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Life in the stress shadow: 
Stress-constrained inversion for interseismic coupling on shallow 

megathrusts



Key point for this talk:

The shallow part of a megathrust above a locked zone 
is highly coupled.



Is locking the same as coupling?

Locking: a physical term describing the fault’s response to stress.  
Coupling (or Slip Deficit): a kinematic term describing the slip rate on the fault.
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Coupling is a convenient word that describes 
a wide variety of interactions or feedback 
processes, including those that we do not fully 
understand. Examples in Earth science include 
ocean-atmosphere coupling, climate-tectonics 
coupling, and core-mantle coupling.The word 
is also very popular in discussions of plate 
boundary earthquake processes. 

As a vague expression, fault coupling is a 
perfectly adequate term, describing some kind 
of mechanical interaction between rocks of 
each side of a fault. For those of us who try to 
infer fault processes from geodetic measure-
ments, coupling usually indicates a state of no 
or low current slip. If a fault is fully locked, we 
may say it is "coupled" or "fully coupled." If a 
plate boundary fault is slipping at the long-
term plate convergence rate, we may say it is 
"decoupled." Fault segments that are slipping 
more slowly than the plate convergence rate 
are then "partially" coupled.To avoid awkward 
expressions such as "negatively" or "overly" cou-
pled, an equivalent description has been used 
in the literature; that is, to define a "coupling 
ratio" with values ranging from negative to 
greater than unity For describing kinematics, 
these expressions would not be wrong. How-
ever, with one additional step, our usage of 
the word coupling can lead to confusion.That 
step is to describe a fault that is not slipping 
as "strongly coupled." 

"Strong" and "weak" describe forces of inter-
action.Very often, when an author says "strongly 
coupled," the intention is to emphasize that 
the fault is "not slipping at all," a purely kine-
matical description. However, the sense of the 
discussion has now moved from pure kinematics 
to include the concepts of stress or fault prop-
erties. At this point, relations between the cur-
rent fault slip rate and properties like fault 
zone material, pore fluid pressure, long-term 
upper-plate deformation, etc., may be inferred, 
possibly incorrectly "Strongly coupled" faults 
have been used to infer a strong (high-friction 
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coefficient) fault zone, large shear stress, low 
pore fluid pressure, high rates of long-term 
upper-plate crustal deformation, and other 
interesting things. 

Whether or how fast a fault is currently slip-
ping depends on many factors. If we put a 
book on a level table, the book does not move, 
because nothing drives it. It has nothing to do 
with whether the book is strongly or weakly 
attached to the table. Similarly, a fault segment 
may not be slipping simply because surrounding 
segments are also not slipping, regardless of 
fault frictional properties. In other words, the 
kinematics of the fault may tell us nothing 
directly about its frictional properties. Additional 
information is required. 

Fault kinematics, frictional properties, and 
state of stress are three distinct and important 
concepts. A term like coupling, which has 
been used to describe all three, can lead to 
confusion if it is not carefully defined. 

The confusion of concepts and terminology 
sometimes carries over into our thinking about 
fault zone processes and how we model our 
data, as shown by the following example. 

In a typical two-dimensional application of 
the elastic dislocation model [Savage, 1983], 
one segment of the fault is assigned a zero 
slip rate and is called the locked zone. Beyond 
a certain depth, the fault is assumed to be 
slipping at the plate convergence rate. By sub-
tracting steady state plate motion, the locked 
part becomes a zone of "back-slip" at the plate 
convergence rate, and the deeper full-slip part 
(no strain accumulation) becomes a zone of 
no bacltslip. 

In terms of mechanical coupling, one may 
argue that the most up-dip segment of the 
fault may be very weak [e.g.,Byrne et ai, 1988] 
due to high fluid content and soft sediment. 
In a number of publications, this segment is 
then assigned a zero back-slip rate, implying 
that it is slipping at the plate convergence rate 
(Figure la).Thus,a condition of weak mechanical 
coupling (stress and frictional properties) has 
been used to define a slip rate (kinematics). 
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extension contraction 

Fig. 1. Two simple dislocation models of inter-
seismic deformation, (a) A rather common 
approach is to allow the segment up-dip of the 
locked zone to slip at the plate convergence rate. 
This seems unlikefyThe mistake is to confuse stress 
(weak) or frictional regime (stable-sliding) with 
kinematics (slip rate), (b) If the up-dip zone is 
not slipping, it should be included in the kine-
matical locked zone in the dislocation model. 

As in our book-on-the-table example, the fric-
tional conditions and lack of mechanical 
coupling do not give us any information on 
the kinematics. It seems to us just as likely 
(perhaps more likely) that if its immediate 
down-dip neighbor is not slipping, this upper 
segment is also stuck (no current slip) no 
matter how weak it is. If not slipping, it belongs 
to the locked (full back-slip rate) zone in the 
dislocation model (Figure l b ) . 

Obtaining a slipping up-dip segment using 
an inversion method is not significant, because 
land geodetic data usually have little resolving 
power for the slip rate of an up-dip fault seg-
ment that is far offshore. Presumably this up-dip 
segment will slip as a result of the next earth-
quake, either as a relatively rapid event in a 
tsunami earthquake, as aftershocks, or as 
aseismic slip for some time after the earthquake. 
The point is, slipping at the plate convergence 
rate, as often modeled, is unlikely to be sustained 
over the entire inter-seismic period. Occasion-
ally inter-seismic deformation models show 
small parts of the nominally seismogenic part 
of the fault slipping at high rate between fully 
locked segments. Depending on their size, 
these segments also likely represent transient 
features. 

Another "coupling" confusion is to associate 
interplate earthquakes with force interaction 
between converging plates.The classical plate-

"Coupling" Semantics and Science in 
Earthquake Research 

Wang & Dixon, 2004
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1. Lab studies have shown velocity strengthening behavior is common 
    at low temperature and pressure. 

2. There is a relative lack of microseismicity on the shallow part of faults.

Fault creep is the expected behaviour for shallow faults.

Scholz, 1998
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the material is poorly consolidated, but decreases at elevated
pressure and temperature as the material becomes lithified (Fig.
1B). Therefore faults may also have a stable region near the surface,
owing to the presence of such loosely consolidated material25.

These considerations allow the construction of synoptic models
for the two primary sites of tectonic earthquakes, crustal faults and
subduction zone interfaces, as shown in Fig. 2. In the centre of this
figure is drawn the expected variation of the friction stability
parameter z ¼ ða 2 bÞj̄. This is positive at shallow depths because
of the presence of unconsolidated granular material and at large
depths because of the onset of plasticity at a critical temperature—
hence, regions above and below these stability transitions are stable
(shown blue). The regions in which the stability parameter exceeds
the threshold defined in equation (2) are unstable, indicated by red,
and yellow indicates the regions of conditional stability. Thus, the
red regions define the seismogenic zone, the depth range over which
earthquakes may nucleate, as indicated by their hypocentral depths,
an example of which is given on the right of Fig. 2.

For crustal faults, the upper transition depth is typically observed
to be at 3–4 km, but may be absent at faults on which there has been
little slip and hence little or no gouge developed25. The lower
transition occurs at 15–20 km, corresponding to the onset of
plasticity of quartz at about 300 8C. The depth at which this
occurs depends on the local thermal gradient26. For subduction
zones the upper transition occurs at the base of the accretionary
prism of scraped-off oceanic sediments, where it encounters a
‘backstop’ of competent rock27. Because the thickness of the sedi-
mentary wedge is quite variable, so is the depth of this transition—
it may be as deep as 10 km. The lower transition occurs at depths as
great as 45 km at subduction zones. This greater depth is a result of
lower thermal gradients, owing to the subduction of the cold
oceanic plate, although this may vary widely because of variations
in the age of the subducting plate, which strongly affects the thermal
regime28. The transition is also deeper because the basalt of the
oceanic plate contains no quartz—the most ductile mineral in
basalt is feldspar, which becomes plastic at about 450 8C (ref. 22).
Because the seismogenic zone is much wider than for crustal
faults—up to 150 km—and because they tend to be more contin-
uous along strike, subduction zones produce by far the largest
earthquakes in the world.

If a large earthquake occurs on a crustal fault, it will often have
enough energy to propagate through the narrow shallow stable
region and breach the surface. It may also often propagate a short
distance into the ductile stable region at depth, for which there is
geological evidence29,30. However, for subduction zones with a wide
accretionary prism, large earthquakes will often not breach the

surface. Whether they do or not is thought to be important in
determining how efficient they are in generating tsunamis31.

Seismic coupling and seismic styles
The linear measure of earthquake size is seismic moment,
M0 ¼ GuA, where u is the mean slip in the earthquake, A the
rupture area and G the shear modulus. The moment release rate of a
fault or plate boundary is thus Ṁ0 ¼ GvA where v is the long-term
slip velocity and A is now the total fault area. We define the seismic
coupling coefficient x as the ratio of the moment release rate
determined from summing earthquakes to the total rate obtained
by determining v from a plate-tectonic model or geological data.
The parameter x is a good measure of the overall stability state of a
fault. If the fault is entirely in the unstable field, x ¼ 1, and if entirely
in the stable field x ¼ 0; otherwise, x will be somewhere in between.

For most crustal faults, x is indistinguishable from 1; that is, all of
the fault slip occurs during earthquakes and these faults are said to
be fully seismically coupled. An important exception is the so-called
‘creeping’ section of the San Andreas fault, a 170-km-long stretch in
central California where the fault slips aseismically. Much of this
aseismic slip occurs as ‘creep episodes’ (Fig. 3), which appear to be
the same as the oscillatory behaviour observed at the stability
boundary—prima facie evidence that this part of the fault is in
the conditionally stable regime close to the bifurcation of equation
(2). It is sufficiently far from the stability boundary, though, to
prevent earthquakes on neighbouring sections of the fault from
propagating very far into this region. The most likely mechanism for
the anomalous behaviour of this section of the fault is the presence
there of unusually high pore pressures in the fault zone32. I note that
the effective normal stress is j̄ ¼ ðj 2 pÞ, where j is the applied
normal stress and p the pore pressure. If p approaches j, the stability
parameter z may be reduced so that the entire depth range of the
fault normally in the unstable (red) field in Fig. 2 is shifted to the
yellow field.

Although such seismic decoupling seems to be rare for crustal
faults, it is not rare for subduction zones, which vary from being
fully coupled to almost entirely decoupled33. The difference seems to
be due to the stress state. Stress measurements in deep boreholes34 in
continents typically show that deviatoric stresses increase with
depth so that at all depths the stresses are just below that necessary
to cause sliding on a favourably oriented fault with a friction
coefficient consistent with laboratory values (about 0.6). The pore
pressures observed in deep boreholes usually increase with the
hydrostatic gradient, and the vertical stress usually increases with
the weight of the overlying rock. The most-studied fault, the San
Andreas of California, seems to be exceptional, in that it seems to be
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Figure 2 A synoptic model for stability as a function of depth for crustal faults and

subduction zones. The central panel and the crustal fault model are taken from

ref. 22; the subduction zone model (left) is from refs 27, 28; the histogram of the

depth distribution of earthquakes (right) is for a section of the San Andreas fault

near Parkfield, California (data from ref. 25).

Figure 3 Oscillatory motion (creep episodes) of the creeping section of the San

Andreas fault in central California (from ref.10). The straight line is for reference.



Fault creep is diverse, and not present everywhere

Wei et al., 2013

Note: the shallow creep rate is almost always less than the long-term rate.



Are shallow megathrusts locked or unlocked?
There is evidence for a wide range of frictional behavior on megathrusts.  
However, geodetic data has almost no resolution…

Romano et al., 2012

The large horizontal displacement (up to 31 m) seen in the off-
shore geodetic observations used in this work (Figs. 3a,b), including
those relatively close to the trench, are predicted satisfactorily.
However, even closer to the trench, there are two further sea bottom
displacement measurements61 (Fig. S2 in Supplementary Informa-
tion), indicating a greater horizontal displacement (up to ,70 m),
which our model would largely underestimate. We do not attempt to
include these data in the inversion for several reasons. We use rela-
tively large subfaults in the elastic homogeneous half space approxi-
mation. Then, we are not able to model the inherently 3D fine scale
structure of the trench region, with additional complexities such as
rigidity contrasts, possible inelastic processes13, the eventual disloca-
tion on a normal branching fault61,62 with a likely consequent exten-
sional regime of the sedimentary wedge, or the eventual contribution
of the submarine mass failure evidenced by recent bathymetric sur-
veys63,64. We thus consider our model an accurate and robust long
wavelength image of the slip on most of the fault, while it will need
a refinement in a narrow band in the trench region, even with the
aim to assess the relative importance of additional tsunamigenic
mechanisms.

Interseismic coupling and coseismic slip during the Tohoku-oki
earthquake. Our model (Fig. 2) suggests that the nucleation of the
Tohoku-oki earthquake occurred within a strongly coupled zone
(between 70 and 80 %). The overall rupture zone conversely has a
limited overlap with the coupling itself, consistently with the results
of other studies31. Slip distribution is more elongated in the SW-NE
direction and its centroid is displaced toward the trench, featuring up
to ,35 meters of slip from about 38uN to 39uN in a zone of relatively

low to zero coupling (, 30%). Whether this rupture propagated in a
relatively uncoupled zone or, alternatively, the coupling is poorly
resolved and higher than expected close to the trench is a matter
hard to address. It has been suggested that a classical elastic back-
slip accumulation model may not be sufficient to explain the shallow
rupture propagation for great subduction earthquakes65. However,
the onshore GPS data cannot fully resolve the coupling distribution
in the trench region31. This is also shown by our resolution tests (Fig.
S3b in Supplementary Information), which further demonstrate
that using the seafloor instruments increases the resolution of the
offshore slip pattern (Figs. S3b,c in Supplementary Information). We
therefore extend this result to the interseismic coupling and we sug-
gest that, using offshore geodetic measurements collected during the
interseismic period, would allow us to better constrain the spatial
distribution of coupling25.

This can be further investigated by inverting the different geodetic
data sets of the Tohoku-oki earthquake. The slip model resulting
from the inversion of only the onshore GPS data features a main slip
patch concentrated around the hypocenter, and a maximum slip
amplitude of ,25 meters at a depth of ,25 km (Fig. 4a), consistently
to other GPS inversions66,67. This slip model is also correlated to the
coupling distribution. However, whereas the horizontal displace-
ments at the GPS onshore stations are very well reproduced (Figs.
S4a,b in Supplementary Information), the model is not suitable to
explain the large coseismic deformations measured offshore15,16

(Figs. S4a,b in Supplementary Information), and the observed tsu-
nami is dramatically underestimated (Fig. S4c in Supplemen-
tary Information). On the other hand, inverting also seafloor
coseismic displacements obtained by a GPS/acoustic combination

Figure 4 | Geodetic Slip models. a) Slip distribution for the 2011 Tohoku-oki earthquake obtained from the inversion of GPS onshore only. Cyan circles
within the upper left inset indicate GPS stations onshore used in the inversion; b) Slip distribution for the 2011 Tohoku-oki earthquake obtained by
inverting the whole geodetic data set. Cyan circles within the upper left inset indicate GPS stations onshore, magenta circles the geodetic seafloor
observation sites, both used in the inversion. Thin black contours and red star as of Figure 2.
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Coseismic slip: GPS-only Coseismic slip: GPS + Tsunami



Loveless & Meade, 2010

Many models infer low or zero coupling at the trench: Japan, Sumatra, Ecuador, Cascadia



Chlieh et al., 2008

Many models infer low or zero coupling at the trench: Japan, Sumatra, Ecuador, Cascadia



Chlieh et al., 2014
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Fig. 4. Distribution of the interseismic coupling (ISC) along the Ecuadorian sub-
duction zone derived from the inversion of the interseismic GPS velocities. The 
smoothing factor of that solution is λ1 = 0.25. No constraint is put on the final 
moment deficit rate (i.e., λ2 = 0). The global moment deficit rate of that solution 
is Md = 3.6 × 1018 N m/yr. Red–yellow patches indicate highly locked asperities 
and white–blue patches the highly creeping regions of the megathrust interface. Ar-
rows represent respectively the interseismic GPS data (black) and synthetic (red). 
Red dotted lines are the 10-km iso-depth contours of the slab interface (Font et 
al., 2013). In the rupture area of the great 1906 earthquakes (black dashed line), 
the coupling is confined within the first 35 km depth of the slab interface. A large 
creeping corridor lies immediately south of the shallow axis of the Carnegie Ridge 
Track (CRT) and coincides in map view with the strike-slip Jama-Fault Zone (JFZ) 
imaged by Multichannel Seismic Reflection (Collot et al., 2004). Southwest of Manta, 
the permanent GPS station of La Plata Island (ISPT) suggests a highly coupled patch 
confined between the trench axis and 15-km depth. In south Ecuador, the ISC is 
weak and shallow. (For interpretation of the references to color in this figure leg-
end, the reader is referred to the web version of this article.)

month in 1998 and 2002 and three months in 2005 (Segovia, 2009;
Vaca et al., 2009). During one week between August and Septem-
ber 2010, a slow slip event triggered intense microseismicity ac-
tivity near La Plata Island (Vallée et al., 2013). The geodetic sig-
nal associated with that SSE was recorded by the permanent GPS 
station of La Plata Island that suddenly rose ∼1 cm and moved 
∼2 cm westward towards the trench (Fig. 6 and Table S2). The 
station uplift suggests that the slow-slip occurred either below the 
island and/or on the deeper portion of the slab interface. Vallée et 
al. (2013) proposed that a circular slip model centered on La Plata 
Island with a diameter of 15 km and an average slip of 20 cm fits 
equally the data than a circle of 32 km diameter with an average 
slip of 5 cm. Here, we did a slip inversion of that SSE following 
the same procedure described above and put no constraints on 
the slip location or final moment. The SSE slip inversion shows 
that the slip did occur right below La Plata Island overlapping 

Fig. 5. Best-GPS fitting ISC models for rough (λ1 = 0.1, on top), intermediate 
(λ1 = 0.25, middle) and smooth (λ1 = 1.0, bottom) solutions. ISC models with a 
moment deficit rate ranging from 2.5 × 1018 N m/yr to 4.5 × 1018 N m/yr fit rela-
tively well the GPS data and reflect the family of acceptable models (Fig. 3B). The 
downdip limit of the interseismic coupling does vary between models. Increasing 
the moment deficit rate extends the updip limit of the coupling near the trench. 
Rougher solutions evidence the presence of up to seven discrete asperities since 
smooth solution will tend to local uniform coupling with a maximum of three larger 
asperities.

with the asperity and its down dip coupled–uncoupled transition 
(Fig. 6). The major differences with the models proposed in Vallée 
et al. (2013), are that the slip occurs over a much wider area 
of about 50 km diameter or more and that the average slip is 
much smaller of about 1 cm (with a peak at 2.5 cm). This new 
slip distribution fits very well with the 3D relocated microseis-
micity that it triggered (Fig. 6). The 2010 SSE geodetic moment 
is found to be Mo = 1.8 × 1018 N m, equivalent to an Mw = 6.1
earthquake and in good agreement with the moment magnitude 
range of Mw = 6.0–6.3 proposed in Vallée et al. (2013).

Whether such slow slip events release all the stress that is ac-
cumulating below La Plata Island is an important question for the 
seismic hazard in that region. To test this possibility, we com-
pare the along-strike variations of the annual moment deficit of 
the interseismic model shown in Fig. 4 with the 2010 SSE geode-
tic moment. Along-strike variations of the moments are computed 
by averaging along the trench axis the cumulative moment deficit 
over 20-km wide slab portions (inset of Fig. 6). We found that 
the 2010 SSE moment is equivalent to 6 months of the annual 
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Fig. 7. (A) Along-strike variations of the annual moment deficit for all the interseismic models shown in Fig. 5. (B) Maximum ISC model and (C) Minimum ISC model. 
(A) The blue, green and red lines correspond to the along-strike variation of the annual moment deficit rate respectively for models with smoothing coefficient λ1 = 1.0, 
0.25 and 0.1. (B) Smoother solution of Fig. 5 with a maximum moment deficit rate of 4.5 × 1018 N m/yr. (C) Rougher solution of Fig. 5 with a minimum moment deficit 
rate of 2.5 × 1018 N m/yr. Yellow stars are the epicenters of subduction earthquakes with magnitude Mw > 6.0 from the last 400 yr catalogue (Beauval et al., 2013). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(Figs. 4 and 7C). These segments acted as barriers to the prop-
agation of ruptures. However they probably all failed during the 
great 1906 earthquake, suggesting that they may have the charac-
teristic of weak barriers with a bi-modal behavior. The size, level 
of decoupling and lateral spacing of all these barriers determine 
the along-strike segmentation and bring fundamental characteris-
tics about the potential size and thus magnitude of future large 
and great megathrust earthquakes along the Ecuadorian subduc-
tion zone.

Many local seismic experiments have been conducted in Ecua-
dor providing additional evidence of the segmentation of the sub-
duction margin not only along strike but also along the dip of 
the slab interface. In map view, mid-crustal seismicity (Font et 
al., 2013) at the interplate contact occurs around the asperity dis-
cretization of the ISC models (Fig. S7). That seismicity is distributed 
preferentially in the brittle–ductile transition zone of the highly 
locked asperities but also extends in the creeping patches. Near 
La Plata Island, the microseismicity underlies very well the down-
dip circular shape of that asperity. Microseismicity alignments and 
clusters appear in ISC regions with values lower than 0.5. The 
low seismic activity near the trench may suggest an aseismic pro-
cess there without microseismicity, possibly reflecting the effect 
of poorly lithified sediments at the toe of the Ecuadorian margin 
(Collot et al., 2004, 2008; Sage et al., 2006) and its effect on the 

rheology of the plate interface that promotes stable sliding (Byrne 
et al., 1988; Scholz, 1998).

4.3. Insights into the sources of historical large megathrust earthquakes

Unless mechanical properties of the megathrust interface vary 
significantly from one seismic cycle to the other, seismic asperi-
ties may be persistent features of the megathrust. The successive 
rupture of a same subduction segment supports this persistent 
character. If so, the actual highly locked patches of the ISC mod-
els should reveal some characteristics of the seismic asperities that 
have ruptured during the large historical megathrust earthquakes. 
We propose here to revisit these past seismic sources in the view 
of the discrete asperities distributions issue from this study.

The 1906 M w = 8.8 event
The high heterogeneity of the ISC distribution in the 1906 rup-

ture area brings new insight into historical seismic sources of 
large megathrust earthquakes along the Ecuadorian margin. The 
1906 seismic moment was estimated to be Mo = 200 × 1020 N m
(Mw = 8.8) consistent with the estimated tsunami magnitude 
Mt = 8.7 (Abe, 1979; Kanamori and McNally, 1982). The 500-km 
long rupture extension was determined from macroseismic reports 
of severe destructions (Kelleher, 1972) and the epicenter location 
was determined from the analysis of S–P times from five seismic 
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Fig. 2. Representative elastic dislocation models of Cascadia megathrust interseismic locking or coseismic rupture published over the last two decades. (a) Hyndman and
Wang  (1995): Uniform locking with linear downdip transition. There are various modified versions (e.g., Flück et al., 1997; Burgette et al., 2009). (b) Wang et al. (2003):
Uniform locking with an effective transition zone (ETZ) to compensate for the missing effect of viscoelasticity. For modeling the AD 1700 trans-Pacific tsunami, coseismic
rupture was assumed to have extended to the middle of ETZ (Satake et al., 2003). (c) Priest et al. (2010): Bell-shape downdip distribution of coseismic slip used as a tsunami
source  scenario. The apex of the “bell” is equivalent to 500 years of slip deficit. Shown is a simplified version in which the downdip rupture limit is the same as in (b). (d)
Schmalzle et al. (2014) “Gamma” model: Full interseismic locking at deformation front with locking ratio monotonically decreasing landward. (e) Schmalzle et al. (2014)
“Gaussian” model: Interseismic creep is allowed at the deformation front. Both (d) and (e) are updated versions of McCaffrey et al. (2013).

most active cluster is thought to be associated with the interaction
of a subducted seamount and the crystalline crust of the Siletz ter-
rane in the upper plate (Tréhu et al., 2012). Preliminary analysis of
OBS data acquired as part of the Cascadia Initiative (Toomey et al.,
2014) from this region yields many smaller events within these
clusters (Morton and Bilek, 2015). Offshore of Vancouver Island,
three months of close-range monitoring in 2010 using a dense OBS
network (∼20 km station spacing) did not yield evidence for any
thrust events on the megathrust (Obana et al., 2015).

South of Cape Blanco, there is abundant seismicity, but it is
difficult to determine how much is associated with slip of the
megathrust and how much results from internal deformation of
the subducting plate. The 1992 Mw = 7.2 Petrolia earthquake just
north of the Mendocino Triple Junction (∼40.3◦N, south of the map
of Fig. 3), which had a low-angle thrust mechanism (Oppenheimer
et al., 1993), was either on the plate boundary or in the lower crust
of the upper plate.

There are two possible explanations for the quietness of the
megathrust along most of the Cascadia margin. One possibility is
that the shallow megathrust is creeping as portrayed in Fig. 2e with-
out producing detectable earthquakes except for isolated patches.
At present, this is considered unlikely because purely aseismic
creep of the shallow and cold part of a fault is not observed
anywhere else. The creeping segment of the San Andreas Fault
produces numerous M < 3 earthquakes in what would be the seis-
mogenic depth range (e.g., Shelly and Hardebeck, 2010). Creeping
subduction megathrusts, such as the Mariana (Emry et al., 2011),
all produce numerous small earthquakes at shallow depths (see
review by Wang and Bilek, 2014). The other possibility is that the
shallow megathrust at Cascadia is, for the most part, fully locked as
portrayed in Fig. 2a, b, and d.

3.2. Importance of seafloor geodesy

Fig. 4 shows different geodetic signals predicted by a simple 2D
dislocation model for a fault geometry (lower panel) appropriate
for Vancouver Island or Oregon. The middle panel shows three dif-
ferent interseismic locking/creeping scenarios that correspond to
the assumptions made in Fig. 2. The near-trench full locking sce-
nario (red) applies to all the long, narrow, full-locking models in
Fig. 2. The partial locking scenario (blue) applies to the central Ore-
gon part of the model in Fig. 2e. The near-trench creep scenario
(green) applies to most parts of the model of Fig. 2e. The upper
panel of Fig. 4 shows the resultant surface velocities relative to a
fixed upper plate very far away from the trench. It is clear that
land-based geodetic observations cannot tell the three locking sce-
narios apart, as has been demonstrated by McCaffrey et al. (2013)
and Schmalzle et al. (2014), even though they predict distinctly
different patterns of horizontal velocity change across the defor-
mation front. Seafloor geodetic measurements (Gagnon et al., 2005;
Burgmann and Chadwell, 2014) of relative motion across the defor-
mation front, however, can readily distinguish these scenarios.

Although predominant locking as portrayed by the long-narrow
locking models appears to be reasonable for Cascadia, the possibil-
ity of purely aseismic creep for most or parts of the margin cannot
be ruled out. Lessons from the 2004 Sumatra and 2011 Tohoku-oki
earthquakes and many other recent events tell us that subduction
zones have many scientific surprises in stock to challenge consen-
sus views (Stein and Okal, 2007; Lay, 2015). For example, although
Wang and Dixon (2004) questioned whether creep can be sustained
near the trench while a deeper segment of the fault stays locked
because of stress shadowing effects (to be further discussed in Sec-
tion 5.1.1), such sustained shallow creep, if observed, might result
from long-lasting afterslip following the previous great megathrust

Wang & Trehu, 2016
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Use a traditional least-squares 
technique (Chlieh et al., 2008; 
2014). 

misfit = residual + smoothing  
+ model norm minimization 

What is the range of models that can fit the data?
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Near the trench, uncertainty is 
~100%: we have no ability  
to resolve the coupling.
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Shaded area:  
all models with 𝜒2/n = 1.0

Result: large uncertainty near the trench

Near the trench, uncertainty is 
~100%: we have no ability  
to resolve the coupling.

Use a traditional least-squares 
technique (Chlieh et al., 2008; 
2014). 

misfit = residual + smoothing  
+ model norm minimization −100

−80

−60

−40

−20

0

S
u

rf
a

ce
 v

e
lo

ci
ty

 (
m

m
/y

r)

0 50 100 150 200 250 300

Distance from trench (km)

Synthetic GPS data
Unconstrained model

a

0

20

40

60

80

100

F
a

u
lt 

sl
ip

 r
a

te
 (

m
m

/y
r)

0 50 100 150 200 250 300

Distance from trench (km)

Range of unconstrained models

b

0

10

20

30

40

D
e

p
th

 (
km

)

0 50 100 150 200 250 300

Distance from trench (km)

Locked

Transition

Creeping

GPS Stations
c



Question: what source of 
stress could drive this slip?
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Model assumptions: 
• 2D, planar thrust fault 

dipping 10° 
• Homogeneous elastic half 

space 
• Driving stress is far-field 
• Fault slips at the 

convergence rate below 
some depth 

Locking/unlocking 
• Locked patches cannot slip 

at all 
• Unlocked patches slip in 

response to any applied 
stress

Almeida, Lindsey et al., 2018 (GRL)

Use a physical model to predict shallow slip rates
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Balance with the far-field 
loading stress rate: 

We implement this as a linear 
constraint in the inversion. 

Idea: stresses either increase 
or stay the same during the 
interseismic period. 

Stresses are a linear function 
of slip: 

How can we use this knowledge to improve our inversion?
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 !! = 2!!!!!" ∙ !! (2) 
 
We project these stresses onto the fault dip direction using Cauchy’s formula and the normal 
vector to the fault !. This equation is still linear in slip rate, so we write 
 
 !! = !!" ∙ !! (3) 
 
The stress kernels !!"  can be pre-computed for a given fault geometry and used as needed. 
The boundary element model has the advantage over finite element methods that it does not 
require explicit parameterization of a domain or any far-field source of stress; all results may be 
calculated directly from these relations giving the interaction between fault patches.  
 
We first determine the imposed background stressing rate such that each patch would slip at 
the long-term rate !!"  if the entire model fault were unlocked. We therefore set !! = !!"  in 
equation (3) and evaluate the imposed traction rate !!! for all fault patches. 
 
We next note that for locked fault patches, the final slip rate is zero and they cannot contribute 
to the stress on any other fault patch. We therefore define a subset matrix !!"  by excluding the 
entries related to locked fault patches from the matrix !!" : 
 
 !!!" = !!" !for$unlocked$fault$patches$only (4) 
 
Now, the total stressing rate for unlocked fault patches is the sum of the imposed 
stressing rate !!! and the internal stressing rate for unlocked patches !!" ∙ !! . We set this 
to zero, implying a constant stress state on the fault, i.e. that the fault has reached its 
yield criterion and will slip in response to any additional applied stress (this requires no 
specific assumption about the frictional properties of the fault, other than that it is 
sliding stably): 
 
 !!" ∙ !! !+ !!!! = 0 (5) 
 
Finally, we solve for the slip rate on unlocked fault patches by inverting the reduced 
stress kernel matrix: 
 !! != −!!"!! ∙ !!!! (6) 
 
The result of this calculation for several choices of locked fault width are shown in 
Figure 2, and for all possible ratios of unlocked fault area WF to locked fault area WT in 
Figure S1. A model generalizing the method above to 3D is shown in Figure S5. 
 
 
Okada, Y. (1992), Internal deformation due to shear and tensile faults in a half space, 
Bull. Seismol. Soc. Am., 82, 1018–1040. 
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Stress-constrained 
inversions cannot over-
predict creep rates.  

   Much less uncertainty 
at the trench!
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Stress-constrained 
inversions cannot over-
predict creep rates.  

   Much less uncertainty 
at the trench!
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Coupling > 0.8
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Chlieh et al., 2008

What do we really know about coupling in Sumatra?



No stress constraints, norm minimization With stress constraints, norm minimization
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Slip deficit extends to the trench.
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No stress constraints, norm maximization With stress constraints, norm maximization

It may be much higher than estimated using norm minimization.
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With stress constraints, no norm penalty

Uncertainty > 0.2 Uncertainty > 0.2

Stress constraints reduce our uncertainty on the possible slip deficit.

No stress constraints, no norm penalty
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The shallow part of a megathrust above a locked zone has a high slip rate deficit.

We can incorporate this knowledge into our kinematic inversions in a simple way. 

Results reduce show that the shallow megathrust has more slip potential than 
commonly assumed.
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Thank you! 
elindsey@ntu.edu.sg
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A penalty applied to the total moment deficit  
(e.g. Chlieh et al., 2014): 

Why do we think the shallow fault is uncoupled?
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Yao (1989), Ji et al. (2002). The back-slip rake is allowed to fluctu-
ate ±10◦ from the local average slip vector direction given by the 
GCMT catalogue (http://www.globalcmt.org/CMTsearch.html). The 
backslip rate (V back) is bounded by the relative Nazca/NAS long-
term plate rate (V pl) of 46 mm/yr. The interseismic coupling (ISC) 
is defined as 0 ≤ V back/V pl ≤ 1. Consequently, an ISC = 1 indi-
cates a full interplate locking and an ISC = 0 means that the plate 
contact is completely creeping at the plate convergence rate. Sensi-
tivity tests are carried out in the supplementary material to look at 
the effect of the earth structure and slab geometry. We found that 
the Earth structure model used in the inversion does not affect the 
ISC distribution (Fig. S5 and Table S3). The local dip of the slab 
geometry affects locally the depth of the asperities but the princi-
pal pattern of the interseismic coupling does not vary along-strike 
(Fig. S6).

The misfit between the GPS observations and model predictions 
is quantified using a weighted root mean square of the residu-
als (wrms) criterion. The geodetic inversions are driven by the 
minimization of a cost function (1) that is a weighted quadratic 
summation of the misfit to the data wrms and two other terms 
meant to control the roughness of the back-slip distribution and 
the moment deficit rate Md for each point source:

Cost = wrms2 + λ1 Dc2 + λ2(Mo − Md)
2 (1)

Dc represents the differences in back-slip rate between adjacent 
cells and Mo is an a priori moment deficit rate. The smoothing 
coefficient λ1 distributes the slip equally along-strike and along-
dip through Laplacian constraints and λ2 modulates the weight 
assigned to minimize the final moment deficit rate. We search 
for the optimal smoothing factors by varying λ1 from 0.01 to 10 
and imposing no constraint on the final moment deficit (λ2 = 0). 
Fig. 3A shows that the best family models are found in the range 
0.1 < λ1 < 1.0. Fig. S7 shows models for λ1 = 0.1 and λ1 = 1.0
and Fig. 4 reports an intermediate solution for λ1 = 0.25. The ISC 
distributions of these models show three major size asperities: 
one in southern Ecuador that extends from Santa Elena Peninsula 
to Isla La Plata, a second one in Central Ecuador from Bahía de 
Caráquez to the Atacames promontory and finally a third asperity 
from Esmeraldas to cap Manglares (Fig. 4 and Fig. S7). These very 
large asperities appear fragmented into two or three sub-asperities 
in rougher model solutions (compare Fig. 4, Figs. S7A and S7B). The 
Santa Elena Peninsula–Isla La Plata asperity encompasses a small 
low coupled asperity off shore the Santa Elena Peninsula where 
moderate Mw ∼ 6 events occurred in the 20th century and a larger 
size asperity beneath La Plata Island which is highly coupled and 
unknown to have generate any Mw > 7.0 events in the past. In the 
rupture area of the great 1906 Colombia–Ecuador earthquake, the 
segmentation of the interseismic coupling into smaller locked as-
perities suggests that the coupling can be interpreted at multiple 
length scales. Great earthquakes (Mw > 8.5) are the result of the 
simultaneous rupture of large asperities as the Bahía de Caráquez-
Atacames, the Esmeraldas–Manglares and probably a third one in 
Colombia. The Bahía de Caráquez–Atacames asperity encompasses 
three minor asperities with the two southern ones that failed indi-
vidually in 1998 (Mw = 7.1), 1942 (Mw = 7.8) and possibly a third 
one unbroken beneath the Atacames Promontory. The Esmeraldas–
Manglares asperity encompasses two large and highly coupled as-
perities that ruptured individually in 1958 (Mw = 7.7) and 1979 
(Mw = 8.2). Although, the spatial pattern of coupling may vary 
between these models, it is important to notice that the global 
moment deficit rate of these models remains close, in the range of 
3.1 × 1018 N m/yr (Mw ∼ 6.9) to 3.7 × 1018 N m/yr (Mw ∼ 7.0).

The model uncertainties due to the limited spatial resolution 
and moment conservation of the GPS network need to be esti-
mated. For that, we run a second series for λ1 = 0.1, 0.25 and 

Fig. 3. GPS misfit (normalized wrms) as a function of the smoothing factor coeffi-
cient λ1 (A) and of the final moment deficit rate of the model (B). (A) Best family 
solutions are found for smoothing factors 0.1 < λ1 < 1.0. In Fig. 4 is reported the 
solution for λ1 = 0.25 and in Fig. S7, the solutions for λ1 = 0.1 and λ1 = 1.0. 
(B) The final moment deficit rate is varied for smoothing coefficient λ1 = 0.1, 0.25 
and 1.0 and best fitting models are found for final moment deficit rates ranging 
between 2.5 × 1018 N m/yr and 4.5 × 1018 N m/yr. The ISC distributions of these 
models are shown in Fig. 5.

1.0, and with λ2 > 1.0 to control the final moment deficit rate to 
vary from 2.0 × 1018 N m/yr to 8.0 × 1018 N m/yr, which brack-
ets the moment deficit rates found in previous models. We found 
that ISC models with a global moment deficit rate ranging from 
2.5 × 1018 N m/yr to 4.5 × 1018 N m/yr (Mw ∼ 6.9 to 7.0) fit
equally well the GPS data (Fig. 3B). Fig. 5 shows the family of ac-
ceptable ISC models, which share some similar characteristics with 
the solution shown in Fig. 4 and Fig. S3. Particularly, the lateral 
variation of the down-dip limit of the coupling remains the same 
reflecting the high resolution of the GPS data to constrain that pa-
rameter. Increasing the smoothing tends to average the coupling of 
neighboring asperities to a single larger one. When the moment 
deficit rate is increased, the ISC models tend to widen the updip 
limit of the brittle–ductile zone of each asperity until it reaches 
the trench axis.

4. Discussion

4.1. Slow slip event and interseismic coupling

Below La Plata Island, a circular asperity of about 50 km di-
ameter is found beneath the continental margin toe at less than 
15 km depth of the megathrust interface. The presence of this as-
perity is enigmatic since it does not correspond to any historical 
large (Mw > 7.0) seismic rupture. Seismic activity near La Plata Is-
land is characterized by frequent swarms that occurred during one 

Note that zero coupling also means: 
“creep at the full plate convergence rate.”  

What stresses could drive this slip? 
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Fig. 4. Distribution of the interseismic coupling (ISC) along the Ecuadorian sub-
duction zone derived from the inversion of the interseismic GPS velocities. The 
smoothing factor of that solution is λ1 = 0.25. No constraint is put on the final 
moment deficit rate (i.e., λ2 = 0). The global moment deficit rate of that solution 
is Md = 3.6 × 1018 N m/yr. Red–yellow patches indicate highly locked asperities 
and white–blue patches the highly creeping regions of the megathrust interface. Ar-
rows represent respectively the interseismic GPS data (black) and synthetic (red). 
Red dotted lines are the 10-km iso-depth contours of the slab interface (Font et 
al., 2013). In the rupture area of the great 1906 earthquakes (black dashed line), 
the coupling is confined within the first 35 km depth of the slab interface. A large 
creeping corridor lies immediately south of the shallow axis of the Carnegie Ridge 
Track (CRT) and coincides in map view with the strike-slip Jama-Fault Zone (JFZ) 
imaged by Multichannel Seismic Reflection (Collot et al., 2004). Southwest of Manta, 
the permanent GPS station of La Plata Island (ISPT) suggests a highly coupled patch 
confined between the trench axis and 15-km depth. In south Ecuador, the ISC is 
weak and shallow. (For interpretation of the references to color in this figure leg-
end, the reader is referred to the web version of this article.)

month in 1998 and 2002 and three months in 2005 (Segovia, 2009;
Vaca et al., 2009). During one week between August and Septem-
ber 2010, a slow slip event triggered intense microseismicity ac-
tivity near La Plata Island (Vallée et al., 2013). The geodetic sig-
nal associated with that SSE was recorded by the permanent GPS 
station of La Plata Island that suddenly rose ∼1 cm and moved 
∼2 cm westward towards the trench (Fig. 6 and Table S2). The 
station uplift suggests that the slow-slip occurred either below the 
island and/or on the deeper portion of the slab interface. Vallée et 
al. (2013) proposed that a circular slip model centered on La Plata 
Island with a diameter of 15 km and an average slip of 20 cm fits 
equally the data than a circle of 32 km diameter with an average 
slip of 5 cm. Here, we did a slip inversion of that SSE following 
the same procedure described above and put no constraints on 
the slip location or final moment. The SSE slip inversion shows 
that the slip did occur right below La Plata Island overlapping 

Fig. 5. Best-GPS fitting ISC models for rough (λ1 = 0.1, on top), intermediate 
(λ1 = 0.25, middle) and smooth (λ1 = 1.0, bottom) solutions. ISC models with a 
moment deficit rate ranging from 2.5 × 1018 N m/yr to 4.5 × 1018 N m/yr fit rela-
tively well the GPS data and reflect the family of acceptable models (Fig. 3B). The 
downdip limit of the interseismic coupling does vary between models. Increasing 
the moment deficit rate extends the updip limit of the coupling near the trench. 
Rougher solutions evidence the presence of up to seven discrete asperities since 
smooth solution will tend to local uniform coupling with a maximum of three larger 
asperities.

with the asperity and its down dip coupled–uncoupled transition 
(Fig. 6). The major differences with the models proposed in Vallée 
et al. (2013), are that the slip occurs over a much wider area 
of about 50 km diameter or more and that the average slip is 
much smaller of about 1 cm (with a peak at 2.5 cm). This new 
slip distribution fits very well with the 3D relocated microseis-
micity that it triggered (Fig. 6). The 2010 SSE geodetic moment 
is found to be Mo = 1.8 × 1018 N m, equivalent to an Mw = 6.1
earthquake and in good agreement with the moment magnitude 
range of Mw = 6.0–6.3 proposed in Vallée et al. (2013).

Whether such slow slip events release all the stress that is ac-
cumulating below La Plata Island is an important question for the 
seismic hazard in that region. To test this possibility, we com-
pare the along-strike variations of the annual moment deficit of 
the interseismic model shown in Fig. 4 with the 2010 SSE geode-
tic moment. Along-strike variations of the moments are computed 
by averaging along the trench axis the cumulative moment deficit 
over 20-km wide slab portions (inset of Fig. 6). We found that 
the 2010 SSE moment is equivalent to 6 months of the annual 

Chlieh et al., 2014
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