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Abstract

ESMERALDAS project is a 3-D refraction and wide-angle reflection seismic experiment from 2005
which was conducted in the subduction zone at the border between the Nazca plate and the North Andes
plate. This experiment area covers great part of the 1958 earthquake rupture zone and parts of other large
earthquakes in the last 120 years. The rheology and structure of the plates, shear stress distribution, fluids
pressure, or thermal structure, etc, have been proposed to play a role in determining dynamic behavior of
the rupture. These factors are conditioned, in turn, by the properties of the rocks undergoing deformation
during seismic rupture, and by the fault geometry and roughness associated to the plates limit. In this
work, to the best of my knowledge, it was considered for the first time the combination between refraction
and reflection wide-angle seismic data using a travel-time tomography code (TOMO3D) to retrieve a 3-
D velocity model of margin and the geometry of the inter-plate boundary, with unprecedented detail.
Additionally, most 3-D travel-time tomography tools use only first arrival times to define the velocity field,
consequently they do not provide information on the megathrust geometry.

The results show that combining refracted and reflected phases improves the velocity model, but the
geometry of the reflector is still uncertain. The position of the reflector was still good enough to analyze
velocities above it, and to check the validity of taking constant rigidity value in the process of earthquake
seismic moment calculations. Lateral velocity variations do exist, and they are high enough so that we
can talk about the possibility of significant lateral variations of rigidity. The combined effect of a rough
inter-plate boundary and heterogeneous elastic properties on earthquake rupture remains to be tested
by dynamic rupture models.
Keywords: 3-D Joint Refraction and Reflection Travel-Time Tomography, Wide-angle Seismic Data,
Subduction Zones

1. Introduction
Seismic tomography is a geophysical exploration
technique that can provide valuable information
about the subsurface geology, such as the seismic
velocity structure of the geology (e.g. seismic re-
fraction) and the presence of lateral continuity of
geological layers, which will be associated with re-
flectors (e.g. seismic reflection).
Nowadays, the 3-D seismic experiments are be-
coming ubiquitous. The reason behind this tran-
sition is that the information based on 2-D seis-
mic data and models does not capture and repro-
duce the structural complexity of many 3-D geo-
logical targets. In this regard, 3-D experiments and
modelling tools are essential to capture and repro-
duce these geological structures, in particular, that
of convergent margins [5]. The TOMO3D tool [5] is
a popular and well tested 3-D travel-time tomog-

raphy to invert the acquired datasets. Founded
on TOMO2D [4], TOMO3D incorporates the same
forward and inversion techniques but extended to
work in 3-D. Moreover, TOMO3D was successfully
applied to a real 3-D wide-angle seismic dataset,
acquired at the Pacific margin of Ecuador and
Colombia. The main goal was to extract a 3-
D velocity model of the overriding and incoming
plates, and after to compare it to previous results
obtained with FAST code [1, 10]. Generically, the
comparison shows that TOMO3D is more accu-
rate than FAST but, on the other hand, it is com-
putationally more demanding [5]. This technique
has been used in the upstream oil-gas industry to
help identifying petroleum reservoir prospects and
to plan drilling operations [9]. The comprehension
of the seismic tomography technique in industrial
processing is leading to a revolution in the current
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challenges of exploration, monitoring, and produc-
tion of oil and/or gas [8].

2. Contributions
The contribution of this work can be divided into
two parts. First, we developed a more effective
manually picking of first arrivals from the frame-
work of ESMERALDAS project [1]. Second, for
the new tomographic inversion with TOMO3D, we
added ≈ 20, 000 reflection picks to the ≈ 200, 000
refraction picks already improved, corresponding
to the interplate boundary. Further, we limited the
model to the marine area containing all ocean bot-
tom seismometers (OBSs), that has a better ray
coverage and resolution than the experiment land
seismometers. This new information contributes to
prove that TOMO3D is capable of producing good
models for the velocity distributions of the overrid-
ing and underthrusting plates as well as defining a
2-D geometry model of the reflective discontinuity.

3. Case Study: Colombia-Ecuador Convergent Mar-
gin

3.1. Geological Background
This subduction zone is characterized by a rapidly
(56 mm/yr) converging tectonic Nazca plate be-
neath the North Andean margin, that generates
an active volcanic arc and intense seismic activity
along the interplate contact. The structure of the
two plates contributes to the segmentation of the
margin offshore Ecuador [1].
In this area, the subducting segment, the so-called
Carnegie Ridge, is ≈ 26 million years old and
shows a major E-W oriented topographic feature,
which was formed by the interaction of the Galapa-
gos hot spot with the Cocos-Nazca spreading cen-
ter. The subduction of the Carnegie Ridge beneath
Ecuadorian coast induces lateral variations along
the margin in seismicity, arc magmatism, deforma-
tion, vertical motion, and sediment distribution [1].
In the offshore Esmeraldas area, the oceanic sed-
imentary cover is ≈ 2 km thick and reaches 3 km
thick in the trench where deep turbiditic sediments
accumulate. The Ecuador margin is dominantly
erosional whereas the Colombia margin is accre-
tionary. The subduction channel, with a 1.3 km
thick, is related to subducted sediments and is lo-
cated beneath the margin outer wedge [2].
In front of the Carnegie Ridge exists a recent
coastal uplift composed by Pliocene marine ter-
races exposed at an elevation of 200-300 m above
sea level [6]. In the north part, the morphology of
the margin and the drainage pattern of the coastal
support active subsidence. Despite this, truncated
sediments at the seafloor reflect a broad uplift pos-
sibly associated with sediment underplating or cu-
mulative and permanent deformation. This uplift
coincides with the basal tectonic erosion of the

outer margin wedge, supported by steep surface
slope and the trenchward tilt of the seaward part of
the fore-arc basin [2].

Figure 1: Geological sketch of North Ecuador and South
Colombia showing the main accreted terranes, sedimentary
basins, and faults. CCR: Central Continental Realm; PT: Pacific
Terranes which composed the North Andean Block (Piñon and
Gorgona formations); CT: Choco Terranes (small accretionary
prism which develops offshore Colombia). Red arrows repre-
sent velocity of the Nazca Plate and the North Andean Block
relative to South America. The 3-D box used for the tomo-
graphic 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 grey); 1958 (black) and 1979 (light grey) earth-
quakes [1].

Fig. 1, from the Gulf of Guayaquil to Colombia,
shows the fore arc of the North Andean block,
which was accreted to the Brazilian continental cra-
ton during the Cretaceous. These terranes are
composed of tholeitic and andesitic basalts with
pillow lavas associated with siliceous sediments.
Piñon Formation, in Ecuador, interpreted as an
oceanic plateau basement, is covered by intrao-
ceanic volcanic arc set, such as the Cayo formation
(Fig. 1). Pedernales unit belongs to the Late Creta-
ceous Caribbean-Colombian Oceanic Plateau be-
cause it is an oceanic plateau sequence described
in northwestern coastal Ecuador that has geo-
chemical relation with Gorgona rocks as well as
with Caribbean-Colombian Oceanic Plateau (92-
86 Ma). The North Andean block behaves as
an independent block with respect to the craton,
which is drifting in a N35oE direction, parallel to
the margin, at 7.3 ± 2.7 mm/yr to the Northeast
(Fig. 1) [1]. Fig. 1 shows the rupture zone from
south to north by a sequence of three earthquakes
in 1942 (Mw=7.8), 1958 (Mw=7.7), and 1979 (Mw
= 8.2) [1].
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3.2. Wide-angle Seismic Dataset

In 2005, [1] (Geoazur - France) conducted a com-
bined onshore and offshore 3-D seismic experi-
ment called ESMERALDAS using OBS and land
stations with the aim of providing information on
the spatial variation of the upper and lower plates
in the convergent margin structure. This field-work
was done in cooperation with the Instituto Jaume
Almera and the Unidad Tecnologica del Mar of
Barcelona, Spain, the Instituto Geofisico de la Es-
cuela Politecnica Nacional of Quito, Ecuador, the
Instituto Oceanografico de la Armada of Guayaquil,
Ecuador and the Instituto de Geologia y Minera of
Bogota, Colombia.

The acquisition configuration was constituted by 23
receivers (OBSs) and 31 land stations (Fig. 2).
In addition, 14 of 31 land stations for seismolog-
ical recording also recorded the marine seismic
shots. The OBSs were deployed at some intersec-
tions between perpendicular shot profiles forming
the acquisition grid. The acquisition grid 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 with
a separation of ≈ 15 km, and cover a surface of
33.600 km2 of the margin from the subducting plate
to the continental shelf. A total of ≈ 18.500 shots
were fired along ≈ 2900 km of profiles [1].

Figure 2: Bathymetry and topography of the margin of North
Ecuador and South Colombia. Location of OBS (gray circles),
land seismometers (white circles) and shooting lines (continu-
ous red lines) of the Esmeraldas experiment. Thin black lines
represents location of profiles collected during the Sisteur ex-
periment [2]. Thick dashed lines show the location of SIS-42
and SIS-44. A black line outlines the box used for the tomo-
graphic inversion in [1]. A yellow line represents the box used
for the tomographic inversion in [5]. Adapted from [1].

3.3. Methodology
3.3.1 Refractions and Reflections Travel-time

Picking

From all OBSs records there are about 400 seis-
mic profiles where it is possible to identify refracted
phases (first arrivals) that correspond to waves
travelling through the overriding plate crust (Pg).
Also, it is possible to observe reflected phases as-
sociated to the interplate boundary (PiP ). The
seismic profile 24 recorded by OBS 20 is displayed
in Fig. 3, where it is possible to identify Pg and
PiP . In the travel-time picking process, the first
goal is to review the first arrivals from [1] and to
improve them, if necessary. The second aim is to
identify reflections on seismic records, which cor-
respond to the plate boundary. In contrast with
refractions, the reflections are not observed in all
OBSs. On the one hand, on a particular OBS,
there are less seismic records that pass above the
OBS than seismic records that do not. This is not
a problem for the identification of the refractions,
but for the reflections it is more complicated and,
therefore, it is necessary to be careful and to have
experience in this interpretation process. On the
other hand, this type of acquisition allows record-
ing two or more lines that cross an OBS, and for the
point of shooting every single line should be read
at the same time. Therefore, these crossings can
be used to ensure reading consistency and to miti-
gate the before-mentioned problem when studying
the reflections. In Fig. 3, the Pg apparent velocities
range from ≈ 3 km/s at the seafloor to ≈ 5 km/s at
the base of the overriding plate. The arrival times
of the PiP increase progressively with the distance
between the receiver and the trench as a conse-
quence of the dip of the interplate boundary. Also,
the travel times of the PiP do not show significant
variations, which suggests that the depth of the in-
terplate boundary does not change significantly in
the trench-parallel direction. Further, in Fig. 3, it is
possible to identify the existence of a shadow zone
between the Pg and the PiP . This event is typically
connected to either a low-velocity zone or a zone
with low vertical velocity gradient, just above the
plate interface [5].
The travel-time dataset was build by manually pick-
ing the arrival times of the different seismic phases
(refractions and reflections). Each travel-time pick
is related to a position along with the acquisition
profile. The final dataset for all seismic profiles in-
cludes ≈ 220000 refraction picks (Pg) and ≈ 20000
reflection picks (PiP ). As in [1], the picking errors
depend mainly on lateral phase coherency and, in
this case, it ranges from 20 ms for near-field ar-
rivals to a maximum of 100 ms for the less coher-
ent arrivals at the farthest offset. It is worth noting
that, during the picking stage of refractions and re-
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Figure 3: Example of seismic record section used in this study. Profile 24 recorded by OBS 20 (see Fig. 2 for location of OBS and
profiles). Colour lines identify the two main seismic phases: continental crust (Pg) and interplate boundary (PiP ). Arrows indicate
first arrivals used in the inversion. Adapted from [1].

flections, the consistency of travel-time picks at the
crossing point of inline and offline record sections
was checked.

3.3.2 Inversion Parameters

A rectangular box was defined to create the grid
used for the tomographic inversion (Fig. 2). Its
sides are parallel to the shot lines, encompassing
all the shots and OBSs. The dimensions of the in-
version box are from 15 km to 156 km in the x axis
and from 75 km to 250 km in the y axis. In depth
(z), the velocity mesh extends to 30 km from the
seafloor. The horizontal node spacing is 1.25 km
in both dimensions, except where nodes coincide
with an OBS location, and in this case the node
is attributed with the OBS coordinates. The verti-
cal node spacing increases from 0.15 km, at the
top, to 1 km, at the bottom of the model. The ini-
tial velocity model is defined resorting to the 1-D
velocity model used in the previous works [1, 5].
This model consists of four constant velocity gra-
dients with the Mohorovičić’s discontinuity at ≈18
km. The model includes the bathymetry of the
studied area (Fig. 2).
The parameters utilized for the inversion are sum-
marised in Table 1. These parameters were de-
termined by trial and error, to get the best fit be-
tween the calculated and real travel times and
the smoothest final model. This inversion was
parametrised with a forward star (FS) order of
four nodes for each direction. The choice of this
number of nodes is related to a good compro-
mise between accuracy and efficiency of the graph
method. The possible connections of each node
are limited to this number, and a higher-order FS
increases the take-off angles and consequently
both the accuracy and the computational time. The
λu and λz parameters are selected empirically,
by defining the relative importance of velocity and
depth smoothing, respectively, with respect to data
fit. In this case, it was used a λu = 100 for refrac-
tion TTT and a λu = 50 for joint refraction and re-

flection TTT. While the relative importance of depth
smoothing was set as λz = 10. The average veloc-
ity perturbation limit results in a velocity damping
with a maximum of 10 % for both inversions and
a depth damping with a maximum of 10 % for joint
TTT. For each direction, smoothing matrices for ve-
locity perturbations were used. These matrices are
built with correlation lengths that can differ among
nodes. Correlation lengths are set for the top and
bottom nodes of the velocity grid and interpolated
for other nodes. An increasing depth reduces the
degree of resolution, so the correlation length in-
creases from top to bottom of the model. Hence,
for both inversions and for each direction (x, y, z),
it was used a top velocity correlation length of 2.5
km, 2.5 km and 0.5 km, respectively. Whereas, for
a bottom velocity correlation length, for each direc-
tion (x, y, z), it was used 6 km, 6 km and 4 km,
respectively. For the reflector grid, for each direc-
tion (x, y), a correlation length of 6 km was used
and later interpolated for other nodes.
The final velocity model obtained by inversion of
refraction travel-time data was used as the initial
model for the joint inversion. On the basis of sev-
eral velocity vertical sections perpendicular to the
trench, obtained in refraction travel-time tomog-
raphy, the points of the initial reflector model, at
the top of the subducted lithosphere, were interpo-
lated. The horizontal node spacing of the model
was 5 km. The reflective discontinuity is defined
between 80 km and 130 km in the x axis, and be-
tween 100 km and 220 km in y axis. The lowest
point of the model is about 5 km deep.

4. Results & discussion
The simplest types of indirect model evaluation are
a presentation of the modelling results in the form
of statistics and plots. The fit between predicted
arrivals times and travel-time picks provides infor-
mation about the quality of the models. The main
modelling statistics include the final RMSE (Root
Mean Squared Error) travel-time misfit and the av-
erage Chi squared (χ2/N ) error. The RMSE is one
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Inversion Parameters Refraction TTT Joint refraction and reflection TTT
FORWARD STAR ORDER (x, y, z)(NUMBER OF NODES) (4,4,4) (4,4,4)

λu 100 50
λz - 10

AVERAGE VELOCITY PERTURBATION LIMIT (%) 10 10
AVERAGE DEPTH PERTURBATION LIMIT (%) - 10

TOP VELOCITY CORRELATION LENGTHS (x, y, z)(KM) (2.5,2.5,0.5) (2.5,2.5,0.5)
BOTTOM VELOCITY CORRELATION LENGTHS (x, y, z)(KM) (6,6,4) (6,6,4)

REFLECTOR CORRELATION LENGTHS (x, y)(KM) - (6,6)
Table 1: Main inversion parameters used for the refraction travel-time tomography and for the joint refraction and reflection travel-
time tomography.

of the most fundamental convergence measures of
an iterative solution, as it directly quantifies the er-
ror incurred in the solution of the system of equa-
tions. The RMSE is usually used as data misfit
measurement and it is defined as the square-root
of the mean squared difference between observed
travel-time and synthetic travel-time divided by the
total number of picks, expressed as follows:

RMSE =

√√√√ N∑
i=1

(
tobsi − tcalci

)2/
N, (1)

where tobsi is the i-th picked or observed travel-
time, t calc

i is the corresponding synthetic or cal-
culated travel-time, and N is the total number of
picks. The average Chi squared (χ2/N ) is a mea-
sure of the quality of the fit between the picked data
points and the predicted arrival times from the ve-
locity models, where χ2 is defined as:

χ2 =

N∑
i=1

(
tobsi − tcalci

εi

)2

, (2)

where tobsi is the i-th picked or observed travel-
time, t calc

i is the corresponding synthetic or calcu-
lated travel-time, E1 is the picked point, and N is
the total number of picks. The final χ2/N should
be close to 1.0 ensuring a good quality of the fit
of the model without over interpretation of arrivals
on traces with a low signal to noise ratio [3]. If the
picking error estimation is correct, then greater and
smaller χ2/N values indicate an underfitting and
overfitting of the data, respectively, and a χ2/N ≈ 1
is considered an optimal model [5].

4.1. Refraction Travel-time Tomography
The work in [1] used data from OBSs and from land
stations (≈197000 refraction picks). For the inver-
sion, they used the FAST code [10]. Regarding
the inversion from the FAST tool, after 20 itera-
tions, the RMSE value was ≈217 ms for all data
(OBSs and land stations) and a RMSE of 193 ms
for OBS data. Furthermore, the χ2/N after 20 it-
erations was 10.2. This large values of statistical
data indicate either that the obtained model does
not match the real data or that the picking selection
of the first arrival travel times is too small, making it

unreliable. In [5], it was used a dataset created by
[1] and the TOMO3D code to achieve the velocity
models. After 20 iterations, the RMSE was 120 ms
and the χ2/N was 2.8. From the re-picked first ar-
rival travel times and the performance of TOMO3D,
this dissertation produces better statistical results
with a smaller number of iterations, 10 iterations.
From Fig. 4 (a), the obtained final model produced
first arrivals with a misfit (RMSE) of 108 ms (in the
last iteration) from a RMSE of 911 ms (in the first it-
eration), where it is visible a considerable decrease
between the first and second iterations. Whereas
from the third iteration to the last one, the conver-
gence ratio decreases. The χ2/N curve of Fig. 4
(b) has a first iteration with a value of χ2/N = 98.1
that drops to 1.2 in the last iteration. In fact, it is
possible to identify a large decrease of the χ2/N
value between the first and fourth iterations. This
low value of χ2/N indicates that the travel-time
data fits its nominal picking uncertainty (from 20
ms for near-field arrivals to a maximum of 100 ms
for the farther offset) and it is coherent with the 108
ms RMSE.
The comparison between this dissertation results
and the previous literature is depicted in Table 2.
As we may see from the table, the achieved in-
version results are improved with fewer iterations,
when compared with the two previous works, which
means a lower RMSE (RMSE=108 ms) and a lower
χ2/N (χ2/N=1.2). For the input data and for the
inversion tool, it was used ≈220000 data pick-
ing from OBS (more than the others works) and
TOMO3D code, respectively.

4.2. Joint Refraction and Reflection Travel-time To-
mography

For the joint reflection and refraction inversion, the
TOMO3D tool was used including data from the
OBSs (≈ 220000 refraction and ≈ 20000 reflection
picks). The values of RMSE and χ2/N were calcu-
lated as described in Section 4. After 13 iterations,
the RMSE (Fig. 5 (a)) decreases from 163 ms (first
iteration) to 116 ms (last iteration). In Fig 5 (b),
the χ2/N curve for the joint refraction and reflec-
tion is represented. After 13 iterations, the χ2/N
value decreased from 2.7 (first iteration) to 1.3 (last
iteration). As expected, the χ2/N values have a
similar convergence behaviour as the ones for the
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Results Cano et al.[2014][1] Meléndez, [2014][5] Dissertation
USED DATA OBSS AND LAND STATIONS OBSS OBSS

PICKING NUMBER ∼197000 OBSS DATA PICKING FROM [1] ∼220000
USED TOOL FAST TOMO3D TOMO3D

NUMBER OF ITERATIONS 20 20 10
RMSE (MS) 217 (193 FOR OBS DATA) 120 108
χ2/N 10.2 2.8 1.2

Table 2: Comparison between results from different authors.

(a)

(b)

Figure 4: Line charts showing the evolution of RMSE and the
χ2/N with successive iterations for all travel times. (a) RMSE
for the iterative inversion process using refraction travel times.
(b) χ2/N for the iterative inversion process using refraction
travel times.

RMSE. Note that the most significant drop of the
RMSE and χ2/N values occurs between the first
and third iteration. In general, it is established that
the RMSE and χ2/N curves converges, for both
cases, indicating that there is a good fit between
the calculated and the observed travel times (re-
fractions and reflections).

The comparison between the travel-time tomogra-
phy results obtained using only refractions versus
the ones obtained using joint refraction and reflec-
tion is presented in Table 3. When comparing the
RMSE for the different methods, there is a slightly
higher RMSE value for joint refraction and reflec-
tion TTT than for refraction TTT. This final RMSE
value may be caused by the presence of outliers
in the data. Further, this effect on the computed
error is amplified with the use of RMSE when com-
pared, for instance, with the mean squared error
(MSE), since RMSE gives a higher weightage and,
thus, punishing large errors. In fact, the additional

(a)

(b)

Figure 5: Line charts showing the evolution of RMSE and the
χ2/N with successive iterations for all travel times. (a) RMSE
for the iterative inversion process using joint refraction and re-
flection travel times. (b) χ2/N for the iterative inversion process
using joint refraction and reflection travel times.

reflection data travel times was difficult to identify,
entailing a small data acquisition when compared
to the refraction travel times. Finally, as the solu-
tion converges (Fig. 5 (a)), this final RMSE value
has no practical consequences. Using the same
number of iterations, the joint refraction and reflec-
tion TTT, we obtained a slightly higher χ2/N value
(1.4 vs. 1.2 for the refraction TTT). This final χ2/N
value is slightly high, may indicate that the reflec-
tion travel-time data does not fit to its nominal pick-
ing uncertainty (20 ms for near-field arrivals to a
maximum of 100 ms for farther offset). Futher, by
performing 3 additional iterations with the joint re-
fraction and reflection TTT, the method decreases
the RMSE and the χ2/N to 116 ms and 1.3, re-
spectively.
Although in Table 3 we observed not so improved
statistical results when adding information about
the reflection travel times, the inversion results de-
picted in Fig. 6 (a)-(h) are almost indistinguish-
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Results Refraction TTT Joint refraction and reflection TTT Joint refraction and reflection TTT
PICKING NUMBER ≈220000 REFRACTIONS: ≈220000

REFLECTIONS: ≈20000
REFRACTIONS: ≈220000
REFLECTIONS: ≈20000

NUMBER OF ITERATIONS 10 10 13
RMSE (MS) 108 119 116

χ2/N 1.2 1.4 1.3
Table 3: Comparison between the results from refraction TTT and from joint refraction and reflection TTT.

able, with the new inversion results presenting mi-
nor changes, leading to the same interpretation for
both models.
For a comparison, Fig. 6 reproduces 2-D vertical
slices extracted from 3-D P-wave velocity models
for both inversion tools (FAST and TOMO3D) and
for inversion using joint refraction and reflection
travel times.
Two dominant features emerge on vertical slices [1,
5]: (i) an outer margin wedge low vertical velocity
gradient; and (ii) a low-velocity zone, located in the
upper plate above the interplate contact. These
structures are also visible in the precious works,
although their size and shape differ.
The low vertical velocity gradient area is identified
on vertical slices and forms the trench side part of
the margin wedge (Fig. 6). In the vertical slice at
y = 140 km (Fig. 6 (f) and (h)), this outer margin
wedge can be seen from x = 70 km to x = 120 km,
and it is characterized by low velocities of 4.0-5.0
km/s. It is about 40 km wide and extends to 90 km
in a parallel direction to the trench. The low veloc-
ity zone is shown in Fig. 6 (f) and (h) from x = 120
km up to x = 150 km, with velocity values from 4.5
up to 6 km/s. The subdivision of the ocean plate
can be seen by increasing the depth at a veloc-
ity of 7.5-8.0 km/s towards the southeast (positive
x-axis). This observed low velocities are usually
associated with fracturing, and/or alteration pro-
cesses which increase the porosity of margin base-
ment rocks. This fracturing is possibly related with
the impact of seamounts which penetrated the sub-
duction zone, or to the subduction of the Carnegie
Ridge [1]. Fig. 6 (e) and (g) shows that the veloci-
ties are modelled for greater depths in the area be-
tween the oceanic trench and the shore, and they
are also slightly less than the velocities presented
in the previous two works.
The low-velocity anomaly in the margin crust is
shown on the vertical slices between the offset of
x = 120 km to x = 150 km. More specifically
where the isovelocity contours are of 4.5 km/s to
6 km/s, indicating the along-strike continuation of
a low-velocity margin zone. This low-velocity zone
is located in y = 140 km (Fig. 6 (f) and (h)) at the
southeastern side of the offshore network. This is
consistent with the shadow zone observed in many
of the OBSs located on the margin, such as the
profile 24 recorded by OBS 20 (Fig. 3). This low-

velocity zone is frequently interpreted as resulting
from fracturing of the upper plate due to high fluid
pressure in the subduction channel. More pre-
cisely, it presents clues that it is where there exists
an alteration and low-grade metamorphism of the
mafic and ultramafic rocks of the upper plate by flu-
ids expelled the incoming sediments and oceanic
crust. Nevertheless, this decrease of seismic ve-
locity with depth could also be related to different
physical or chemical causes, such as a change in
the composition, mineralogy, or porosity of sedi-
mentary or igneous rocks [1].
We may see a positive velocity anomaly in Fig. 6 (f)
and (h) between x = 30 km and x = 60 km, and it is
more pronounced than in the other two works. This
anomaly is related to the Mohorovičić’s discontinu-
ity and the presence of a thin oceanic crust [1]. On
the surface, the anomaly corresponds to the east-
ern part of the Yaquina Graben (see Fig. 2 for loca-
tion of Yaquina Graben).
In Fig. 6 (e) the isovelocity contour of 6 km/s be-
tween y = 160 km and y = 180 km has an unusual
shape. However, by adding reflections, this shape
is smoothed (Fig. 6 (g)). In Fig. 6, it is possible
to see the subduction of the tectonic plate towards
southeast, by the observing a deepening of the
6.0-7.5 km/s isovelocity contours, which represent
the upper-mantle velocities. From Fig. 6 (h), the
8.0 km/s isovelocity contour mimics the dip of the
Mohorovičić’s discontinuity beneath the west fore-
arc of the trench in the well-constrained part of the
velocity model.
Fig. 6 (g) and (h) shows that reflector points fol-
low a line that would be expected to be close the
boundary plate. Thus, although the obtained re-
flector does not yield a good real reflector, the ex-
act depth and the reflector’s slope are sufficient to
interpret velocities above the interplate boundary.
The geometry of the final reflector model is shown
in Fig. 7 (a). In a set of tests, the reflector model
was expanded until the trench. As the trench is not
parallel to the y-axis, the bathymetry had to be set
to the specific nodes of the model. As a result of
these tests the bathymetry nodes were shifted in
depth together with the rest of the model. A possi-
ble reason for this shift is the incorrectly reflections’
picking at this specific part of the model, where ei-
ther the bathymetry is set for depth nodes or an er-
roneous value of the correlation lengths that links
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variations of near reflector nodes. A possible so-
lution may be defining a new local coordinate sys-
tem whose y-axis would be as parallel as possible
to the trench line.
The final model of reflector was moved ≈ 1.5 km in
depth (Fig. 7 (b)). Local depth variations are small,
within a range of about 50 m. From the tests, it is
concluded that the final reflector model mainly de-
pends on the initial model. Also, it is seen that the
inversion mostly influences the depth of the reflec-
tor, but in a way that all of its nodes have a similar
amount of vertical shift with insignificant local depth
variation. In addition, the dip angle changes are
not significant. In order to explain why the depth of
the reflector models decrease or increase, it would
be necessary to perform additional tests using dif-
ferent parameters. In particular, the depth of one
reflector point depends both on the variation of ad-
jacent points and on the correlation lengths. How-
ever, tests with different correlation lengths did not
yield better results. On the one hand, a set of re-
flection picks may not suffice because the iden-
tification of the reflections in this type of seismic
acquisition is more demanding and requires much
more time and experience. On the other hand, it is
possible that the set of reflection picks is not wide
enough or concentrated in specific areas to obtain
more accurate local variations. Another possibility
to obtain bigger changes in the reflector model may
be to give higher weight to the reflections. In con-
trast, the result would be a reflector model with loss
of accuracy in the velocity model. In other words,
there is a compromise between the quality of the
reflector model and the velocity model. Further,
there is an option to fix the velocity model and then
iteratively upgrade (only) the reflector model.
As expected, in Fig. 8 (b), the reflector model depth
range from western, with ≈ 8.5 km (trench zone),
to eastern, with ≈ 18 km (Mohorovičić’s disconti-
nuity). Fig. 8 (a) shows the velocities in the area
of the reflector. Velocity lateral variations may be
observed around 5.5-7.5 km/s, which may suggest
variations of the shear modulus around 30 to 60
GPa [7]. Empirical relations may account for the
values of the shear modulus from the P-wave ve-
locity, but the accuracy of these values would re-
main uncertain.

5. Conclusions
A well-defined velocity model of the plate bound-
ary and upper and lower plates was build, down
to 25 km depth, using refraction travel times inver-
sion. From the interpretation of velocity models,
the main features mentioned in this work were the
low-velocity zone on the upper plate, located im-
mediately above the interplate contact. The inter-
pretation of this phenomenon might be related to
an alteration and fracturing of the mafic and ultra-

mafic rocks. These rocks constitute the upper plate
in this area, and it is composed by fluids released
from the lower plate with possible supplying from
sediment underplating. Also, near the margin, it
was identified a low-velocity gradient in the outer
wedge of subdcution zone, which is interpreted as
highly faulted and fractured rock.
The velocity model obtained by joint inversion has
slightly improved the statistical results of the ve-
locity model with refraction data, although it is
not visually evident this improvement in the in-
verted models. The final reflector model obtained
does not provide significant local variations, i.e., all
nodes have similar displacement in depth. Thus,
it is not possible to detect the existence of some
local structures of interest. By observing the veloc-
ities above the reflector, it can be seen that lateral
variations of velocity exist and are not negligible.
The highest variation of P-wave velocities in certain
rocks is about 2 km/s. These lateral variations of
velocity suggest displacements of the shear mod-
ulus of about 30 GPa [7], which further indicate
that the assumption of a constant shear modulus
for calculating the seismic moment is paramount.
The statistical results obtained in this work from the
inversion are not only more consistent than those
of the previous works but are also achieved in
about half the number of iterations of those works.
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