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[1] We present a high resolution 3 dimensional (3D) P wave velocity model for Tenerife
Island, Canaries, covering the top of Teide volcano (3,718 m a.s.l.) down to around 8 km
below sea level (b.s.l). The tomographic inversion is based on a large data set of travel
times obtained from a 3D active seismic experiment using offshore shots (air guns)
recorded at more than 100 onshore seismic stations. The obtained seismic velocity structure
is strongly heterogeneous with significant (up to 40%) lateral variations. The main volcanic
structure of the Las Cafiadas-Teide-Pico Viejo Complex (CTPVC) is characterized by a
high P wave velocity body, similar to many other stratovolcanoes. The presence of
different high P wave velocity regions inside the CTPVC may be related to the geological
and volcanological evolution of the system. The presence of high P wave velocities at the
center of the island is interpreted as evidence for a single central volcanic source for the
formation of Tenerife. Furthermore, reduced P wave velocities are found in a small
confined region in CTPVC and are more likely related to hydrothermal alteration, as
indicated by the existence of fumaroles, than to the presence of a magma chamber beneath
the system. In the external regions, surrounding CTPVC a few lower P wave velocity
regions can be interpreted as fractured zones, hydrothermal alterations, porous materials

and thick volcaniclastic deposits.
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1. Introduction

[2] Volcanic environments are typically complex regions of
heterogeneous rock types, fluids and gases, and the associated
volcanic hazard often has societal implications. Significant
advances have been made in interpreting the early warning
signs of volcanic eruptions based on the analysis of multiple
geophysical and geochemical data, including seismicity, gas
emissions and ground deformation; however, the interpretation
of these data has to be based on a sound knowledge of the
internal structure of the volcano edifice. Seismic tomography
is a powerful tool providing reliable measurements of the
structure of the Earth. Its application to volcanic environments
has provided high-resolution images of several volcanoes and
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their surrounding regions (e.g., Etna [Cardaci et al., 1993;
Aloisi et al., 2002], Redoubt [Benz et al., 1996], Kilauea
[Dawson et al., 1999], Azores [Zandomeneghi et al., 2008],
or the Kluchevskoy volcano [Koulakov et al., 2011], among
others).

[3] Most of these studies are based on passive-source seis-
mic recordings utilizing the arrival times of P and S waves
from local earthquakes; however, the uneven distribution of
earthquake hypocenters and their unknown locations signifi-
cantly limit the resolution of the computed models. High
quality imagery in passive seismic studies is based on joint
inversion for source parameters and the velocity model and
requires large number of evenly distributed stations operating
for long time periods (several months to years). In practice,
very few networks satisfying these requirements are available
in volcanic regions given the complex topography, hazardous
environment and difficulties with instrument installation and
maintenance.

[4] Some of these problems can be solved by conducting a
seismic active-source experiment based on artificial seismic
signals recorded by a dense seismic station network operating
for a relatively short period of time. Furthermore, higher fre-
quencies in comparison to passive sources are excited
increasing the resolution of the tomographic images. Onshore,
the active sources are usually produced by chemical blasts
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Figure 1. (left) Location of the main geological units at the Tenerife Island. Satellite image is shown for
the onshore part. Indications: GV: Giiimar Valley; OV: Orotova Valley; MB: Montaiia Blanca; PV: Pico
Viejo; BT: Boca Tauce volcano. (right) Location of the Tenerife Island (marked with blue) in respect to

Europe and Africa.

(e.g., as Asama volcano [Aoki et al., 2009]); however the use
of such sources is strictly limited in most volcanic areas.
When volcanic regions are close to the sea, air gun shots are
a realistic alternative for generating signals. This scheme is
widely used in experiments in volcanic areas, such as: Vesu-
vius [Zollo et al., 2002], Campi Flegrei [Zollo et al., 2003],
Asama [Aoki et al., 2009], Deception Island [Zandomeneghi
et al., 2009], Ascention Island [Evangelidis et al., 2004], 1zu-
Bonin [Calvert et al., 2008] and Montserrat Island [Paulatto
et al., 2010, 2012; Shalev et al., 2010].

[5] This study focuses on the volcanic island of Tenerife
(Canary Islands, Spain), an environment of high volcanic
risk due to its eruptive history, morphology and population
distribution. Tenerife Island has a high geomorphological
complexity including the caldera system of CTPVC with
the large Teide stratovolcano at its center, a large number of
smaller volcanic cones, steep valleys and vertical cliffs. On
the other hand, there are some preferred directions of align-
ment of volcanic systems. This wide variety of geomorpho-
logical and volcanological contrasts presents an important set
of issues that are still debated. The last eruption occurred in
1909 (Chinyero volcano), after which volcanic activity was
absent except for gas and fumarolic activity [Pérez et al.,
1996; Hernandez et al., 2000, 2004]. Recent seismic activ-
ity has been located offshore, as documented in the catalog of
the Instituto Geografico Nacional (IGN, Spain) for the last
20 years, with the exception of a few low magnitude events
on land [A/mendros et al., 2000]. An unusual increase in
seismic activity was observed on Tenerife between April and
September 2004 —more than 500 earthquakes were recorded
during this period, including some of moment magnitude
(Mw) greater than 3.0, which were felt by the population of
the island [Almendros et al., 2007]. Activity decreased in the
first half of 2005 to a normal level of about 10-20 events per

month. On the basis of this unusual activity, a reawakening of
the volcano was suggested [Garcia et al., 2006], though an
eruption has not occurred yet.

[6] In January 2007, an active seismic experiment called
TOM-TEIDEVS [lbdiiez et al., 2008] was performed on
Tenerife in order to obtain a P wave velocity tomographic
image of this volcanic island. The present work describes the
high resolution P wave velocity structure of Tenerife Island
based on data obtained from this experiment. We show the
velocity structure of the island from the top of Teide (3,718 m
above sea level (a.s.l.).) to around 10,000 m below sea level
(b.s.1.), covering a surface area of over 2,000 km2.

[7] The main objective of this paper is to help understand
the structure and dynamics of this complex volcanic system
and shed some new light on some of the open issues about
its formation mechanism and evolution. In particular we
address the hypothesis of a three-rift system underlying
the island and determining its morphology [Carracedo et al.,
2009], the origin and evolution of the Las Canadas caldera
and the existence of an active shallow magma chamber beneath
Teide volcano.

2. Geological Setting

[8] Tenerife Island is a volcanic island of the Canary Islands
archipelago (Spain) (Figure 1). The origin of the Canary
Islands is a matter still under discussion; and although for a
long time many authors postulated their relationship with a
hot spot [e.g., Canas et al., 1998], others insist on an unclear
origin [i.e., Anguita, 2000]. Tenerife Island is situated in
the Atlantic Ocean, off the NW coast of Africa, at latitude
28-29°N and longitude 16—17°W. With an area of 2,040 km3,
it is the largest of the Canary Islands. Its topography is very
heterogeneous, with basaltic and felsic lava flows, domes,
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monogenetic cones, stratovolcanoes, calderas (Las Cafiadas),
and pyroclastic deposits, implying diverse volcanic pro-
cesses. The most important complex is the CTPVC edifice, in
the center of the island, formed by a caldera and a strato-
volcano complex known as Pico Viejo-Teide in the middle.
This caldera is elliptical, measuring 16 x 9 km, and it lies at
2000 m a.s.l.

[9] Two kinds of volcanism, fissure basaltic and explo-
sive, took part in the formation of Tenerife Island. In the
case of effusive volcanism, the eruptions are basaltic and the
magma ascended through the mantle to the surface. The
fissure basaltic volcanism is mainly located at the NE and
NW ridges, and spreads over the southern part of the
island. These eruptions produced 297 monogenetic cones on
the island [Doéniz et al., 2008; Doniz Pdez, 2009] and are the
most common type of eruption. The recurrence period of this
kind of eruption is short, meaning that an event in the near
future is possible. Explosive eruptions involving phonolitic
magma chambers [4ndujar et al., 2008] have given rise to the
different phases of formation of the CTPVC. The last sub-
plinian eruption, at Montafia Blanca (east flank of Teide),
happened 2000 years ago [4blay et al., 1995].

[10] The documented volcanic history of the Canary Islands
covers the last 500 years [Romero, 1991, 1992]. The first
historical eruption took place at the NW-SE ridge (Figure 1),
called Boca Cangrejo, in 1492. Sietefuentes volcanoes erupted
in 1704; and Fasnia and Arafo volcanoes, located at the
NE-SW ridge, erupted in 1705. The following year, 1706, saw
the eruption of Garachico on the NW-SE ridge. The CTPVC
underwent a basaltic eruption in 1798 involving the Chahorra
Volcanoes. The most recent eruption recorded was in 1909, at
El Chinyero volcano, by the NW-SE ridge.

[11] In the evolutionary context of Tenerife Island, as
pointed out by Schmincke [2004], very little is known about
the seamount stage of growth, although about 90% of the total
volume of Tenerife corresponds to its submerged portion.

[12] Three main regions were formed in the initial stage
(Figure 1): Roque del Conde (11.9-3.9 Ma), Teno massif
(6.3-5.3 Ma) and Anaga massif (4.9-3.9 Ma) [e.g., Thirlwall
et al., 2000; Huertas et al., 2002; Pous et al., 2002; Guillou
et al., 2004; Leonhardt and Soffel, 2006; Coppo et al.,
2008; Gottsmann et al., 2008].

[13] The CTPVC is the main volcanic edifice of the island
at present. Different periods of activity can be identified in
its evolution, separated by quiet gaps that are longer than
the periods of activity [Arafia et al., 1994]. The sequence of
events generating each constructive and destructive phase can
be described as: 1. Continuous ascent of basaltic magma from
the mantle; 2. formation of shallow phonolitic magma cham-
bers, and thus, phonolitic eruptions with generation of basaltic
eruptions in the center of the island; 3. formation of the cal-
dera, with the partial or total destruction of the magma cham-
ber; 4. eruption of basaltic magmas in the center of the island;
5. construction of a new phonolitic magmatic chamber in a
different place, implying migration of the magma chamber to
another sector of the central area.

[14] Two contrasting theories have been put forward to
explain the origin of the Las Cafadas caldera. Some workers
propose a vertical collapse mechanism [Marti et al., 1997;
Marti and Gudmundsson, 2000; Coppo et al., 2008;
Gottsmann et al., 2008; Marti et al., 2010], while others
favor a side collapse followed by a giant landslide [Navarro
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and Coello, 1989; Ancochea et al., 1998, 1999; Cantagrel
et al, 1999]. See Blanco-Montenegro et al., 2011, for a
review.

[15] Few studies explore the two or three rift axes sur-
rounding the CTPVC, and their origin and evolution are like-
wise under discussion. Carracedo [1994] reports the existence
of a convergent three-armed rift in Tenerife, with axes fol-
lowing NW-SE, NE-SW and N-S directions. He proposes that
this rift system controlled the occurrence of volcanic activity
from the basaltic shield stage to the present time. Carracedo
based his interpretation on eruptive vent concentration and
dike density observed in tunnels excavated while searching
for water. However, alternative theories [Marti et al., 1996;
Geyer and Marti, 2010] suggest that regional tectonics have
controlled the distribution of volcanism. In the southern half of
Tenerife recent eruptive vents appear too scattered to represent
an alignment [Ancochea et al., 1995; Hiirlimann et al., 2004].

[16] What is known about the volcanic system at depth on
Tenerife Island? Attempts to determine the internal structure
of Tenerife Island using geophysical techniques have included
resistivity measurements [Pous et al., 2002; Coppo et al.,
2008]; aeromagnetic surveying [Blanco-Montenegro et al.,
2011], gravity [Arafia et al., 2000; Gottsmann et al., 2008]
and seismological studies [Canales et al., 2000]. Gottsmann
et al. [2008], showed, based on gravity data, that the core of
the island is denser than its surroundings. Canales et al. [2000]
observed higher P wave velocity in CTPVC wall beneath the
Boca Tauce volcano (Figure 1), from inversion of active-source
seismic data. This body, interpreted as a plutonic intrusion
[Canales et al., 2000], could play an important role in the
evolution of the CTPVC, preventing the occurrence of land-
slides in the Southern and Western parts of the island.
Recently, Blanco-Montenegro et al. [2011] presented 3D
magnetic models of Tenerife from a high-resolution aero-
magnetic survey. Their model supports the vertical collapse
hypothesis for the origin of the Las Cafiadas caldera. They
also observed a high-magnetization region beneath the North
flank of Teide-Pico Viejo, suggestive of a dense dike complex.

[17] The seismic activity of Tenerife Island is very limited.
The catalog of the National Seismic Network (IGN, http://
www.ign.es/ign/main/index.do) and other studies [Del Pezzo
et al., 1997; Almendros et al., 2000, 2007] indicate that, with
the exception the 2004-2005 seismic crises, there is a low
occurrence of volcano-tectonic earthquakes and an absence of
other volcanic signals such as long period events (LP) or tre-
mors. Hence, the only way to obtain high-resolution seismic
tomographic images is by using artificial sources, as in the
TOM-TEIDEVS experiment.

3. Data and Method

3.1. Seismic Experiment

[18] The active seismic experiment TOM-TEIDEVS was
carried out in January 2007 [/bdiiez et al., 2008]. The project
was led by the University of Granada and involved research
groups from Spain, the UK, Italy, Ireland and Mexico (the
TOM-TEIDEVS research group).

[19] The experiment consisted of the deployment of a
dense seismic network on Tenerife Island and the shooting of
air guns around the island. The Spanish oceanographic vessel
R/V Hespérides fired shots using a 12 m long array consist-
ing of six BOLT 1500LL with a total volume of 3520 cu.in.
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Figure 2. Experiment configuration. Red and orange dots represent shots fired in legs 1 and 2, respec-
tively. Triangles show the seismic stations on Tenerife Island. Axes are in kilometers. Background is

smoothed topography/bathymetry map.

(57.68 L). The air guns were shot every two minutes
(6459 shots were fired in total), which corresponds to a
shot separation of around 300 m (Figure 2). A total of
125 seismometers provided by various institutions from
the UK, Italy and Spain were deployed on Tenerife
Island. The majority of instruments were 100 Guralp
CMG-6TD provided by the University of Liverpool, UK,
with a bandwidth of 30 s to 100 Hz and continuously
sampled at 200 Hz. The shooting program was divided
into two separate legs. To improve ray coverage for the
tomographic study some of the stations were relocated
after the first leg. The full recording geometry is given
in Figure 2. Altogether, 137 sites were occupied used to
record the shots. The station distribution was chosen in
view of the following criteria: (1) high-density station
coverage in the area around CTPVC; (2) at least two
straight reflection/refraction lines crossing the island in
north-south and east-west directions to be used as 2-D
profiles; and (3) easily accessible site locations with low
noise due to human interference wherever possible.

[20] The quality of the recorded data is generally high
and first breaks can be identified up to 30—40 km offset and
in some cases up to 60 km. For this study we used data
from 125 sites, where the signal-to-noise ratio was high.

Corresponding time windows for all the shots were extracted
from the continuous wavefronts and the waveforms were
filtered using a band-pass zero-phase filter between 4 and
8 Hz (Figure 3). This frequency band, which is narrower
than used for many wide-angle crustal-scale studies in other
places, was chosen after several tests to maximize the signal-
to-noise ratio. For frequencies lower than 4 Hz, the ocean
microseisms are masking the signal for larger offsets. For
frequencies above 8 Hz, the human-generated noise caused
by the high population density strongly perturbs the seis-
mograms. Figure 3 shows filtered seismic signals panels
recorded at two stations in the TOM-TEIDEVS experiment.
Figure 3a shows a line along the SE coast and recorded at
station located at Las Cafadas. Figure 3b shows a NE to NW
line recorded at a station located at the SE end of the island.
In addition to travel times we also determined a quality factor
for each arrival, which varied from 1 (good signal/noise ratio)
(quality factor 1 assigned to Figure 3a and quality factor 2 to
Figure 3b) to 4 (impossible to distinguish the signal from the
noise). Our data set consists of 511,599 P wave first arrival
travel times. To perform the inversion we selected only travel
times with quality factors 1 and 2 recorded on 125 sites,
making for a total of 103,750 travel times. Travel times with
quality factor 3 or 4 were not used. Based on our manual
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Figure 3. Seismic signals panels recorded at two stations in the TOM-TEIDEVS experiment. The
observed traveltimes are in red; calculated traveltimes through the final model are displayed in blue.
(a) Line along the SE coast and recorded at station located at Las Cafadas. The quality factor assigned is
1. (b) NE to NW line recorded at station located at the SE of the island. The quality factor assigned is 2.

determination of arrival times, standard errors of +—100 ms
and +—150 ms were assigned to the travel time picks with
quality factor 1 and 2 respectively.

3.2. Algorithm

[21] In this study we used the inversion program ATOM-
3D (Active Tomography in 3D), which was adapted from
the passive source tomography program, LOTOS [Koulakov,
2009] for the case of 3D active source observations. The
inversion uses in general a similar workflow as in some pre-
viously developed codes (e.g., FAST code by Zelt and Barton
[1998]). A detailed comparison can be found in Garcia-
Yeguas [2010] between ATOM-3D and FAST. Although
the results of the inversion provided by both approaches are
similar, the ATOM-3D code appears to be more versatile
and faster, and was therefore selected for this study. For
example, a full inversion cycle including five iterations for
100000 rays takes only about one hour of computing time on
aregular PC, while FAST processes the same amount of data
for 5-6 h (approx.).

[22] ATOM-3D uses first arrival travel time data as input
and provides the 3D distribution of absolute P wave velocity
by means of iterative inversions and 3D ray tracing in the
updated model. In the case of marine observations, as in
this study, the sources (air gun shots) are located on the sea
surface. In the first iteration, we traced the intersection of
each ray with the seafloor and corrected the travel times for
the water column. In following iterations, we performed ray
tracing between the points on the sea bottom (Xs, Ys, Zs)
and stations (Xr, Yr, Zr) in the updated 3D velocity model
using a ray bending method described in Koulakov [2009].

[23] The parameterization is performed with a set of nodes
distributed on vertical lines regularly spaced in map view
(1 km spacing in this case). In the vertical direction the posi-
tion of the top node is defined by the topography. The distance
between nodes depends on the density of rays, yet cannot be
smaller than a predefined minimal value (here, 0.5 km). No
nodes are installed in areas with insufficient rays (in our case a

ray density less than 10% with respect to the average value). In
areas between nodes, the velocity distribution is linearly
interpolated. In order to reduce the influence of parameteri-
zation on the results, the inversion is repeated using several
grid configurations with different basic orientations (e.g., 0°,
22°,45° and 67°) and subsequently averaged. This model is
then used as the basic velocity distribution for the next itera-
tion. The parameterization grids are constructed in the first
iteration; in subsequent iterations, velocity values are updated
for the same nodes.

[24] During each iteration, partial derivatives are computed
along the raypaths in the current velocity model. The inversion
of this matrix, which consists in minimization of the root mean
square of residuals (difference between the observed and
modeled travel times), is performed using the LSQR method
[Paige and Saunders, 1982; van der Sluis and van der Vorst,
1987]. The amplitude and smoothness of the solution are
controlled by two additional matrix blocks, whose weights
play an important role in tuning the resulting model. However,
for finding the optimal balance between the inversion and
damping values there is no any formal criterion, and we esti-
mated their values using synthetic modeling (see synthetic test
with realistic patterns in section A3).

[25] After computing an updated velocity model we repeat
the steps of ray tracing, matrix calculation and inversion. This
iterative procedure was done several times, reducing the non-
linear effect due to dependency of the raypaths on the unknown
velocity distribution. Increasing the number of iterations has an
effect similar to reducing the damping value. Therefore, to find
the optimum properties of the solution, we fixed the number of
iterations and tuned the damping values; 5 iterations is a com-
promise between reduction of the nonlinear effect and the time
of calculations.

4. Results

[26] Based on our data selection and inversion strategy we
obtained a three-dimensional (3D) P wave velocity model
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beneath Tenerife Island. To assess the reliability of
the obtained model we performed several tests which are
presented in appendices 1 to 3. In particular, the role of the
starting 1D model and inversion parameters were explored
by several inversion trials with different starting conditions
(inversion parameters and starting models) (section A1). The
quality of data and the role of random noise were tested
using a jackknife test (section A2). The spatial resolution
was estimated using a series of synthetic models (section A3).
In particular, the test with realistic anomalies, which mimics
the conditions of the real experiment (same inversion para-
meters and reference model), was used to estimate the opti-
mum value of damping and number of iterations. It shows
that the considerable magnitude of anomalies (up to 40%) can
be retrieved robustly with the chosen inversion scheme. As
follows from the tests, reliable images were obtained beneath
the entire Island at a depth range from the top of Teide vol-
cano (over 3000 m a.s.l.) to a depth of 8000 m b.s.L

[27] The results are shown in vertical cross-sections and in
horizontal sections at different depths in absolute P wave
velocity and percentage deviation from a 1D starting model.
Note that for the offshore parts, where the rays do not inter-
sect sufficiently, the results are strongly smeared. Therefore,
in our further interpretation we only consider the onshore
parts of the model covering an area of about 40 x 40 km2.

[28] Vertical and horizontal cross-sections through the final
tomographic model are shown in Figure 4-7: a N-S section
(Figure 4a), a W-S section (Figure 4b), an oblique NW-SE
section (Figure 4c) and horizontal sections at different depths
(Figures 5 and 6). Figure 7 shows in detail the CTPVC region
for horizontal sections at different depths. The P wave velocity
distribution is highly heterogeneous with very large contrasts,
reaching a maximum of +—40% in some areas particularly
close to the surface (between 3 km a.s.l. and 3 km b.s.1). The
most significant anomalies are marked with numbers and
section letters in Figures 4 and 6 (positive anomalies marked
with a P and negative anomalies with an N) and are discussed
below.

[29] CTPVC: The volume situated beneath CTPVC mainly
presents high (defined as higher than the average 1D starting
model) P wave velocity (~+22%, with maxima of up to
~+35%). Lower P wave velocities are observed North-East of
CTPVC, corresponding to anomaly N6 (Figures 4b and 4c),
showing low P wave velocity (~—16%) from the top to a
depth of around 500 m b.s.1.

[30] At large depths, a high P wave velocity core char-
acterizes the central structure of Tenerife Island in general.
This high P wave velocity core, reaches the surface in
CTPVC.

[31] Negative anomalies around CTPVC: North of the
CTPVC there are two low P wave velocity bodies, N2
(Figure 4a), at a depth of around 1 km (b.s.]). Low P wave
velocity bodies appear in other areas toward the South and
East of the island, namely, anomalies N4 (~2 km (b.s.1.)) N1
(~2 km (b.s.l.)) and N7 (~3 km (b.s.l.)) (Figure 4). The
regions surrounding the anomalies N5 (~7 km (b.s.l.)) N1
(Figure 4) are low P wave velocity areas.
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[32] In depth, the low P wave velocity anomalies are
mainly distributed around the high P wave velocity central
structure, except for anomaly N4, surrounded by high P wave
velocity. With decreasing depth, the low P wave velocity
anomalies increase in size and amplitude, taking up more
central positions in the island; anomaly N4 follows the same
pattern.

[33] Positive anomalies around CTPVC: In general, the high
P wave velocity anomalies (P1 (Figure 4a), P5 (Figure 4b) or
P10-P11 (Figure 4c)) reach the depth of the tomography image
resolution at, 8, 10 and 11 km (b.s.L.), respectively.

[34] Anomaly contrasts and volcanic eruptions distribu-
tion: There is no preferential orientation or alignment of P
wave velocity anomalies. We also note that in some regions
there is no continuity in the anomalies from the surface to
the bottom of the model. For example the negative anomaly
N3 becomes positive at the surface, north of anomaly P9. In
contrast for example the positive anomaly P6 at depth is
reversed into a negative anomaly N1 at the surface.

5. Discussion

5.1.

[35] Tenerife Island is characterized by a high P wave
velocity core (Figure 6). This feature is typical of most
stratovolcanoes and oceanic islands, including Etna [Aloisi
et al., 2002], Vesuvius [Di Stefano and Chiarabba, 2002],
Asama [Aoki et al., 2009], and Montserrat [Paulatto et al.,
2010, 2012; Shalev et al., 2010].

[36] In the central massif we find the highest positive P
wave velocity contrast of the entire island, anomaly P3, at the
Boca Tauce volcano (Figure 6). Surface geological studies
report that this area is old and highly eroded [Marti et al.,
1994]. This edifice probably represents the oldest strato-
volcanic formation in the CTPVC. We therefore infer that
this area may represent the point where the basal complex
started, forming along with the large structure of CTPVC. This
observation is in line with other geophysical studies: Canales
et al. [2000] describe a high P wave velocity anomaly in this
area using active seismic data; and Arasia et al. [2000] and
Gottsmann et al. [2008], through gravimetric studies, observed
a high density core in the CTPVC and emphasizing Boca
Tauce volcano.

[37] Our tomographic model shows a high P wave velocity
anomaly at the center of Tenerife Island without any clear
preferred orientation at any depth, which could be associated
with an old rift structure. Therefore, our results do not support
the evolution models of Tenerife Island which postulates that
the joint action of the three rifts conditioned the volcanic
activity of Tenerife. Many authors [i.e., Carracedo et al., 2009]
hypothesize the existence of these three rifts on the basis of
surface morphology. Yet there is no general agreement on this
issue. Our tomographic image shows a high velocity central
body surrounded mainly by low velocity anomalies and similar
velocity abnormalities have been observed in other active vol-
canic islands such as Montserrat [Shalev et al., 2010].

Main Features of Tenerife Tomography Model

Figure 4. Results of experimental data inversion (final model) with vertical sections. (left) Relative perturbations with
respect to the 1D reference model; (right) absolute velocities. Locations of the profiles are given in the map in the upper-right
corner. Letters P and N indicate the positive and negative anomalies which are discussed in the text. The arrows indicate

where the anomaly is located.
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Figure 5. Results of experimental data inversion with horizontal sections. (left) Relative perturbations in
respect to the 1D reference model; (right) absolute velocities. Depths are given in respect to sea level. The
results are masked in areas where the distance to the nearest parameterization node in more than 3 km.
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Figure 6. Horizontal sections at different depths for final model with indications of structural features
discussed in the text: (a) —8.0 km, (b): —3.7 km, (c) —0.7 km and (d) +1.0 km. The yellow dots represent
the volcanic eruptions emission visible at the surface today centers. The red areas (indicated by arrows)
pertain to historical eruptions. Letters P and N with numbers indicate the positive and negative anomalies
discussed in the text. The results are masked in areas where the distance to the nearest parameterization

node in more than 3 km.

[38] On the island of Tenerife we found varying velocity
contrasts, up to 40% with reference to the initial model. It is
not surprising to find such contrasts in volcanic regions. For
example, Shalev et al. [2010] in their study of Montserrat,
using a similar tomography technique found velocity con-
trasts of 20% within a distance of less than 5 km and in a
study region four times smaller than Tenerife.

5.2. The Nature of the Las Cafiadas Caldera and the
Presence or Absence of an Active Magma Chamber

[39] At present, the debate about the origin of the Las
Canadas caldera is dominated by two main theories: collapse
caldera [Marti et al., 1997] or landslide models [Masson
et al., 2002]. The resolution of our seismic tomography
images of Tenerife Island, while high, cannot accurately
determine specific events. A distinct body with high P wave
velocity at depth is associated with the basal complex, and
another high P wave velocity body is associated with the

stratovolcanic structure. Accordingly, it is interpreted to be
related to the system’s evolution, growth and consolidation.

[40] Our images do not permit conclusions as to whether
the current state of the Cafiadas is due to a collapse process
or a large avalanche. In either case, the large volume of
surface material would have been deposited out at sea. The
absence of a surface layer of low P wave velocity in the
structure of CTPVC implies that there are no substantial
volcanoclastic deposits in the highly fractured area or sig-
nificant material strength. In this context, we might envisage
a process of regional emptying; the collapse process would
entail fractured amorphous volume with sufficient velocity
and small thickness of the deposit layers.

[41] It is noteworthy that our observations do not offer a
clear indication of a low velocity region that could be asso-
ciated with a magma reservoir. The existence of a magma
chamber with a size under 3 x 3 x 3 km volume (the reso-
Iution of our model) cannot be ruled out base on our tests.
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[42] The main volcanic structure is the complex of CTPVC
(Figures 1 and 7). Although only one historical effusive erup-
tion occurred inside this region (eruption of 1798 [Romero,
1992)), it was formed by several highly explosive episodes
related to Plinian eruptions [Ablay et al., 1995]. Additionally,
the evolution theories of this complex include collapse cal-
dera episodes [Marti et al., 1997; Marti and Gudmundsson,
2000] or enormous landslides [Masson et al., 2002; Blanco-
Montenegro et al., 2011]. The tomographic images of this
area are shown in Figure 7 lead us to remark on the following
features:

[43] 1. There is no evidence of shallow low-seismic-
velocity layers within the caldera that would correspond to
soft volcanoclastic deposits. On the other hand, based on the
resolution tests, it could be is difficult to detect.

[44] 2. A remarkable but small vertical low-seismic-velocity
structure, extending from the surface to about 3000 m b.s.
1 (Figures 4b, 4c and 6, anomaly N6), is observed beneath
Montafia Blanca, a monogenetic cone produced by a Plinian
eruption 2000 years ago. Previous authors such as Araiia et al.
[2000] and Gottsmann et al. [2008] observed a similar
anomaly in gravimetric models, yet located beneath Teide
volcano, to the west of our observations. They associated this
anomaly to hydrothermal alteration, since the Teide summit
has some fumarolic activity [Pérez et al., 1996]. In our case
such and interpretation may also be valid.

[45] 3. There is a clear relationship between the values of
maximum high P wave velocity anomalies and the evolution
model of the CTPVC. Ancochea et al. [1990] postulated
an evolution model that migrates from South to Northwest
(present position of Teide volcano) producing different cal-
deric formations. The places cited by these authors harbor the
main emission centers, where we observe maximum values of
P wave velocity anomalies. Presently and at the surface, these
centers are marked by several frozen dike swarm intrusions
and magmatic bodies, confirming our high P wave velocity
values and supporting the model of frozen plutonic intrusions
at depth as responsible for the high P wave velocity anomalies.

5.3. Other Seismic Velocity Anomalies and Their
Relation to Old and Recent Volcanism

[46] The central body of high P wave velocity is sur-
rounded by several areas with low P wave velocity anomalies
producing high horizontal P wave velocity gradients. The
largest low P wave velocity region is located in the Eastern
part of Tenerife island (anomaly N2), but other considerable
regions are observed in the North (Orotava valley) and on the
western coast of the island (anomaly N3). All are present
from the surface to the maximum imaged depth of resolution
(around 10 km b.s.l.). The lowest anomaly, with contrast
under 40%, is observed beneath La Orotava valley. In gen-
eral, all these low P wave velocity bodies increase in size
closer to the surface, where also the lowest P wave velocity
values are reached.

[47] The interpretation of these bodies is complex. Possible
explanations are the presence of fluids in the medium (water,
gas or magma), highly fractured or porous rocks, hydrother-
mal alterations, volcaniclastic deposits, landslide deposits, or
combinations of these. Moreover, different interpretations
can be envisaged for the same body at different depths.

[48] The deeper regions surrounding the high P wave
velocity central massif can be attributed to ancient
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volcanoclastic deposits or an alteration of the original island
processes due to interaction with water. As we approach the
surface, the low P wave velocity contrast is more evident.

[49] One of the most interesting observations of our work
is the existence of velocity anomalies in small areas sur-
rounding the central body. In particular, we highlight the
regions observed for historical volcanism, where we detected
the existence of high P wave velocity bodies above deep low
P wave velocity bodies. Given the strong correlation between
these regions and their recent volcanism, we suggest that
these anomalies trace systems involving magmatic intrusion;
high P wave velocity at the surface is associated with cooled
magma, while low P wave velocity indicates the existence of
a deep magmatic body responsible for the rash that has not
yet cooled.

[s0] The upper most layers along the NW ridge, where
some of the last historic volcanic eruptions occurred (Boca
Cangrejo, 1492; Garachico, 1706; Chinyero, 1909) are
characterized by high P wave velocity gradients (P9 positive
anomaly). However, at around 3 km b.s.l. a strong low
P wave velocity perturbation is observed (Northeast of N3
negative anomaly).

[51] We interpret this structure as a consequence of the
observed historical eruptions. The low P wave velocity of the
lower layer is conditioned by remaining magma body intru-
sion, still hot, and located in a weak external region.

[52] Some external areas of Tenerife Island have vertical
gradients showing low P wave velocity anomalies at the sur-
face and high P wave velocity at greater depth. The high
P wave velocity is clearly related to the basal complex of the
first formation stage of the island. The low P wave velocity
anomalies may be a result of highly fractured regions,
hydrothermal activity and/or large volcanoclastic deposits.
However, there is a noteworthy zone in the southern part of
the island (N4 in Figure 6) where additional observation
could modify this interpretation. Pérez et al. [1996] observed
an anomalous ratio He3/He4 precisely in this region. This
ratio is a clear marker of the presence of magma at depth
beneath this area. Hence, the low P wave velocity anomaly in
the area of N4 might also be interpreted as the consequence of
magma.

6. Conclusions

[53] This paper presents the results of a 3D seismic P wave
velocity tomography study of Tenerife Island using active
source data. Our images were obtained using travel times of
103,750 P waves’ first arrivals, recorded at 125 locations. The
maximum depth resolved is about 13 km, from the top of
Teide summit down to 10 km b.s.1. The horizontal resolution
covers the total subaerial part of the island except the North-
east region.

[54] The results of tomography shed light on the evolution
of the island’s formation processes, pointing to the region
where the initial or basal stage most likely started.

[55] 1. Evidences of a magma reservoir: There is no
evidence of a large low-seismic-velocity anomaly beneath
Teide volcano that could be interpreted as an active magma
chamber. Furthermore, a small low P wave velocity region in
this complex is possibly related to hydrothermal alteration.
The resolution of seismic tomography images of Tenerife
Island, though high, does not suffice to accurately determine
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Table Al. Different Starting Models With Their Initial and Final

RMS
Model Model Model Model Model Model
Depth (km) A B C D E F
3.0 43 4.0 4.3 4.0 4.6 4.1
—-2.6 5.9 5.6 5.6 5.0 5.5 5.5
—6.6 6.8 6.5 6.5 6.0 6.5 6.5
—11.4 8.0 7.5 7.5 7.0 7.5 7.2
—16.4 8.1 7.9 7.9 7.5 8.1 8.0
—30.0 8.2 8.2 8.2 8.0 8.3 8.2
RMS initial (ms) 875.0 7193  749.7 6193 756.0 699.0
RMS final (ms) 189.0 187.8 1879 187.0 189.0 187.8

the existence of a magmatic chamber with a size less than 3 x
3 x 3 km.

[s6] 2. Vertical collapse versus giant landslide: The fact
that our inversion cells were 1 x 1 x 1 km3 means only larger
structures can reliably be detected. In this sense, our tomo-
graphic images do not elucidate the evolution of the CTPVC.
Our images are not conclusive as to whether the current state
of CTPVC is due to a collapse process or a large avalanche.
However, the absence of a surface layer of low P wave
velocity in the structure of CTPVC suggests there are no
substantial volcanoclastic deposits in the area or highly
fractured material of significant strength. Such a scenario
would be more compatible with a process of regional emp-
tying rather than a collapse process.

[57] 3. Evidences of the basal complex: We observed a
high P wave velocity body at depth that is associated with
the basal complex, and a further high P wave velocity body
associated with the stratovolcanic structure. This central
high P wave velocity body can be interpreted as an evident
of a model formation of the island arising from a single
central volcanic source. In other stratovolcanoes, such high
velocity bodies have been interpreted as evidence of the
system’s evolution, growth and consolidation.

[58] 4. Structure of CTPVC: The main volcanic structure
of the CTPVC is characterized by a high P wave velocity
body, similar to many other stratovolcanoes. The presence of
different high P wave velocity maxima inside this complex
may be related to the geological and volcanological evolution
of the system. Our images are not conclusive as to whether
the current state of CTPVC is due to a collapse process or a
large avalanche. However, the absence of a surface layer of
low P wave velocity in the structure of CTPVC suggests
there are no substantial volcaniclastic deposits in the area or
highly fractured material of significant strength. Such a sce-
nario would be more compatible with a process of regional
emptying rather than a collapse process.

[59] 5. External regions of Tenerife Island: In the external
regions of Tenerife Island, a few low P wave velocity
regions can be interpreted as fractured zones, hydrothermal
alterations, porous materials, thick volcanoclastic deposits or
their combination.

[60] Our images reveal a complex structure of Tenerife
Island, with strong P wave velocity gradients associated with
different volcanic processes involved in its evolution. The
low P wave velocity regions at the external areas surround-
ing a high P wave velocity core (CTPVC) can be interpreted
as “soft” regions, and it is remarkable that recent historical
eruptions took place precisely in these surrounding regions.

TENERIFE STRUCTURE B09309

Appendix A: Verification of the Results
Al. Effect of the Reference Model

[61] The ATOM-3D code requires using 1D starting models
which is estimated by minimizing the difference between the
observed and modeled travel times [e.g., Sallares et al., 2003].
To evaluate the effect of the starting models upon the final
velocity distribution we have performed a series of inversions
for different 1D starting velocity models. In Table Al we
present six different reference velocity models with consider-
ably different 1D velocity distributions. In the same table we
present the values of RMS of residual after tracing in the initial
and final models. It can be seen that the RMS in the first iter-
ation are considerably different for different models. After five
iterations of inversion, the difference in RMS becomes much
smaller. In Figure Al we present the resulting absolute
velocities for models A and F with considerable differences in
reference models. The two starting models result in similar
relative perturbations but slightly different absolute velocities.
It shows that the present observation scheme cannot give strong
constraints on the absolute velocities, but is rather robust with
respect to the anomalies. This means that we should be careful
about interpreting the absolute velocities and mostly concen-
trate on consideration of relative heterogeneities.

A2.

[62] Having chosen the initial model, we proceeded to select
the inversion parameters, the smoothing parameter and the
value of the amplitude of damping. Figure A2 plots different
inversion images, at 3 km of depth, for various values of
the parameters. When determining the optimal smoothing
coefficient, we tried to avoid both excessively patchy struc-
tures caused by low damping and oversmoothed solutions.
The optimal values were fixed using synthetic modeling
(see section A4). Table A2 shows the values of the final
RMS obtained for the four models after 5 iterations plotted
in Figure A2. Although model A provided the lowest RMS, we
adopted the parameter combination of model D since it proved
robust, low in RMS value, and capable of providing realistic P
wave velocity contrasts. The final RMS varies after each iter-
ation as: 630.37 ms (iteration 1), 515.57 ms (iteration 2),
235.58 ms (iteration 3), 198.74 ms (iteration 4), 187.72 ms
(iteration 5).

Effect of Inversion Parameters

A3. Jackknifing Test

[63] We randomly removed 25% and 50% of the seismic
stations and inverted the data again to obtain a P wave
velocity model without all the data. Figure A3 shows the
models derived with the full data set and using the reduced
data set. The fact that there are no great differences is evi-
dence that the random noise in the data does not strongly
affect the results. At the very south tip of the island along the
NS station line there is a significant difference: In the inver-
sion with all stations there is a strong contrast between low
velocities on the coast and high velocities inland, but the
contrast becomes much smaller with 75% and 50% of the
stations. This suggests some inconsistency between some of
the stations, perhaps because of high relief which cannot be
properly accounted for with the 1 km grid.
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Figure A2. P-velocity anomalies at —3.0 km depth derived after the inversion with different free para-
meters indicated on each plot. Thin solid and dotted lines depict topography and bathymetry contours.

A4. Synthetic Tests

[64] Here we present several synthetic tests which were
performed, first, to estimate the optimal values of the
inversion parameters, and, second, to access the spatial res-
olution of the retrieved model. In all tests, the synthetic
travel times were computed between same source-receiver
pairs as in the field experiment using the bending ray tracing
algorithm [Koulakov, 2009]. The reconstruction was per-
formed in identical conditions as in the case of real data
inversion.

A4.1. Checkerboard Test

[65] Checkerboard test is widely used in many tomo-
graphic studies and it consists in reconstruction of periodical
alternating anomalies. Performing this test with different

sizes of anomalies allows direct showing the capacity of the
tomography to resolve certain size of pattern in certain parts
of the study area. Here we show the test with anomalies of
5 km by 5 km horizontally and 8 km vertically, with a P wave
velocity anomalies varying +10%. Figure A4 shows the
checkerboard input model on the left, and the model after
inversion on the right, at different depths (1.0 km, —1.0 km,
—4.0 km and —8.0 km). Resolution varies with position and
depth. At 1 km a.s.l. the central part of the island is very well
resolved. At depths b.s.l. in the South boundary of the island
there is some smearing of the recovered anomalies, indicating
lower resolution. The center of the island is well resolved for
all depths. The resolution of the experiment shows well
resolved anomalies in all the selected sections from the sur-
face to a depth over 8 km b.s.I. At surface, the whole island,
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Table A2. Pair of Smoothing and Damping Parameters With Their
Final RMS

Model Smoothing Damping RMS Final (ms)
A 0.4 0.4 186.16
B 0.5 0.3 187.32
C 0.6 0.4 192.42
D 0.5 0.4 187.72

except for the NW region not covered by seismic stations, is
also very well resolved. For the positive anomaly the input
value of the anomaly was 10%. In the retrieved model we
recovered around 8% of the amplitude. For the negative
anomaly, the input value of the anomaly was —10%. In the

TENERIFE STRUCTURE B09309

retrieved model around —6 to —7% was recovered; this value
is less than for the positive anomaly, as to be expected.

A4.2. Discrete Anomalies Test

[66] In Figure AS we present the input P wave velocity
anomalies and the reconstruction results in horizontal and
vertical sections. We introduced three P wave velocity
anomalies: two negative (—15% of the background velocity
at that depth) and one positive anomaly (15% of the back-
ground velocity at that depth). In the upper part of Figure A2
we show the recovered model at 0.0 km and —5.0 km of
depth. Both types of anomalies, positive and negative, were
effectively represented. Although authors such as Flecha
et al. [2004] underline the difficulty of reconstructing low
P wave velocity anomalies, our data set provided sufficient
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Figure A3. (a) Stations of the network: red stations indicate 25% of stations which were randomly
removed to obtain the result in Figure A3c. (b—d) Results of the jackknife test with maps of velocity
anomalies at 3 km depth derived after inversions with all data (Figure A3b), with removal of 25% of sta-
tions (Figure A3c), and with removal of 50% of stations (Figure A3d).
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Figure A6. Synthetic test with free-shaped anomalies representing a realistic configuration of seismic
velocity patterns. (a) The distribution of synthetic anomalies which remain unchanged at all depths. (b—f)
The reconstructed velocity anomalies at different depths indicated in the bottom right corner of each plot.
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quality for the return of any type or position of P wave
velocity anomalies greater than 15 x 5 x 5 km3 in size. At
the bottom of Figure A5 we show the vertical sections with
different orientations. On the left are the vertical sections
of the input model, and on the right those of the retrieved
model. Figure AS5a clearly reflects the NW negative
anomaly and positive anomaly. In Figures ASb and ASc,
meanwhile, we observe the E and SE positive and negative
anomalies. The results, aside from confirming the high
quality of our data set, demonstrate the capacity of this
method for identifying and resolving a high gradient of P
wave velocity, both at surface and in depth.

A4.3. Free Shape Anomalies Test

[67] To corroborate that the anomalies of the final model
could be recovered, this test was performed. We introduced an
input model with horizontal anomalies similar to the final
model obtained after the inversion of experimental data. This
allowed us to check the stability of the geometry and size
of the resulting anomalies. The input model at a depth of
—3.0 km is seen in Figure A6a, while Figures A6b—A6f
plot the recovered anomalies at respective depths of 0.0 km,
—3.0 km, —5.0 km, —6.0 km and —7.3 km. The fine hori-
zontal resolution achieved provides imagery of anomalies of
different sizes and shapes at depths as great as —7.3 km. Note
that the large magnitudes of anomalies are robustly resolved in
this test which proves that the amplitudes reported for the main
model based on experimental data are close to the reality.

[68] The results of the different resolution tests show that
our final seismic velocity model is well resolved at as much
as 8 km in depth, and it is a sound indicator of the inner
physical properties of this volcanic environment.

[69] Note that all synthetic tests demonstrate fairly good
resolution in central part of the Island where most stations
are located. However, in the peripheral offshore parts, strong
smearing is observed, so the results should be interpreted
with prudence.
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