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Abstract In 2005, an onshore, offshore 3-D refraction and wide-angle reflection seismic experiment was
conducted along the convergent margin at the border between Colombia and Ecuador, over the rupture
zone of the 1958, Mw 7.6 subduction earthquake. A well-defined Vp velocity model of the plate boundary
and upper and lower plates was constructed, down to 25 km depth, using first arrival traveltimes inversion.
The model reveals a several kilometers thick, low-velocity zone in the upper plate, located immediately
above the interplate contact. This low-velocity zone might be related to alteration and fracturing of the
mafic and ultramafic rocks, which composed the upper plate in this area by fluids released by the lower
plate with possible contributions from sediment underplating. Near the toe of the margin, the model shows
a low-velocity gradient in the outer wedge, which is interpreted as highly faulted and fractured rocks. This
low-velocity/low-gradient region appears to limit the oceanward extension of the rupture zones of the
1958 and 1979 earthquakes, possibly because coseismic deformation and uplift of the outer margin wedge
dissipates most of the seismic energy.

1. Introduction

For more than two decades many authors have debated the potential influence of geologic structure on the
initiation and propagation of earthquake ruptures, and especially of megathrust earthquakes occurring
along the interplate seismogenic zone. Seismic asperities are areas of high seismic slip or high seismicmoment
release [Lay and Kanamori, 1981]. Some authors suggest that these asperities are related to geologic features
such as strong crust in the upper plate [e.g., Beck and Christensen, 1991; Byrne et al., 1988; Ryan and Scholl, 1993],
subducted seamounts [Cloos, 1992; Cloos and Shreve, 1996], or large, smooth surfaces created by subducted
sediments [Ruff, 1989]. There is also statistical evidence that most of the coseismic slip of several very large
earthquakes (Mw≥7.5) occurred preferentially beneath fore-arc sedimentary basins which are interpreted to be
areas of sustained subsidence of the continental slope and shelf resulting from basal erosion of the upper plate
[Wells et al., 2003].

Recently, the role of fluids in subduction zones has been interpreted to play a key role in the seismogenic
zone behavior. A conceptual model based on the Nicaragua and Costa Rica margins [Ranero et al., 2008]
suggests that fluids released from the subducting plate migrate through the overriding plate. These pres-
surized fluids favor hydrofracturing and contribute to the basal erosion of the margin [Ranero et al., 2008].

Subduction megathrust faults are located at depths ranging from 0 km at the trench to several tens of
kilometers beneath the seafloor. To better understand the role of the convergent margin structure on the
occurrence and magnitude of large earthquakes, we need active source seismic surveys with dense ocean
bottom seismometer (OBS) network to obtain images of the geometry of the subduction fault and the
velocity structure of the adjacent crusts [e.g., Gailler et al., 2007; Kopp et al., 2011; Kamei et al., 2012]. Many
active source seismic experiments have been conducted over convergent margins, but most of them are 2-D
seismic experiments which do not map the extension and the variability of geologic features along strike.
Only a small number of 3-D refraction experiments have been carried out along subduction zones, e.g., in
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Chile near Valparaiso [Zelt et al., 1999] or
more recently along the Lesser Antilles
fore arc [Evain et al., 2013] or on the
Sumatra fore arc [Tang et al., 2013]. In
this paper we present the results of a 3-D
refraction survey along the Ecuador-
Colombia convergent margin located
over the rupture of the 1958 subduction
earthquake and the boundary with the
rupture of the 1979 earthquake, in order
to produce a volumetric image of the
seismic velocity structure of this part of
the subduction zone.

2. Seismological and
Tectonic Setting
2.1. Tectonic Setting

From Peru to Colombia, the subduction
of the Nazca plate beneath the North
Andean margin generates an active vol-
canic arc and intense seismic activity.
Near the border between Colombia and
Ecuador, the two plates converge along
a N83°E direction at a rate of ~56 mm/yr
(Figure 1) [Nocquet et al., 2009; Trenkamp
et al., 2002].

The structure of the two plates contrib-
utes to the segmentation of the margin
offshore Ecuador and southern
Colombia [Gailler et al., 2007]. In this
area, the subducting segment of the
Nazca plate is ~26 Myr old [Lonsdale,
2005] and shows a major E-W oriented
topographic feature, the so-called
Carnegie Ridge, which has formed by the
interaction of the Galapagos hot spot

with the Cocos-Nazca spreading center since ~20 Ma [e.g., Sallarés and Charvis, 2003]. The subduction of the
Carnegie Ridge beneath the Ecuadorian coast, which started at least 2 Myr ago [Sallarés and Charvis, 2003;
Lonsdale, 2005], induces lateral variations along the margin in seismicity, arc magmatism, deformation, vertical
motion, and sediment distribution [Collot et al., 2002; Gutscher et al., 1999]. Because of the drift of the North
Andean Block to the NW, the study area was affected by the subduction of the Carnegie Ridge in the past
[Michaud et al., 2009]. Seamounts also exist in the oceanic basin located north of the Carnegie Ridge, and one
seamount buried at shallow depth in the subduction channel was imaged by seismic data in the study area
[Collot et al., 2008].

In this area, offshore Esmeraldas, the oceanic sedimentary cover is ~2 km thick and reaches 3 km thick in
the trench where deep sea turbidites accumulate [Collot et al., 2008]. Previous studies have shown that
the Ecuador margin is erosional [Collot et al., 2002, 2008; Moberly et al., 1982] whereas north of 2°N, the
Colombia margin is dominantly accretionary [Marcaillou, 2003; Westbrook et al., 1995]. A 1.3 km thick, low-
velocity (3.5–4.0 km/s) subduction channel is described beneath the margin outer wedge [Collot et al.,
2008; Agudelo et al., 2009]. This subduction channel is likely related to subducted sediments. Deeper
underplating of sediments beneath the apex of the inner wedge is inferred from seismic imaging [Collot
et al., 2008].

Figure 1. Geological sketch of North Ecuador and South Colombia
showing the main accreted terranes, sedimentary basins, and faults af-
ter Cediel et al. [2003]. CCR: central continental realm; PT: Pacific Terranes
which composed the North Andean Block (including Piñon and Gorgona
formations); CT: Choco Terranes (including the small accretionnary prism
which develops offshore Colombia). Red arrows represent velocity of
the Nazca Plate and the North Andean Block relative to South America
[Nocquet et al., 2009]. The 3-D box used for the tomographic inversion
is outlined in grey. Rupture zones of the 1906, 1942, 1958, and 1979
earthquakes are contoured by dashed grey lines. Main shocks (stars) and
aftershocks (closed circles) of the 1942 (dark gray); 1958 (black) and 1979
(light gray) earthquakes are shown inferred from previous studies [Beck
and Ruff, 1984; Mendoza and Dewey, 1984].
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Pliocene marine terraces exposed at an elevation of 200–300 m above sea level imply recent coastal uplift in
front of the Carnegie Ridge [De Vries, 1988; Pedoja et al., 2006]. To the north, the morphology of the margin
and the drainage pattern of the coastal area support active subsidence [Dumont et al., 2006]. Nevertheless,
sediment truncated at the seafloor reflects a broad uplift possibly associated with sediment underplating, or
cumulative and permanent deformation associated with repeated interplate earthquakes [Collot et al., 2008].
This uplift coincides with the basal tectonic erosion of the outer margin wedge, supported by a steep surface
slope and the trenchward tilt of the seaward part of the fore-arc basin [Collot et al., 2008].

From the Gulf of Guayaquil to Colombia, the fore arc consists of the North Andean block which was accreted
to the Brazilian continental craton during the Cretaceous (Figure 1) [Jaillard et al., 1997]. These terranes are
composed of tholeitic and andesitic basalts, with pillow lavas associated with siliceous sediments [e.g., Cediel
et al., 2003]. Mafic to ultramafic rocks outcrop in Colombia and Ecuador [Kerr et al., 1997; Lapierre et al., 2000]
and on the Gorgona Island located 60 km offshore the Colombian coast ~300 km north of Esmeraldas
[Révillon et al., 2000] (Figure 1). In Ecuador, the Piñon Formation, interpreted as an oceanic plateau basement,
is overlain by intraoceanic volcanic arc series, such as the Cayo formation [e.g., Jaillard et al., 1995; Reynaud
et al., 1999]. The oceanic plateau sequence described in northwestern coastal Ecuador (Pedernales unit)
[Mamberti et al., 2003] shares geochemical affinities with Gorgona rocks as well as with the 92–86 Ma
Caribbean-Colombian Oceanic Plateau (Figure 1). This suggests that the Pedernales unit belongs to the Late
Cretaceous Caribbean-Colombian Oceanic Plateau [Mamberti et al., 2003]. The North Andean block behaves
as an independent block with respect to the craton, which is drifting in a N35°E direction, parallel to themargin,
at 7.3±2.7 mm/yr [Nocquet et al., 2009; Trenkamp et al., 2002] to the Northeast (Figure 1).

Various observations indicating that the plate interface is highly coupled north of the latitude of the Carnegie
ridge include the following: (1) GPS data showing that the margin undergoes significant shortening of ~5
mm/yr perpendicular to the trench axis [Nocquet et al., 2009;White et al., 2003]; (2) the sequence of four major
great subduction earthquakes which ruptured the margin during the twentieth century [Kanamori and
McNally, 1982; Kelleher, 1972; Mendoza and Dewey, 1984].

The 1906 earthquake is the seventh largest recorded earthquake on Earth. With an estimated magnitude of
8.8 and a 500–600 km long rupture zone [Kelleher, 1972], it generated a tsunami which devastated the coast
at the Colombia-Ecuador border. This area was ruptured again from south to north by a sequence of three
earthquakes in 1942 (Mw=7.8), 1958 (Mw=7.7), and 1979 (Mw=8.2) (Figure 1). The fact that each rupture of
these three more recent events initiated where the previous one ended and propagated from south to north,
indicates the presence of discrete asperities separated by weak zones acting as seismic barriers to rupture
propagation as defined by Kanamori and McNally [1982] and Beck and Ruff [1984]. The 1942, 1958, or 1979
earthquake represents the failure of one asperity, which stops in the adjacent weak zone. On the contrary, the
1906 earthquake represents the failure of three asperities, and consequently involves much larger long-strike
length and slip [Kanamori and McNally, 1982]. Based on seismic reflection data, Collot et al. [2004] suggested
that these barriers coincide with transverse faults of the margin.

Downdip, the rupture of these three earthquakes appears to have reached ~30 km depth [Beck and Ruff,
1984; Kanamori and McNally, 1982]. This is in good agreement with results of recent studies on the
interseismic microseismic activity [Manchuel et al., 2011]. Updip, whereas the rupture of the 1942 and 1979
earthquakes reached the trench, the rupture of the 1958 earthquake ended ~40 km landward of the trench
[Beck and Ruff, 1984; Kanamori and McNally, 1982] possibly because the rupture propagated along a splay
fault [Collot et al., 2004] (Figure 1).

Although these three events ruptured the same area of the plate boundary overall, they released together
only a small fraction of the energy of the 1906 earthquake [White et al., 2003] leading to the conclusion that a
similar giant earthquake could occur in the area in the near future [e.g., Papadimitriou, 1993].

2.2. Rupture of 1958 Earthquake

Beck and Ruff [1984] using long-period seismometers available in 1958 were able to determine the source
time function of the 1958 earthquake using the assumptions that the source time function constrained
the size of the asperity and length of the rupture along strike, and that the width of the rupture in the dip
direction is only constrained by aftershock locations. The aftershocks which occurred within 3 months of
the main shock beneath the overriding plate [Beck and Ruff, 1984] were distributed in an area extending
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seaward to near the deformation front for
the 1942 and 1979 earthquakes, but they
only extend to 40 km from the trench for
the 1958 event (Figure 1). The E-W after-
shock positions were poorly controlled
due to a poor azimuthal worldwide sta-
tion distribution, whereas the N-S distri-
bution is better defined due to the high
number of arrivals recorded at stations
in North America [Beck and Ruff, 1984].

Even with the significant uncertainties in
E-W epicentral location of the after-
shocks, it is clear that the coseismic slip of
the 1979 and 1942 earthquakes propa-
gated further seaward than the 1958
earthquake (Figure 1). Multichannel seis-
mic line SIS-44 (Figure 2) shot across the
north Ecuador–south Colombia oceanic
margin imaged a crustal splay fault which
coincides reasonably well with the sea-
ward limit of the rupture zone of the
1958 event [Collot et al., 2004, 2008].
The splay fault separates high velocity
(5.0–6.6 km/s) inner wedge basement
rocks, which belong to the accreted
Gorgona oceanic terranes, from lower
velocity (3.5–5.0 km/s) outer wedge rocks
[Collot et al., 2004, 2008, this study].

The 1958 earthquake was tsunamigenic,
implying basement rise or earthquake-

induced offshore sediment instability and slumping [Tsuji et al., 1995]. According to a paleoseismic study
done in the area, it appears that there are no large turbiditic deposits which can be related to M< 8.2
earthquakes [Ratzov et al., 2010], meaning that sediment slumping is not likely the cause of the tsunami
recorded in 1958 [e.g., Ioualalen et al., 2011] and implying basement uplift as the most likely mechanism.

Subduction earthquakes occur along shallow-dipping plate interfaces, and the subsequent displacement in
an elastic model is predominantly horizontal. Nevertheless, several mechanisms have been proposed to
explain tsunami generation: Either the rupture propagates along the interplate all the way to the trench, im-
plying deformation and uplift of the low rigidity accretionary prism [e.g., Ma, 2012], or the rupture propagates
along a secondary more steeply dipping fault, called splay fault, whose slope enhances vertical displacement
[e.g., Moore et al., 2007].

2.3. Previous Geophysical Cruises

Our group has previously conducted several seismic experiments along the south Colombia-Ecuador con-
vergent margin which provide a unique set of high-quality, 2-D wide-angle reflection/refraction, multichannel
seismic profiles (SISTEUR-2000 and SALIERI-2001 surveys, Figure 2) [Collot et al., 2002; Flueh et al., 2001] and
high-resolution bathymetry (AMADEUS-2005).

3. Data Acquisition and Processing
3.1. The Esmeraldas 3-D Active Source Tomography
Experiment

In 2005, we conducted a combined onshore and offshore 3-D seismic experiment named Esmeraldas (from
the nearest Ecuadorian town) using ocean bottom seismometers (OBS) and land stations with the aim of

Figure 2. Bathymetry and topography of the margin of North Ecuador
and South Colombia. Bathymetric chart is from Collot et al. [2009] and
Michaud et al. [2006]. Location of OBS (gray circles), land seismometers
(white circles) and shooting lines (continuous red lines) of the Esmeraldas
experiment (2005). OBS (red circles), station ETAC, and profiles corre-
sponding to the seismic sections shown in Figure 2 are labeled. Thin black
lines represents location of profiles collected during the Sisteur experiment
[Collot et al., 2002, 2004, 2008]. Thick dashed lines show the location of SIS-
42 and SIS-44 discussed in the text. A black line outlines the box used for
the tomographic inversion.
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providing information on the spatial variation of the upper and lower plate over the 1958 earthquake rupture
zone and the transition to the 1979 and 1942 earthquake rupture zones. The major questions addressed
by this study are the following: What is the along strike extend of the outer margin wedge? What is the
precise location and along-strike extension of the low-velocity zone inferred from 2-D wide-angle seismic
experiments [Gailler et al., 2007; Collot et al., 2008; Agudelo et al., 2009]? What is the structural nature of the
seismic barrier between the 1958 and 1979 rupture zones? Our ultimate goal is to discern if any correlation
exists between the extension of the rupture area and the elastic properties around the interplate boundary
along the seismogenic zone.

3.2. Data Acquisition

The acquisition grid of the Esmeraldas experiment (Figure 2) consists mainly of a set of 10 trench-parallel
profiles and 10 trench-perpendicular profiles, plus two oblique ones. These seismic lines are ~200 km long,
have a mean separation of ~15 km, and cover a surface of 33,600 km2 of the margin from the subducting
plate to the continental shelf. The French R/VAtalante (Ifremer) deployed 23 four-component OBS [Hello et al.,
2006], one at each node of this grid. A total of ~18,500 shots were fired along ~2900 km of profiles. The
seismic source consisted of an untuned array of eight air guns of 16 L each (128 L for the whole array) fired
every 150 m. In addition, 14 of 31 land stations deployed across Ecuador for seismological recording also
recorded the marine seismic shots [García Cano, 2009].

3.3. Data Processing and First-Order Results

A total ~1200 inline and offline seismic record sections were extracted from continuous recordings of OBS
and land stations. We took advantage of having shot twice above each OBS along two perpendicular
shooting lines to determine accurately the location of the sensor on the sea bottom and the orientation of the
horizontal components, allowing rotation of the data into radial and transverse components [Manchuel et al.,
2011; Nakamura et al., 1987], using the traveltimes and polarization of the direct wave arrivals.

On most OBS, the signal-to-noise ratio is high and arrivals can be seen at source-receiver offset up to 145 km
(Figure 3). For land station record sections (Figure 3d), which have a much lower signal-to-noise ratio than the
OBS data, we used a frequency-dependent phase coherency filter [Schimmel and Gallart, 2007] to enhance the
signal at large offsets (up to 195 km) and to improve picking of first arrivals.

Refracted phases which have apparent velocities consistent with wave propagation through sedimentary
rocks (< 4 km/s) and crustal layers (5–7 km/s) can be seen in all OBS sections, and phases having apparent
mantle-like velocities higher than 8 km/s can be seen on both OBS and land stations (Figure 3). A shadow
zone, which could be due to the presence of a low-velocity zone, is observed on both OBS and land stations
at similar source-receiver offset of 40–60 km (Figure 3).

4. Three-Dimensional Tomographic Inversion
4.1. Arrival-Time Picks From OBS and Land Stations

A total of ~197,000 first arrivals were picked manually on OBS and land stations. Picking error, which were
based on lateral phase coherency, ranges from 20 ms for near-field arrivals to a maximum error of 100 ms for
the less coherent arrivals at farthest offset. We paid special attention to consistency between OBS and land
station picking and error assignments, and we also checked consistency of traveltime picks at the crossing point
of inline and offline record sections (Figure 3) [García Cano, 2009].

4.2. Initial Model

A rectangular box was defined to create the grid to perform the tomographic inversion (Figures 1 and 2). Its
sides are parallel to the shot lines, encompassing all the shots, OBS, and land stations.

The dimensions of the inversion box are 332 km × 254 km × 65 km and the origin of the grid was placed at
the northwestern corner. The grid comprises cells of 0.5 km× 0.5 km× 0.5 km for the forward problem and 2 km
× 2 km × 0.5 km for the inverse problem.

We used the regularized inversion algorithm FAST, which calculates traveltimes using a finite difference
solution to the Eikonal equation [Zelt and Barton, 1998; Vidale, 1990], to derive the 3-D velocity structure.
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In the initial model, the topography of the seafloor derived from compilation of swath bathymetry data
[Collot et al., 2009; Michaud et al., 2006], smoothed and interpolated at 0.5 km interval. In order to determine
the effect of the initial model on the inversion result, we tested two different startingmodels: Model 1 has the
velocity-depth characteristics of an oceanic crust with a strong vertical velocity gradient in the crust and the
Moho 5 km deep below sea bottomwhereas model 2 is characterized by a weaker gradient and aMoho 18 km

Figure 3. Example of seismic record sections used in this study. Beneath each record section a plot of synthetic (red) and
observed (blue) traveltimes is shown: (a) profile 14 recorded by inline OBS 26; (b) profile 28 recorded by OBS 09; (c) profile
28 recorded by offline OBS 26; (d) profile 35 recorded by land seismometer ETAC; and (e) profile 24 recorded by OBS 20
(see Figure 2 for location of OBS and profiles). A predictive deconvolution, a 3 to 12 Hz minimum phase Butterworth filter
and an automatic gain control were applied to the OBS record sections. A frequency-dependent phase coherency filter
[Schimmel and Gallart, 2007] was applied to land-stations record sections. Arrows indicate first arrivals used in the inver-
sion. The reduction velocity is 7.0 km/s. Shadow zones exist between 40 and 50 km offset on sections OBS26-L14 and
OBS20-L24.
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deep below sea bottom (supporting information Figure S1). Final models obtained using either model 1 or 2 as
startingmodel exhibit no significant difference (Figure S1), but in the following, wewill present results based on
model 2 which yielded a slightly lower RMS traveltime misfit (Figure 4).

4.3. Three-Dimensional Tomographic Final Inversion and Resolution Analysis

Tests were made to determine a range of free parameters which control the effect of vertical versus hori-
zontal model roughness (Sz) or the regularization parameter (λ). These parameters were determined by trial
and error, to get the best fit between calculated and observed traveltimes and the smoothest final model.
Finally, the chosen values were Sz = 0.5 and λ = 20%. Our preferred final model was obtained through 20
iterations and first arrivals were fit with a misfit (RMS) of 217 ms (Figure 4). The normalized chi-squared is as
high as 10.2 indicating that the traveltime data are not fit to their nominal picking uncertainty (20ms for near-
field arrivals to a maximum of 100 ms for farthest offset). This is coherent with the 217 ms RMS and can be
explained by a few mispicked first arrivals on traces with low signal-to-noise although we eliminated some
picks with large residuals in our preliminary inversions. A more likely explanation for the high residuals is the
complexity of 3-D velocity variations in the study area, which is hardly taken into account with a smooth
tomographic model. Vertical and horizontal slices (Figures 5–7) were extracted from the 3-D P wave velocity
model for visualization.

Checkerboard tests have been performed to assess data resolution (Figure 8). We added a ±8% velocity per-
turbation to our best final velocity model and generated traveltimes using our study source-receiver geometry.
Gaussian noise is added to these traveltimes to create a synthetic data set. Using our best final velocity model as
an initial model, we then look at the ability of the inversion to recover the input anomaly pattern. Where the
geometry and amplitude of the anomaly pattern are recovered, the velocity model is considered well resolved
at the length scale of the anomalies. Several tests were done for different sizes of anomaly. Figure 8 highlights
checkerboard test results for anomalies having horizontal dimension of 20 km × 20 km or 30 km × 30 km and
thickness of 5 km and 10 km.

Horizontally, we can resolve the geometry and amplitude of structures located below the OBS network quite
well for structures having dimensions of 20 km × 20 km between 5 km and 10 km depth. Between 10 and 15
km depth, resolution is restricted to the center of the network and anomalies start to become blurred
(Figure 8a). Below 15 km, we can only resolve structures larger than 30 km × 30 km in the center of the model
(Figure 8b). Vertically, we resolve in the center of the model 5 km thick structures between 10 and 20 km
depth and only 10 km thick structures outside of this area (Figures 8c and 8d).

Note that the ray coverage related to onshore stations provides additional constraints on the velocity structure
at depth between the coast and the offshore network (see, for example, checkerboard test at 12.5 km depth,
Figures 8b and S2). Vertical and horizontal slices (Figures 5–7) were extracted from the 3-D P wave velocity
model for visualization.

Figure 4. Evolution of misfit during the inversion. (a) Variation of the RMS with successive iterations for all the traveltimes. The final RMS is 217 ms. (b) Traveltime
residuals versus offset diagram in gray for the starting model and in red for the final model. The 63% of residuals are lower than 0.1 s whereas 5% are higher than
0.5 s. Higher residuals are observed for far offset fan profiles on OBS and some land stations (0.08% of outliers).
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Figure 5. (a) Bathymetry and topography. Thin lines are shooting lines, red circles are OBS. The thick brown line is the trench axis. Thick dashed lines outline the
rupture zone of the 1942, 1958, and 1979 earthquakes. E is the city of Esmeraldas and EP the Esmeraldas promontory. (b to h) Horizontal sections made at differ-
ent depth of our final velocity model. The depth of these horizontal sections and the north are indicated in each inset. Thick lines are every 2 km/s velocity contours
and thin line for intermediate contours. Areas uncovered by rays appear in white. The coast appears in black, the brown line marks the axis of the trench, and the
thick black dashed lines outline the rupture zone of the 1942, 1958, and 1979 earthquakes. The black arrow represents the convergence direction. The thick white
dashed line outlined the basement uplift observed offshore Esmeraldas (Figures 5b and 5c), and the thick red dashed line outlined the low vertical velocity gradient
outer wedge (Figures 5c and 5d).
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Figure 6
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4.4. Three-Dimensional Velocity Structures

According to Gailler et al. [2007], the top of the acoustic basement, which constitutes the base of the recent
sedimentary basins along multichannel seismic (MCS) profile SIS-44 (Figure 2), corresponds to velocities
ranging from 3.5 to 4.0 km/s. Along MCS line SIS-42 (Figure 2), the acoustic basement, interpreted to have
originated as an oceanic plateau or volcanic arc [Marcaillou et al., 2008], coincides with seismic velocities
ranging from 3.5 to 4.5 km/s (Figure 9). This is also consistent with Vp estimated to be ≥ 4 km/s in the upper part
of the acoustic basement [Collot et al., 2008]. According to these interpretations, the sedimentary thickness
ranges from 1.3 to 2.0 km on top of the oceanic crust westward from the trench. On the shelf, the sedimentary
thickness ranges from 3.0 km beneath the bathymetric high located offshore of the town of Esmeraldas
(Y=140–160, Figures 6e–6g) to 4.0 km to the northeast. This bathymetric high is clearly seen as high-velocity
anomalies on horizontal slices at 5.0 and 7.5 km depth (outlined in Figures 5b and 5c) and denotes a ~1 km
uplift of the acoustic basement offshore Esmeraldas which coincides partly with the submarine Esmeraldas
promontory (Figure 5a).

The deepening of the subducting plate toward the southeast is well imaged by the observed deepening of
the 7.5–8.0 km/s isovelocity contours, which are representative of upper-mantle velocities (Figures 5–7). The
smoother and better constrained 7.5 km/s isovelocity contour, which mimics the 8.0 km/s isovelocity contour,
shows that the dip of the Moho beneath the fore arc west of the trench is 10 ± 0.5° in the well-constrained
part of the model (Figure 6). Assuming the oceanic crust is bounded by the 4.0 km/s and 7.5 km/s isovelocity

Figure 6. (a–m) Vertical sectionsmade through our final velocity model perpendicular to the trench. Locations of profiles are indicated in inset. Velocity contours and
mask are the same than in Figure 5. The vertical black arrow indicates the position of the trench, the vertical gray arrow marks the inner limit of the low vertical
velocity gradient outer wedge. The red dashed line outlines the top of the low-velocity zone. The horizontal thick black line shows the extension of the rupture of the
1958 event, and the horizontal thick dashed line the extension of the rupture of the 1979 event [Beck and Ruff, 1984; Kanamori and McNally, 1982]. (n) Same as
Figure 5a.

Figure 7. (a–c) Vertical sections made through our final velocity model along three profiles A, B, and C, parallel to the trench. Locations of profiles are indicated in
Figure 7d. Velocity contours andmask are the same than in Figure 5. Horizontal gray arrowmarks the extent of the low vertical velocity gradient outer wedge. The red
dashed line outlines the top of the deep low-velocity zone. Dashed and continuous black linesmark the extent of the rupture zone of 1942, 1958, and 1979 earthquakes.
(d) Bathymetry and topography. Same as Figure 5a.

Journal of Geophysical Research: Solid Earth 10.1002/2012JB009978

GARCÍA CANO ET AL. ©2013. American Geophysical Union. All Rights Reserved. 1050



contours at its top and base, respectively, we observe a thinning of the subducting crust toward the north
from ~9.0 km (at distance = 100 km) to ~4.5 km (at distance = 200 km) (Figure 7a) which is consistent with
moving away from the Carnegie ridge and consequently from the influence of the Galapagos hotspot [e.g.,
Sallarés and Charvis, 2003].

A positive velocity anomaly observed on the oceanic crust prior to the trench at X= 40–50 on the Z= 7.5 km
horizontal slice (Figure 5c) seems to show aMoho uplift and the presence of thin oceanic crust. At the surface,
it corresponds to the eastern flank of the Yaquina graben. The western flank of this structure is not well
resolved, and we do not image its extension beneath the center of the graben.

We see no evidence for phases reflected from the Moho or refracted within the upper mantle of the upper
plate. However, two dominant features come out on vertical and horizontal slices: a low vertical velocity gra-
dient outer margin wedge and a low-velocity zone located in the upper plate above the interplate contact
(Figures 5–7).

4.5. A Low Vertical Velocity Gradient Outer Margin Wedge

A low vertical velocity gradient area is imaged on horizontal (outlined in Figures 5c and 5d) and vertical
slices (Figures 6b–6k and 7b) and forms the trench side part of the margin wedge. On vertical slices, for
example, at y=140 km (Figure 10), this outer margin wedge can be seen from the trench to x=120 km and is
characterized by low P wave velocities of 3.5–5.0 km/s. The striking feature of this outer margin wedge is an
average vertical velocity gradient of 0.24 km/s/km, which in place is as low as 0.13 km/s/km, compared with
an average vertical velocity gradient of the uppermost basement greater than 0.6 km/s/km. The extension
along strike of the low-gradient zone is imaged on the horizontal slices; at 7.5 km and at 10 km depth

Figure 8. Results of the checkerboard tests for (a) 20 × 20 km velocity anomalies, (b) 30 × 30 km velocity anomalies, (c) 30 × 30 × 5 km velocity anomalies, and (d) 30 ×
30 × 10 km velocity anomalies. This test shows that the horizontal resolution of our model is ~20 km down to 12 km and ~30 km for the deeper part. The vertical
resolution is ~5 km in the center part of the network.
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Figure 9. (a) Multichannel seismic (MCS) line SIS-44. (b) Superposition of MCS SIS-44 and the tomographic velocities from our final model converted to two-way
traveltime. Yellow, green, orange, and red lines highlight, respectively, the upper plate basement, the splay fault, the décollement, and the top of the downgoing
oceanic crust as interpreted from theMCS data [after Collot et al., 2004]. The upper plate basement velocity corresponds to tomographic velocity contour of ~3.5 km/s in
the outer margin wedge and ~4.5 km/s in the inner margin wedge. (c) Same as Figure 9a for profile SIS-42. (d) Same as Figure 9b for profile SIS-42.
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(Figures 5c and 5d) as well as along a line parallel to the trench (Figure 7b), the low-velocity outer margin
wedge extends over ~90 km parallel to the trench with a width of 40 km.

4.6. A Low-Velocity Anomaly in the Margin

On the vertical slices between offset of x= 120 km to x=150 km, infolding of the 4.5 km/s to 6 km/s
isovelocity contours indicate the along-strike continuation of a low-velocity zone in the margin crust
(Figures 6c–6h). This low-velocity zone is located between y=130 km and y=170 km at the southeastern side
of the offshore network. This is consistent with the shadow zone observed on many of the OBS located on
the margin (Figures 3a and 3e). One-dimensional velocity models (Figure 10) extracted from 2-D sections
show that Pwave velocities are ~5.5–6.0 km/s in the low-velocity zone, varying with depth and represent
a decrease of 0.35 km/s with respect to the overlying velocity. This low-velocity zone dips southeastward
with a similar angle to the subducting plate. Its trench side limit seems to abut the low-velocity outer
margin wedge. Gailler et al. [2007] has previously inferred such a low-velocity zone from a 2-D tomo-
graphic image obtained by using a dense OBS profile located in the center of our tomographic box (coincident
with profile SIS-44, Figures 2–9).

Figure 10. Interpretation of vertical section at Y=140 (Figure 6). Velocity versus depth curves at X=100, 120, and 140 ex-
hibit the low-velocity gradient outer wedge (X=100) and the low-velocity zone in the margin. Superimposed on the ver-
tical section: in yellow the basement, in orange the décollement and in red the top of the subducting plate, as interpreted
in MCS line SIS-42 (Figure 9) and converted into depth using our tomographic velocity model. Note that the velocity in the
subduction channel, located between the décollement and the top of the lower plate, is not properly constrained in our
model, and consequently, the thickness of the channel is larger than the one inferred in other studies [Collot et al., 2008].
The top of the low-velocity zone is highlighted by a red dotted line. Isotherms in °C are from Marcaillou et al. [2006] and
Collot et al. [2008].
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5. Discussion

Our 3-D velocity model shows the spatial
extension of structures seen on previous
2-D geophysical data sets [Gailler et al.,
2007; Collot et al., 2004]. Correlating the 3-
D extension of these structures with the
rupture zone of the 1958 and 1979 sub-
duction earthquakes allows us to infer
and discuss the potential role of these
structures in the seismic cycle.

5.1. Extension of the Low-Velocity
Gradient Outer Margin Wedge and
Seismic Implications

At the front of non-accretionnary mar-
gins, low Pwave velocities (3.5–5.0 km/s)
observed in the outer margin wedge are
usually interpreted to be associated with
fracturing, and/or alteration processes
which increase the porosity of margin
basement rocks [Christeson et al., 1999;
Gailler et al., 2007; Krabbenhoft et al.,
2004; Ranero and von Huene, 2000;
Sallarés and Ranero, 2005]. The fracturing
of the backstop is possibly related to
the impact of seamounts which entered
the subduction zone [Collot et al., 2008]
or to the subduction of the Carnegie
Ridge, which affected this area in the
past [Michaud et al., 2009]. The fluids

expelled during the subduction possibly contribute to fracturing and alteration of the outer wedge [Ranero
et al., 2008].

Our data set reveals the extension of the low-velocity gradient outer margin wedge over ~100 km along
strike from 1°15′N to ~2°00′N (Figure 11). The outer margin wedge consists of up to 2.5 km of sediments on
top of the basement and up to ~4 km of basement rocks at X= 110 km (Figure 10). It likely sits on top of the
subduction channel as indicated by MCS line SIS-42 [Marcaillou et al., 2008, Figures 6 and 9] but this is not
resolved in our tomographic model as the vertical resolution is ~5 km (Figure 8c), and larger than the
expected 2–3 km thickness of the subduction channel [Collot et al., 2008]. This wedge coincides with the
outer basement high described by Collot et al. [2004] and bounds the margin seaward of the 1958 rupture
zone (Figures 6d–6j).

Along profile SIS-44 (Figure 9), the outer margin wedge coincides with the toe of the margin and its landward
flank is bounded by a splay fault [Collot et al., 2004, 2008]. Along line SIS-42, ~20 km southwest of line SIS-44,
the data do not show evidence of a splay fault bounding the outer margin wedge landward (Figure 9).

It has been suggested that highly damaged rocks have an excessive number of branching and bifur-
cating cracks which give rise to inelastic behavior, enhancing energy dissipation [Barragan et al., 2001].
Consequently the highly faulted outer wedge probably results in larger energy dissipation during failure
[Kanamori and Brodsky, 2004]. We therefore propose that the 1958 rupture propagated along the main
interplate megathrust. The low seismic velocities, highly fractured, outer wedge is mechanically similar to
the accretionary prism in other subduction zones. This low rigidity outer wedge dissipated most of the
seismic energy, which explains the lack of coseismic slip at the base of the outer wedge observed during
the 1958 event. Under this assumption, the seismic rupture propagation leads to widespread failure and

Figure 11. Three-dimensional extension of the low-velocity gradient outer
wedge (red), the deep low-velocity zone (yellow) inferred from this study,
and the 1942, 1958, and 1979 earthquakes rupture zones (blue). Light blue
areas are rupture zones and dark blue circle is the asperity region of 1979
earthquake as defined by Beck and Ruff [1984]. The light blue area of the
1979 rupture zone was modified according to our interpretation of the
rupture mechanism. Main shocks (stars) and aftershocks (closed circles) of
the 1942, 1958, and 1979 earthquakes are defined as in Figure 1. A thick
black line underlined the axis of the trench. Gray lines mark seismic
shooting tracks and white squares mark ocean bottom and land seis-
mometer positions. Dashed lines mark the location of MCS profiles
discussed in the paper.
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large coseismic seafloor uplift of the low rigidity outer wedge and may account for the tsunami generation
[Ma, 2012].

Our 3-D tomographic image constrains the 3-D extension of this low-velocity gradient outer margin wedge
(Figures 5–7) which extends northeastward seaward of the southern part of the 1979 rupture zone
(Figures 6k–11). Beck and Ruff [1984] modeled the 1979 seismic rupture as a succession of three ruptures
moving from south to north. The first rupture was 56 km along strike and ended at the northern tip of the
low-velocity gradient outer wedge. The updip-downdip width of this first rupture of the 1979 earthquake is
poorly constrained by seismograms [Beck and Ruff, 1984], but according to the distribution of aftershocks in
this area (Figure 11), it might have behaved like the rupture in the 1958 earthquake, which ruptured the
interplate boundary to the outer margin wedge and then propagated northward in a second rupture which
reached the trench.

5.2. Extension of the Low-Velocity Zone at Depth

The low-velocity zone (LVZ) observed in our model is mainly located above the interplate boundary but it
likely includes the subduction channel at its base (Figure 9). It is up to 5 km thick and extends from 5 to 15 km
depth (Figure 6 and 9). The minimum velocity in the LVZ (i.e., ~5.5–6.0 km/s) is ~5–6% lower than the velocity
at the top of the LVZ.

Such low seismic velocity layers have been imaged in several places along convergent margins where they
are frequently interpreted to result from fracturing of the upper plate because of high fluid pressure in the
subduction channel: e.g., the Nicaragua and Costa Rica margin [Christeson et al., 1999;Walther et al., 2000], the
North Chile margin [Sallarés and Ranero, 2005], or the Cascadia margin [Tréhu et al., 1994; Gerdom et al., 2000;
Calkins et al., 2011]. Nevertheless, such a decrease of seismic velocity with depth could also be related to
different physical or chemical causes, including a change in the composition, mineralogy, or porosity of
igneous or sedimentary rocks. Some other interpretations are proposed in the Cascadia margin where low
seismic velocities are related to material underplated at the base of the upper plate [Calvert et al., 2011; Tréhu
et al., 2012].

We will therefore discuss these twomajor hypotheses: either the observed LVZ is related to the alteration and
fracturing of the rocks of the upper plate or to material underplated at the base of the upper plate.

The basement of the margin of Ecuador is composed of mafic to ultramafic rocks, belonging to the Gorgona
province, a Cretaceous oceanic terrane accreted to the margin [Lapierre et al., 2000]. These rocks are likely
present along the whole margin as supported by high seismic velocities described along the margin from
Salinas to the Colombian border [Gailler, 2005; Gailler et al., 2007]. In northwestern Ecuador, the Pedernales
unit consists of volcanic and plutonic rocks with a highMgO contain (up to 25%MgO in the parent liquid after
Révillon et al. [2000]). They were emplaced in an oceanic plateau setting and range from dunites (olivine
cumulates at the base of the series) to gabbros and basalts [Révillon et al., 2000; Mamberti et al., 2003].

Seismic velocities in mafic and ultramafic rocks are strongly influenced by their water content. Velocity
decreases with increasing water content [Carlson, 2003; Carlson and Miller, 2003; Hacker and Abers, 2004]
because of changes in the mineralogy such as the serpentinization of olivine but also because the hydration
of ferromagnesian minerals, which are abundant in mafic rocks (hydration of pyroxenes in amphiboles). The
depth of the LVZ, from 5 to 15 km, corresponds to lithostatic pressure of 0.2 to 0.5 GPa and, according to
available heat flow modeling, to a temperature ranging from ~50°C to ~140°C [Marcaillou et al., 2006, 2008].
According to Hacker et al. [2003], these values of pressure and temperature correspond to zeolite to prehnite-
pumpellyite metamorphic facies [Hacker et al., 2003, Figure 1]. Using the method of Hacker and Abers [2004],
seismic properties were calculated at 0.3 GPa and 120°C for basaltic and gabbroic compositions which are
likely in the lower crust of the overriding plate. Theoretical P velocities of 7.06 km/s (basalts) to 7.16 km/s
(gabbros) decrease to 6.94 km/s under prehnite-pumpellyite facies and to 6.45 km/s under zeolite facies,
respectively, 2–3% to 8–10% lower. Our seismic model exhibits velocities lower than those inferred from
Hacker and Abers [2004] for non-porous basalts and gabbros. According to measurements on oceanic basalt
samples, a seismic velocity of 5.5 to 6.0 km/s is consistent with a porosity ranging from 3 to 6% [Tsuji and
Iturrino, 2008].

During the subduction process, the subducting lithosphere, including the oceanic crust and possibly asso-
ciated oceanic sediments, is subject to increasing temperature and pressure conditions. During this process,
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free water, which exist in sediments and the highly porous upper oceanic crust, is first expelled by compac-
tion and decrease of porosity related to the increase of lithostatic pressure. Deeper along the interplate
boundary, where the temperature reaches 100 to 150°C, the dehydration of clays will provide additional free
water [e.g., Hyndman et al., 1997]. The decrease of seismic velocity of ~5–6% observed in our low-velocity
zone is consistent with the hydrothermal alteration of the mafic basement of the upper plate under zeolite or
prehnite-pumpellyite facies conditions. Water released by the subducting plate and percolating upward
leads to mineral alteration and hydration of the mafic and ultramafic rocks of the upper plate basement.

Similar supra-subduction LVZ is often described along active margins consisting of island arc or oceanic pla-
teau sequence. Along the Cascadia margin, where the accreted fore-arc basement is mainly basaltic and
gabbroic, the low Vs and high Vp/Vs ratios support a fluid-rich lower crust but do not preclude the hydration
and alteration of mafic plutons and possible ultramafic cumulates [Lees and Crosson, 1990; Tréhu et al., 1994;
Parsons et al., 1998; Calkins et al., 2011]. The ophiolitic Nicaragua and Costa Rica margin [Christeson et al., 1999;
Walther et al., 2000; Meléndez et al., 2010] as well as the North Chile margin, offshore Antofagasta, which
consists of arc-type basaltic igneous basement similar to the Jurassic magmatic arc of the La Negra formation
which crops out along the coastal regions [Sallarés and Ranero, 2005], exhibit a 4 to 20 km thick layer above
the interplate boundary, in which seismic velocities are several percent lower than the velocity in the layer
immediately above. In both cases the alteration and hydration of themafic to ultramafic crustal wedge bywater
released by subduction likely contribute to the observed low-velocity zone.

It has been proposed that overpressured fluids expelled along the subduction channel may hydrofracture the
base of the overriding plate, thus promoting basal tectonic erosion [Ranero et al., 2008; von Huene and Ranero,
2003]. Nevertheless, fluids must reach a pressure higher than the lithostatic pressure to efficiently fracture rocks,
and geophysical evidence indicates that hydrofracturing processes may penetrate only a few 100 m into the
margin basement [e.g., Sage et al., 2006] whereas our LVZ is likely several kilometers thick even when the vertical
smearing of the anomaly due to the limited resolution of our velocity model is taken into account.

The Carnegie Ridge was subducted beneath the study area in the past [Michaud et al., 2009; Collot et al.,
2008]. Numerical modeling suggests that the subduction of oceanic plateaus and ridges will possibly lead
to underplating of faulted blocks of the crust of the incoming plate mixed with sediments [e.g., Tetreault
and Buiter, 2012]. Some seismic evidence for along-strike variation in the nature of material in the sub-
duction channel at seismogenic depths has been described beneath Japan [Kimura et al., 2010] and
Cascadia [Tréhu et al., 2012] suggesting that basement rocks from the subducting plate as well as sedi-
ments can be underplated beneath the leading edge of the fore-arc basement at depths of 10–20 km.
There is also evidence for velocity inversions at greater depth beneath the fore arc (20–40 km) that have
been attributed to underplated sediment [e.g., Tréhu et al., 1994; Calvert et al., 2011]. In the study area,
most of the sediments of the incoming plate are subducted and possibly partly underplated at depth
[Collot et al., 2008; Agudelo et al., 2009]. The velocities observed in the LVZ are consistent with terrigenous
metasediments for which Vp averages 5.4–6.5 km/s [Abers et al., 2009]. At shallow depths (<10 km), pore
waters are expelled by sediment compaction and bound water is released at T ~ 80–150°C (Figure 10)
during the transformation of opal to quartz and clay to mica [Peacock, 2003]. Transient underplating of
sediments beneath the inner wedge is described from deep seismic imaging and possibly control the
broad 250 m high and recent seafloor swell observed in the bathymetry [Collot et al., 2008]. Nevertheless,
the thickness of underplated sediments is less than 1 km thick [Collot et al., 2008] and cannot account for the up
to 5 km thick LVZ described in our model.

Among the different hypotheses discussed in this chapter, we favor the hypothesis of the alteration and low
grademetamorphism of themafic and ultramafic rocks of the upper plate by fluids expelled from the incoming
sediments and oceanic crust. It is likely the primary factor in the existence of the up to 5 km thick LVZ but we do
not preclude additional processes like hydrofacturing and underplating.

6. Conclusions

Our 3-D tomographic velocity model highlights the 3-D structure of the Colombia-Ecuador subduction
margin from 0°30′S to 2°30′N and encompasses the rupture zone of the 1958 earthquake, the southern part of
the 1979 earthquake rupture zone to the north, and the transition to the 1942 rupture zone to the south
(Figure 11).
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The low vertical velocity gradient of the outer margin wedge, inferred from our tomographic model, coin-
cides with the trenchward limit of the 1958 earthquake rupture zone. The low seismic velocities suggest that
the outer margin wedge is weak, consisting likely of highly fractured rocks. Consequently, we suggest that
the low rigidity of this outer wedge dissipated most of the seismic energy of the earthquake contributing to
the coseismic deformation and uplift of the wedge. This explains the limited extension of the 1958 earth-
quake toward the trench and it is also possibly the cause of the tsunami associated with this event.

The low-velocity gradient outer wedge extends to the north updip of the first rupture phase of the 1979
earthquake [Beck and Ruff, 1984]. Assuming a similar process to the one described for the 1958 rupture and
using the 1979 aftershocks (Figure 11), we suggest this first phase of the 1979 seismic rupture propagate into
the outer margin wedge in a similar way to the 1958 rupture. The length of this first seismic rupture, well
defined by seismograms [Beck and Ruff, 1984], coincides with the along-strike extension of the outer margin
wedge inferred from our data set.

At depth, a 5 km thick low-velocity zone is observed immediately above the interplate contact. Because
similar low-velocity zones are commonly observed along margins consisting of oceanic or island arc accreted
terranes, we propose that this low-velocity zone results from the alteration and hydration of mafic and ul-
tramafic rocks of the overlying basement rather than to hydrofracturing alone. Sediments underplated be-
neath the inner wedge [Collot et al., 2008] may contribute to this low-velocity zone but it is unlikely that they
reach several kilometers thick. Nevertheless, fluids expelled by the compaction and dehydration of
underplated sediments possibly favor the alteration of overlying rocks.

The low-velocity zone is also spatially coincident with the 1958 rupture zone. The connection with the 1958
rupture zone is uncertain, but might be related to the mechanical properties of rocks at the interplate
boundary. For example, Liu and Rice [2009] show that friction data for gabbro gouge fit observations of slow
deformation in northern Cascadia much better than do the granite data.

These results are in good agreement with the hypothesis that the rupture zone of great subduction earth-
quakes are partly controlled by upper plate structures [Collot et al., 2004]. The use of 3-D seismic data pro-
vides important constraints on the along-strike extension of several long wavelength features of the margin
and allows better comparison with the rupture of the major interplate earthquakes.
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