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Abstract. = We determine the three-dimensional distribution of P- and S-wave veloc-
ities for Central Sao Miguel Island (Azores, Portugal) by tomographic inversion of lo-
cal earthquake arrival times. We use P- and S-phases from 289 earthquakes recorded by
a network of 20 seismometers. The model shows good resolution in the shallowest 5-6
km, as illustrated by different resolution tests. There are several velocity anomalies, in-
terpreted as pyroclastic deposits, intrusive bodies, geothermal fields, and the effects of
tectonics. A low Vp zone marks Furnas caldera, probably evidencing volcaniclastic sed-
iments with development of intense geothermal activity. Another low Vp zone extends
in correspondence of the highly fractured area between Fogo and the north coast. Con-
versely, strong positive anomalies are found south of Fogo and northwest of Furnas. They
are interpreted in terms of high-density deposits and remnants of a plutonic intrusion.
These interpretations are supported by distribution of Vp/Vs, and are consistent with

previous geological, geochemical, and geophysical data.
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1. Introduction

The Archipelago of Azores consists of nine volcanic islands located at about 38°N-28°W,
in the triple junction zone among the American, Eurasian and African plates. The largest
island is Sao Miguel (Figure 1). The structure of Sao Miguel is characterized by fault
systems mainly trending NW-SE and E-W. The most important volcanic complexes are
located at the intersection of these tectonic lineaments (see Cruz [2003] and references
therein). In central Sao Miguel, the main volcanic structures are those of Fogo and Furnas.
Both are central volcanoes with a summit caldera and a dominantly trachytic composition.
Furnas is the youngest volcano and consists of a steep-sided, 8 x 5 km caldera complex
formed during several collapses [Guest et al., 1999]. In the last 3000 years, most eruptions
were phreato-magmatic and occurred with an average recurrence interval of 320 years
[Moore et al., 2001]. The Fogo volcanic edifice rises to an elevation of ~1000 m above
sea level, and is composed by lava flows, domes and pyroclastic deposits over an older
submarine lava basement. See for example Guest et al. [1999] for a detailed description
of the geology of the area.

Although Central Sao Miguel volcanoes have not erupted since the 17th century, the
area is restless. Geothermal manifestations are conspicuous and constitute one of the most
important present day indication of volcanism. Geothermal exploration and research ev-
idence two main active fields, in the Ribeira Grande-Fogo and Furnas regions. In these
fields, local tectonics seem to control subsurface flow and the alignment of fumaroles and
thermal springs [Ferreira and Oskarsson, 1999]. The most intense thermal activity coin-

cides with an E-W tectonic lineament in Furnas and a NW-SE fault system in Fogo [Cruz,
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2003]. At Ribeira Grande, the geothermal field is possibly connected to a reservoir be-
tween Fogo and the northern coast, hosted by highly fractured, pyroclastic rocks [Muecke
et al., 1974; Gandino et al., 1985; Carvalho et al., 2006]. The heat source, especially for
deeper levels of the field, could be a regional heat anomaly [Silveira et al., 2006; Ritsema
and Allen, 2003]. At Furnas, the heat source is probably the plutonic remnants of the
most recent volcanism below the center of the caldera, although there are no clear signs
of direct magmatic contribution in the discharge composition [Cruz et al., 1999].

To study the structure related to the volcanic activity of the island, several investigations
have been carried out. Camacho et al. [1997] performed a gravimetric study of S&o
Miguel Island to determine the density distribution in the first kilometers. At depths
around 8 km, the areas around Fogo and Furnas show two density minima separated,
in Congro zone, by a high density region that shows a NE-SW trend. It extends to
shallow depths (still present at 1 km) and has been interpreted as an old basaltic shield
or a partly solidified magmatic body. Montesinos et al. [1999] focused on the gravimetric
low density anomaly of Furnas area. At shallow levels, this anomaly is interpreted as
low-density silicic caldera infill, mainly due to collapse processes, and volcanic products
from several eruptions which occurred after the formation of the main caldera from radial
and concentric fractures. Deformation and GPS measurements performed at Central Sao
Miguel have revealed a slight inflation of the Furnas area [Sigmundsson and Tryggvason,
1995]. An explanation refers to the presence of fluids within a deep hydrothermal system
beneath the caldera, sealed by an impermeable zone and forced to growing pressures. At
Fogo, GPS stations show displacements toward the caldera, indicating a slight deflation

of the volcano [Jdnsson et al., 1999]. This deflation could be due to a pressure decrease
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in the magma chamber, or to the extraction of water and steam by a nearby geothermal
power plant.

In the last years, thousands of earthquakes have been annually recorded and located
around Sao Miguel island by the regional seismic network. Their origin is mostly related to
the approximately WNW-ESE fault systems dominating the regional tectonics [e.g. Udias
et al., 1976; Madeira and Ribeiro, 1990]. Central Sdo Miguel is crossed by different fault
systems, trending NW-SE and E-W, and constitutes one of the most active seismogenic
regions in the Azores [e.g. Gongora et al., 2004; Escuer, 2006] |. This observation is
compatible with the focal mechanisms calculated in the area [Udias et al., 1976; Buforn
et al., 1988] and the strike-slip faulting observed in the bathymetry [Lourenco et al., 1998].

The local seismic network evidences that a substantial number of the earthquakes are
swarms of local, low-magnitude earthquakes located in the area between Fogo and Furnas
(D. Silveira, personal communication). Although the tectonic control seems important, a
recent work by Luis [2006] suggests that these swarms are not generated by a tectonic-
driven mainshock/aftershock mechanism. The most likely explanation is that Central Sao
Miguel earthquake swarms have a volcano-tectonic origin.

Inhabited volcanic areas, where even a small eruption could produce considerable losses,
pose important problems in terms of hazards. This consideration motivated an European
Union-sponsored project (named e-Ruption) intended to quantify the present-day seis-
micity of various quiescent volcanoes in populated regions [Saccorotti et al., 2004]. One
of the selected sites was Central Sao Miguel, where a seismic survey was carried out in
April-July 2003. In this paper, seismic data recorded in that experiment are used to de-

termine the three-dimensional (3D) velocity structure of the central region of Sao Miguel.

Page 5 of 43



ZANDOMENEGHI ET AL. - SEISMIC TOMOGRAPHY OF CENTRAL SAO MIGUEL 6

This work represents a first attempt to establish the relationship between seismic velocity

distribution and volcanic structures in Sao Miguel Island.

2. Instruments and data

Between April 4 and July 15, 2003, a temporary network including short-period and
broad-band instruments, as well as three small-aperture seismic antennas, was deployed
in Sao Miguel [Saccorotti et al., 2004] to expand and complete the permanent network
operated by “Sistema de Vigilancia Sismologica dos Agores” (SIVISA). During this period,
our instruments recorded more than one thousand earthquakes. Most of them were local
earthquakes (Figure 2) characterized by S-P times smaller than a few seconds and with
magnitude-durations lower than 2.5. The daily average was 5-10 earthquakes per day,
except for a single swarm in April 26-27 when more than 160 earthquakes occurred in a
few hours (Figure 3).

Our starting data set consisted of visually-picked arrival times for P and S phases
associated with 426 earthquakes, recorded in a seismic network of 26 stations (Figure 1).
They mostly had a time difference between arrivals of P and S waves smaller than 3 s,

and were hence considered as local earthquakes.

3. Method

We chose the seismic tomography code of Benz et al. [1996] to calculate the 3D velocity
structure of Central Sao Miguel. This method is particularly appropriate for the study of
volcanic areas, usually characterized by sharp velocity heterogeneities that can strongly
affect seismic wave propagation. The method uses the finite difference technique of Podvin

and Lecomte [1991] (later modified by Tryggvason and Bergman [2006]) to calculate travel
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times and allows for the simultaneous inversion of the 3D P-wave velocity structure and
earthquake locations. For these reasons, it has been applied to investigate the interior
of several volcanoes such as Redoubt [Benz et al., 1996], Etna [Villasenor et al., 1998],
Kilauea [Dawson et al., 1999] and Vesuvio [Scarpa et al., 2002], and calderas, for example

Campi Flegrei [Zollo et al., 2003].

3.1. Preliminary model

To apply this method to the Sao Miguel data, we need an initial guess for the velocity
model of the region and preliminary earthquake locations. A preliminary 1D velocity
model was obtained using the code Velest [Kissling et al., 1994], that determines the
velocity structure where calculated travel times best fit the observed phase arrivals, in
a least-square sense. To calculate our 1D model, we started with the “Terra Acores”
(TAC) velocity model used in routine network locations by SIVISA [Escuer, 2006] and
with a selection of 331 earthquakes with good quality of recorded signals. We tested
several layering thicknesses and more than 100 initial models differing a random 10%
with respect to the TAC model. We obtained a 1D model which slightly differed from the
TAC model, mostly in the first 5 km of depth (Figure 4). In the calculated 1D model,
the RMS reduced from 0.044 to 0.018 s. The average displacement for the earthquake
locations was 0.02 km and 0.07 km in horizontal and vertical direction respectively.

Preliminary hypocenter locations for 426 earthquakes in the whole Sao Miguel area
were then obtained with the location algorithm Nonlinloc [Lomazx et al., 2000], which
provides a maximum-likelihood solution for the source location problem. Arrival times
were weighted according to their picking uncertainty. Quality levels of 0, 1, 2, 3, 4 were

assigned respectively to time errors <0.02, 0.02-0.05, 0.05-0.1, 0.1-0.2 and >0.2 s. We
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found that most earthquakes are located in Central Sao Miguel, between Fogo and Furnas

calderas, in the shallowest 10 km (Figure 5).

3.2. 3D Model

For the 3D velocity inversion, we selected 289 earthquakes with a minimum of 6 phase
readings, a maximum station gap of 180°, a maximum offset between stations and earth-
quakes of 20 km, and a minimum distance between hypocenters of 0.4 km. A 20 x 12 x 11
km volume centered at -25.426°W and 37.774°N, extending from 1.5 km above sea level to
a depth of 9.5 km, was selected for the tomographic inversion. The final database consisted
of 2197 P-wave and 1786 S-wave travel times, recorded at 20 stations (14 short-period
and 6 broad-band seismometers) located within the selected area. Taking into account the
station and hypocenter distributions, we estimate that the central region of Sao Miguel
is densely sampled by seismic rays to a depth of 7 km. The volume was parameterized
with a grid of constant-slowness cubic cells. After several tests with different cell sizes, we
selected a 1-km cell as the optimum dimension for our inversion. It represented a good
trade-off between travel time RMS, model resolution, and ray coverage [Benz et al., 1996].
A denser grid of 0.25 km, obtained by linear interpolation of the 1 km grid, was used in
the direct problem to calculate arrival times with an accurate ray path tracing. Figure
5 shows the area and inversion grid selected for the 3D tomography; the locations of the
selected stations and hypocenters; and the ray path coverage.

The selection of the smoothing parameter was based on minimizing the final RMS
without introducing instabilities or increasing the model roughness due to modelling of
the noise [Benz et al., 1996]. Moreover, we observed that low smoothing results in a

decrease of the number of ray paths that the model was able to adjust. The best balance
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between RMS and number of rays was achieved for a smoothing value of 60 (Figure
6). Convergence of the tomographic inversion to a stable solution was obtained after
10 iterations. Using the P and S travel time data and a Vp/Vs ratio of 1.68 derived
for the same area [Saccorotti et al., 2004; Escuer, 2006], the method provides relocated
hypocenters and a 3D P-wave velocity model for Central Sao Miguel (hereafter, the CSM
model).

The inversion code does not allow for variations of the Vp/Vs ratio across the model.
Therefore, we used an indirect approach to obtain the 3D Vp/Vs distribution. We sepa-
rated the source location and velocity determination problems and estimated independent
velocity models for P- and S-wave velocities. We assumed that the hypocenters were fixed
at the locations determined by our final, full-dataset inversion. To make comparable the
resulting velocity models, we selected only those earthquakes with both P- and S-wave
travel times. Then, we performed two independent inversions for velocity: (1) we used
the P-wave travel times to obtain the P-wave velocity model; and (2) we used the S-wave
travel times as first arrivals for the S-wave velocity model. The initial S-wave model is
derived from the starting 1D velocity model for the P-wave and a Vp/Vs of 1.68. The

Vp/Vs model is calculated as the ratio between the obtained P and S velocity models.

3.3. Resolution tests

The influence of systematic and random errors on the final results is hard to quantify
owing to the nonlinear nature of seismic tomography, the difficulty of quantifying noise
in the input data, and the effect of parameterization [Leveque et al., 1993; Calvert et al.,
2000]. A number of empirical methods of uncertainty estimation are used to ensure that

only robust, well-constrained features of the final model are interpreted. They are based
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on the definition of artificial models with known distribution, dimension, and intensity
of anomalies. The procedure presents two steps: first we solve the direct problem to
determine synthetic travel times and then we use those data as input for the inverse
problem. The source-receiver geometry and inversion parameters have to be as close as
possible to those used for the real data. The comparison of the final model with the
initial (known) model provides a qualitative indication about the resolving capabilities.
Regions where the recovered model closely matches the input model are considered well
resolved. However, the degree of recovery is sensitive to the geometry and magnitude of
the synthetic anomalies. These factors also have to be considered when interpreting the
tests.

We defined synthetic models to perform checkerboard tests [Humphreys and Clayton,
1988] and impulse response tests [Ohmi and Lees, 1995]. We also used the final velocity
model to carry out a reconstruction test [Zhao et al., 1992; Barberi et al., 2004].

We built a checkerboard model characterized by alternated positive and negative anoma-
lies of +10% with respect to the initial 1D velocity model previously obtained. The
anomaly dimensions were 3 X 3 X 4 km. In this model, with the same configuration of
earthquakes and stations as in the real inversion, we calculated synthetic travel times.
The 1D initial model was then used as starting velocity structure for the inversion of the
synthetic database. In Figure 7 we show results of the checkerboard test for a layer at 4
km depth and a E-W section at 1 km north of the center of the model. The best resolved
areas are located in the center of the domain, to a depth of 5-6 km, in correspondence
with largest ray path lengths and densely crisscrossed grid cells. Although the anomaly

pattern is well reproduced, the intensity is generally underestimated.

10
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As the geometry of the checkerboard anomalies is very different with respect to the final
velocity model, and the seismic ray paths as well, we figured out the resolution also in
other anomaly distributions.

For the impulse response tests, we generated smoothed spot-like anomalies at different
locations in the domain. These anomalies are well reproduced in the final models, specially
those with high velocities. The resolved volume again coincides with the high-coverage
area (Figure 5), as in the checkerboard tests.

As an additional test, we calculated travel times in a velocity model equivalent to the
CSM model. With this analysis we are able to check how well the inversion performs
using anomalies with dimensions and positions similar to what we expect to deal with
in the real medium. The parameter selection and inversion scheme was the same as in
our 3D inversion. We added noise to the synthetic travel times in order to simulate the
uncertainties in the real arrival time data. The noise level was inversely proportional to
the quality assigned to the arrival time picks. To obtain a statistically robust estimate,
this procedure was repeated to generate 25 noisy travel time data sets. When inverted,
they generated a set of output models that show very slight differences among them. To
compare the models, we used slowness rather than velocity because it shows a clearer
Gaussian distribution of the final results. The standard deviations of slowness for each
node are quite small, ranging between 1.1 - 1072 s/km and 8.7 - 1073 s/km, with a mean
value of 5.1-1072 s/km. In Figure 8, we compare the average reconstructed model and our
final CSM model. We observe that the main features are well recovered, as in previous

test, until a depth of 5-6 km.

11
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3.4. Input data tests

We assess the effects of the starting model and database characteristics. First, we
performed the inversion using different trial structures as initial models. We perturbed
the minimum 1D model by £10% [Barberi et al., 2004], and calculated the corresponding
P-wave velocity structures. The results of this test indicate that positions and shapes of
the anomalies do not significantly change inside the studied volume.

Next, we analyzed the control exerted on results by the database selection. We used
a variation of the classical jackknife test, as suggested by [Lees and Crosson, 1989]. A
strong advantage of this method is that it does not require an estimate of noise in the
data to assess the uncertainty in the resulting model because the noise itself contributes
to the variance in the derived models. We performed 25 different inversions, removing
a random 10% of the initial dataset, and then examining the variance of the derived
models. The standard deviations among these models could be assumed as a measure
of the uncertainty in the final model. Standard deviations for slowness among the final
models were calculated at each node. They ranged from 0.2-1073 s/km to 2.6-1072 s/km,
with a spatially-averaged value around 1.1 1073 s/km. Comparing the average velocity
model with the CSM model, we observe that the strongest differences occur at a few
isolated points and are smaller than 6% of the averaged slowness at the same locations.
From this point of view, the general framework of anomalies is not affected and main

perturbations have a robust feature.

12
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4. Results

Travel time data obtained during the 2003 experiment at Sao Miguel were inverted using
the method described above. For P phase arrival times, the average residual between
observed and calculated values in the minimum 1D model was 0.35 s; in the final 3D
model it was reduced to 0.13 s. For the S phase the RMS reduction was from 0.44 to
0.15 s. This latter value refers to the inversion for the velocity model only. Earthquake
locations changed an average of 0.09, 0.29, 0.25 km toward E, S, and depth. The origin
times changed an average of 0.026 s.

The CSM model obtained contains several anomalous regions characterized by seismic
velocities which differ from the starting values up to ~10%. Figure 9 shows the distribution
of Vp and Vp/Vs in Central Sao Miguel. Those zones poorly resolved by the inversion,
due to insufficient coverage, are shaded in grey. Several remarkable features appear in
the seismic structure. We image a low-velocity anomaly in the Furnas zone, highly stable
down to 6 km depth. The velocity values are over 10% lower than those of the starting
model. Another zone of low velocity is situated in the NW corner of the studied area,
between Fogo caldera and the north coast. This negative anomaly is weaker than the SE
anomaly, and never surpasses the 2-3% value. Moreover, it stands in a peripheral region
of our volume and for this reason it is pointed out by our resolution tests as tentative.
This has to be taken into account in the interpretation step. On the contrary, the region
extending from the south of Fogo to the northwest of Furnas, across the Congro area,
shows clear positive anomalies, around 10% in their strongest values. This anomaly is

actually constituted by two volumes, in the NE and SW extremes, separated by a slower

13
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zone. This zone has the highest ray coverage and thus this partition in two sub-regions is
probably a real feature of the velocity structure.

For the vertical distribution of heterogeneities, we observe that the overall positions
of the model contrasts do not strongly vary with depth. The main anomalies stand in
their positions, slightly changing in intensity. This means that whatever mechanisms
produce the velocity variations, they extend all the way down to the depth resolved by
our inversion. Figure 10 shows interpolated vertical sections along two profiles (see Figure
9) across the main anomalies. In this figure, we show the deep, poorly resolved levels as
well, in order to understand the likely vertical extent of the anomalies. For example, the
Furnas low-velocity anomaly extends in depth from 1 to 5 km, while the Ribeira Grande
anomaly appears to be deeper. On the other hand, the northeastern high-velocity region
deepens more than the southwestern high-velocity.

With respect to the Vp/Vs ratio of 1.68 previously derived for this area, both higher
and lower values are retrieved by our inversion (Figure 9). A central, high ratio volume
stands in the whole depth range. Between 1 and 5 km depth, high values extend eastward,
closer to the Furnas area. Slightly high ratios appear between Fogo and the south coast.
Low Vp/Vs can be observed in the north-northwest part of our volume and in the Furnas
caldera zone. The lowest Vp/Vs ratios in both regions are found at about 2 km depth.

The Vp and Vp/Vs distributions contain features that do not overlap. For example, the
SW and NE high velocity anomalies imaged in the Vp structure have completely different
behavior in terms of Vp/Vs. The NE area has a low Vp/Vs ratio, while the SW region

has a slightly high value around 1.7-1.8. This is an indication that these two anomalies

14
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are not related to the same processes, and underlines the need for Vp/Vs analysis when

performing seismic tomography.

5. Discussion

From a seismological point of view, volcanic areas are complex structures. They exhibit
solidified intrusions, partially molten regions, geothermally altered rocks, and intricate
deposits of different shapes, thicknesses, and compositions. Therefore, volcanic regions
are prone to enclose rocks with a wide range of physical properties [Foulger and Arnott,
1993]. In seismological terms, this variability translates into the occurrence of strong
contrasts of seismic wave velocity. The scenario is further complicated by the presence of
fluids and structural discontinuities, definitely common in volcanic environments. Such
factors usually affect Vp and Vs in different ways. Typically, the spatial variation of Vp
mirrors the distribution of lithologies and rock properties, while the Vp/Vs ratio maps
rock defects, pores, cracks, and their fluid content [Berge and Bonner, 2002]. Since Vp
and Vp/Vs are affected by different phenomena, both distributions have to be combined
to envisage a global seismic structure.

During the last decades, a wealth of studies has demonstrated that seismic tomography
is a useful technique to investigate the structures of volcanic regions. Low-velocity anoma-
lies interpreted as partially molten volumes have been found at Toba Caldera [Masturyono
et al., 2001], Yellowstone [Husen et al., 2004], and Rabaul [Finlayson et al., 2003]. Low-
velocity regions have also been associated with geothermal systems (e.g. Coso geothermal
system [Wu and Lees, 1999; Sanders et al., 1995], and low-density caldera infilling mate-

rials (e.g. Taupo volcanic zone [Sherburn et al., 2003]). On the other hand, high-velocity

15
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regions in volcanic areas are generally understood in terms of intrusive solidified volumes
(e.g. Taupo volcanic zone [Sherburn et al., 2003], Tunghuraua volcano [Molina et al.,
2005], and Bandai volcano [Yamawaki et al., 2004]). The interpretation of Vp/Vs distri-
butions has been addressed by several empirical and theoretical studies [e.g. Mavko, 1980;
Dvorkin et al., 1999; Wang et al., 1998; Takei, 2002]. The variations of Vp/Vs with pres-
sure, temperature, composition, porosity, etc, are difficult to model. For example, both
decrease and increase of Vp/Vs have been observed after a change in confining pressure,
depending on depth range, presence of microcracks, fluid contents, and thermal pertur-
bations [Nicholson and Simpson, 1985; Bonner et al., 1998; Patané et al., 2002]. In spite
of that, in volcanic environments high Vp/Vs values at shallow depths can be generally
associated with saturated highly fractured materials (as in Vesuvio [Scarpa et al., 2002]
and Kilauea [Hansen et al., 2004]). Deep, high Vp/Vs values are rather related to bodies
of partial melt (as in Etna [Patané et al., 2006], Yellowstone [Husen et al., 2004] and
Long Valley [Sanders et al., 1995]). Low ratios can be also found in geothermal systems
near the water-steam transition as in Yellowstone [Chatterjee et al., 1985] and Onikobe
volcanic area [Nakajima and Hasegawa, 2003].

In any case, the interpretation of Vp and Vp/Vs anomalies in terms of rock properties
and geological structures is generally not unique. In order to narrow down the possible in-
terpretations and correctly understand the tomographic results, we must take into account

any information available from other geological, geochemical and geophysical studies.
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5.1. Interpretation of velocity anomalies

To understand the nature and meaning of the velocity anomalies depicted in Figure 9,
we are going to combine the information from the Vp and Vp/Vs models, and discuss
them in the light of the results of previous studies about this region.

In the final results, the Vp distribution displays areas with low and high velocities,
related to important lateral heterogeneities across Central Sao Miguel. We have revealed
two low-velocity regions around Furnas and northwest of Fogo, as well as two high-velocity
regions south of Fogo and northwest of Furnas. These high-velocity anomalies might be
linked through a lower velocity region.

Regarding the Vp/Vs distribution, we find two areas of low Vp/Vs ratio around Furnas
and north and northeast of Fogo. A region of normal or slightly high ratio occupies the
center and southwest areas (Figure 9). In average, the Vp/Vs ratio in Central Sao Miguel
tends to be low. The Vp/Vs ratio observed in active geothermal areas depends on the
rock matrix, porosity, pore fluid content, pore pressure, temperature, and pore shape
[ Takei, 2002]. A low Vp/Vs ratio is thought to be caused by abundance of fractures filled
with boiling water. In fact, the mechanism of water-steam transition has a stronger effect
on compressibility than shear modulus, leading to low Vp/Vs ratios. The relationship
between low Vp/Vs ratios and geothermal areas is so sound that the study of the Vp/Vs
ratio was suggested as a promising technique to identify geothermal resources and monitor
their exploitation [Julian et al., 1996]. Contrarily, melt inclusions reduce S-wave velocity
more than P-wave velocity, resulting in high Vp/Vs ratios. Therefore, the observation of
low Vp/Vs values in Central Sao Miguel suggests that large volumes of partial melt are

not present, at least within the shallowest crust.
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The seismic study by Dawson et al. [1985] estimated an average Vp/Vs value of 1.53
to 1.62. It is interesting to note that this value is much lower than what we find in our
Vp/Vs tomography or in the preliminary work on the e-Ruption data by Saccorotti et al.
[2004]. Although the data base and instruments are quite different, we suspect that the
reduction of the Vp/Vs ratio can be a real feature. We think that the difference could be
attributed to the power plant production. The continuous exploitation of the geothermal
system since the 80s could have decreased the steam fraction and/or cooled the system.
This could be also the origin of the observed decrease of fumarolic activity [Cruz, 2003],
and general deflation of the zone [Jonsson et al., 1999).

5.1.1. Low velocity regions

The low velocity regions around Furnas caldera and north of Fogo volcano share a
set of characteristics. Basically, they are characterized by low P-wave velocities and low
Vp/Vs ratios, which decrease with depth until they reach a minimum at ~2 km below sea
level. Indications of low velocity in Furnas region comes also from the seismic profile of
Senos and Costa-Nunes [1979]. They found a perturbation in the 2D velocity distribution
indicating lower velocities below Furnas caldera. Results from gravity inversions [Camacho
et al., 1997; Montesinos et al., 1999] indicate the presence of low-density bodies that
coincide spatially with our low-velocity regions. Similar low-gravity anomalies have been
related with low-density products of explosive volcanic activity and collapse processes by
Sherburn et al. [2003] for Taupo zone calderas and Vanorio et al. [2005] for Campi Flegrei.
Taking into account the mainly trachytic, explosive eruptive history of Fogo and Furnas
volcanoes, the low-velocity anomalies may be attributed to the presence of pyroclastic

products infilling the surrounding areas. These products include pumices, ignimbrite
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and surge deposits, phreatomagmatic ashes, and dome materials [Guest et al., 1999].
However, while this explanation can be referred to the shallow layers, the continuation of
the anomalies in depth may be associated with intensely fractured and/or hydrothermally
altered areas [Sanders et al., 1995].

The Vp/Vs ratios are low for both of these areas. These values point to the presence
of extensive steam-dominated geothermal fields. The variations of the velocity ratio with
depth could be explained by changes in the fluid conditions. In the shallow part, water
seems to dominate the reservoirs, producing a slightly higher Vp/Vs ratio. The existence
of thermal springs near Furnas Lake points to a shallow, liquid-dominated geothermal
field, which is consistent with the higher Vp/Vs ratio observed in the first layers. The
deuterium-oxygen isotope signatures indicate that the dominant fluid most likely derives
from down-flow meteoric water input [Ferreira and Oskarsson, 1999]. At larger depths,
the sealed geothermal reservoir [Sigmundsson and Tryggvason, 1995] would be filled with
fluid at supercritical conditions, yielding a lower Vp and Vp/Vs ratio. This decrease in
Vp/Vs ratio with depth might suggest that the fluid become steam-dominated at depths
around 2 km, closer to the heat sources. The existence of vapor-filled systems at depths
of about 4 km has been directly observed in wells at several geothermal fields, for example
The Geysers [Moore et al., 2001].

Therefore, a geothermal system embedded in porous, low-density pyroclastic deposits
could be the origin of the low Vp, low Vp/Vs, and low density values reported in these
areas. Although the similarities point to a common explanation for the velocity anomalies
in these areas around Furnas and Fogo, there are also a few differences. For example, the

low velocity area north of Fogo is much weaker. The coverage, and therefore the resolution
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capabilities of the tomography method, are low in this area. This can be at the origin of
an underestimate of anomaly intensity.

Given this extensive geothermal activity, small amplitude, long-period seismicity of
hydrothermal origin is likely to occur in Central Sao Miguel. In the area, long-period
events and volcanic tremor, produced by the resonance of fluid-filled cavities within the
volcanic medium [Chouet, 1996], have not been reported so far. The lack of noticeable
volumetric, fluid-related seismic sources in Central Sao Miguel indicates that massive
magma transport is not occurring. Neverthless, such seismic activity might be difficult
to detect without specialized instrumentation (i.e. seismic antennas) and/or adequate
coverage near the geothermal areas. Recent improvement of instrumentation, with the
deployment of a small aperture seismic array in the zone of Congro (A. Montalvo, personal
communication), is expected to return interesting information about this kind of long-
period seismic activity.

5.1.2. High velocity regions

The high velocity regions in Figure 9 are distributed along a NE-SW trend, from the
south of Fogo to the northwest of Furnas. These anomalies could reflect the existence, at
various depths, of welded thick pyroclastic deposits, domes and more compacted material.
The NE-SW trend is compatible with the direction of normal faults in the area, either
inferred [Carvalho et al., 2006] or detected as electric discontinuities [Gandino et al., 1985].

The Fogo volcano could stand as a chilled remnant of a magma chamber, as described,
for example, by Dawson et al. [1985]. The absence of melt under the Fogo edifice is con-
firmed by the lack of evidence of magmatic activity from geophysical and geochemical

surveys [Cruz et al., 2006]. For example there is a general subsidence in the area [Jdnsson
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et al., 1999] and a decrease of the fumarolic system intensity [Cruz, 2003]. Moreover, the
magmatic input of fumarolic system is considered not as strong as to justify a direct con-
nection between hydrothermal and magmatic activity (eRuption Working Group [2004],
and references therein).

We observe different Vp/Vs values for the two high velocity regions. Vp/Vs span the
whole range between 1.8 (in the SW high Vp anomaly) and 1.65 (in the NE high Vp ).
They are likely due to different phenomena and constitute an excellent example of the
importance of Vp/Vs ratio to interpret information by Vp distribution. The positive Vp
anomaly located in Fogo area has a high Vp/Vs ratio. This could indicate that this intru-
sive part is marked by low Vs, i.e. fluids contained in fractures of the medium. From this
point of view, we are imaging zones of transport, advection and crystallization of fluids
through a solidified intrusive. Given the strong high-Vp anomaly, we think that water
could be the fluid involved rather than melt. We guess that this fracture system represents
the preferred path for up-welling of water toward the superficial geothermal fields. Some-
thing similar has been observed and explained with the presence of melt/water-saturated
pathways in Etna volcano [Patané et al., 2006] and Nevado del Ruiz [Londornio and Sudo,
2002]. On the other hand, the lower Vp/Vs ratio of the northeast high Vp anomaly
could be due to cold volcanic material relatively unaffected by fracturing and geothermal
circulation.

An intermediate region divides the two high Vp anomalies. This zone constitutes the
main seismogenic region in Central Sao Miguel. Most of the relocated seismicity clusters
here and shows a preferred NW-SE alignment [Bonagura et al., 2004; Luis, 2006]. This

direction dominates the tectonics of the zone also in surface geology [Guest et al., 1999;
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Gandino et al., 1985]. Although the constituent materials could be the same as in the
neighbouring high Vp areas, the high crack density typical of faulted volumes would be

at the origin of the observed lower velocity.

6. Conclusions

Our study represents a first attempt toward delineating and interpreting the subsur-
face seismic velocity structure of Sao Miguel Island. In the zone we are able to resolve,
the velocity model depicts a complex picture of heterogeneities in which both Vp and
Vp/Vs have large lateral contrasts over scale lengths of a few kilometres. Taking into
account additional information from geophysical, geological and geochemical studies, we
suggest an interpretation for the seismic velocity distribution in terms of volcanic struc-
ture. We identify pyroclastic deposits, intrusive bodies, geothermal fields, and the effects
of tectonics.

In particular, we observe evidences of a vigorous geothermal field in Furnas, but not
at Fogo caldera. In Fogo, everything points to the existence of the chilled remnant of a
magmatic chamber, which nowadays constitutes only the pathway for water fluids. We
do not find grounds for the existence of bodies of partial melt in the shallow structure.

We expect that this 3D velocity model will improve understanding of the past and
present volcanic activity in Central Sao Miguel and the nature of the recorded seismicity.
Moreover, this image could be of interest in risk evaluation and assessment for the densely
inhabited areas of Sao Miguel.

As natural, more questions arise from the results of this seismic velocity tomography,

mostly related with areas of low resolution and scale of resolved anomalies. Imaged
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structures could be better depicted by a wider database. At this point, long-term data

from a permanent seismic network would be desirable.
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Figure 1. (top) Regional map showing the location and main tectonic features of the Azores
Archipelago. (bottom) Sao Miguel map with names of the most prominent regions. The box
corresponds to the area selected for the study.

Figure 2. Example of raw seismograms recorded by a short period, three-component station
during the Central Sao Miguel experiment. Starting time of record and P and S-phase arrivals

are also indicated.

Figure 3. Histogram of the daily number of earthquakes recorded by the temporary network
during the 2003 seismic experiment at Sao Miguel. In the same plot, we show magnitude-duration

values (Mp) for those events.

Figure 4. P-wave velocity model used in routine network locations (light gray line, TAC
Model) and 1D model derived from our data (black line, Minimum 1D Model) from 0 to 10 km
depth.

Figure 5. Stations (triangles) and earthquakes (black circles) used for the 3D inversion,
projected on the horizontal plane and N-S and W-E vertical planes. P-wave ray paths (gray
lines) and unused earthquakes (white circles) are also indicated. Grid parameterization (dotted
lines) and 100-m topography contours are represented.

Figure 6. Distribution of final RMS and total number of used P-wave ray paths against
smoothing values. The RMS is indicated in ms. The ray number is divided by 15.

Figure 7. Example of the results of a checkerboard test. Synthetic input model (left) and
inverted model (right) for P-wave velocity. Map view (above) and W-E vertical section 2 km
south of the map center (below). The contours indicate the total ray path length contained in

each 1 x 1 x 1 km cell. Contours are shown for 20 and 40 km total ray length.
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Figure 8. Example of the results of the reconstruction test. Comparison between P-wave final
CSM velocity model (left) and average model from 25 different reconstruction-test inversions

(right). White triangles are seismic stations. Plots are horizontal sections at 1 km depth.

Figure 9. Velocity model obtained from the tomographic inversion of P and S travel times
(CSM model). (top) Topographic map of CSM with 100-m contour lines. Triangles represent
seismic stations. Red symbols indicate positive (cross) and negative (circles) station residuals.
Fogo and Furnas lakes are marked with a bold line. Locations of A and B vertical sections (see
Figure 10) are also indicated. (left) Horizontal sections of the P-wave velocity model at different
depths, in % with respect to the initial model. (right) Horizontal sections of the P- and S-wave

velocity ratio. Unresolved areas are left as blank zones.

Figure 10. Vertical sections of the final model along profiles A and B (see Figure 9).
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