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We characterise the aftershock sequence following the 2016 Mw = 7.8 Pedernales earthquake. More than
10,000 events were detected and located, with magnitudes up to 6.9. Most of the aftershock seismicity
results from interplate thrust faulting, but we also observe a few normal and strike-slip mechanisms.
Seismicity extends for more than 300 km along strike, and is constrained between the trench and the
maximum depth of the coseismic rupture. The most striking feature is the presence of three seismicity
bands, perpendicular to the trench, which are also observed during the interseismic period. Additionally,

Keywords: we observe a linear dependency between the temporal evolution of afterslip and aftershocks. We also
aftershock find a temporal semi-logarithmic expansion of aftershock seismicity along strike and dip directions,
subduction further indicating that their occurrence is modulated by afterslip. Lastly, we observe that the spatial
;fter(sjlip distribution of seismic and aseismic slip processes is correlated to the distribution of bathymetric
cuador

anomalies associated with the northern flank of the Carnegie Ridge, suggesting that slip in the area
could be influenced by the relief of the subducting seafloor. To explain our observations, we propose a
conceptual model in which the Ecuadorian margin is subject to a bimodal slip mode, with distributed
seismic and aseismic slip mechanically controlled by the subduction of a rough oceanic relief. Our study
sheds new light on the mechanics of subduction, relevant for convergent margins with a complex and
heterogeneous structure such as the Ecuadorian margin.

Carnegie Ridge
seafloor relief

© 2019 Elsevier B.V. All rights reserved.

1. Introduction in Earth sciences. One way to gain a better insight into the nature
of the subduction mechanism and the physical medium that host
them, is by studying the aftershocks sequence that follows a large
megathrust earthquake. Moreover, the high rate of seismicity dur-
ing aftershock sequences, combined with recent technological and
logistical improvements in seismological network deployments and
data processing (e.g. Beck et al., 2014), allows us to collect and
analyse vast amounts of data with increased spatio-temporal reso-

lution.

The largest earthquakes on Earth occur in subduction zones,
which also host a diversity of processes including seismic and
aseismic slip along the subduction interface (e.g. Bilek and Lay,
2018, and references therein). What controls the occurrence and
distribution of these phenomena remains an outstanding problem
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Aftershocks occur either because of the release of residual
stresses on the mainshock fault and surrounding medium, or as
a result of static or dynamic stress perturbations due to the co-
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seismic rupture and subsequent aftershocks (e.g. Das and Henry,
2003; Freed, 2005). Consequently, aftershocks can provide an in-
dependent constraint in the shape and extension of the rupture
area and interface heterogeneities, as well as help us identify areas
of partially released and/or accumulated stress over the megath-
rust interface following the mainshock, thus delineating potential
source areas for future earthquakes.

The often intricate distribution of aftershocks accounts for a
complex distribution of remaining stresses and interface hetero-
geneities following the mainshock. For instance, after the 2005
Mw = 8.7 Nias-Simeulue earthquake in Sumatra, Hsu et al. (2006)
found that aftershocks clustered in the boundary area between
the coseismic rupture and the afterslip area, with afterslip con-
centrated mostly up-dip of the coseismic rupture. Furthermore,
it is often observed that regions of large co-seismic slip tend
to have little seismicity after the mainshock rupture, whilst the
largest aftershocks concentrate around the patches of large co-
seismic slip (e.g. Das and Henry, 2003; Rietbrock et al., 2012;
Agurto et al., 2012; Wetzler et al.,, 2018). On the other hand, af-
tershock activity is not only limited to the megathrust interface,
but also to the surrounding seismogenic volume, often showing a
diversity of focal mechanisms and complex interactions between
activity in the slab and in the overriding plate (e.g. Asano et
al.,, 2011). Lastly, for some subduction earthquakes, such as the
2011 Tohoku, Japan earthquake, the reduction of shear stresses
after the mainshock is such that it produces a rotation of the
deviatoric stress field, potentially causing extensional earthquakes
in a previously compressional setting (e.g. Ryder et al, 2012;
Hardebeck, 2012).

Moreover, the physics behind aftershock generation is still
not fully understood. Aftershocks were first described and used
as a proxy for the mainshock rupture extension, and subse-
quently explained as ruptures on surrounding faults due to the
re-distribution of strain energy following the mainshock. Conse-
quently, aftershocks triggering mechanism would be related to
dynamic and/or static stress transfers, following the mainshock and
subsequent aftershocks (Stein, 1999). More recently, observational
and theoretical studies have proposed that afterslip plays an im-
portant role in the occurrence and distribution of aftershocks (e.g.
Perfettini et al., 2018). For example, following the 2005 Mw = 8.7
Nias-Simeulue earthquake in Sumatra, Hsu et al. (2006) found that
the cumulative number of aftershocks increased linearly with the
postseismic displacement, suggesting that the temporal evolution
of aftershocks is governed by afterslip.

On the 16 of April 2016, a Mw = 7.8 earthquake struck the coast
of northern Ecuador rupturing a ~100 km-long asperity of the in-
terface between the Nazca plate and South America (Nocquet et al.,
2017). Shortly after the mainshock, we deployed an amphibious
temporary network of seismic stations to monitor the evolution
of the seismic activity. In this paper, we benefit from the contin-
uous seismic waveform dataset acquired during one year of the
aftershock deployment to explore the distribution of hypocentral
locations and magnitudes for the Pedernales sequence. We also use
full waveform inversions to compute moment tensors for a selec-
tion of events, providing a seismotectonic constraint to the char-
acterization of the sequence. We discuss our results in the light
of the earthquake cycle, exploring the relations between seismic
and aseismic processes within the context of a subduction zone
with highly heterogeneous frictional properties. Finally, we present
a conceptual model in which we explain the distribution and di-
versity of slip processes in the Ecuadorian margin, and the control
factors that affect them.

1.1. Seismotectonic context and previous studies

The Ecuador-Colombia subduction margin has generated four
large tsunamigenic megathrust earthquakes (Mw > 7.5) in the 20th
century. In 1906, an Mw ~8.8 event (the largest thus far docu-
mented offshore Ecuador) ruptured a roughly 500 km-long seg-
ment of the margin, causing widespread damage and tsunami
waves (Kanamori and McNally, 1982). Subsequent events occurred
in 1942 (Mw 7.8), 1958 (Mw 7.7) and 1979 (Mw 8.2; Kanamori
and McNally, 1982; Beck and Ruff, 1984), partially overlapping
the rupture area of the 1906 event. This sequence of three earth-
quakes presented a northward migration pattern (Fig. 1), and the
sum of their combined seismic moments accounts for only a
fiftth of the moment released by the 1906 event (Kelleher, 1972;
Kanamori and McNally, 1982). This would imply that the 1906
event not only ruptured the other three isolated asperities simul-
taneously, but also broke the adjacent subduction interface which
otherwise creeps during the interseismic period.

The area that ruptured in 2016 had already been identified
as a highly coupled region (Chlieh et al., 2014; Nocquet et al.,
2014), and the same asperity had allegedly been ruptured by the
earthquake of 1942 (Nocquet et al., 2017). In this region, the con-
vergence rate between Nazca and South America is 58 mm/yr,
which is partially accommodated by the north-eastern motion of
the North-Andean sliver, resulting in a slip rate of 46 mmyr~! at
the megathrust (Chlieh et al., 2014; Nocquet et al., 2014). Also,
this area is located within the northern flank of the aseismic
Carnegie Ridge (hereafter CR), which currently subducts beneath
South America between 0° to 2.5° lat. S.

To date, several co-seismic slip models of the 2016 earthquake
have been published based on a complete or partial use of tele-
seismic, tsunami, GPS, InSAR and regional accelerometric data (e.g.
Ye et al, 2016; Nocquet et al., 2017; Yoshimoto et al., 2017;
Gombert et al,, 2018 and references within). All models have in
common an extension of the rupture area of roughly 100 km along
strike, a southward propagation rupture, and the presence of two
patches of high coseismic slip with no shallow slip near the trench.
They differ, however, in the maximum and average amount of slip,
with maximum slip ranging from 2 m (Yoshimoto et al.,, 2017) to
6-7 m (Nocquet et al., 2017; Gombert et al., 2018). These last two
models are very similar regarding magnitude and distribution of
the co-seismic slip, and are the most comprehensive up to date in
terms of diversity of used datasets and methodology.

Previous studies using geodetic and seismological data high-
light the diverse nature of slip processes in the interseismic period.
Font et al. (2013) produced a seismicity catalogue for a 13-yr pe-
riod based on locations in a 3-D a priori velocity model. Vallée
et al. (2013) characterized a one-week-long slow slip event (SSE),
accompanied by a seismic swarm, that occurred in August 2010
below La Plata Island (hereafter LPI), south of the 2016 rupture.
Similarly, Vaca et al. (2018) described a six-week-long SSE ac-
companied by a seismic swarm that occurred between December
2013 and January 2014 at the northern limit of the 2016 rup-
ture, arguing that this area acted as a barrier for the 2016 rupture
propagation northwards. Finally, Segovia et al. (2018) studied the
seismicity distribution during a two-year experiment in the south
of the region, describing the interface geometry, and associating
swarm-like activity to a SSE below LPI.

2. Data and methods
2.1. Earthquake rapid response deployment
Following the Pedernales earthquake, an international effort

involving institutions from Ecuador (IG-EPN), France (Géoazur,
Cerema, IRD and CNRS), the UK (U. of Liverpool) and the USA
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Fig. 1. Interseismic coupling (Nocquet et al., 2014) and main seismotectonic features. White stars and solid white lines show epicentres and approximate rupture areas of
past megathrust earthquakes respectively (Kanamori and McNally, 1982; Mendoza and Dewey, 1984). Yellow star shows epicentre of 2016 mainshock together with its GCMT
focal mechanism. Blue contour shows rupture area of 2016 event (Nocquet et al., 2017). Black contours show depth of subduction interface every 10 km (Hayes et al., 2012).
Segmented black line indicates the present active limit between the NAS and SAM plates, as constituted by active fault segments of Pund, Pallatanga, Cosanga and Chingual
faults (after Alvarado et al., 2016). Convergence NAZ/NAS from Chlieh et al. (2014). NAZ Nazca Plate, NAS North Andean Sliver, SAM South American Plate. (For interpretation

of the colours in the figure(s), the reader is referred to the web version of this article.)

(IRIS, U. of Lehigh, U. of Arizona) rapidly installed a network of
50 inland stations and 10 ocean-bottom seismometers (OBS) to
record for one year after the mainshock (Sup. Fig. 1; Meltzer et al.,
2019). This temporary deployment complemented the permanent
Ecuadorian network (Alvarado et al., 2018). Instruments included
broadband, intermediate and short period stations, in addition to
some accelerometers from the Ecuadorian network, all recording
at a sampling rate of 100 Hz or higher.

2.2. Data processing

The continuous waveforms were collected and archived in mini-
seed format. They were processed using the software package SEis-
coMp3 (SC3; https://www.seiscomp3.org) which provides in-built
capacity to detect, associate and locate seismic events including
the calculation of magnitudes. Although SC3 is primarily designed
for real-time monitoring with continuous injection of data, it can
also be used in ‘playback mode’, that is, injecting and process-
ing the whole of the collected data at once. Parameterization of
the different SC3 modules is critical, and therefore we adopted an
empirical approach in which several tests were systematically per-
formed looking for the best set of parameters that would maximize
the number of real events while minimizing the number of false
detections. Control days, for which we manually detected events,
were used to assess this fine-tuning process. Additionally, we vi-
sually inspected the detected events and discarded false detections
as well as classified real events into first and second quality events

according to the number and accuracy of their automatic picks (see
Sup. Mat.).

The workflow was as follows: after injection of the continuous
waveform dataset, detection of arrival times was performed using a
standard STA/LTA algorithm for P-phases and the AIC picker imple-
mented in SC3 for S-phases, on band-pass filtered waveforms (1-10
Hz for seismometers; 1-8 Hz for accelerometers and OBS). Subse-
quently, we used the SC3 module scaNLoC, which is based on the
cluster-search algorithm DBSCAN (Ester et al., 1996), to associate
picks and locate events. Relocation of these initial events was per-
formed using the NonLinLoc (NLL) algorithm (Lomax et al., 2000)
configured in standard global mode. The visual quality-inspection
described above was carried out on these preliminary locations.
Additionally, we manually picked P- and S-wave arrival times for
around 800 automatically detected events during the first month of
aftershocks to compensate for the lower number of stations during
this period. Finally, the whole set of events was relocated outside
SC3 using NLL configured in regional mode (Cartesian coordinates)
and a simplified velocity model taken from a newly derived 1-D
velocity structure for the region (Leon-Rios et al., 2017; see Sup.
Mat.).

Initially, a total of 15,233 aftershocks were detected and located
for the period between April 16 2016 to April 30 2017. Visual anal-
ysis of seismic sections was performed to identify and discard false
detections, spurious events, and to assess the pick quality to as-
semble a high-quality subset of events. After this visual inspection,
a total of 4,963 (33%) events were discarded as false detections or
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spurious events (poor signal and/or too noisy). The 10,270 events
left were classified into two categories according to their picks and
location quality:

1st quality: events with at least four P-phases and clear arrival
picks - 7326 events.

2nd quality: events with pick residuals larger than ~2 s and
greater location errors — 2944 events.

2.3. Magnitudes

Local magnitudes (M) were calculated from maximum P-wave
amplitudes on vertical components. The obtained magnitudes vary
between 0.7 and 6.9, with a magnitude of completeness Mc =2.5
(Sup. Mat.). In general, there is a good agreement between the
calculated local magnitudes (Mp) and the moment magnitudes
(Mw) obtained from our moment tensor inversions and those from
the GCMT catalogue (Sup. Mat.). Nonetheless, we observe that for
Mw > 5.6 there is an underestimation of local magnitudes, prob-
ably due to saturation of the M scale. On the other hand, for
Mw < 5.6 we observe an overestimation of My by ~0.3 units. These
differences are commonly observed when comparing local magni-
tudes with moment magnitudes (e.g. Deichmann, 2006).

2.4. Moment tensor inversions

We selected aftershocks with My > 4.5 to compute moment
tensors from full waveform inversions, including both body and
surface waves. For this we used the software ISOLA (Sokos and
Zahradnik, 2008) which can handle inversions of local to regional
waveforms. Green functions were computed using the 1-D model
produced by Leon-Rios et al. (2017) and waveforms were inverted
in the 10 - 25 s period range. Horizontal centroid position was
kept fixed to the epicentral position from the earthquake locations,
but a grid-search was performed to obtain optimal centroid depth
and time. Examples of the inversion and fitting are provided in the
Supplementary Material.

3. Spatio-temporal distribution of aftershocks

Along strike, the aftershock seismicity extends beyond the co-
seismic rupture, over 300+ km, from latitude 1°N to at least 1.5°S
(Fig. 2). Along the dip direction, the seismicity seems to be con-
strained by the coseismic rupture maximum depth, with most of
the aftershocks located in the upper 30 km and no aftershock seis-
micity located deeper than the coseismic rupture termination.

The most striking feature is the presence of three bands of seis-
micity perpendicular to the trench, and located up-dip west of the
mainshock rupture area (profiles BB’, CC' and DD’ in Fig. 2; see
also Meltzer et al.,, 2019). Interestingly, this seismicity pattern is
also observed in the background seismicity during the interseis-
mic period (Font et al, 2013). The northern band (BB’) extends
for about 40 km up-dip with a width of about 10 km. The cen-
tral band (CC’) is more diffuse, starting at the upper termination
of the rupture area and extending 40 km up-dip with a width of
around 20 km. The southern band also starts at the upper termi-
nation of the coseismic rupture and extends up-dip 60 km with a
width of about 25 km. Both, the southern and central bands reach
the trench, whilst seismicity is more diffuse close to the trench
for the northern band. Although we do observe seismicity near the
trench, we do not observe any extensional focal mechanism in this
area that could be related to outer rise seismicity following the
mainshock (e.g. Sladen and Trevisan, 2018). Considering the loca-
tion uncertainties, most of the seismicity in these three alignments
occurs at the interface or within 10 km from it. Additionally, all
large aftershocks (M > 5) occur outside the mainshock rupture and
mostly along bands BB’ and DD’, located up-dip at the northern

and southern limits of the co-seismic rupture, respectively. Inside
the mainshock rupture area, seismicity occurs mostly between the
two patches of maximum coseismic slip (Fig. 5, see Section 5).

To the north (0.9° N), we observe a cluster of seismicity within
the subduction interface below the coastline (cluster G1 in Figs. 2
and 3). Further to the east, a cluster of crustal seismicity (G2, here-
after called Esmeraldas sequence) is observed at 10-20 km depth.
This group of shallow seismicity started to develop at the end of
June 2016, with a burst of seismicity during July 5-8 and its largest
earthquake, normal faulting Mw =4.9, occurring on July 6, 2016
(Fig. 3; see details in Section 4).

South of the mainshock rupture area, we observe three separate
groups of seismicity. The first one is a cluster of events occurring
beneath the coastline, at around latitude 0.9°S (G3). This cluster
seems to occur on the megathrust interface, and as seen in Sec-
tion 4, presents thrust focal mechanisms compatible with subduc-
tion earthquakes. The second group corresponds to the seismicity
observed inland at around latitude 1.3°S (G4) which also occur at
the interface. The third group (G5) is located offshore, nearby LPI.
This seismicity is sparsely distributed, and because of its location
offshore at the southern end of the network, it is difficult to assess
hypocentral depths with certainty. Nevertheless, a clue regarding
the origin of this seismicity comes from previous studies which
have found swarm-like seismicity and SSEs in this area (Vallée et
al,, 2013; Segovia et al., 2018), as well as a SSE during the early
postseismic period of the 2016 mainshock (Rolandone et al., 2018).
Like the trench-normal bands, these three seismicity groups had
also been observed during the interseismic period (Segovia et al.,
2018).

The spatio-temporal analysis of the aftershock sequence (Fig. 3
and Sup. Mat.) shows that during the first 24 hours after the main-
shock, aftershocks start to nucleate mostly along profiles DD’ and
CC’, and in particular between the two patches of maximum co-
seismic slip. The aftershocks then extend along profiles BB’ and
EE'. Seismicity around LPI starts on the third day with peaks of ac-
tivity on the 11th and 12th days after the mainshock. A last burst
of seismicity in this area occurs between 1st and 3rd December
2016. As stated above, the shallow clustered seismicity of the Es-
meraldas sequence occurs mostly during early July 2016. Finally,
the seismicity observed at the interface along the profile AA’ de-
velops during December 2016.

4. Seismotectonics and moment tensor inversions

For the 12-month period following the Pedernales mainshock
(April 16 2016 - April 30 2017) there are 32 moment tensors
with Mw between 4.8 and 6.9 available in the GCMT catalogue
(http://www.globalcmt.org/). We complemented these with 29 ad-
ditional events with Mw between 4.1 and 5.0, for a total of 61
moment tensors (Fig. 4 and Sup. Mat.). Most of the moment ten-
sors indicate thrust faulting at the subduction interface. No large
aftershocks (Mw > 5) occur inside the coseismic rupture area. The
largest thrust aftershocks occur along the seismicity bands located
at the northern and southern termination of the mainshock rup-
ture. Besides these two bands dominated by thrust faulting at the
interface, we also observe subduction earthquakes to the south,
around latitude 1°S, and towards the north by the coastline up
to 1°N. The geometry of the reverse faulting focal mechanisms is
similar to that of the mainshock, with an average rotational angle
(Kagan angle) of 22° relative to the mainshock’s focal mechanism
(inset Fig. 4).

We also observe a few normal and strike-slip events. Strike-
slip events seem to be sparsely located and within the subducting
slab. A possible explanation for this activity could be the pres-
ence of pre-existing structures in the subducting CR, reactivated
by the mainshock. On the other hand, two similar normal fault
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Fig. 3. Space-time distribution of aftershocks from April 2016 throughout April 2017.

earthquakes, of Mw 5.1 and 4.9 respectively, occurred in the ma-
rine forearc around latitude 0.3°N, on June 1st 2016, separated
by 5 hours. The GCMT centroid depths for these earthquakes (12
and 17 km depth) place them close to the subduction interface,
but on our own regional moment tensor inversions we found the
lowest waveform misfit at 5 km depth. Despite the depth uncer-
tainties, a possible explanation for this faulting could be given by
the existence at this location of a subducted seamount, previously
imaged using multi-channel seismic reflection data (Marcaillou et
al., 2016). Leon-Rios et al. (2017) hypothesize that the subduction
of this structure produces an anomalous extensional stress field
parallel to the convergence vector, which in turn could have been
affected by the 2016 mainshock. In fact, Marcaillou et al. (2016)
observed a complex and highly fractured margin structure in this
region, and argued that the absence of background seismicity and
low interseismic coupling here suggest that this area is incapable
of storing sufficient elastic strain to produce large thrust earth-
quakes and tsunamis.

Two additional normal fault events are observed in our dataset.
One is a Mw =44 intermediate-depth event, most likely intra-
slab, located at 0.6°N, 200 km east of the trench. The other is a
Mw = 4.9, crustal normal fault event with a strike-slip component,
belonging to the Esmeraldas sequence. Unfortunately, the uncer-

tainties of our hypocentral locations in this area do not allow us
to distinguish the fault plane from the two nodal planes. On the
other hand, the geological map for this area (Reyes and Michaud,
2012; Sup. Mat.) shows a set of normal faults striking ESE and dip-
ping to the S, which coincide with one of the nodal planes of this
event (strike 103, dip 42, rake —29). We suggest that crustal activ-
ity on one of these faults might be responsible for the seismicity
observed during the Esmeraldas sequence (see also Hoskins et al.,
2018). Some previous large megathrust aftershock sequences, such
as Maule 2010 and Tohoku 2011, have shown similar shallow nor-
mal faulting at the edges of the coseismic rupture area (e.g. Kato et
al,, 2011; Ryder et al., 2012). A similar tectonic configuration could
be responsible for our normal event in the Esmeraldas area, which
indicates horizontal extension in the overriding plate following the
mainshock. Since these events are shallow, near the coast, and can
produce considerable vertical displacement, they are important to
consider when estimating earthquake and tsunami hazard at a lo-
cal scale.

4.1. The April 16 2016 Mw = 4.9 foreshock

Nearly 11 minutes before the Pedernales earthquake, an event
Mw = 4.9 nucleated about 14 km ESE of the mainshock’s epicen-
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tre. We also obtained the moment tensor for this event, which
indicates a thrust faulting mechanism, likely on the subduction
interface (Fig. 4). The possibility of this earthquake to have trig-
gered the Mw = 7.8 mainshock is worth exploring, although a dy-
namic or static triggering would be difficult to reconcile with the
time and distance between the two events. More accurate relo-
cations of both the foreshock and main event hypocentres, and
a detailed analysis of the Coulomb stress change field, beyond
the scope of this study, would be necessary to resolve this is-
sue.

5. Relation between coseismic rupture and aftershock
distribution

As a first order feature, we observe an inverse correlation be-
tween the number of aftershocks and co-seismic slip, with highs
in slip associated to lows in seismicity and vice versa (e.g. at 20,
45 and 60 km south of the mainshock in profile N-S of Fig. 2).
Fig. 5 shows in detail the distribution of aftershocks and co-seismic
slip. We observe that most of the large aftershocks occur out-
side the mainshock rupture area (defined as the 1 m slip contour
area). When we consider all magnitudes, 28% of the aftershocks
occur inside the mainshock rupture, but when we consider only
events with My > 3.5, only 14% of aftershocks nucleate inside and,
moreover, no aftershock larger than My = 5 nucleated inside the
mainshock rupture area.

Additionally, the histograms in Fig. 5 show the normalized areal
distribution of co-seismic slip together with the normalized fre-
quency distribution of aftershocks inside the coseismic rupture. Ac-
cordingly, if the aftershocks occurrence were randomly distributed,
the aftershock frequency curve would resemble the slip frequency
distribution. Instead, we observe that aftershocks tend to con-
centrate at intermediate levels of coseismic slip (2-3.5 m), par-
ticularly in areas of large slip gradient, such as in between the

two patches of coseismic slip maxima. On the other hand, ar-
eas of low coseismic slip (<2 m) present less seismicity than
expected, whilst areas of high coseismic slip (>4.5 m) seem to
present a random distribution of aftershocks (histogram Fig. 5a),
although when we consider only events with My > 3.5, there is a
lack of aftershocks compared to a random distribution (histogram
Fig. 5b).

If we look at the aftershock density, we observe that in terms of
number of events, the highest density is located inside the main-
shock rupture area, in between the two patches of maximum co-
seismic slip (Fig. 6a). If instead we look at the seismic moment
density (Fig. 6b), we observe that inside the mainshock rupture
area the moment density is relatively low (< 1e!” N m / 0.1°x0.1°).
On the other hand, high moment density (> 1e'® N m / 0.1°x0.1°)
is observed outside the mainshock rupture, along the three trench-
normal seismicity bands and particularly nearby the coastline at
latitude 0.5°N, due to the occurrence here of the largest aftershock
of the sequence (Mw = 6.9, thrust faulting).

6. Relation between seismic and aseismic processes

We compare the temporal evolution of the aftershock sequence
with that of the geodetic afterslip during the first 30 days fol-
lowing the mainshock. Following Rolandone et al. (2018), we con-
sider the afterslip and aftershocks as three discrete patches (North,
South and LPI; see Fig. 2 and Sup. Mat.) according to their spa-
tial distribution, and analyse them separately (Fig. 7). Cumulative
seismicity (red curve) for the northern and southern patches show
an Omori-type decay in which a steep slope is observed imme-
diately after the mainshock, followed by a deceleration after the
first week of aftershocks. On the other hand, the LPI patch shows
a rather slow start in aftershocks generation, and then an increase
from day 8 until day ~20 when it decreases again. The different
behaviour in the LPI patch could be explained because this area



70 H. Agurto-Detzel et al. / Earth and Planetary Science Letters 520 (2019) 63-76

-79.5°

.
All Magnitudes

M_>3.5

Total: 5883
Inside: 1668

Total: 738
Inside: 100

Normalised Frequency %
Normalised Frequency %

Slip (m) Slip (m)

Fig. 5. Distribution of aftershocks (this work) and coseismic rupture (Nocquet et al., 2017). (a) All magnitudes; (b) magnitudes equal or greater than 3.5. Histograms show
normalized frequency distribution of coseismic slip (colour bars) and aftershocks (blue line).

J1/01x0.1° 1Mo /0.1 x0.1°

160 o =g
140
120
100
80
60
40
20

1e+18

1e+17

0.5' 16416

Earthquake Density
Moment Density

=1

—20 [ 2 b ¢ 3 - IS
-80.5°

T 1 -
-80.5 : -79.5°

Fig. 6. Density plots for (a) number of earthquakes, (b) seismic moment. Other features same as in Fig. 2.



H. Agurto-Detzel et al. / Earth and Planetary Science Letters 520 (2019) 63-76 71

r 1.0q r 1.0+ _
c Number of Aftershocks
o ;
= L 0.8 Released Afterslip | 0.84 |
3
= o
L 0.6 I = 0.6 3
n
2 13
© - 049 - & 04 -
>
g 0.2 Northern Patch| | 0.2 3 0.2 F
(@)
0.0 T T T 0.0 T 0.0 T T T T
10 20 30 0 1 0.0 0.2 0.4 0.6 0.8 1.0
r 1.0q r 1.0 _
c Number of Aftershocks
o ;
= L 0.8 Released Afterslip | 0.84 |
3
= o
L 0.6 I = 0.6 3
o 2
= o)
© - 049 - & 04 -
>
g 0.2 Southern Patch| - 0.2 - 0.2 -
(@) Z
7
0.0 T T T 0.0 T 0.0 T T T T
10 20 30 0 1 0.0 0.2 0.4 0.6 0.8 1.0
1.04 r 1.0 r 1.0 -
c Number of Aftershocks
o ;
,_8 0.84 L 0.8 Released Afterslip | 0.8 |
©
= Q.
L 0.6 F 0.6 = 0.6 3
) o
= o)
c_*g 0.4+ 0.4 3 j<— 0.4+ 3
S
g 0.2 [La Plata Island Patch| | 0.2 3 0.2 3
(@)
0.0 T T T 0.0 = T 0.0 T T T T
10 20 30 0 1 0.0 0.2 0.4 0.6 0.8 1.0
Days after Mainshock log(days) Aftershocks

Fig. 7. Temporal evolution of afterslip and aftershocks for the three different afterslip patches during the first 30 days following the mainshock. Released afterslip distribution
after Rolandone et al. (2018). Left panels: cumulative distribution as a function of day. Middle panels: cumulative distribution as a function of logarithm of day. Segmented
line is best-fitted straight-line. Right panels: cumulative afterslip versus cumulative aftershocks. Segmented grey line shows 1:1 relationship.

hosted a slow slip event associated to seismicity during this pe-
riod (Rolandone et al., 2018).

We observe for all three patches that the curve for cumulative
number of earthquakes closely follows that of the afterslip cumu- 50
lative moment release, implying a linear relationship between both
processes. In fact, if we assume that both afterslip and aftershocks
cumulative distributions present an exponential behaviour, their
curves should resemble a straight-line in a semi-logarithmic plot,
as seen in the middle panels of Fig. 7, which also show both curves
present similar slopes (segmented lines). Leaving the LPI patch
aside, the linear relation between cumulative aftershocks and af-
terslip release is remarkable.

Furthermore, for each of the patches we observe that after 30
days of postseismic activity, the total cumulative moment released
by the aftershocks represents about 10% of the cumulative moment
released by the afterslip, indicating that most of the postseismic
deformation is aseismic (Sup. Fig. 10).

Additionally, we explore the spatial dependency between af-
terslip and aftershocks. As seen from the geographic distribution
of seismicity outside the mainshock rupture area, aftershocks are -250
spatially associated with afterslip, particularly in the area of the
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from the mainshock epicentre, clearly showing a log-time expan-

sion of the aftershocks. A similar behaviour is seen for the along- Fig. 8. Expansion of earthquakes along strike in function of time since the main-

shock. Red line indicates semi-logarithmic migration velocity of events (drawn by

dip direction (Sup. Mat.). These observations are consistent with hand)

previous studies (e.g. Frank et al., 2017), and numerical modelling
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(e.g. Ariyoshi et al., 2007; Perfettini et al., 2018) which suggest that
this type of semilogarithmic migration is indicative of afterslip-
driven aftershock activity.

7. Discussion
7.1. Where do aftershocks occur?

The largest aftershocks occur outside the mainshock rupture
area. This finding is in agreement with previous studies which have
found that regions of high coseismic slip are mostly devoid of large
aftershocks, whilst post-seismic seismicity tends to concentrate at
the edges of the coseismic rupture (e.g. Das and Henry, 2003;
Asano et al., 2011; Rietbrock et al., 2012; Agurto et al., 2012;
Frank et al, 2017; Wetzler et al, 2018). For the 2010 Mw =28.8
Maule earthquake, Agurto et al. (2012) also found that aftershocks
concentrated at intermediate levels of coseismic slip, with areas of
low and large coseismic slip lacking in aftershocks. Therefore, this
could be a common feature for large megathrust earthquakes with
a heterogeneous distribution of coseismic slip.

Additionally, a large number of aftershocks do occur within the
co-seismic rupture area, although presenting low magnitudes. The
fact that aftershocks nucleate inside the mainshock rupture area
indicates that the accumulated strain energy within the fault is not
totally released during the mainshock, or at least that this release
is not homogeneously distributed along the megathrust rupture.
Attempting to investigate this issue, Yabe and Ide (2018) produced
quasi-dynamic numerical simulations in which they replicate sev-
eral megathrust frictional scenarios and mainshock ruptures with
their respective aftershock sequences. They observed aftershocks
around and within the mainshock rupture area for cases in which
frictional heterogeneity varies significantly along the fault. On the
other hand, aftershocks were not produced when frictional het-
erogeneities along the fault were small. Similarly, the fact that for
the Pedernales sequence we observe the highest density of after-
shocks within the mainshock rupture area, might be indicative of
the highly heterogeneous distribution of frictional properties along
the northern Ecuador megathrust.

When we account for location uncertainties, the low-magnitude
seismicity located within the co-seismic rupture area seems to oc-
cur distributed within the seismogenic volume and not only at the
megathrust interface (Fig. 2). This volume represents the off-fault
damage zone produced by successive megathrust ruptures, and it
usually concentrates a diversity of aftershocks focal mechanisms in
structures re-activated by the mainshock (e.g. Asano et al., 2011;
Agurto et al., 2012).

7.2. What controls the evolution of the aftershock seismicity?

The temporal linear dependency between afterslip and after-
shocks shown here (Fig. 7) suggests a causative time-based rela-
tionship between these two processes, and therefore the temporal
distribution of aftershocks associated to patches of afterslip would
be modulated by the stressing rate associated with afterslip (e.g.
Perfettini and Avouac, 2004; Hsu et al., 2006).

Additionally, the semi-logarithmic migration of aftershocks both
along strike and dip (Fig. 8) suggests that afterslip also controls the
spatial extension and migration speed of aftershocks (e.g. Frank
et al., 2017; Perfettini et al., 2018). We notice that the origin of
the two red lines indicating the propagation front in Fig. 8 is not
located at the epicentre but approximately 40 km south of it, in
the area where most of the aftershock seismicity take place during
the first 24 hours following the mainshock (Section 3). This cor-
responds to the centre of the coseismic rupture, and therefore we
hypothesize that the expansion of aftershocks is initiated at this
point, subsequently propagating outwards.

Another explanation for the observed aftershocks expansion
could be related to fluid diffusion. Nevertheless, in such a case we
would observe that the distance D associated with the migration
front of the seismicity is related to time t as D~sqrt(t)c, where c
is the hydraulic diffusivity coefficient (Wang, 2000). This is unlike
our observations, in which we see that D~log(t).

Finally, we notice that a similar relationship between seismic
and aseismic processes in our study area has also been described
during the interseismic period (Vallée et al., 2013; Rolandone et
al., 2018; Segovia et al., 2018; Vaca et al, 2018). These previous
studies describe seismic swarms associated to SSEs in the offshore
area in front of Punta Galera (lat. ~0.7°N; Vaca et al., 2018), and
around LPI (Vallée et al., 2013; Segovia et al., 2018). A similar SSE
around LPI occurred during the postseismic period of the 2016
Pedernales earthquake, also associated with seismicity (Rolandone
et al., 2018). Therefore, it seems that the close spatio-temporal cor-
relation between seismic and aseismic processes in this region is
persistent during the whole of the earthquake cycle.

7.3. Persistent seismicity patterns over the earthquake cycle

Aseismic slip seems to modulate the rate and spatio-temporal
expansion of the aftershock seismicity. But why do these slip pro-
cesses occur where they occur in the first place? In our study
area, the presence of persistent spatial seismicity patterns over
the earthquake cycle, such as the three trench-normal bands and
the seismicity south of the mainshock rupture area (Font et al.,
2013), suggest that earthquake nucleation in these areas is some-
how controlled by long-lived structural features. We also notice
that the bands are dominated by thrust events (Fig. 4), and ori-
ented perpendicular to the trench, similar to the slip vector of the
mainshock, as opposed to parallel to the convergence vector.

Only a few other studies have found similar permanent seis-
micity patterns transcending the earthquake cycle in subduction
zones. For example, Poli et al. (2017) observed the same clus-
ters of repeating earthquakes occurring both before and after the
2015 MW 8.3 Illapel earthquake, spatially associated to fracture
zones enclosing the mainshock rupture. Observations in other tec-
tonic settings such as Parkfield, in the San Andreas fault, show
sub-horizontal alignments of seismicity along the fault plane that
also persist through many seismic cycles. Because of its geometry
and the motion of the fault, it has been proposed that this seis-
mic activity is related to rheological transitions within the fault
zone and/or stress concentrations between locked and creeping ar-
eas (e.g. Waldhauser et al., 2004). Nonetheless, invoking rheological
transitions in our area is a less plausible hypothesis to explain our
observations, mainly because the seismicity within the bands lacks
any clear depth-dependency.

One additional hypothesis is that the interface frictional prop-
erties in these regions of high seismicity are somehow different
than in the rest of the area. In this sense, the interseismic cou-
pling map for our study region (Fig. 1) shows that the general area
of the bands is only slightly coupled (<40%), but the model lacks
the resolution to see any difference along strike, between areas
with seismicity (bands) and areas without.

7.4. Influence of the subducting seafloor relief

Previous studies have proposed an along-strike segmentation of
the Ecuadorian margin in which large subduction earthquakes only
occur north of the CR, which acts as a barrier to the southward
propagation of megathrust ruptures (e.g. Collot et al., 2004). More
generally, it has been proposed that rugged subducting seafloor,
as in the case of seamounts and ridges, give rise to heteroge-
neous stresses, promoting creep as expressed in transient events
of various spatial and temporal scales, accompanied with small
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and medium-sized earthquakes (Wang and Bilek, 2014). Using 3D
seismic reflection data offshore Costa Rica, Edwards et al. (2018)
mapped corrugated surfaces on the megathrust trending 11-18°
oblique to subduction (in alignment to regional earthquake slip
vectors), extending from near the trench to >5 km down-dip,
and exhibiting high reflection amplitudes consistent with high
fluid content. The authors interpret these corrugations to be slip
lineations, arguing that their presence could be the reason why
coseismic slip offshore Costa Rica does not propagate up to the
trench.

Basset and Watts (2015) produced a compilation of resid-
ual bathymetric anomalies for several subduction zones of the
world, and found that regions with subducted seamounts were
correlated to reduced levels of megathrust activity, suggesting
that these areas are mostly associated with small earthquakes
and creep rather than with large megathrust events. Further-
more, they argue that larger bathymetric features, such as aseismic
ridges, exhibit seafloor roughness over a larger scale than sub-
ducted seamounts, presenting widths comparable to the rupture
length of large (Mw~7) megathrust earthquakes. They observe

that the maximum roughness is located at the flanks of the ridges,
which often serve as barriers of rupture propagation. For the
Ecuador subduction zone, some authors observed that the north-
ern flank of the CR has acted as a barrier against the southward
propagation of the 1906 and 1942 earthquakes (Kelleher, 1972;
Collot et al., 2004).

Following the ensemble averaging approach of Basset and Watts
(2015), and benefiting from combined high resolution datasets,
including the GEBCO2014 grid, we produced improved maps of
residual bathymetry for the Ecuadorian margin. We calculated the
average topography for a series of trench-normal profiles. Then
we subtracted this averaged topography from the original grid to
produce an elevation map where large-amplitude trench-normal
variations associated with the subduction zone have been re-
moved and short-wavelength/lower amplitude structures are pre-
served and highlighted. We compared the spatial distribution of
these anomalies with the distribution of the seismic and aseis-
mic slip processes before and after the Pedernales earthquake
(Fig. 9). Landward from the trench, the down-dip limit of the area
with high residual bathymetry (>2 km) coincides with the up-dip
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Zone B is less influenced by the CR, presenting an overall high coupling and a smoother interface allowing for large megathrust ruptures, although contained within ~15 to
40 km depth as in the case of the 1942 and 2016 ruptures. North of the CR along strike, Zone C is out of the influence of the CR and presents overall high ISC and large
(M > 7.5) megathrust ruptures that occasionally can reach the trench as in the case of the 1906 earthquake. The interfaces of both Zones B and C therefore would be unstable

(velocity weakening).

limit of the Pedernales earthquake rupture area. Basset and Watts
(2015) notice that this limit coincides with the continental slope
break, and suggest that the slope break corresponds to the up-dip
limit of the seismogenic zone, and that the outer portion of the
plate interface, below the steep continental slope, is weak/condi-
tionally stable and would slip aseismically. Furthermore, we notice
that both the 1942 and the 2016 epicentres are located nearby
this limit, with the 2016 mainshock rupture area itself extend-
ing down-dip from this limit, within an area of smoother resid-
ual bathymetry. We also notice that the trench-normal bands of
seismicity observed during the interseismic and post-seismic pe-
riods occur in areas of higher gradient and residual bathymetry.
In particular, the seismicity band DD’, which marks the south-
ern boundary of the Pedernales rupture zone, is in front of the
highest bathymetric and gravity anomaly, which correspond to
the thickest part of the CR crust (~20 km; Collot et al., 2004;
Sallarés et al., 2005). Lastly, both the SSEs observed during the in-
terseismic period, and the afterslip patches observed during the
post-seismic period occur in areas dominated by high residual
bathymetry due to the subduction of the CR (Fig. 9).

We summarize our observations in an interpretative figure
(Fig. 10) in which we suggest that the Ecuadorian margin hosts
a bimodal slip mode mechanically controlled by the distribution
of the subducting oceanic relief. The bimodal slip mode produces
seismic and aseismic slip processes, and is present both along-
strike and along-dip. In the area where the CR subducts beneath
the margin (latitude 0° to ~2.5°S), particularly in the region con-
taining a high residual bathymetry (>2 km, from the trench un-
til ~90 km landward; Zone A in Fig. 10), the overall ISC is low
(<40%), and the subduction slip mode is dominated by creep and
small to medium-sized earthquakes (Mw < 6), swarm-like seismic-
ity and SSEs during the interseismic phase, and aseismic afterslip
during the postseismic period. Down-dip of this limit (i.e. over 90
km horizontally from the trench, down to the maximum seismo-
genic depth; Zone B), the ISC is higher (>40%) and the slip mode
is dominated by large subduction earthquakes (Mw > 7) as in the
case of the 2016 Pedernales Earthquake and similar past ruptures.
Along strike to the north of the ridge flank, away from the area

of influence of the CR (Zone C), the overall ISC is high up to
the trench, and megathrust earthquake ruptures could reach the
trench, as allegedly was the case for the 1906 earthquake and pos-
sibly the 1979 earthquake. Therefore, Zone A presents an overall
stable/conditionally stable regime (velocity-strengthening) whilst
Zones B and C are seismically unstable (velocity-weakening). Con-
sequently, the area of high residual bathymetry (>2 km) would act
as a barrier to up-dip (trench-normal) propagation of megathrust
ruptures, whilst the lateral flanks of the ridge would act as barriers
to along-strike (trench-parallel) rupture propagation.

Future work in the Ecuadorian margin should be focused on as-
sessing the influence on earthquake generation of structures and
segmentation of the upper plate (e.g. Collot et al., 2004), possible
presence of structures such as corrugations in the shallow part of
the megathrust (e.g. Edwards et al., 2018), and the presence and
role of fluids (e.g. Tassara et al,, 2016). A project to produce re-
flection and refraction seismic profiles offshore northern Ecuador
is already in the pipeline to tackle some of these issues.

8. Conclusion

We characterised the aftershock seismicity occurring in the
Ecuadorian margin over one year following the 2016 Mw =78
Pedernales earthquake. More than 10,000 events were detected
and located, with magnitudes up to 6.9. Most of the seismicity
results from interplate thrust faulting but we also observe a few
normal and strike-slip mechanisms. Within the mainshock rupture
area, seismicity concentrates in regions of intermediate coseismic
slip, particularly in between the two patches of slip maxima. Out-
side the rupture area, seismicity extends for more than 300 km
along strike. The most striking feature is the presence of three seis-
micity bands, perpendicular to the trench, which are also observed
during the interseismic period.

We observe a linear dependency between the temporal evolu-
tion of afterslip and number of aftershocks, confirming previous
results (Rolandone et al., 2018). Additionally, aftershocks present a
temporal semi-logarithmic expansion along the strike and dip di-
rections, which further suggest their spatio-temporal occurrence is
regulated by afterslip. A comparison of the distribution of seismic
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and aseismic slip processes with the distribution of bathymetric
anomalies reveals that slip in the area seems to be controlled by
the subduction of oceanic plate roughness. To explain our obser-
vations, we propose a conceptual model in which the Ecuadorian
margin presents a bimodal slip mode mechanically controlled by
the subduction of a rough oceanic relief. In this sense, the flanks
of the CR act as a barrier to the propagation of megathrust rup-
tures, both up-dip and along-strike. On the other hand, the area
of maximum influence of the CR (residual bathymetry > 2 km) is
characterized by small magnitude earthquakes (Mw < 6), aseismic
slip, repeating events and earthquake swarms.
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