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ATfiC{E history: ) The 2016 Pedernales earthquake (My = 7.8) ruptured a portion of the Colombia-Ecuador subduction
Received 6 April 2018 interface where several large historical earthquakes have been documented since the great 1906
Received in revised form 15 June 2018 earthquake (M = 8.6). Considering all significant ruptures that occurred in the region, it has been
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suggested that the cumulative moment generated co-seismically along this part of the subduction over
the last century exceeds the moment deficit accumulated inter-seismically since 1906. Such an excess
challenges simple models with earthquakes resetting the elastic strain accumulated inter-seismically in

Keywords: locked asperities. These inferences are however associated with large uncertainties that are generally
Ecuador-Colombia subduction zone unknown. The impact of spatial smoothing constraints on co-seismic and inter-seismic models also
strain budget prevents any robust assessment of the strain budget. We propose a Bayesian kinematic slip model of
bayesian inversion the 2016 Pedernales earthquake using the most comprehensive dataset to date including InSAR and GPS
kinematic source model offsets, tsunami waveforms, and kinematic records from high-rate GPS and strong-motions. In addition,

geodetic coupling model we use inter-seismic geodetic velocities to produce a probabilistic inter-seismic coupling model of the

subduction interface. Our stochastic co-seismic and inter-seismic solutions include the ensemble of all
plausible models consistent with our prior information and that fit the observations within uncertainties.
The analysis of these model ensembles indicates that an excess of co-seismic moment during the
1906-2016 period is likely in Central Ecuador only if we assume that 1942 and 2016 earthquakes are
colocated. If this assumption is relaxed, we show that this conclusion no longer holds given uncertainties
in co- and inter-seismic processes. The comparison of 1942 and 2016 teleseismic records reveals large
uncertainties in the location of the 1942 event, hampering our ability to draw strong conclusions on
the unbalanced moment budget in the region. Our results also show a heterogeneous coupling of
the subduction interface that coincides with two slip asperities in our co-seismic model for the 2016
Pedernales earthquake and with the location of historical ruptures in 1958, 1979 and 1998. The spatial
variability in coupling and complexity in earthquake history suggest strong heterogeneities in frictional
properties of the subduction megathrust.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction istic” earthquakes repeatedly rupturing the same locked fault seg-
ments with either periodic, time-predictable or slip-predictable be-

A long standing question is the existence of persistent fault seg-  1aviors (Shimazaki and Nakata, 1980; Schwartz and Coppersmith,
ments remaining locked in the inter-seismic period and failing sud- 1984). Thls paradlgm is contradicted by an increasing number f)f
denly during earthquakes while the surrounding interface creeps observations showing that the same fault area can break entirely in

continuously. This conceptual model predicts so-called “character-  a single large earthquake (Mw > 8.5) but also in a series of smaller
ruptures. A remarkable example of such behavior is the Colombia-

Ecuador subduction zone that experienced a complex sequence of
* Corresponding author, earthquakes since the beginning of the 20th century (see Fig. 1).
E-mail address: gombert@unistra.fr (B. Gombert). In 1906, the great My, = 8.6 earthquake ruptured a ~500-km-
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Fig. 1. Interseismic coupling and historical earthquakes. The color scale indicates
the geodetic coupling of the subduction interface obtained from inter-seismic GPS
velocities (cf. section 2). Blue line and blue star are respectively the 2 m isocontours
of co-seismic slip and hypocenter obtained for the 2016 Pedernales earthquake (cf.
section 3). Grey dashed lines show the approximate extent of the 1942, 1958, 1979,
and 1998 events (Kanamori and McNally, 1982; Chlieh et al., 2014). The location of
these previous ruptures is still debated, and some alternative plausible locations are
shown in Fig. 10 and S9. The thick gray line shows the along-strike extent of the
1906 My = 8.6 earthquake. The focal mechanism of the 2016 Pedernales earth-
quake is presented in blue. Thin black lines are isocontours of the slab depth. The
line with the adjacent black triangles shows the location of the trench. The black
arrow illustrates the convergence direction of the Nazca plate toward the North An-
dean Silver plate (NAS, Chlieh et al., 2014). (For interpretation of the colors in the
figure(s), the reader is referred to the web version of this article.)

long segment of the subduction interface (Gutenberg and Richter,
1949; Ye et al.,, 2016). Several decades later, the same area was
re-ruptured by a series of smaller My, < 8.2 events in 1942, 1958,
1979 and 1998 (Kanamori and McNally, 1982; Beck and Ruff, 1984;
Mendoza and Dewey, 1984; Chlieh et al., 2014). In April 2016, the
region in the vicinity of the 1942 Ecuador event was again rup-
tured by the My, = 7.8 Pedernales earthquake (Ye et al., 2016; He
et al,, 2017; Nocquet et al., 2017; Yi et al., 2018). Such variability
among successive ruptures is also observed in other regions like
Japan and Sumatra where recent My ~ 9 megathrust earthquakes
ruptured large fault segments that previously experienced a series
of smaller events (Simons et al., 2011; Lay, 2015).

In addition to such spatial variability among successive rup-
tures, major earthquakes in the Colombia-Ecuador subduction
zone seem to be clustered in time. Specifically, it has been recently
suggested that the seismic moment of the 1942, 1958 and 1979
earthquakes exceeds the deficit accumulated since 1906 and that
the 2016 Pedernales event may be associated with more fault slip
than the deficit accumulated since the 1942 earthquake (Nocquet
et al., 2017). Similar observations are reported in other regions,
for example in 1797 and 1833 earthquakes in Sumatra (Sieh et
al., 2008), 1812 and 1857 earthquakes in California (Jacoby et
al., 1988; Heaton, 1990), and for the 2003 My = 7.6 and 2013
My = 7.8 Scotia sea earthquakes (Vallée and Satriano, 2014). Such
spatial and temporal clustering can be caused by spatial variations
of fault coupling associated with heterogeneous frictional prop-
erties (Kaneko et al., 2010). Moreover, there can be fluctuations
in the patterns of inter-seismic fault coupling before large earth-
quakes (Perfettini and Avouac, 2004; Mavrommatis et al., 2014;
Yokota and Koketsu, 2015) or during the post-seismic response of
nearby large earthquakes (Heki and Mitsui, 2013; Melnick et al.,
2017).

Although the existence of an anomalously large co-seismic slip
associated with a supercycle behavior is plausible, other studies
suggest that the seismic moment of the 2016 Pedernales earth-

quake is actually consistent with the strain accumulated in the
region since the 1942 and 1906 earthquakes (e.g., Ye et al., 2016;
Yoshimoto et al., 2017; Yi et al., 2018). These contrasting state-
ments partly results from the ill-posed nature of inter- and co-
seismic slip inversions used to evaluate the strain budget along
the megathrust. Such inferences are affected by the lack of res-
olution near the trench during the inter-seismic period but also
by non-physics-based smoothing constraints used to regularize slip
inversions. In addition, inter- and co-seismic estimates usually do
not incorporate rigorous uncertainties (or very often, no uncer-
tainty at all), which complicates a quantitative assessment of the
overall strain budget. Strain budget analyses also suffer from the
lack of information about past earthquakes (Yi et al., 2018). In-
correct considerations on the size and position of historical events
can strongly affect the conclusion on the strain state of the plate
boundary.

We propose a probabilistic exploration of the Colombia-Ecuador
earthquake sequence, fully accounting for uncertainties, including
measurement errors, modeling errors, but also uncertainties in the
location or magnitude of past events. Using a Bayesian framework,
we explore both the inter-seismic geodetic coupling of the subduc-
tion interface and the co-seismic slip distribution of the My =7.8
Pedernales earthquake. These estimates do not rely on any spatial
smoothing and provide full posterior probability distributions de-
scribing the ensemble of plausible models that fit the observations
and are consistent with simple prior constraints (e.g., slip positivity
in the direction of convergence).

2. Geodetic coupling
2.1. Stochastic inter-seismic modeling

We first compute a stochastic model of geodetic coupling along
the Ecuadorian subduction interface. We use inter-seismic GPS ve-
locities computed by Chlieh et al. (2014) and Nocquet et al. (2014)
from 29 stations installed in Ecuador and Colombia and measured
from 1994 to 2012 (Mothes et al., 2018; Mora-Paez et al., 2018).
Considering that more than 20 years separate the 1979 earthquake
and the first GPS measurements, it is unlikely that they are signif-
icantly affected by post-seismic deformation. The 1998 earthquake
having a smaller magnitude, its impact on the data is also proba-
bly minimal. The fault geometry is based on a 3D surface following
the Slab1.0 interface and discretized in triangles (cf. Fig. S1 in the
electronic supplements). Using a back-slip approach (Savage, 1983),
we invert for the inter-seismic slip rate along the direction of con-
vergence between Nazca and North Andean Sliver (NAS) plates at
each of the triangle knots assuming a barycentric interpolation
scheme within the triangles. This approach avoids unphysical slip
discontinuities associated with traditional parameterizations based
on sub-faults with piecewise constant slip (Ortega Culaciati, 2013).

In our Bayesian inversion framework, the solution is the poste-
rior ensemble of all plausible inter-seismic slip rate models (m7)
that fit the GPS data (dz) and that are consistent with our prior
hypotheses. This solution does not rely on any smoothing regular-
ization and is based on a simple uniform prior for the inter-seismic
slip-rate that writes p(mz) =4(-0.05-V,, 1.05- VP)M where V)
is the plate rate and M is the number of triangle knots (260 knots).
We thus restrict our posterior PDF to models in which slip on the
fault aligns with the direction of plate motion. Following Bayes’
theorem, the posterior PDF is given by

1
p(mz|dz) o< p(mz) exp [—E(dz —Gzmp) ;' dr - szz)]
(1)

where Gz is the Green’s function matrix and Cz is the misfit
covariance matrix combining observational errors and prediction
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Fig. 2. Interseismic coupling of the Ecuadorian subduction margin. a) Posterior mean coupling model. Thin black lines represent the fault parametrization. Coupling values
are inverted at each triangle knot. Interseismic GPS displacement and model predictions are plotted as black and blue arrows, respectively. b) 2-o uncertainties of the
coupling model. ¢) Kullback-Leibler divergence between the posterior and prior PDFs of coupling. Higher values indicate regions where the gain of information of the
posterior PDF is significant relative to the prior distribution. d) and e) Marginal probability densities for the two nodes pointed out in b) and c).

uncertainties. Green’s functions are computed for a semi-infinite
stratified elastic medium derived from regional velocity models
shown in Fig. S2 (Béthoux et al., 2011; Vallee et al., 2013; Noc-
quet et al,, 2017). We account for prediction uncertainties due to
inaccuracies in this layered model using the approach of Duputel
et al. (2012, 2014). The uncertainty on the elastic structure, pre-
sented as grey histograms in Fig. S2, is estimated by comparing
previously published models in the region.

We sample the posterior PDF p(mz|dz) using AlTar, a paral-
lel Markov Chain Monte Carlo (MCMC) algorithm following the
CATMIP algorithm (Minson et al., 2013). More details on the ap-
plication of AlTar to investigate inter-seismic deformations can be
found in Jolivet et al. (2015b) and Klein et al. (2017). The resulting
posterior ensemble of slip-rate models in eq. (1) is then converted
into stochastic coupling maps (m¢) using m¢ =1 —mz/V,.

2.2. Geodetic coupling results

Using our Bayesian framework, we generate 160000 models
corresponding to the posterior information on geodetic coupling
given measured inter-seismic velocities. We find that this num-
ber is large enough to converge toward the posterior probability
density. Representing the ensemble of posterior models is chal-
lenging for multidimensional problems such as those addressed in
this study. To represent an ensemble solution, a common choice
is to compute the posterior mean (i.e., the average of all model
samples). The posterior mean coupling model is shown in Fig. 1

and Fig. 2a along with the associated 2-o posterior uncertainties
in Fig. 2b. The posterior median model available in Fig. S3 is very
similar to the posterior mean, confirming that most marginal PDFs
are nearly Gaussians. The variability of the model population com-
posing the solution is shown in supplementary movie M1.

Several features in our solution can be observed in previously
published geodetic coupling models (e.g., Nocquet et al., 2014;
Chlieh et al, 2014). In the South, there is a very clear high-
coupling area offshore the Manta peninsula. This inter-seismically
highly coupled region has been previously associated with tran-
sient slow-slip events (Vallee et al., 2013; Nocquet et al., 2014).
As shown in Fig. 2a and Fig. 2e, this area is associated with small
model uncertainties probably because a GPS station is located on
La Plata Island, right above the coupled asperity. This coupled
patch is bounded to the north by a low-coupling corridor that
might have acted as a creeping barrier for the 1906, 1942, 1998
and 2016 earthquakes (cf. Fig. 1; Chlieh et al., 2014).

North of Bahia de Caraquez, we infer multiple patches of high
geodetic coupling. Other coupled patches can be identified off-
shore of Bahia de Caraquez, North and South of Pedernales, and
far offshore Esmeraldas. To first order, such heterogeneity is con-
sistent with the “unsmoothed” solution of Chlieh et al. (2014).
This is unsurprising since our modeling approach is not affected
by any prior-induced spatial smoothing. The high coupling asperity
directly offshore of Bahia de Cardquez probably ruptured individ-
ually during the 1998 My = 7.2 earthquake while the coupled
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Fig. 3. GPS and tsunami observations used in this study. a) GPS data and model predictions. Black and red arrows show observed and predicted GPS horizontal displacements
along with their 95%-confidence ellipses (representing observational and prediction uncertainties, respectively). For the permanent and High-rate GPS, the symbol color rep-
resents the vertical displacement. The outer symbol is the observation while the inner symbol is the mean model prediction. b) Observed and predicted tsunami waveforms.
The red star defines the event epicenter while black diamonds are the locations of the two DART buoys that recorded the tsunami. For each of them, the amplitude of the
first arrival is plotted as a thick black line. The surrounding shaded area marks the 2-o confidence interval. Stochastic forward model predictions are plotted in red.

areas closer to Pedernales could have failed during the 1942 and
2016 earthquake (Fig. 1). On the other hand, the large region of
high coupling between Esmeraldas and Cap Manglares could be
involved in the 1958 and 1979 ruptures (cf. Fig. 1).

However, we observe larger model uncertainties in this north-
ern part due the lack of offshore measurements (Fig. 2b). This is
quite clear in Fig. 2e showing that marginal PDFs close to the
trench are nearly uniform. Coupling uncertainties are also illus-
trated in the supplementary movie M1 showing that large varia-
tions in our model ensemble can fit the GPS observations equally
well. To quantify the robustness of our coupling map, we calculate
the information gain from prior to posterior marginal PDFs using
the Kullback-Leibler divergence, defined as:

p(mc?) !
p(meilde)

where m¢! is the coupling sampled in i-th knot of the triangular
mesh. The resulting map shown in Fig. 2¢, indicates how much
information is gained from the data in different regions of the
model. It illustrates the difficulty to infer coupling properties close
to the trench using land-based geodetic data. Still, the information
gain remains significant within 30-40 km of the coast, and even
sometimes almost up to the trench (e.g., offshore of the Manta
peninsula and between Esmeraldas and Cap Manglares). This sug-
gests that aforementioned asperities are reliable features of our
solution. To evaluate the impact of the mesh size on our solution,
we have conducted an inversion using a coarser fault discretiza-
tion (cf. Fig. S4). Because the heterogeneities visible in Fig. 2 are
also present for that coarse parameterization, we choose the finer
one to get a better spatial resolution.

Diti = / p(me'de) log, @)

3. Rupture process of the 2016 Pedernales earthquake
3.1. Data overview

We use several geodetic datasets covering both near-field and
far-field static displacements (cf. Fig. 3a). We gather GPS data from

12 campaign stations and 14 permanent stations with daily solu-
tions (CGPS; Mothes et al., 2018), and 8 high-rate stations (HRGPS;
Alvarado et al.,, 2018). Static offsets from campaign and perma-
nent stations are provided by Nocquet et al. (2017). We estimate
our own static displacements from HRGPS by measuring co-seismic
offsets from the position before and after the event. We use 1-o
errors provided by Nocquet et al. (2017) for the campaign and
CGPS and estimate uncertainties for HRGPS offsets from the stan-
dard deviation measured in 20 seconds pre- and post-event time
windows. Vertical components of campaign GPS are not used in
the inversion as they show large uncertainties. In addition, we use
three interferograms derived from ALOS-2 wide-swath descend-
ing acquisitions, from ALOS-2 strip-map ascending acquisitions and
from Sentinel 1 descending acquisitions (cf. Fig. 4). Unwrapped in-
terferograms are downsampled using a quad-tree algorithm (cf.
Fig. S5; Lohman and Simons, 2005). We estimate uncertainties
related to atmospheric noise by estimating empirical covariance
functions for each interferogram (Jolivet et al.,, 2012, 2015a). Es-
timated parameters are summarized in Table S1 and covariance
functions are available in Fig. S6.

Three nearby DART buoys (Deep-ocean Assessment and Re-
porting of Tsunamis) recorded the tsunami generated by this
event. Unfortunately, the waveform recorded by the closest sta-
tion (D32067) is unusable for modeling because of multiple data
gaps and contamination by seismic waves. We use tsunami wave-
forms recorded at DART stations D32413 and D32411 (cf. Fig. 3b),
as they provide important constraints on the up-dip part of the
rupture. To remove tidal signals and reduce high-frequency noise,
we band-pass filter the waveforms between 8 min and 3 hours
using a third order Butterworth filter. We derive observational un-
certainties from standard deviations computed in 140 and 100 min
windows before the first arrivals respectively for buoys D32413
and D32411.

We also include near-field seismic waveforms recorded by 10
strong-motion accelerometers and 8 HRGPS stations (cf. Figs. 5
and 6; Alvarado et al., 2018). We integrate the accelerometric data
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ALOS-2 wide-swath (middle row), and ascending ALOS-2 strip-map (bottom row) interferograms. Decimated observations, predictions, and residuals are shown in Fig. S5.

twice and downsample them to 1 sps to match the HRGPS sam-
pling rate. Waveforms are bandpass filtered between 0.015 Hz and
0.08 Hz, except for a few noisy records for which we increased the
lower corner frequency to 0.037 Hz (Table S2). Waveforms are in-
verted in a 150 s-long time window starting from the origin time
of the mainshock (23:58:36 UTC).

3.2. Stochastic co-seismic modeling

Our kinematic modeling of the 2016 Pedernales earthquake is
based on a non-planar fault geometry in which the dip varies from
10° to 27° between 10 and 50 km depth, following the bending
of the Slab1.0 model (cf. Fig. S7; Hayes et al., 2012). The fault
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functions at the same location of the fault. The source time functions labeled s; and s; in (d) correspond to rupture initiation times and rise times that are indicated with

red stars in (c).

is discretized in 15 x 15 km patches in which we sample static
(mg) and kinematic (my) model parameters. The static model
vector mg includes two components of static slip in each patch
(i.e., the final integrated slip) and extra nuisance parameters to
account for InSAR orbital errors (i.e.,, 3 parameters per interfero-
gram to model a linear function of range and azimuth). The two
components of static slip are U, aligned with the direction of
convergence between Nazca and NAS plates, and U, which is per-
pendicular to Uy . The vector of kinematic parameters my includes
rupture velocity and rise time in each patch, along with hypocen-
ter coordinates (i.e., the point of rupture initiation). Each point on
the fault is only allowed to rupture once during the earthquake
and we prescribe a triangular slip velocity function.

Following the approach of Minson et al. (2013), we first solve
the final static slip distribution (i.e., ms) given available static ob-
servations (ds), i.e., InSAR, GPS offsets and tsunami data. Using
AlTar, we thus sample the posterior distribution:

p(mgslds)
o« p(ms) p(ds|ms) (3)

1
x p(mg) exp [ - z(ds - Gsmg) C5'(ds — Gsms)]

where Gg is the matrix including Green’s functions that are com-
puted using the same layered elastic medium than the one used
for the inter-seismic coupling model (cf. section 2). Tsunami wave-
forms are simulated using COMCOT (Liu et al., 1998) assuming a
time step of 1 sec and a 30-arc second GEBCO (General Bathymet-
ric Chart of the Oceans) bathymetry. (Weatherall et al., 2015). As
in eq. (1), the misfit covariance Cs describes observational errors
and prediction uncertainties due to inaccuracies of the assumed
elastic structure (Duputel et al., 2012, 2014). As we want to pro-
mote a dominant thrust motion while allowing local variations of
the slip direction, the prior PDF p(mg) includes uniform prior
U(—1m, 15m) along the direction of convergence (U)) and Gaus-
sian prior N'(0, 0.5m) in the perpendicular direction (U_).

In a second step, we address the full joint inversion problem by
incorporating kinematic observations dx. HRGPS and strong mo-
tion data provide information on kinematic parameters my and

bring additional constraints on mgs. The posterior PDF is then
given by Minson et al. (2013):

p(ms, mg|ds, dx)
x p(mg) p(ms|ds) p(dic|ms, mi)
x p(mg) p(ms|ds)

1
X exp [— f(d’C — g (ms, me)) €' (dx — gr(ms, mzc))]
(4)

where gx(mg, my) is the (non-linear) forward predictions for
HRGPS and strong motion waveforms that are based on the
Herrmann (2013) implementation of the discrete wave-number
method (Bouchon and Aki, 1977). As in eq. (3), Cx is the misfit
covariance describing measurement errors and predictions uncer-
tainties due to Earth model inaccuracies. The prior p(mg) is a
combination of uniform priors ¢ (1s, 12s) and U (1km/s, 4km/s)
for rise-time and rupture velocity and a Gaussian PDF N (x,, 0 =
5km) for the hypocenter coordinates (xp,).

3.3. Co-seismic modeling results

The Pedernales rupture is mainly unidirectional with a signif-
icant southward directivity (see posterior mean model in Fig. 7,
cumulative slip snapshots in Fig. 8, and supplementary movie M2;
Ye et al, 2016; Nocquet et al., 2017; Yi et al, 2018). The in-
verted hypocenter (0.31°N, —80.15°W, depth = 19.6 km; indi-
cated by the red star in Fig. 7), is consistent with estimates from
the Instituto Geofisico de la Escuela Politécnica Nacional (0.35°N,
—80.16°W, depth = 17.0 km; http://www.igepn.edu.ec). Our so-
lution depicts two large slip asperities separated by ~50 km that
coincides roughly with two high-coupling zones north and south of
the equator in Fig. 1 and supplementary movie M1. The first asper-
ity is located close to the epicenter and fails within 15 s after the
origin time (Fig. 8). The second slip asperity ruptures about 10 s
later and contributes to more than 60% of the total seismic mo-
ment. The rupture directivity and the location of the southernmost
asperity, with slip up to 8 m below the coastline, can probably ex-
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plain the large damages that have been reported south of the city
of Pedernales (Nocquet et al., 2017).

Posterior model uncertainties indicate that we have good con-
straints on slip amplitude through the fault plane (Fig. 7b and
supplementary movie M3). Moreover, stochastic rupture fronts pre-
sented in Fig. 7a show that rupture initiation times are well re-
solved in large slip areas. There is however a tradeoff between rup-
ture initiation times and rise times as illustrated in Fig. 7c-d. This
is because our seismic observations are mostly sensitive on sub-
fault centroid times rather than on rupture times and rise times,
resulting in a negative correlation with a —1 slope between the
two later parameters.

The southward directivity is clearly visible on HRGPS and strong
motion data that show large ground motion amplitudes south of
the rupture. This is well captured by our stochastic model predic-
tions (Figs. 5 and 6). Some discrepancies are visible in the late ar-
rivals, which are probably due to unaccounted 3D heterogeneities.
Geodetic measurements provide good constraints on the static slip
pattern, with large static displacements observed above the large
slip asperity in the south. Our solution is able to predict GPS
measurements (Fig. 3a) and InSAR data, with small residuals for
Sentinel and ALOS-2 data (Fig. 4). We notice larger misfits for the
ALOS-2 descending track, probably due to atmospheric noise since
this interferogram is associated with significant spatially-correlated
observational noise (cf. Fig. S6). Our solution also provides sat-
isfactory fit to tsunami waveforms despite their relatively small
amplitude (<1 cm, Fig. 3b). These tsunami observations are im-
portant since they clearly show the absence of slip in the shallow
portion of the fault (shallow slip would produce large amplitude
waves arriving too early at DART stations). This is also reported
by Ye et al. (2016) that conducted trial and error teleseismic in-
versions, progressively removing shallow rows of patches to match
the onset of tsunami signals.

4. Strain budget along the Colombia-Ecuador subduction zone

The Colombia-Ecuador subduction zone provides an outstand-
ing opportunity to study the behavior of a megathrust fault over
multiple earthquake cycles. As mentioned above, before the 2016
Pedernales earthquake, the subduction interface experienced a se-
quence of megathrust ruptures that started with a large My = 8.6
event in 1906 followed by a series of smaller earthquakes in 1942,
1958, 1979 and 1998. Because these events seem to cluster in time,
it has been suggested that strain released by most recent earth-
quakes exceeds the deformation that accumulated inter-seismically
since 1906 (Nocquet et al., 2017; Yi et al.,, 2018).

The strain budget along the megathrust can be investigated by
comparing the co-seismic moment generated by earthquakes with
the moment deficit accumulated during previous inter-seismic pe-
riods. We define the moment deficit accumulated over an inter-
seismic time-span T over an area A of a fault as:

Mt Ty, / / wX)me (X)dx (5)
A

where V, is the long-term convergence rate, (4(X) is the shear
modulus along the subduction interface and mz(x) is the coupling
model introduced in section 2. Using such approach, Nocquet et
al. (2017) propose that the co-seismic moment of the 1942 and
2016 earthquakes are much larger than the deficit accumulated
since the 1906 earthquake (by a factor of 3 to 5 times for the
1942 event and 1.3 to 1.6 times for 2016). This seems also true
for northern segments and in particular for the 1958 earthquake
that has a seismic moment 1.5 to 1.8 times larger than the mo-
ment deficit estimated from the modeling of geodetic coupling. As
discussed by Nocquet et al. (2017) and Yi et al. (2018), these es-
timates remain questionable given uncertainties on co-seismic slip
and inter-seismic coupling.
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Hereafter, we use our stochastic co-seismic and inter-seismic
solutions to fully account for posterior uncertainties and address
the strain budget probabilistically. We assume a magnitude of
My =7.8+0.2 for the 1942 earthquake (Swenson and Beck, 1996;
Ye et al.,, 2016). We compare the probability distributions of seis-
mic moment generated by the 1942 and 2016 earthquakes with
the moment deficit accumulated since 1906 (Fig. 9). Assuming the
two events are co-located, maximum a posteriori models indicate
that the seismic moment for the 1942 and 2016 events are larger
than the accumulated deficit by a factor of 2.0 and 1.2, respectively.
Taken together for the 1906-2016 period, the moment generated
co-seismically is 1.3 times larger than the moment deficit accumu-
lated inter-seismically. Those estimates are subject to considerable
uncertainties reflected by the overlap between the PDFs (Fig. 9).
Although this overlap is not negligible, there is a relatively small
probability of about 5% to have a moment deficit larger or equal
than the cumulative seismic moment of the 1942 and 2016 earth-
quakes. In this scenario, an excess of co-seismic moment since
1906 is likely given available observations.

This conclusion only holds if the 2016 rupture largely overlaps
with the 1942 earthquake, whose location is still debated. In par-
ticular, Yi et al. (2018) suggests that the 1942 earthquake occurred
at shallower depth than the 2016 rupture from the comparison
of macroisoseismic maps of 1942 and 1958 events (Swenson and
Beck, 1996). Therefore we test the alternative hypothesis suggest-
ing that the 1942 earthquake occurred between lat 0.5°S-0.5°N at
a depth shallower than 40 km (Nocquet et al., 2017). Fig. 10a, b
shows that the negative moment balance no longer holds. In this
case, the probability of having a deficit equivalent or larger than
the co-seismic moment is larger than 70%. Fig. 10c, d shows that
this remains true if we further restrain the location of the 1942

event to be located updip of the 2016 earthquake (as proposed by
Yi et al.,, 2018).

We conducted a similar analysis for the 1958 northern Ecuador
earthquake, assuming a magnitude My = 7.6 0.2 (according to
Ye et al., 2016). Maximum a posteriori models in Fig. S9b show
that the seismic moment generated by the 1958 earthquake is
quite similar to the accumulated deficit between 1906 and 1958.
This contradicts with Nocquet et al. (2017) that estimated that the
1958 earthquake had a seismic moment exceeding by 50% to 180%
the moment accumulated inter-seismically. In our case, we clearly
see that the PDF of the moment deficit falls within uncertainties of
the 1958 co-seismic moment. As shown in Fig. S9, this still holds if
we assume different location for the 1958 earthquake, which dis-
cards the negative moment balance issue reported for 1942 and
2016 earthquakes.

5. Discussion and conclusion

We develop stochastic models of the inter-seismic slip-rate
along the Colombia-Ecuador subduction and of the 2016 Peder-
nales earthquake, which provide new constraints on uncertainties
of inter- and co-seismic slip processes. Our results are to first order
consistent with some previously published models (e.g., Nocquet et
al,, 2017; Chlieh et al., 2014). In particular, our coupling model pre-
sented in Fig. 2 is similar to the “unsmoothed” model of Chlieh et
al. (2014) since it is not affected by smoothing regularization. Our
solution clearly depicts a heterogeneous coupling of the subduction
interface (cf. Fig. 2). The heterogeneity of fault coupling properties
seems to be a common feature to many subduction zones (Avouac,
2015), but is often blurred because of poor spatial resolution and
smoothing constraints used in the inversion. Despite large uncer-
tainties due to the lack of geodetic observations far offshore, all
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models in our posterior ensemble show a large spatial heterogene-
ity (cf. supplementary movie M1).

Such heterogeneity roughly correlates with the spatial complex-
ity of the 2016 earthquake revealed by our co-seismic solution.
Our results indicate a unidirectional rupture towards the South
with two large slip zones that coincide with two high-coupling
asperities in the inter-seismic solution (cf. Fig. 1). We evaluate the
possibility that the seismic moment generated by the 1942 and
2016 earthquakes is larger than the moment deficit accumulated
since the great 1906 earthquake (as suggested by Nocquet et al.,
2017). Our analyses show that this conclusion only holds if we as-
sume that there is a large overlap between the 1942 and 2016
ruptures. If this particular assumption is loosened, results indicate
that such an unbalanced moment budget is no longer required
by observations. North of the Pedernales rupture, we also show
that the seismic moment of the 1958 earthquake is not necessarily
larger than the deficit accumulated since 1906 given uncertainties
in co- and inter-seismic processes. The question therefore entirely
lies within the accuracy of the location and extent of historical
earthquakes.

One of the previously mentioned argument favoring an over-
lap between 1942 and 2016 earthquakes comes from the analysis
of teleseismic waveforms recorded at a similar location for both
events (see details in supplementary text T1). Ye et al. (2016)
showed that 1942 and 2016 waveforms at the station DBN (De Bilt,
Netherlands) present significant dissimilarities. Fig. S10 shows that
such discrepancies can be explained by differences in the hypocen-
ter location with the same slip distribution for both events (as
previously suggested by Nocquet et al., 2017). However, the shape
of the observed teleseismic P-wave is mostly controlled by the rel-
ative location between the hypocenter and the main slip asperities

(i.e., by the corresponding apparent moment-rate function). In fact,
Fig. S10c shows that the 1942 DBN waveform could be explained
equally well if we assume that the 1942 rupture occurred updip
of the 2016 earthquake as suggested by focal depth and macro-
isoseismic maps of the 1942 event (Yi et al., 2018). In this scenario,
there is a probability of ~70% to have a balanced moment budget
since 1906 (i.e., a moment deficit that is larger or equal to the seis-
mic moment of 1942 and 2016 events). On the contrary, if there
is a large overlap between both earthquakes, our results show that
there is a 95% probability that the moment generated by 1942 and
2016 ruptures is larger than the moment deficit accumulated since
1906. In this case such an unbalanced moment budget can pos-
sibly be explained by temporal variations in strain accumulation,
which have been observed for example before and after the 2011
Mw = 9.0 Tohoku earthquake (e.g., Mavrommatis et al., 2014; Heki
and Mitsui, 2013) and after the 2010 Maule earthquake (Melnick et
al,, 2017; Loveless, 2017). Alternatively, Nocquet et al. (2017) pro-
pose a “supercycle” model where the apparent excess of co-seismic
moment results from the fact that the 1906 and 1942 earthquakes
did not release all of the accumulated strain along the megathrust.
This is consistent with the modeling of historic tsunami records
suggesting that the 1906 earthquake mainly ruptured the shallow
part of the subduction without involving much slip close to the
2016 Pedernales event (Yoshimoto et al., 2017). However, these es-
timates might be biased by the poor sensitivity of tsunami data to
deep slip, which can explain the relatively low magnitude of their
resulting model (M, = 8.4). The fact that the surface wave magni-
tude M = 8.6 is otherwise consistent with My, also suggests that
the 1906 earthquake is not a typical “tsunami” earthquake and is
therefore probably not associated with a predominantly shallow
rupture (Kanamori, 1972).
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The complex behavior of the Colombia-Ecuador subduction can
be related to the large heterogeneity revealed by our coupling
solution, which suggests significant spatial variability of fault fric-
tional properties (Fig. 1) Such frictional heterogeneities could re-
sult from spatial variations in rheology, fluid pore pressure (e.g.,
Avouac, 2015) or fault roughness associated with the subduction of
topographic features such as ridges, fracture zones, and seamounts
(Collot et al., 2017; Graindorge, 2004). As shown for example by
Kaneko et al. (2010), such frictional heterogeneity can produce
earthquakes of different sizes re-rupturing the same fault region
at short time intervals. Complex earthquake sequences may also be
promoted by partial stress drop of past events that produces signif-
icant stress heterogeneity along the fault (Cochard and Madariaga,
1996). The fact that large earthquakes (like the 1906 event) are
rapidly followed by sequences of smaller ruptures (e.g., in 1942,
1958, 1979, 1998 and 2016) can then be understood if static stress
drop of the smaller events is small compared to the increase of dy-
namic stresses at rupture fronts (Heaton, 1990; Melgar and Hayes,
2017).

As instrumental observations accumulate, there is a grow-
ing record of large earthquakes that break portions of faults
that experienced previously documented large ruptures. These
earthquakes continuously provide new observations suggesting
complex earthquake sequences with substantial spatial and tem-
poral variability among successive ruptures of the same fault
system. As shown here, the study of long-term earthquake se-
quences and the associated strain budget still relies on many
assumptions and are affected by large uncertainties. To address
the seismogenic behavior of active faults, we need to quantify
how large observational and modeling uncertainties are and how
much information we have gained in comparison to our precon-
ceptions. Inaccuracies on historical earthquakes size and posi-
tion can be substantial and also need to be properly considered.
Such quantitative analysis is essential to understand how strain
accumulates inter-seismically and is released by earthquakes,
thereby improving seismic hazard assessment along subduction
zones.
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