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[1] The North Ecuadorian–South Colombian subduction zone was the site of the 1906 Mw
8.8 megathrust earthquake. This main shock was followed by three large events in 1942,
1958, and 1979 whose rupture zones were located within the 500 km long 1906 rupture
area. A combined onshore and offshore temporary seismic network covering from the trench
to the Andes was deployed during 3 months in the area of large earthquakes, in order to
obtain a detailed knowledge of the seismic background activity. Resulting earthquakes
location and mechanisms bring new insights on interseismic active deformation distribution
in the three main tectonic units of the margin, namely, the Interplate Seismogenic Zone, the
fore‐arc region which is part of the North Andean Block and the downgoing oceanic Nazca
plate. The interplate seismic activity presents along strike variations, suggesting that the
seismicity and the associated stress buildup along the plate interface depend on the time
elapsed since the last large earthquakes. According to our results, the updip and downdip
limits of the seismogenic zone appear to be located at 12 and 30 km depth, respectively.
Shallow to intermediate depth seismicity indicates a slab dip angle of ≈25°. North of the
Carnegie Ridge, the Wadati‐Benioff plane is defined beneath the fore arc down to ≈100 km
depth. Facing the ridge, the Wadati‐Benioff plane extends beneath the Andes, down to
≈140 km depth. This observation conflicts with the hypothesis of the presence of a flat slab at
a depth of 100 km facing the ridge. In the overlying fore‐arc region, the crustal seismicity
occurs down to 40 km depth and is mainly concentrated in a roughly NW‐SE 100 km wide
stripe stretching from the coast, at about 1°N, to the Andes. The location of this active
deformation stripe coincides with observed tectonic segmentation of the coastal domain as
evidenced by the presence of an uplifting segment to the south and a subsiding segment to
the north of the stripe. It also corresponds to a ≈30° change in the trend of the Andes,
suggesting that the curvature of the volcanic arc might play an important role in the
deformation of the fore‐arc region.
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1. Introduction

[2] In subduction zones, the seismic cycle consists of three
main phases [Reid, 1910; Stein and Ekstrom, 1992]: (1) an

interseismic period during which stress is accumulated over a
relatively long period along the interplate seismogenic zone
(ISZ), (2) the coseismic phase during which the accumulated
stress is suddenly released through large megathrust earth-
quakes, and (3) the postseismic phase, corresponding to the
total stress relaxation along the plate interface, which is
characterized by the occurrence of aftershocks. Some authors
have proposed that the seismic cycle is accompanied by
characteristic patterns in seismicity, with alternation, in space
and time, of periods of quiescence and of intensive seismicity
along the plate interface [Fedotov, 1965; Mogi, 1977, 1985;
Scholz, 1988, 1990]. This seismicity distribution correlates
with surface rupture and asperity spatial determination, and
would be related to stress buildup along the plate interface
[Bollinger et al., 2004].
[3] Along the North Ecuadorian–South Colombian (NESC)

subduction zone, four megathrust earthquakes have occurred
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during the twentieth century (Figure 1 and Table 1). The
500 km long rupture zone of the larger event (Mw = 8.8),
which occurred in 1906 [Kelleher, 1972; Kanamori and
Given, 1981; Kanamori and McNally, 1982] was partially
reactivated by the ruptures of three smaller thrust events
[Mendoza and Dewey, 1984] in 1942 (Mw = 7.8) [Swenson
and Beck, 1996], 1958 (Mw = 7.7) and 1979 (Mw = 8.2)
[Herd et al., 1981; Kanamori and McNally, 1982; Beck and
Ruff, 1984] (Figure 1). There is a shortage of energy
between that released during the largest 1906 earthquake

and the cumulative coseismic energy of the other three more
recent ones (Table 1). Concerning the seismological asperi-
ties, as evidenced by high quality MCS seismic lines for the
1979 asperity, these areas of maximum slip likely correspond
to structural heterogeneities [Collot et al., 2002]. The spatial
and chronological organization of these megathrust earth-
quakes, together with their associated seismic moments
(Table 1), suggests that two seismic cycles may be nested in
the study area. Based on the recurrence time between large
earthquakes and on the estimates of coseismic displacements,

Figure 1. (a) Geodynamic setting of the North Ecuadorian–South Colombian active margin. Bathymetry
compilation is fromMichaud et al. [2006]. Nazca plate motion vectors are from Trenkamp et al. [2002]. Red
dashed lines represent the surface rupture of the four great subduction earthquakes that occurred during the
twentieth century, and red stars represent their epicenters [from Mendoza and Dewey, 1984]. Associated
focal mechanisms are lower hemisphere projection. Triangles represent the locations of the seismological
stations used in this study (yellow triangles are for the ESMERALDAS networks stations, and blue ones are
for the Instituto Geofísico de la Escuela Politécnica Nacional permanent network, RENSIG). DGM =
Dolores Guayaquil Megashear (gray area represents portion of the fault system still debated), MB =Manabí
Basin, BB = Borbón Basin, and NAB = North Andean Block. (b) NEIC seismicity along the NESC active
margin both onmap and cross section. Black line on the map represents the cross section location and width.

Table 1. Main Characteristics of the 1906, 1942, 1958, and 1979 Large Earthquakesa

Date Latitude Longitude Magnitude (Mw) Depth (km) Surface Rupture Length Seismic Moment (1024 dyne cm)

31/01/1906 1°N 81.5°W 8.8 (2) ? 500 (1) 200 (2)
14/05/1942 0.01°N 80.39°W 7.8 19.7; 14 (4) 200 (4) 3.2 (2)
19/01/1958 1.14°N 79.59°W 7.7 29.8; 18.5 (5) 50 (3) 5.2 (2)
12/12/1979 1.62°N 79.42°W 8.2 37.5; 24.3 (5) 170–240 (3) 29 (2)

aThe 1906 earthquake location is from Gutenberg and Richter [1959] and the 1942, 1958, and 1979 earthquake locations are from Mendoza and Dewey
[1984]. Numbers in parentheses are as follows: 1, Kelleher [1972]; 2, Kanamori and McNally [1982]; 3, Beck and Ruff [1984]; 4, Swenson and Beck [1996];
5, Engdahl and Villaseñor [2002].
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Nishenko [1991] pointed out that the NESC margin presents
one of the highest seismic hazards of South America.
[4] All the epicenters of the twentieth century large inter-

plate earthquakes were located north of the Carnegie Ridge
(Figure 1), a ≈200 km wide buoyant volcanic and aseismic
ridge [Lonsdale, 1978] that forms a structural high in the
downgoing oceanic Nazca plate. The southward extension
of their rupture areas stoped on the northern flank of the ridge
(Figure 1). Facing the ridge and south of it, the instrumental
seismicity shows a radically different pattern, without known
historical earthquakes except the Mw = 7.1 earthquake of
Bahia de Caraquez in 1998 [Segovia, 2001]. In this area, the
seismicity is mainly organized in interplate swarms, occur-
ring during seismic crisis such as the Manta crisis in 2005
[Vaca et al., 2009]. The interplate seismic activity along the
Ecuadorianmargin indicates a seismological segmentation that
seems to be related with the subduction of the Carnegie Ridge.
[5] The spatiotemporal distribution of the background

seismicity in the fore‐arc region is poorly constrained. Global
catalogs, such as NEIC, provide a diffuse image of the
Ecuadorian seismicity (Figure 1b). The Instituto Geofisico de
la Escuela Politecnica Nacional runs the National Ecuador-
ian Seismic Network (RENSIG). These stations are mainly
deployed in the Andes in order to monitor volcanic hazards.
Consequently, the investigation of coastal seismic events
suffers from a poor azimuthal coverage. Two local seismo-
logical studies have been carried out in the region to study
specific active tectonic targets. The LITHOSCOPE (1995)
temporary network was mainly deployed around the Cordil-
lera, to determine active deformation beneath the Ecuadorian
Andes [Guillier et al., 1996;Guillier et al., 2001]. In 1998, an
offshore OBS network was deployed during the SUBLIME
experiment to characterize seismicity from the trench to the
coast [Pontoise and Monfret, 2004]. Finally, we carried out
the ESMERALDAS experiment in 2005, in order to better
resolve active structures involved in the large earthquakes
area, covering the region from the trench to the Cordillera.
[6] The ESMERALDAS experiment consisted in the

deployment of a combined offshore‐onshore temporary net-
work. The large coverage and increased station density
achieved by the ESMERALDAS network, aimed at better
sampling themicroseismicity (M< 5), refining seismic events
location and consequently improving the knowledge on
active deformation across the fore‐arc region. This paper
deals with the analysis of the recorded seismic data together
with the information available from global and regional cat-
alogs. Accurate seismicity distribution brings new constraints
on the interplate seismic activity related to the twentieth
century megathrust earthquakes sequence. We also charac-
terize the geometry and the mode of deformation of the three
main tectonic units of the margin: ISZ, upper plate and sub-
ducting oceanic Nazca plate.

2. Geodynamical, Seismological and Geological
Setting

[7] The <25 My old oceanic Nazca plate [Hardy, 1991] is
subducting beneath Ecuador at a rate of approximately 5–
7 cm/yr in a roughly east‐west direction [Trenkamp et al.,
2002; Nocquet et al., 2009; Kendrick et al., 2003]. South of
0.5°N the trench is oriented north‐south, while north of it its
azimuth changes to a northeast direction and the convergence

therefore becomes oblique (Figure 1). This obliquity is
accommodated along the Dolores‐Guayaquil Megashear
(Figure 1), by the long‐term northeastwardmotion of theNorth
Andean Block (NAB) with respect to the South American
plate, at a rate of 7–10 mm/yr (Figure 1) [Kellogg and Vega,
1995; Ego et al., 1996]. The boundary between the NAB
and the South American plate is still debated, in particular
between 1°S and 1°N (Figure 1). The NAB displacement is
accompanied by the opening of the Gulf of Guayaquil and the
formation of quaternary NW‐SE normal faulting in the fore‐
arc region [Daly, 1989;Benítez, 1995;Deniaud, 2000;Dumont
et al., 2005; Witt et al., 2006; Witt and Bourgois, 2010]. The
NAB consists of several mafic to ultramafic oceanic terranes
accreted since the Mesozoic to the South American Plate
[Jaillard et al., 1997; Reynaud et al., 1999;Cediel et al., 2003;
Luzieux et al., 2006; Collot et al., 2008].
[8] The ESMERALDAS network covers two tectonic

segments of the upper plate. South of Esmeraldas city, facing
the Carnegie Ridge, the margin is uplifted [Dumont et al.,
2005; Pedoja et al., 2006a, 2006b], while north of it subsi-
dence has prevailed during the Quaternary [Deniaud, 2000].
It has been suggested that the Carnegie Ridge is responsible
for the uplift of the central part of the Ecuadorian coast [Daly,
1989; Gutscher et al., 1999]. The age of initiation of the
Carnegie Ridge subduction is still debated, and may have
begun between the late Miocene [Daly, 1989;Gutscher et al.,
1999] and the late Pliocene–Upper Pleistocene [Lonsdale,
1978; Sallarès and Charvis, 2003; Pedoja et al., 2006a,
2006b; Michaud et al., 2009].
[9] The age of the initiation of the Carnegie Ridge sub-

duction is a key to determine the subducted ridge length and
consequently its possible influence on the slab geometry.
Based on the analysis of the International Seismological
Centre (ISC) catalog, Gutscher et al. [1999] proposed the
presence of a flat slab at ≈0°N. They suggest that the flat-
tening of the slab would be a consequence of the extra
buoyancy of the Carnegie Ridge. This interpretation contrasts
with the 35° dipping slab proposed further north by Guillier
et al. [2001] based on the local events reported at several
seismological catalogs. Pontoise and Monfret [2004], using
the RENSIG catalog to complete their results also suggested
that the Wadati‐Benioff plane dips roughly with an angle of
about 35° beneath the fore arc and the Andes.
[10] NESC crustal structures between the trench and the

coast have been recognized from several geophysical marine
experiments. Available wide‐angle seismic data provide
good constraints on the crustal thickness and velocity struc-
ture on the frontal part of the subduction system offshore
Ecuador [Sallarès and Charvis, 2003; Calahorrano et al.,
2004, 2008; Graindorge et al., 2004; Sallarès et al., 2005;
Gailler et al., 2007; Garcia Cano, 2009]. MCS data acquired
in the area during the SISTEUR project in 2000, show the
presence of structural heterogeneities both in the Nazca plate
and the NAB. Collot et al. [2004] suggested that these fea-
tures may limit the rupture zones of the great NESC margin
earthquakes. In addition, coincident wide‐angle seismic
profiles, perpendicular to the trench, indicate that the dip
angle of the interplate boundary is about 10° at the frontal part
of the subduction [d’Acremont et al., 2005; Gailler et al.,
2007; Collot et al., 2008; Agudelo, 2005; Agudelo et al.,
2009]. This dip angle is in agreement with that estimated
by Pontoise and Monfret [2004] in the ISZ, based on the
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SUBLIME event locations. These authors suggested that the
updip limit of the ISZ is recognized at 12 km depth [Pontoise
and Monfret, 2004], and it has been correlated to a low
thermal value of 60–70°C [Marcaillou et al., 2008].
[11] The ESMERALDAS temporary seismic network used

in this experiment spreads over a region were both tectonical
and seismological changes occur. Our study provides new
constraints on seismicity distribution and active deformation
along the highly segmented NESC margin.

3. Seismological Data and Data Processing

3.1. Network Configuration

[12] The ESMERALDAS passive experiment was carried
out from March 10 to June 14, 2005. Twenty‐six Ocean
Bottom Seismometers (OBS) and 31 seismic land stations
were deployed during this experiment (Figure 1). Nine of the
OBS were equipped with Guralp GMG40T 3C broadband
marine sensors [Hello et al., 2006], and the rest with short
period seismometers (4.5 Hz). Land stations included broad
band sensors (2 CMG‐3T and 4 CMG‐40T from Guralp),
intermediate‐period sensors (8 Lennartz‐20s, 14 Lennartz‐5s)
and short period sensors (3 Mark Products L4C‐1s). In order
to reduce the azimuthal gap, we also included records from
available RENSIG stations (Figure 1).

3.2. Location Technique

[13] P and S picks and preliminary locations were per-
formed with the SEISAN code [Havskov and Ottemöller,
1999]. Given the crustal structure variations from the outer
trench to the volcanic arc, we used different reference velocity
models depending on the station location. Final hypocenter
locations were computed using HYPOELLIPSE code [Lahr,
1999], and applying different 1D velocity models for the
different stations. For OBS, the P wave velocity model
(Table 2a) was derived from a wide‐angle seismic model in
the network area [Agudelo, 2005; Agudelo et al., 2009;
Gailler et al., 2007; Collot et al., 2008]. A single seismic
refraction profile acquired in the high Andes during the
Project Nariño [Ocola et al., 1975], provides the only avail-
able crustal velocity information relevant for the Ecuadorian
fore‐arc domain. To better constrain earthquakes location by
accounting for the east‐west upper crustal thickness varia-
tions, we initially used two velocity models for the stations
located on the upper plate (the CRUST2.0 [Bassin et al.,
2000] velocity model for the stations located from the coast
to the Cordillera and the Project Nariño velocity model
[Ocola et al., 1975] for the stations located on the volcanic
arc). Event location results were not significantly improved
compared to those obtained with the use of the single
CRUST2.0 [Bassin et al., 2000] velocity model (Table 2b)

for all NAB stations. Consequently, the final locations dis-
played in Figure 2 were calculated using a unique velocity
model for the land stations, which corresponds to the
CRUST2.0, a global earth velocity model specified from 2*2
degree [Bassin et al., 2000]. From OBS data, we computed a
Vp/Vs ratio of 1.78 (Table 2a), using a linear correlation
between P and S arrival times [Wadati, 1933]. Pontoise and
Monfret [2004] determined a Vp/Vs ratio of 1.81 from the
data of the SUBLIME experiment (1998), with OBS located
just south of the ESMERALDAS network. This Vp/Vs dis-
crepancy may be linked to uncertainties in OBS S wave
arrival time measurement and/or lateral heterogeneities of the
margin. For land stations we obtained a Vp/Vs ratio of
1.74 (Table 2b). This value is better constrained than offshore
thanks to the larger number of clearer seismic phases identi-
fied, especially S wave arrivals.
[14] From the ESMERALDAS records, 544 events

were detected and extracted from continuous data, among
which 368 events have travel time RMS value smaller than
1.5 s. 263 events exhibit A, B, or C quality, according to
HYPOELLIPSE criteria [Lahr, 1999] (Figure 2). As con-
ventionally assumed, quality A, B and C are associated to the
values of SEH (the horizontal 68% confidence limit in the
least well‐constrained direction) and SEZ (the 68% confi-
dence limit for depth). Quality A, B and C correspond to SEH
and SEZ smaller than 1.34 km, 2.67 km and 5.35 km,
respectively [Lahr, 1999]. In Figure 3a we show a histogram
of the RMS normalized by the number of phases used for the
location, taking into account the different class of quality.
These ranges of small errors are statistical and generally
underestimated. They do not warrant an absolute value of the
focal locations uncertainties. Nevertheless, they certify the
coherence on location accuracy with 59% of A quality loca-
tion (among A, B and C quality). The location of the network,
just above the seismicity and surrounding the epicenters also
provides a good confidence in the locations [Bondár et al.,
2004].

3.3. Magnitude Determination

[15] 214 events are included in both ESMERALDAS and
RENSIG catalogs. We used the RENSIG duration magnitude
(Md), derived using Mb magnitude from global catalogs, to
build a local magnitude law based on themaximum amplitude
measurement read on ESMERALDAS seismograms. First,
we measured the maximum amplitude A(i,j) for an event i
(included in the 214 common events) at the jESMERALDAS
station. The RENSIG magnitudes are then expanded as

Mrensig ið Þ ¼ � log A i; jð Þ½ � þ � log D i; jð Þ½ � þ Cj

Table 2a. P Velocity Model Used at Ocean Bottom Seismometers
for Hypocenter Inversion [From Agudelo, 2005; Agudelo et al.,
2009; Gailler et al., 2007; Collot et al., 2008]a

Z (km) Vp

0.0 2.8
3.0 5.0
8.0 6.3
17.0 8.15

aThe Vs model is obtained using Vp/Vs ratio of 1.78.

Table 2b. P Velocity Model Used at Land Stations for Hypocenter
Inversion [From Bassin et al., 2000]a

Z (km) Vp

0.0 2.5
0.5 4.0
1.0 6.0
11.0 6.6
22.0 7.2
32.0 8.15

aThe Vs model is obtained using Vp/Vs ratio of 1.74.
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where A is the measured maximum amplitude at station j,D is
the epicentral distance between i and j, a and b are empirical
coefficients and Cj a term which depends of the station j.
a, b and Cj are determined for each station by iterative
inversion of the n equations (n = 214). Magnitudes of all
events are then computed using this empirical law and the
recorded amplitudes.
[16] Magnitudes range from 2.2 to 5.5 (see Figure 2 for

magnitude distribution). The Gutenberg‐Richter magnitude
law for the ESMERALDAS data and for a RENSIG data set
selected in our study area is shown in the Figure 3b. Both
curves, normalized for a period of one year, exhibit a com-
parable b value of ≈0.8. This illustrates that the seismic rate is
identical for both catalogs indicating that our 3 months data is
representative of the 15 years RENSIG catalog. We conclude

that the NESC subduction zone is currently a steady state
system at the observed scales. This implies that the Esmer-
aldas experiment was carried out during a slowly evolving
phase of the seismic cycle, probably corresponding to the
interseismic period.

3.4. Focal Mechanisms

[17] We have determined 35 focal mechanisms (Table 3)
out of the 263 events located by the ESMERALDAS net-
work. To better constrain these mechanisms we have used
a method that combines both P and S wave polarities
[Nakamura, 2002] (Figures A1 and A2). To read SV and SH
polarities, the seismograms were rotated into radial and tan-
gential components. It is more difficult to determine S than
P wave polarities because the S wave is perturbed by P wave

Figure 2. (a) Events location andmagnitude resulting from the ESMERALDAS experiment. Location and
width of the cross sections are represented on the map by gray lines. Circle colors correspond to location
quality according to the HYPOELLIPSE criteria (see text for reference and quality determination explana-
tion); size represents magnitude. CR = Carnegie Ridge; MB = Manabí Basin; BB = Borbón Basin; E =
Esmeraldas city and T = Tumaco city. (b and c) Cross sections parallel and perpendicular to the volcanic arc.
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coda. Low‐pass frequency filter have been applied on seis-
mograms to improve Swaves polaritymeasurement.We have
used the program FOCMEC [Snoke et al., 1984] that enables
to construct focal mechanisms using P and Swaves polarities.
Details about focal mechanisms determination and all pos-
sible solutions compatible with P, SV and SH polarities are
presented in Appendix A. The accuracy of the different
solutions has been evaluated on each stereographic projec-
tion. Some solutions are unequivocally constrained. The
worse determinations yield uncertainties of about 20° respec-
tively on azimuth and dip determination, which does not
significantly change the nature of the focal solutions.
[18] Available Global Centroid Moment Tensor (GCMT)

solutions [Dziewonski et al., 1981] (http://www.globalcmt.
org), since the 1979 earthquake and its aftershocks sequence,
have been also used to complete our data set (Table 4 and
Figures 4, 6, 7 and 9). GCMT related to the Manta crisis are
not used because they describe the swarm seismic activity
south of the Carnegie Ridge and do not characterize the

ongoing deformation along the rupture zones of the mega-
thrust earthquakes.

4. Active Seismic Deformation

[19] In this section we describe the distribution of the
seismicity and focal mechanisms within each tectonic unit.
According to the location and distances between events and
major interfaces resolved by active seismic imaging, the
earthquakes are associated to the NAB (15 mechanisms), the
subducting oceanic Nazca plate (17 mechanisms) or the ISZ
(3 mechanisms). Previous seismic studies determined an
angle of about 10° for the top of the oceanic crust immediately
west of the trench [Agudelo, 2005; Agudelo et al., 2009;
d’Acremont et al., 2005; Gailler et al., 2007; Collot et al.,
2008]. Taking into account uncertainties on focal depth
determination, we consider that the seismicity that is located
5 km above or below the top of the slab defined by these
authors belongs to the interplate boundary (ISZ). Events
located above the ISZ selection belong to the overriding plate

Figure 3. (a) Histograms of residual RMS for class of hypocenters A, B, and C. Average of RMS normal-
ized by the number of phases used to locate the events is calculated for each class of location. (b) Frequency
magnitude distributions. Gray solid line represents the Gutenberg‐Richter law for the 3months ESMERAL-
DAS catalog. Gray dashed line corresponds to 20 years permanent Ecuadorian network (RENSIG) records.
Data were normalized to one year for comparison.
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and those located beneath, to the downgoing Nazca plate.
From 110 km east of the trench events shallower than 50 km
depth are considered to be related to the upper plate defor-
mation (Figure 2c). Deeper events are interpreted to belong to
the slab.

4.1. Interplate Seismogenic Zone

[20] As explained in the introduction, the NESC margin
was the site of 4 great megathrust subduction earthquakes
between 1906 and 1979. The rupture areas and zone of
maximum slip (asperities) of the three more recent earth-
quakes (Figure 4a) have been determined by waveform
analysis [Kanamori and McNally, 1982]. The limits of the
rupture areas of the 1942, 1958, 1979 earthquakes are pro-
posed to be governed by structural features of both the
downgoing and overriding plates [Collot et al., 2004].
Among these features, the Esmeraldas and Manglares faults
affect the NAB and are suggested to delimit the lateral
extension of the rupture surfaces (Figure 4a).
[21] Only 16 thrust type focal mechanisms are listed in the

GCMT catalog for the NESC subduction zone since 1980
(Table 4 and Figure 4a). Note that focal solutions 33, 34 and
35 computed in this study (Table 3 and Figure 4a) are rela-

tively similar to those of the GCMT catalog. The GCMT
solutions do not show a homogeneous distribution along the
margin, with 5 of them located north of 2.5°N, i.e., in the
northern part of the 1979 earthquake rupture zone, and other
11 located south of 1°N, close or within the 1942 earthquake
rupture area (Figure 4a). No GCMT solutions coincide with
the area corresponding to the surface rupture of the 1958
earthquake and the southern part of the 1979 surface rupture.
ESMERALDAS microearthquake activity is also heteroge-
neous along the 1942, 1958 and 1979 rupture areas, with 77%
of the ISZ activity located south of 1°N, i.e., within the 1942
rupture area, and only 23% in the 1958 and 1979 rupture areas
(Figure 4a). Thus, in agreement with GCMT location, we
observe a northward gradual decrease of the interplate seis-
mic activity from the 1942 surface rupture to the 1979 rupture
area. Note that both ESMERALDAS and GCMT events are
scarce or absent over the seismological asperities. The
observed interplate seismicity deficit in the northern region
cannot be due to the network configuration because the
ESMERALDAS OBS network was located nearby. In order
to image the “long term” ISZ seismicity pattern we have
included data from the ISC catalog, between 1994 (onset
of the RENSIG network densification) and 2006. Figure 5

Table 3. ESMERALDAS Focal Mechanisms

Number Date Latitude Longitude Depth (km) Strike (deg) Dip (deg) Rake (deg) HYPOELLIPSE Location Quality Ml

North Andean Block
1 18–03 19h12 0.7094 79.2793 1 128.90 71.25 −68.83 A 4.1
2 04–04 02h25 0.9373 78.4135 8 232.00 41.41 40.89 A 4.0
3 10–04 07h56 0.658 79.2697 18 333.10 82.56 −29.15 A 3.4
4 24–03 04h06 0.4513 78.7345 3 323.60 30.38 −80.08 B 2.5
5 11–05 18h22 0.5196 79.1041 24 170.80 65.60 32.73 A 3.6
6 14–05 21h50 0.2889 79.1049 34 68.70 11.17 63.26 A 3.6
7 14–03 10h15 −0.1251 78.7576 3 342.93 55.15 −3.49 A 3.5
8 02–04 08h58 −0.6553 78.6228 −2 320.40 75.97 −20.91 A 3.4
9 14–04 07h38 −0.0820 78.8655 0 344.40 77.80 21.99 A 3.4
10 27–03 16h31 −0.2791 79.0742 1 183.10 68.37 34.50 A 3.4
11 12–03 10h43 −0.2764 79.1025 4 330.00 60.00 0.00 A 3.6
12 14–05 07h47 0.2264 79.1518 37 302.60 50.14 −56.60 A 4.1
13 11–03 00h19 0.56 79.35 33 52.28 77.76 54.06 B 4.0
14 19–03 07h52 0.6174 79.3291 21 310.90 69.30 −22.21 A 4.0
15 08–06 07h17 0.0757 80.2935 5 291.50 52.84 −16.01 A 3.8

Slab Bending Related
16 01–04 16h30 1.5380 80.5523 22 78.19 72.61 −18.25 A 4.2
17 24–05 15h44 2.7817 79.8857 32 340.00 50.00 −90.00 B 2.5

Subducting Plate
18 14–04 14h16 0.0853 80.1891 43 178.97 48.73 55.05 A 3.6
19 17–04 13h51 0.1909 80.2988 45 350.00 80.00 −90.00 A 3.7
20 20–04 08h41 0.3659 80.1011 35 298.55 28.9 −29.03 A 3.8
21 17–04 19h57 0.3482 80.1551 37 23.65 80.95 −64.66 A 3.9
22 05–04 10h56 1.4612 78.3845 84 31.16 72.61 42.19 A 3.4
23 07–05 09h38 1.1255 78.9074 58 204.94 20.59 13.47 A 3.3
24 04–06 06h31 0.7930 78.0141 127 246.38 85.67 −59.91 A 4.0
25 07–05 18h38 0.9469 78.9524 75 165.83 85.30 −69.93 A 4.0
26 04–05 16h58 0.7998 79.0423 75 4.68 87.13 34.90 A 3.9
27 04–04 08h53 0.9829 79.3613 71 176.57 78.69 33.34 A 2.9
28 03–06 02h39 0.4855 79.2844 72 58.46 22.27 −62.73 A 3.2
29 18–03 14h22 −0.9481 79.2049 104 231.19 70.71 74.08 A 4.0
30 10–05 07h29 −1.1418 79.3434 74 11.45 27.99 −43.22 B 3.8
31 20–04 07h40 −0.9148 79.6229 79 181.53 31.47 −70.57 B 3.6
32 17–03 14h00 −0.0217 79.9339 65 343.31 71.11 47.21 A 3.8

Interplate Seismogenic Zone
33 16–05 09h58 0.2592 80.0999 19 175.02 45.22 82.95 A 4.4
34 16–05 17h14 1.9402 79.2860 13 188.32 51.62 70.72 A 2.5
35 16–05 16h52 1.9038 79.2797 19 195.88 55.61 77.85 A 3.5
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shows both ESMERALDAS and ISC interplate events dis-
tribution in a spatiotemporal diagram, according to surface
ruptures and asperities location, in order to visualize the
gradual latitudinal decrease of the seismicity as a function of
time. Seismicity of ISC catalog essentially occurs along the
1942 rupture area and gradually decreases northward
(Figure 5). More specifically, it concentrates preferentially
outside asperities. Thus, the 12 year long pattern on ISZ
activity confirms the short term ESMERALDAS observa-
tions. South of the 1942 asperity, seismicity is organized in
three seismic swarms, while northward of it the time distri-
bution is more diffuse, and therefore it can be defined as
background seismicity.
[22] Detailed knowledge of the updip limit of the seismo-

genic zone is a key parameter for seismic and tsunami risk
determination. The updip limit corresponds to the transition
zone from shallow stable sliding (aseismic) to deeper stick
slip (seismogenic) processes along the plate interface
[Tichelaar and Ruff, 1993]. While the microearthquake
activity and extension of large ruptures are not the same

physical phenomenon, the microearthquake activity can
however help defining the updip limit. Similarly to Pontoise
and Monfret [2004], our study shows that seismic activity
along the plate interface occurs up to a relatively shallow
depths of ∼10–15 km (Figures 4b and 4c). ISZ focal
mechanisms 33, 34 and 35 exhibit thrust fault type solutions
(Figures 4b and 4c). Thrust type focal mechanisms depths
range from 13 to 19 km, which is consistent with the ∼10–
15 km depth range for the updip limit that we propose.
[23] The downdip limit of the seismogenic zone is defined

as the site of the transition between the interplate brittle
domain and a stable sliding behavior [Tichelaar and Ruff,
1993]. The eastward extension of the GCMT and ESMER-
ALDAS selected interplate seismicity stops along the eastern
border of the 1942 rupture area (Figure 4a). This limit also
corresponds to the foothill of the Coastal Cordillera. In our
3 months data set, we observe an interruption of ISZ seis-
micity at ≈30 km depth, just beneath the Coastal Cordillera
(Figures 4b and 4c). Bollinger et al. [2004] have interpreted
the variation of the interplate seismicity as an effect of the

Figure 4. Seismicity related to the Interplate Seismogenic Zone (ISZ) activity. (a) On the map gray dots
are for ESMERALDAS data and white dots with bold contour are for the 1980–2009 GCMT catalog solu-
tions. Focal mechanisms are lower hemisphere projection. Compressional quadrants are gray for GCMT
solutions and black for ESMERALDAS mechanisms. Identification numbers are reported in Tables 3
and 4. Dashed lines delimit the rupture areas of the four large twentieth century earthquakes, stars are for
their epicenters, and gray surfaces represent the seismological asperities of the 1942, 1958, and 1979
earthquakes (see text for references). Black lines on map represent cross section location and width. CR =
Carnegie Ridge; BB = Borbón Basin; MB =Manabí Basin; EF = Esmeraldas Fault; MF = Manglares Fault;
E = Esmeraldas city and T = Tumaco city. On the (b) northernmost and (c) southernmost cross sections,
interpretation of respectively SIS‐44 and SIS‐22 seismic lines (see the map for profiles location) illustrate
the top of the Nazca subducting plate. Interpretation of the SIS‐44 wide‐angle seismic profile is modified
from Collot et al. [2008], Agudelo [2005], Agudelo et al. [2009] and Gailler et al. [2007], and sketch of the
SIS‐22 seismic reflection profile is modified from d’Acremont et al. [2005]. Gray dots on the cross sections
represent the ESMERALDAS events interpreted as belonging to the ISZ. Open circles represent events
interpreted as belonging to the upper plate or to the slab, at a distance from the ISZ.
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Table 4. Global CMT Catalog Since 1980

Number Date Latitude Longitude Depth (km) Mw str1 (deg) dip1 (deg) rake1 (deg) str2 (deg) dip2 (deg) rake2 (deg) Mo (dyne/cm)

Interplate Seismogenic Zone
H1 07‐01‐1980 00h33 2,74 −79,06 15 5,3 30 15 114 185 77 84 9,51*1023

H2 03‐09‐1980 22h12 2,63 −78,53 37,4 6,1 1 20 85 186 70 92 1,81*1025

H3 01‐08‐1982 01h38 2,71 −79,4 15 5,3 41 22 138 171 76 73 10,75*1023

H4 22‐11‐1983 14h21 0,31 −79,99 35,2 6,7 33 24 133 167 72 73 1,66*1026

H5 10‐06‐1985 03h23 3,24 −78,99 26 5,5 32 19 125 176 74 79 2,52*1024

H6 19‐01‐1986 08h03 0,44 −80,06 40 5 31 22 116 184 70 80 3,85*1023

H7 25‐06‐1989 20h37 0,81 −79,92 16 6,3 27 25 120 174 69 77 3,39*1025

H8 02‐09‐1990 04h26 −0,15 −80,58 21,2 6,2 22 27 115 174 65 78 2,57*1025

H9 04‐08‐1991 07h45 −0,86 −80,96 15,6 5,4 33 17 137 164 78 77 1,72*1024

H10 27‐04‐1996 23h03 2,47 −79,42 15 6,1 44 15 110 203 76 85 1,56*1025

H11 16‐12‐1996 01h46 −0,39 −80,97 27,1 5,5 28 18 123 174 75 80 2,24*1024

H12 01‐07‐1998 14h57 −1,65 −81,07 33,7 5,1 33 27 58 188 68 105 6,65*1023

H13 04‐08‐1998 18h59 −0,57 −80,48 25,6 7,1 27 15 124 172 78 82 6,37*1026

H14 28‐09‐2000 23h23 −0,32 −80,74 15 6,4 34 15 133 170 79 80 4,54*1025

H15 01‐06‐2004 15h52 0,69 −79,96 34 5,3 33 28 133 167 70 70 1,33*1024

H16 24‐11‐2004 16h19 −0,88 −80,74 33,33 5,1 10 23 95 185 67 88 5,02*1023

North Andean Block
H17 02‐01‐1981 07h37 0,93 −79,37 15 5,9 26 42 −128 252 58 −61 9,13*1024

H18 03‐06‐1987 01h54 0,1 −77,77 15 6,4 198 20 118 348 73 81 4,90*1025

H19 03‐06‐1987 04h10 −0,06 −77,84 15 7,1 195 27 98 7 64 86 6,37*1026

H20 03‐06‐1987 08h14 0,31 −77,73 15 6 226 40 −166 125 81 −51 11,73*1024

H21 22‐09‐1987 13h43 −0,89 −78,24 15 6,3 218 42 147 334 68 53 4,07*1025

H22 22‐09‐1987 16h21 −0,98 −78,24 19,4 6 197 42 129 330 59 61 10,66*1024

H23 11‐08‐1990 03h00 0,01 −78,15 15 5,3 323 45 53 190 55 122 9,45*1023

H24 26‐12‐1992 14h57 −1,15 −77,92 15 5,8 200 46 166 300 80 45 7,00*1024

H25 28‐03‐1996 23h03 −1,19 −78,66 15 5,9 8 21 96 182 69 88 8,42*1024

H26 25‐08‐1996 14h09 −1,12 −77,99 15 5,4 172 48 130 300 55 54 1,83*1024

H27 25‐03‐2000 16h36 1,65 −78,68 33,6 5,2 327 27 27 213 78 115 7,58*1023

H28 08‐10‐2000 20h12 0 −78,07 15 5,1 342 42 90 162 48 90 5,49*1023

H29 13‐09‐2003 18h33 −1,01 −78,51 31,5 5,3 233 70 −163 137 74 −21 1,01*1024

H30 28‐03‐2004 08h41 −1,12 −78,47 12 5,2 193 50 135 316 57 50 0,89*1024

H31 15‐04‐2004 19h06 −0,91 −78,42 18,3 4,9 198 41 128 332 59 62 3,08*1023

Subducting Plate
H32 08‐10‐1980 22h01 −1,23 −77,53 192,1 6 115 16 −117 323 76 −82 12,40*1024

H33 04‐10‐1981 20h03 −1,44 −77,38 208.5 5.4 170 19 −38 296 78 −105 1,65*1024

H34 03‐11‐1981 07h02 −1,78 −78,37 145,3 5,9 133 28 −99 323 62 −85 8,17*1024

H35 20‐05‐1982 12h10 −1,41 −78,25 181,1 5,3 176 19 −36 300 79 −105 10,04*1023

H36 28‐01‐1986 06h51 −1,84 −77,76 166,3 5,4 157 25 −51 295 71 −107 14,03*1023

H37 18‐12‐1987 05h01 −1,26 −77,91 172,9 5,5 142 25 −76 306 66 −97 2,18*1024

H38 15‐09‐1988 18h48 −1,25 −78,01 169 6,2 121 28 −109 322 64 −80 2,32*1025

H39 25‐01‐1994 05h41 −1,72 −77,79 154,3 5,4 195 35 −36 316 70 −120 1,62*1024

H40 28‐01‐1996 00h28 −1,79 −77,71 149 5,3 149 24 −63 300 68 −102 11,13*1023

H41 26‐04‐1999 18h17 −1,5 −77,83 164,2 6 169 33 −49 304 66 −113 13,47*1024

H42 28‐08‐1999 12h40 −1,36 −77,75 198,2 6,2 122 18 −107 320 73 −85 2,51*1025

H43 21‐06‐2005 10h03 −1,86 −78,02 166,1 5 131 16 −94 316 74 −89 3,43*1023

H44 09‐11‐2005 11h33 −1,2 −77,1 247,4 5,9 179 14 −39 308 81 −101 7,91*1024

H45 23‐12‐2005 21h47 −1,59 −77,76 196,8 6,1 120 21 −107 318 69 −84 1,87*1025

H46 31‐10‐2006 09h55 −1,53 −78,04 177,5 5,4 137 29 −80 306 61 −95 1,63*1024

H47 06‐01‐2007 06h27 −1,52 −78,09 164,4 5 127 40 −102 322 51 −80 3,55*1023

H48 13‐02‐2007 14h56 −1,6 −78,05 175,8 5,6 139 25 −95 325 65 −88 2,82*1024

H49 23‐02‐2007 14h12 −1,58 −78,08 160,1 5 95 52 −154 348 70 −41 4,43*1023

H50 28‐03‐2007 20h57 −1,6 −77,81 191,5 5,3 104 24 −124 321 70 −76 0,95*1024

H51 21‐07‐2007 18h58 −1,66 −78,3 158,7 5,2 132 23 −101 325 68 −85 0,88*1024

H52 04‐07‐2008 06h02 −1,58 −77,91 193,4 5,2 122 32 −119 335 62 −73 0,85*1024

H53 01‐05‐2009 00h34 −1,74 −77,66 194,9 5,1 153 21 −62 304 71 −100 5,86*1023

Slab Bending Related
H54 11‐05‐1980 09h26 1,95 −80,32 15 5,5 330 56 172 65 83 34 2,00*1024

H55 03‐01‐1981 01h23 2,13 −78,95 15 5,9 26 42 −128 252 58 −61 9,13*1024

H56 07‐01‐1981 07h01 1?72 −79,31 15 5,5 32 33 −114 240 60 −75 2,64*1024

H57 07‐07‐1981 10h25 2,77 −79,87 15 5,3 16 43 −78 180 48 −101 1,08*1024

H58 12‐02‐1989 20h03 2,41 −79,44 33 5,1 340 46 −116 195 50 −66 5,64*1023

H59 09‐09‐1989 01h40 1,92 −79,53 15 5,7 1 29 −123 218 66 −73 4,16*1024

H60 26‐11‐1994 04h48 2,65 −79,32 15 5,2 357 37 −114 206 57 −73 9,43*1023

H61 10‐10‐1995 17h29 1,64 −78,97 55,1 5,1 253 46 104 53 46 76 5,68*1023

H62 05‐10‐1997 00h55 2,15 −79,56 15 5,3 345 25 −140 218 74 −71 10,53*1023

H63 11‐03‐1999 16h56 2,97 −79,86 33 4,9 27 43 −61 170 53 −115 2,78*1023

H64 03‐08‐2005 21h20 2,64 −79,46 13,17 4,9 34 35 −64 183 59 −107 2,59*1023
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influence of an overlying relief on the deviatoric stresses.
They showed that the interplate seismicity along the Main
Himalayan Thrust ends beneath the high topographic range.
Due to the spatial coincidence in our study area, between the
three months “seismic gap” and the Costal Cordillera loca-
tion, we suggest that the Coastal Cordillera could play a role
on the interplate coupling and might control the location of
the downdip limit of the ISZ, which in our case would be
located at ≈30 km depth (Figures 4b and 4c). This is con-
sistent with the hypocentral location of the 1979 event,
defined at 24.3 and 37.5 km depth, respectively by Engdahl
and Villaseñor [2002] and Mendoza and Dewey [1984].
The 30 km depth value is also a little shallower than the global

average (40 ± 5 km depth) proposed by Tichelaar and Ruff
[1993], based on rupture determination of large earthquakes.

4.2. Subducting Plate

4.2.1. Outer‐Rise Seismicity
[24] Bathymetric and seismic reflection analysis along the

NESC margin evidence the presence of normal faults on the
incoming plate [Ratzov et al., 2010] related to the oceanic
plate bending as it enters the subduction zone [Chapple and
Forsyth, 1979]. Seaward seismic activity immediately west
of the trench (Figures 6a and 6b) likely reflects this bending‐
related normal fault activity. Focal mechanisms 16 and 17
(Table 3 and Figures 6a and 6b) support this model, as these
two solutions are located west of the trench, respectively
at 22 and 32 km depth and show T axes in agreement with
ENE‐WSW and NW‐SE extension. According to their
location and to their mechanism type, GCMT solutions
H54 to H64 (Table 4 and Figure 6a) are also interpreted to
be reliable outer‐rise seismicity. The orientation of the T axis
is not truly normal to the trench and we suggest that the
deformation could happened along preexistent structures of
the oceanic plate, as it is the case for the mechanisms 16, 17,
H54, H57 and H63 that occurred close to the Yaquina graben
(Figure 6a). We note that there is no outer rise seismicity in
the Carnegie Ridge. This is probably due to a different rhe-
ological behavior of the thicker subducting crust.
4.2.2. Wadati‐Benioff Plane Geometry
[25] The Wadati‐Benioff plane allows characterizing the

deep slab geometry and reveals the downgoing plate defor-
mation. Associated slab deformation events are presented
both in map and cross sections in Figure 6. Distribution of the
intermediate depth seismicity defines two different domains,
north and south of 0.5°N. As the seismological network
covers both domains, the hypocentral distribution is not
biased by the network configuration, which allows to deter-
mine the dip angle of the downgoing plate and to define the
Wadati‐Benioff plane geometry.
[26] The cross section A crosscuts the northern domain

(Figure 6b), whereas profile B intersects the southern area.
North of 0.5°N, the seismicity is mainly located beneath the
fore‐arc region, and stops beneath the western foothill of
the Cordillera, at a distance of ≈170 km eastward from the
trench (Figure 6a). The slab geometry is well defined down
to ≈100 km depth (Figures 6a and 6b). To the south,
deep intraslab seismicity extends down to ≈140 km depth
beneath the cordillera, at ≈300 km eastward from the trench
(Figures 6a and 6c).
[27] No difference in terms of slab dip is observed between

the two cross sections. Both in the northern and southern
domains the slab is dipping eastward with an angle of
∼25° (Figures 6b and 6c). This slab dip is lower than the 35°
proposed by several authors [Pennington, 1981; Guillier
et al., 2001; Pontoise and Monfret, 2004]. Moreover the
ESMERALDAS locations do not show any evidence for the
presence of a 100 km deep flat slab facing the Carnegie Ridge
under the northern Ecuadorian margin, as postulated by
Gutscher et al. [1999]. Nevertheless, these authors noticed
the lack of seismological constraints, using only the Engdahl
and Harvard catalogs, to support this hypothesis. Conversely,
our study evidences the presence of a continuous seismicity
along the slab, south of 1°N (Figure 2). Besides, using the

Figure 5. Space‐time diagram showing both the ISC (white
circles) and ESMERALDAS (gray to black circles) events
distribution. Light gray areas represent large earthquakes rup-
ture areas location, and dark gray areas represent asperities
position.
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NEIC database, we can make the assumption that the 150–
200 km deep seismic cluster located inland at about 350 km
from the trench is in the continuity of our data (Figure 1b).
This would imply a continuous depth extension of the
Wadati‐Benioff plane down to about 200 km at least. Taking
into account that flat slab are world wide observed at depths
shallower than 150 km [Gutscher et al., 2000], the slab
geometry defined by the distribution of seismicity beneath
Ecuador is not consistent with the flat slab hypothesis.
4.2.3. Subducting Plate Deformation
[28] At depths ranging between 80 and 150 km, we have

calculated 15 focal mechanisms (18 to 32; see Table 4) cor-
responding to intraslab seismicity (Figures 6b and 6c). These
intraslab mechanisms are heterogeneous and generally pres-
ent both subvertical and subhorizontal fault planes solutions.
A commonly invoked possible mechanism to explain the
intermediate depth seismicity is dehydration imbrittlement
[Hacker et al., 2003]. Ranero et al. [2005] studied several
subduction zones and their results support that intraslab
intermediate depth earthquakes may occur along subvertical
reactivated faults created originally by the bending of the
oceanic plate near the trench. Warren et al. [2008] identified

subhorizontal fault planes solutions deeper than 100 km
depth, in the Middle America Trench. They propose that, at
these depths, the local stress field, influenced by the slab pull
force, can change in the slab, allowing the formation of the
new subhorizontal fault planes. ESMERALDAS data analy-
sis we have performed do not allow us to discriminate the
focal plane, and consequently to support one of the two
intraslab intermediate depth deformation pattern described
above.

4.3. North Andean Block Deformation

[29] Due to the poor azimuthal coverage, upper plate
crustal seismicity in the fore‐arc region is not well sampled.
The few crustal events have no reliable depth [Guillier et al.,
2001; Pontoise and Monfret, 2004] and these authors suggest
that the reason is that the NAB acts as an undeforming body,
moving to the northeast along the Dolores Guayaquil
Megashear. Our results show that the fore‐arc region is
seismically active and associated with significant along strike
variations (Figure 7). The upper plate seismicity stretches
from the surface down to at least 40 km depth (Figure 2),
at least in the eastern part of the NAB. This depth limit is

Figure 6. Downgoing Nazca plate deformation. (a) GCMT (bold contour circle) and ESMERALDAS
locations (color of circles indicates focal depth) that belong to the slab. Focal mechanisms are lower hemi-
sphere projection. Black (ESMERALDAS solutions) and gray (GCMT solutions) quadrants are the com-
pressional ones. See Tables 3 and 4 for details about mechanisms solutions. Black lines represent cross
section location andwidth. CR =Carnegie Ridge;MB=Manabí Basin; BB =Borbón Basin; E = Esmeraldas
city and T = Tumaco city. (b and c) Northern and southern cross sections presenting locations and focal
mechanisms of the ESMERALDAS data set. Focal mechanisms are projected in cross section.
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interpreted to represent the maximum depth extent of the
brittle domain. As the margin is composed of several accreted
blocks [Kerr et al., 2002; Cediel et al., 2003], we suggest that
the underthrusting and associated block pile up processes
might have contributed to thicken the overlying plate brittle
domain. This deep brittle behavior is observed in regions with
thick‐skin tectonic style, as observed for example, in the
Andean foreland in Argentina [Jordan et al., 1983; Regnier
et al., 1992; Pardo et al., 2002]. Thick brittle domains in
the upper plate are frequent in tectonic context involving
collision, strong coupling along the plate interface and/or
subduction segment with flat slab. This usually implies a
compressional stress regime in the crust of the upper plate, as
it is the case for the coastal block of North Ecuador, up to the
foothill cordillera [Daly, 1989; Benítez, 1995; Jaillard et al.,
1995; Jaillard et al., 1997]. The comparison with the neo-
tectonic map of Ecuador [Eguez et al., 2003] also indicates
that this deformation is probably accommodated along ∼N30
strike slip fault systems and reverse faults (Figure 7). This is
in agreement with the calculated strike slip motion of focal
mechanisms 5, 7, 8 and 9 (Table 3 and Figure 7) located close
to previously identified strike slip faults.
[30] Our 3months data set shows common features with the

NEIC catalog concerning the seismicity in the fore‐arc
basins, with only very few recorded earthquakes in both the
Manabí and Borbón Basins (Figures 1b and 7). The seismic
activity of the NAB appears to be more concentrated in a
roughly 100 km wide stripe stretching over the Esmeraldas
region and oriented NW‐SE (Figure 7). This seismic zone
coincides with a variation in the orientation of the Andes

trend that changes from a N‐S direction south of ∼0.3°N to a
NE‐SW direction north of this limit. This intensive defor-
mation stripe is also located along the narrow topographic
high that separates the Borbón and Manabí Basins (Figures 1
and 7). It is also the site of a sharp change in the tectonic
deformation style of the margin, varying from the Esmeraldas
uplifted segment, from Esmeraldas to the North Peru, to the
subsident Manglares segment, from Esmeraldas to Buena-
ventura (Colombia) [Deniaud, 2000; Pedoja et al., 2006b].

5. Discussion

5.1. Interpretation of Interplate Seismicity Distribution

[31] The dense ESMERALDAS onshore‐offshore net-
work, combined to permanent stations, allowed to record
moderate seismic activity that had never been previously
recorded along the NESC coastal region. The notable increase
of the magnitude threshold observed (2.2 < Ml < 5.5) by
the network is a key to improve our knowledge on active
deformation processes as compared with the information
provided by global databases (NEIC, GCMT and ISC). The
latter only show the strongest activity of the NESC segment
of the north Andean subduction zone (Figures 1b, 2a and 9).
Trenkamp et al. [2002] and White et al. [2003] interpreted
GPSmeasurements in the study area as an evidence for a high
coupling along the ISZ. Strongly coupled areas are likely the
sites of eventual asperities, defined as main shock maximum
slip area [Lay and Kanamori, 1981; Lay et al., 1982;
Kanamori, 1986]. In the model of Scholz [1988, 1990],
the interplate seismicity distribution is characterized by a
sequence of different patterns that followed each other in time
and space: the main shock is followed by an aftershock
sequence (A) that is later followed by a period of quiescence
(Q1) that lasts for 50–70% of the recurrence period of the
main shock. Then there is a general increase in background
seismicity over the whole region (B). The subsequent prin-
cipal rupture is preceded by a succession of short periods of
quiescence (Q2 and Q3) and foreshock activity (F) immedi-
ately around the area of maximum slip. In the following we
discuss the spatiotemporal organization of the interplate
seismicity during the twentieth centurymain shocks sequence
in the light of this model [1988, 1990] (Figures 5 and 8). We
interpret the current interseismic ISZ activity (ESMERALDAS
and 1994–2006 ISC records) as representing the background
seismicity (B) (Figure 8). Bollinger et al. [2004] proposed a
model in which the microseismicity along a plate interface is
driven by stress buildup during the interseismic period. Fol-
lowing this hypothesis, the northward gradual decrease of
the interplate seismic activity along the 1942 to 1979 rup-
ture areas could be related to a northward decrease of accu-
mulated interplate stress along the plate interface. This model
therefore suggests that interplate microseismic activity and
eventually stress buildup depends on the chronology of the
twentieth century large earthquakes, with a higher rate of
seismicity and stress loading along the rupture area of the
oldest earthquake (1942).

5.2. Effect of Carnegie Ridge Subduction

[32] Subduction of aseismic ridges with thickened oceanic
crust is one of the models commonly proposed to explain slab
flattening. Gutscher et al. [2000] showed the correlation
between subduction of ridge and flat slab along the Andean

Figure 7. Upper plate deformation and events locations
from ESMERALDAS experiment (gray circles) and GCMT
catalog data. Focal mechanisms are lower hemisphere projec-
tion (black compressional quadrants = ESMERALDAS solu-
tions; gray compressional quadrants = GCMT solutions).
Neotectonic structures are from Eguez et al. [2003]. Gray
stripe underlines denser seismic activity, coinciding with the
limit between a northern subsident segment and a southern
uplifted segment. MB = Manabí Basin; BB = Borbón Basin;
E = Esmeraldas city and T = Tumaco city.
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margin, including the well‐known Chile and Peru flat slabs
and the proposed Ecuadorian one. Our results show that
facing the Carnegie Ridge, the Wadati‐Benioff plane dips
with a constant dip angle of 25° from 30 km down to 140 km
depth. The proposed ages for the onset Carnegie Ridge sub-
duction vary generally from 1 to 3 My [Lonsdale, 1978;
Sallarès and Charvis, 2003; Cantalamessa and Di Celma,
2004; Michaud et al., 2009], but some authors have pro-
posed older ages reaching ≈8 My [Daly, 1989; Gutscher
et al., 1999]. Figure 9 presents the inferred continuation for
the Carnegie Ridge prolongation from 8 My [Gutscher et al.,
1999] and 1.5 My [Michaud et al., 2009]. Recent analog
models suggest that slab flattening process requires an aver-
age of 10 My of ridge subduction to occur [Espurt et al.,
2008]. Our results do not show evidence of flat slab and
therefore confirm that the onset of Carnegie Ridge subduction
is younger than 10My. From geological analysis, Ramos and
Folguera [2009] propose that the Ecuadorian margin may
constitute an incipient flat slab subduction segment. Along
the actual well known Andean flat slab segments (Bucar-
amanga, Peruvian and Pampean segments), the authors
characterize geological processes linked to shallowing and
steepening of the subduction zones and their geological

consequences. Normal to flat slab transition seem to be
associated with a series of events such as the migration of the
volcanic front and lateral expansion of the arc magmatism,
the uplift of the Main Andes and compressive tectonic and
uplift in the foreland area, as it observed in Ecuador [Winkler
et al., 2005; Christophoul et al., 2002; Bès de Berc et al.,
2005]. To agree with both geological and seismological
observations we suggest that the slab dip angle may be cur-
rently in the process of shallowing. It is clear that instrumental
seismicity cannot constrain this proposed long‐term flatten-
ing process. Instead, it clearly shows that currently the slab is
not flat between 0 and 140 km facing the Carnegie Ridge.
[33] Flat slab zones along the Andeanmargin coincide with

a volcanic gap [Jordan et al., 1983]. This fact has been
explained by several authors based on thermomechanical
models as a consequence of the alteration of the thermal
structure of the margin, by bringing cold oceanic lithosphere
to a position beneath the upper lithosphere, where typically
hot asthenosphere is present [Gutscher et al., 2000; Wagner
et al., 2005; Gerbault et al., 2009]. The volcanic arc of the
margin is one of the most active chains of the world, with
numerous active volcanoes. Evidences for geochemical
changes from calc‐alkaline to adakitic magmas have been

Figure 8. Schematic space‐time diagram illustrating various patterns of interplate seismicity that may be
recognized during the seismic cycle, adapted to the 4 main shocks sequence along the NESC margin (mod-
ified from Scholz [1988]). Large black lines correspond to the rupture areas, stars are for megathrust
earthquakes epicenters, and gray areas represent asperities location through time. Dashed lines show
structural heterogeneities that may limit the rupture zones of the great earthquakes (the Manglares and the
Esmeraldas faults [after Collot et al., 2004]). A = aftershocks sequence, Q1 = first quiescence period, B =
background seismicity, Q2 = second period of quiescence, F and Q3 precede a megathrust earthquake and
correspond respectively to the foreshocks and to the third period of quiescence. Large arrow represents the
northward gradual decrease of the interplate background seismicity evidenced by ISC (1994–2006) and
ESMERALDAS data.
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observed in different volcanic complexes along the Ecua-
dorian arc. The proposed ages of this major geochemical
change range from 1.6My to 0.1My [Samaniego et al., 2002;
Bourdon et al., 2003; Samaniego et al., 2005]. The adakitic
geochemical signature of the magma requires either unusu-
ally high temperatures allowing fusion of oceanic crust at
shallow depths (<120 km) or a severe contamination by
underplated basaltic crustal melts [Monzier et al., 1997]. To
explain the presence both of volcanism and flat slab,Gutscher
et al. [1999] proposed that the adakitic signature of the
magmas in Ecuador is the result of partial melting at depth of
the young thickened Nazca plate. They linked the occurrence
of adakitic magmatism with the possible presence of two
lithospheric tears that would separate the eventual flat slab
induced by the Carnegie Ridge and two slab segments of
steep dip, north and south of the ridge. At the edges of the

tears, the contact between the oceanic crust and the hot
asthenosphere would have produced melting of the oceanic
lithosphere and thus could explain the adakitic magmas
observed in Ecuador. Our results do not support a flat slab
(Figure 6) and led to reconsider the presence of the litho-
spheric tears and consequently the mode of adakitic magma
generation. Based on the seismological observations pre-
sented in this study, we suggest that the crust of the overriding
continental plate is rather thick, as evidenced by the deep
seismicity (down to 40 km depth; Figure 2). This led us to
suggest that the adakitic signature of the magma could be
more likely related with partial melting of underplated oce-
anic material at the base of the overriding plate, as proposed
by Garrison and Davidson [2003] and Bryant et al. [2006].
[34] One of the effects of the Carnegie Ridge subduction is

to tectonically segment the margin, by producing uplift facing

Figure 9. Geodynamical sketch of the North Andean margin. Light and dark gray areas represent respec-
tively the 8 Ma Carnegie Ridge prolongation proposed by Gutscher et al. [1999] and the 1.5 Ma Carnegie
Ridge prolongation as suggested by Michaud et al. [2009]. Focal mechanisms are the GCMT solutions in
lower hemisphere projection (from 1980 to 2009). Shaded rectangle stripe underlines the major deformation
zone in the NESC upper plate (from this study), and dashed line shows the Pastaza‐Esmeraldas boundary
[Hall and Wood, 1985].
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the ridge and subsidence north of it [Deniaud, 2000; Pedoja
et al., 2006b]. This limit between these two segments coin-
cides with the upper plate active deformation along a NW‐SE
100 km wide stripe evidenced in this study. This seismic
stripe runs from the Esmeraldas city region up to the Western
Cordillera (Figures 7 and 9), connecting the sites where both
the Andes and the trench changes their trend. Using
LANDSAT images and geological studies, Hall and Wood
[1985] proposed a NW‐SE trending major transverse struc-
ture, cutting through the Andes and into the Amazon Basin, in
the same area of the observed seismicity stripe, and called it
the Pastaza‐Esmeraldas boundary (Figure 9). They also noted
the occurrence of shallow seismic activity with apparent left‐
lateral motion along the boundary [Stauder, 1975; Hall and
Yepes, 1982]. This is in agreement with focal mechanisms
3, 7, 9 and 14 computed in this study if we consider that the
nodal plane trending NW‐SE is the fault plane (Figure 7).

6. Conclusion

[35] The good coverage of the ESMERALDAS onshore‐
offshore seismological network has allowed us to precisely
determine the seismicity distribution and to characterize the
associated deformation from the trench to the Cordillera
along the NESC margin. Our results suggest the following:

[36] 1. The distribution of the seismic activity along the
Interplate Seismogenic Zone is consistent with that expected
during the interseismic period of the seismic cycle. Spatial
distribution is not homogeneous along strike. We propose
that the gradual decrease of interplate seismicity from the
oldest to the youngest megathrust earthquake rupture area
could be caused by a difference of stress buildup along strike.
[37] 2. The hypocentral distribution shows that slab dip

along the NESC is ≈25°. The Wadati‐Benioff plane is well
defined down to 100 km and 140 km depth, respectively
for the northern and southern segments of the region under
study. We found no evidence of flat slab facing the Carnegie
Ridge, where the Wadati‐Benioff plane is continuous from
the trench to 300 km landward.
[38] 3. The fore‐arc region is undergoing present‐day thick

brittle deformation down to 40 km depth, indicating the pres-
ence of a rather thick brittle crust. This deformation zone
extends along a roughly 100 kmwide stripe, oriented NW‐SE,
coincident with the change of trend of the Andes.

Appendix A

[39] Figure A1 shows the use of S wave polarities for focal
mechanisms determination. Figure A2 shows focal mechan-
isms solutions.

Figure A1. Use of S wave polarity to constrain focal mechanisms. (a) Scheme of 3 components seismo-
gram. The horizontal components have been rotated. (b) Polarization of the SV and SH waves on the focal
sphere. (c) Diagram for the radiation pattern of the transverse component of displacement due to a double
couple (modified from Aki and Richards [1980]). This diagram is a view of the radiation pattern over a
whole sphere centered on the origin, and arrows (with varying size and direction) in the spherical surface
denote the variation of the transverse motion. The stereographic (equal‐angle) projection has been used.
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Figure A2. Focal mechanisms construction. Concerning the P wave polarities, representations are in
lower hemisphere projection. Triangles are for impulsive dilatation and minus signs are for emergent dila-
tation; circles are for impulsive compression and plus signs are for emergent compression. Concerning the
use of SV and SH polarities, arrows indicate S wave motion, deduced from the read polarity, on the focal
sphere.
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Figure A2. (continued)
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Figure A2. (continued)
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