fault models
that contain variations in friction properties.

Model of earthquake cycleswith heterogeneous coupling
We use numerical experiments to explore the effect of VS patches
on ISC and on the seismic rupture pattern over many earthquake
cycles. Our model contains a planar fault governed by the ageing
form of rate and state friction28,29 and embedded in a homogeneous
elastic medium (Supplementary Information S1). The fault has two
identical VW segments separated and surrounded by VS regions.
In the simpler two-dimensional (2D) implementation, we consider
only along-strike variations (Fig. 1b), which enables us to assess
a broad range of model behaviour as the parameters are varied.
Several calculations in a three-dimensional (3D)model (Fig. 1c) are
conducted to check the validity of the findings derived from the 2D
simulations. The fault is loaded by imposing a constant slip velocity
outside the simulated region. The friction properties and lengths
of the fault segments are varied to study their effect on the model
behaviour. Fault slip is simulated using a unique methodology37,45
that resolves all stages of seismic and aseismic slip: the aseismic
nucleation process, the subsequent inertially controlled earthquakes
with realistic slip rates and rupture speeds, the postseismic slip and
the interseismic deformation between earthquakes.

Realistic earthquake behaviour produced by themodel
Despite the simple geometry and distribution of friction properties,
the model produces rich earthquake behaviour similar to that
of natural faults. A 2D simulation example is shown in Fig. 2
(Supplementary Movie S1 gives a 3D simulation example). The
VW segments are nearly fully locked in the interseismic period
(ISC ≈ 1) and slip mostly during seismic events. Some earthquakes
rupture only a fraction of a VW segment (for example, events 3–5
in Fig. 2b); they arrest because of lower prestress caused by previous
slip (Fig. 3). Other events grow large and sometimes propagate
through the VS patch. The large VS regions of low ISC on both
sides of the model act as permanent barriers to coseismic slip. The
central VS patch affects local ISC and acts as a barrier during some
coseismic ruptures (for example, events 6, 14 and 25 in Fig. 2b). In
the example of Fig. 2, 83% and 10% of the total slip in the VS patch
is accumulated seismically and as afterslip, respectively (Fig. 2f).
This example shows that a region of nearly uniform and high ISC
can have significant variations in friction properties, resulting in
complex rupture patterns (Fig. 2).

The VS patch causes clustering of large events and overlapping
rupture areas. When only one of the VW segments ruptures,
stress is transferred to the neighbouring VW segment owing
to the coseismic static stress change and afterslip, leading to
event clustering: the two VW segments tend to rupture much
closer in time than their recurrence periods (Fig. 2c). After such
one-segment ruptures, stress increase in the VS patch promotes
propagation of the subsequent large earthquake through the
patch. The slightly VS patch gradually relieves the transient stress
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Figure 2 |An example of long-term fault behaviour computed in the 2Dmodel. a, The assigned distribution of the friction parameter (a−b) (solid line)

results in a small VS patch between two VW segments, which appear as a single area of high and slightly variable ISC (dashed line) (Supplementary

Information S2). In this example, the VS patch results in a locally lower ISC, but the effect is subtle (ISC=0.93). b, Contours of slip accumulated over

1,600 yr show that the VS patch creates complexity of large earthquakes within what seems to be a locked area of high ISC. Red, blue and black lines show

slip accumulation every 2 s during the simulated earthquakes, every 10 yr and after each earthquake, respectively. Numbers indicate earthquakes in the

order of their occurrence. c, Potency rate over time (a downdip width of 40 km is assumed). Insets show close-up views of clustered successive events.

d, Time evolution of slip deficit at one VW point (x= 50 km) indicated by a triangle in b. Dashed lines illustrate that the model is neither time nor slip

predictable. e, Potency deficit over the entire fault. f, Afterslip computed at the centres of the VS patch (x= 120 km) after events 1, 9, 15, 20, 26, 31, 36 and

42, which all propagated through the VS patch. g, Potency rates of events 1, 20 and 36 show that the VS patch results in double-peaked

source-time functions.

increase by afterslip, but the stress level often remains high
at the time of the next large earthquake, promoting rupture
propagation through the patch. Hence a VS patch within a well-
locked zone can be identified as a place where nearby ruptures
tend to overlap, with the second rupture being generally larger

than the first one. For example, event 6 (Fig. 2b) ruptures only
the left VW segment and then event 9 is able to rupture both
VW segments eight years later. This behaviour may explain the
overlapping rupture areas of the 1797Mw 8.8 and 1833Mw 9.0
earthquakes in Sumatra.
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Figure 3 | Characteristics of simulated earthquakes and causes of rupture arrest. a–c, Coseismic slip distributions for three representative, earthquakes

(events 28, 30 and 36 in Fig. 2b) including an event that arrests in the VS patch (b) and an event that propagates through the patch (c). d–f, The
corresponding distributions of shear stress τ before and after the earthquakes, with respect to a reference stress value f0σ̄ . We define the beginning/end of

an earthquake as the time when the maximum slip rate Vmax on the fault reaches/decreases below 1 cm s
−1
. Epicentres are marked by green dots.

Coseismic static stress drops are in the range of 1–10MPa, typical for natural earthquakes.

For a wide range of parameters, our model does not produce
characteristic earthquakes, nor does it obey the slip-predictable
or the time-predictable behaviour at a given point on the
fault (Fig. 2d). The model does not exhibit the time-predictable
behaviour because the model does not incorporate a fixed
threshold shear stress for slip to occur. The behaviour is closer
to being slip predictable, even more so if the average slip (or
equivalently the slip potency) is considered rather than slip at one
particular point (Fig. 2e). This is because, after each earthquake,
the shear stress on the ruptured area drops to the same level,
approximately determined by the steady-state friction equation (1)
evaluated at the coseismic slip rate V = Vdyn (∼1–10m s−1). The
simulations also show that assessing whether the fault exhibits time-
or slip-predictable behaviour requires an extended history with
many earthquake cycles.

Quantifying the effect of VS patches on seismic ruptures
The effect of the central VS patch on the resulting pattern of
large earthquakes can be quantified in terms of the probability
that an earthquake that has ruptured one VW segment would
propagate through the VS patch, rupturing at least a part of
the second VW segment. The probability is estimated from the
percentage P of earthquakes that propagate through the VS patch
relative to the number of earthquakes that rupture entirely one of
the two VW segments.

Clearly, the larger the length Dvs of the VS patch and the higher
the average stress increase �τprop required for seismic slip within
the VS patch, the smaller would be the percentage of earthquakes
that propagate through the VS patch. An approximation for �τprop
can be obtained by considering the difference in average shear
stress on the patch before and during seismic slip and a further
contribution from the breakdown work46, a quantity sometimes
called fracture energy. Hence we define the resistance C of the VS
patch as (Supplementary Information S3)

C = �τpropDvs = σ̄vs(avs − (1−λ∗)bvs)ln
�
Vdyn/Vi

�
Dvs (2)

where the subscript ‘vs’ refers to the parameters characterizing
the VS patch, 0 ≤ λ∗ ≤ 1 accounts for breakdown work at the
crack tip, and Vdyn and Vi are the representative seismic slip
velocity and slip velocity at the end of the interseismic period on
the VS patch. The values of Vdyn and Vi depend on the model
behaviour, but their variation is limited in our simulations. Vdyn
is of the order of the typical seismic slip velocity of 1m s−1, and
Vi ranges from the plate velocity of 10−9 m s−1 to values smaller
by 1–2 orders of magnitude, so that ln(Vdyn/Vi) ≈ 20, nearly
independent of the model parameters. Inclusion of parameter λ∗

is only important for patches with friction properties close to
velocity neutral (Supplementary Information S3). Hence, for most
cases, the patch resistance (equation (2)) can be approximated by
Cappr = 20σ̄vs(avs−bvs)Dvs.

This is exactly what our simulations show (Fig. 4a). In
simulations with a broad range of patch parameters Dvs and
σ̄vs(avs − bvs), the percentage P of two-segment ruptures is
approximately constant for the same value ofCappr (Fig. 4a). Smaller
values ofCappr enable nearly every rupture to propagate through the
VS patch, larger values result in the patch acting as a permanent
barrier and intermediate values allow for a rich behaviour with
comparable numbers of earthquakes arresting and propagating
through the patch as in the case of Fig. 2.

The properties of VW segments also significantly affect proba-
bility P . Rupture of a VW segment increases stress on the VS patch,
and the larger the stress increase, the larger P is expected to become.
The stress increase can be represented (Supplementary Information
S3) as β�τvwDvw, where �τvw is the average stress drop over the
VW segment, Dvw is the length of the VW segment and β is a
model-dependent geometric factor between 0 and 1. For the 3D
model, both the patch resistance and the transferred stress need to
be multiplied by the seismogenic fault width W . We use β = 1/2
for the 2D model and β =W /(2Dvw+2W ) for the 3D model. This
is based on the assumption that stress is transferred equally in all
directions and that, in 3Dmodels,β is proportional to the perimeter
of the VW segment that is contiguous with the VS patch.
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Figure 4 | Relation between the properties of VS and VW regions, probability P that an earthquake would propagate through the VS patch, and ISC.
a,b, Properties of the VS patch have a similar systematic effect on both the pattern of seismic ruptures, as quantified by P, and ISC averaged over the patch.

P=0% corresponds to a permanent barrier. Each colour of dot represents a 2D simulation of 9000 yr of fault slip, with more than 50 events that rupture
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the VW segments are the same for all cases. c, Slip distributions of events corresponding to cases C1 and C2 illustrate the range of model behaviour. The

VS patch can either act as a permanent barrier (C1) or enable most of the earthquakes to propagate through (C2), despite being of the same size.

d, Relation between P and non-dimensional parameter B for several 3D simulations and a large set of 2D simulations in which the properties of both VW

and VS regions are systematically varied (Supplementary Table S1). All results collapse, with some scatter, onto a single curve. e, The percentage P of
two-segment ruptures and ISC averaged over the VS patch are closely related. The labels ‘3D mid-depth’ and ‘3D whole patch’ correspond to ISC averaged

over the mid-seismogenic depth and over the entire VS patch, respectively.

The barrier efficiency of a VS patch can thus be characterized
with the non-dimensional parameter:

B= �τpropDvs

β�τvwDvw
(3)

which can be approximated by Bappr = (20σ̄vs(avs − bvs)Dvs)/
(β�τvwDvw) for most cases. The larger the B value, the smaller
should be the percentage of ruptures that propagate through
the patch. Figure 4d shows that P is indeed correlated with B
(equation (3)) for a large number of simulations in which we have
varied the properties and sizes of the VW and VS segments, and
the effective normal stress (Supplementary Table S1). This plot
demonstrates that B is an appropriate parameter to quantify the
effect of theVS patch on the pattern of large earthquakes. The results
of 2D and 3Dmodels collapse nearly onto the same curve in Fig. 4d,
showing that parameter B can be used to connect the results of the
2D model to the more realistic 3D situations. This also means that,
for the same characteristics of the VW and VS regions that enter

B, the VS patch acts as a stronger barrier in the 3D model, because
the value of β is smaller for the 3D model (1/6 for the particular
geometry used, withW =Dvw/2).

Relation of ISC to rupture patterns and individual events
Our simulations indicate that the size and friction properties of
the VS patch influence ISC similarly to the effect on earthquake
ruptures (Fig. 4). ISC decreases as either Dvs or σ̄vs(avs − bvs)
increases, with the ISC being approximately the same for a constant
value of their product Cappr (Fig. 4b). For a wide range of model
parameters, we find that ISC in the VS patch correlates with the
percentage P of earthquakes rupturing through it (Fig. 4e). This has
an important implication for seismic hazard because the rupture
extent of large earthquakes is linked to variations in ISC. This
conclusion holds for both 2D and 3D simulations. Note that, for
the same percentage P of two-segment ruptures, ISC is lower in
the 3D simulations, because there the VS patch is directly loaded
by the adjacent larger VS regions that creep at nearly the plate
loading rate. Regardless of the model or how the values of ISC
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are computed, a VS patch with a locally lower, but still high, ISC
(ISC � 0.6) can systematically arrest coseismic ruptures (Fig. 4e).
This means that a VS patch compensates for the deficit in seismic
slip not through a significant decrease in ISC, but rather through
significant postseismic slip after events that stop near the patch.

The correlation between ISC and earthquake patterns charac-
terized by P is not surprising. Accumulated slip must be relatively
uniform over the fault domain and equal to the sum of co-, post-
and interseismic slip. It follows that the overall seismic behaviour of
the VS patch is related to the amount of cumulative slip occurring in
the interseismic period, and hence to ISC. The correlation between
ISC and P implies that ISC also depends on the non-dimensional
parameter B. In fact, it can be shown that ISC and Bappr are related in
a spring–slider model for cases when the patch acts as a permanent
barrier (Supplementary Information S4).

We observe that the source-time function of earthquakes that
rupture through a VS patch contains multiple peaks (Fig. 2g),
the phenomenon commonly inferred from inversions of large
earthquakes6,43,44. This is because both the potency rate and rupture
speed first decrease as rupture propagates through the central
VS patch and then increase after the rupture front enters the
neighbouring VW segment. However, a multiple-peaked source-
time function could also arise owing to a region of lower
prestress on a VW fault (sometimes referred to as an ‘anti-
asperity’). The two types of heterogeneity can be distinguished from
postseismic observations, because afterslip would occur within a
VS patch (Fig. 2f) but not within a VW region of lower prestress.
Thus, variations in seismic potency rates combined with the
distribution of postseismic slip can be used to infer smaller-scale
heterogeneities in friction properties within a locked region of
high but variable ISC.

Towards quantitative seismic hazard assessment
This study demonstrates that friction heterogeneities provide a
unifying explanation for a variety of observations of fault behaviour
regarding individual ruptures, earthquake sequences and patterns
of ISC. Fault areas with VS friction, which can be detected from
geodetic or remote-sensing measurements of interseismic and
postseismic strain, may be the primary cause for the relative
persistence of seismic rupture segmentation and asperities. At the
same time, the presence of suchVS patches can explain other aspects
of the long-term seismic behaviour of faults such as clustering of
large events, overlapping of subsequent ruptures and ruptures of
several locked segments. Our results suggest that relatively small
VS patches could have a profound effect on the long-term seismic
behaviour but a subtle effect on ISC.

The presented work provides physical insights into how spatial
heterogeneities in fault friction properties—observed through
seismic, postseismic and interseismic slip—can influence future
earthquakes. Thus, our study opens up ways to make quantitative
use of geodetic and seismic observations for seismic-hazard
assessment. This study focuses on large earthquakes on subduction
megathrusts. However, our conclusions should be applicable to
any environment and scale, including smaller scales, that contain
heterogeneities in fault friction properties.
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