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Abstract

Active continental margins, including most of those bordering continents facing the
Pacific Ocean, have many earthquakes. These continental margins mark major plate
boundaries and are usually flanked by high mountains and deep trenches, departing
from the main elevations of continents and ocean basins, and they also contain active
volcanoes and, sometimes, active fault zones. Thus, most earthquakes occur predomi-
nantly at deep-sea trenches, mid-ocean spreading ridges, and active mountain belts on
continents. These earthquakes generate seismic waves; strong vibrations that propagate
away from the earthquake focus at different speeds, due to the release of stored stress.
Along their travel path from earthquake hypocenters to the recording stations, the
seismic waves can image the internal Earth structure through the application of seismic
tomography techniques. In the last few decades, there have been many advances in the
theory and application of the seismic tomography methods to image the 3D structure
of the Earth's internal layers, especially along major plate boundaries. Applications of
these new techniques to arrival time data enabled the detailed imaging of active fault
zones, location of magma chambers beneath active volcanoes, and the forecasting of
future major earthquakes in seismotectonically active regions all over the world.

Keywords: 3D seismic structure, seismic tomography, Vp/Vs ratio, plate boundaries,
crustal structure

1. Introduction

Benefiting from the recent, large computer powers and the increasing quality and quantity of
the available seismological data, seismologists developed a new research field of seismology
termed “seismic tomography.” Seismic tomography is like taking a CT scan of the Earth, using
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seismic waves to make images of the Earth's interior. The obtained images are used to
understand not only the composition of the Earth's interior, but also to explain geologic
mysteries such as the formation of mountain chains and the extensive volcanism in certain
regions of the Earth. Through these images, scientists can deduce what types of rocks make
up the deep Earth's layers and what are the processes operating inside it from earthquake
recordings on the surface. Previous studies indicate that rupture nucleation and earthquake
generating processes are closely associated with heterogeneities of crustal and upper mantle
materials and the inelastic processes in the fault zones, including the migration of fluids [1].
Seismic tomography techniques were used extensively to image the deep structure of
subduction zones, which are considered as key elements in plate tectonics. They were also
used to image hot springs, and the nucleation zones of large destructive earthquakes as well
as the growth of earthquake rupture along active faults [2—4].

2. Tectonic plate boundaries and active fault zones

The tendency of earthquakes to occur in relatively narrow belts was one of the key lines of
evidence leading in the 1960s to the theory of plate tectonics [5]. The surface of the Earth
consists of a number of tectonic plates (Figure 1), with each plate consisting of the crust and
the more rigid part of the upper mantle, which collectively are called the lithosphere. The later
comprises all the world's earthquakes, and it is underlain by a weaker zone termed the
asthenosphere, with the lithosphere-asthenosphere boundary controlled by temperature.
Although the asthenosphere is solid, it yields by slow creep, allowing solid-state flow that
compensates for the motion of the overriding lithospheric plates. The lithosphere may be more
than 100 km thick beneath older continental regions, but it is only a few kilometers thick
beneath mid-ocean ridges, where it first forms. Lithospheric plates are in continuous motion
with respect to one another, and the disruption produced at the boundaries between the plates
results in earthquakes (Figure 2).

Figure 1. The global pattern of major and minor plates with their boundaries marked in red.
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Figure 2. The global distribution of earthquakes along the major plate boundaries.

Mid-ocean spreading ridges are formed by the upwelling of hot magma that cools and solidifies
as lithospheric plates move away from the ridge crest, and newly formed oceanic crust is
carried down the flanks of the ridge. Earthquakes on spreading ridges are limited to the ridge
crest, where a new crust is being formed. The crust is too hot, thus only a thin, near-surface
zone is brittle enough to generate earthquakes, which tend to be relatively small and occur at
shallow depths. Deep-sea trenches form where lithosphere converges, forcing one slab beneath
the other. This convergent boundary, called a subduction zone, is defined by a zone of
earthquakes (Wadati-Benioff zone) that marks where lithosphere extends into the mantle to
depths up to 700 km. Earthquakes also occur along zones where the slabs slide past one
another; these zones are called transform faults. The global distribution of earthquakes defines
a mosaic of lithospheric plates up to 100 km thick that are moving with respect to one another.
Most of the plate boundaries are defined by earthquake epicenters (Figures 1 and 2). Crustal
faults, on the other hand, usually have a fault core and surrounding regions of brittle damage,
forming a low-velocity zone in the immediate vicinity of the main slip interface [6].

3. Seismic tomography: the imaging technique

In local seismic tomography, body-wave arrival times are used to estimate the P- and S-wave
velocities from which we deduce variations in lithology and physical properties of the rocks
below the surface [7]. According to many researchers [8], velocity usually increases with depth;
however, in some regions the reverse has been recognized [9]. A brief review of how rock
properties relate to seismic velocity and attenuation can be found in Sanders et al. [10], Wu
and Lees [11], and Lees and Wu [12]. Among the many factors that affect seismic velocity, the
sediment thickness, fractures, and fluid saturation have a great effect on the imaged velocity
structure especially at shallow layers. The product of Vp and Vs can be used to identify
variations in porosity for shallow crustal rocks but the ratio of Vp and Vs (or Poisson's ratio) is
commonly used to delineate lithology [13, 14]. The Vp/Vs ratio is directly related to Poisson's

ratio (0) by the relationship: (Vp/ Vs)2 = (1-0)/(1/2 - 0); and isauseful indicator of lithology
and pore fluid pressure. On average, this ratio is equal to 3 corresponding to a ¢ value of 0.25
for the Earth's crust and upper mantle [15]. Any deviation from this value indicates a change
in the physical properties of the constituting rocks.
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The seismic tomography method used to image the 3D seismic velocity structure around plate
boundaries and active fault zones in the following sections is that of Zhao et al. [16-18]. This
method is suitable for a general velocity structure which may include several seismic velocity
interfaces and allows for 3D velocity variations in the model. The seismic interfaces represent
known geological discontinuities such as the Conrad and Moho or any subducting slab
boundary. A 3D grid net, with the proper spacing, is set up in the model to express the 3D
velocity structure. Velocity perturbations at the grid nodes are taken as unknown parameters
with respect to the initial model. At any other point in the model, the velocity perturbations
are calculated by linear interpolation at the eight grid nodes surrounding that point. To
calculate travel times and ray paths in an accurate and an efficient way, a 3D ray-tracing
algorithm [16] is employed that iteratively uses the pseudo-bending technique [19] in between
the discontinuities and Snell's law at interfaces:

sinf, _ sin0, ,
A (1)

where 0, and 0, are the incident and refraction angles, respectively, and V; and V, are the
respective seismic velocities of two successive layers. Station elevations are taken into account
in the ray tracing scheme.

All tomographic problems can be represented by an observation equation relating the data to
the medium and source parameters:

d=Gm+e (2)

where d, m, and e are the data vectors, unknown model parameters, and errors, respectively.
G is the coefficient matrix with its elements consisting of travel time derivatives with respect
to hypocentral and velocity parameters [1]. For more details about the method, refer to Zhao
et al. [16-18].

The optimum grid spacing in the horizontal and vertical directions is usually adopted for a
specific study; depending on the available data and the station density. Velocities at grid points
are considered to be unknown parameters except those at the outermost grid, which are just
used to interpolate velocities outside of the modeling space. According to Zhao et al. [16], the
velocity at any point in the mth layer is calculated by using a linear interpolation function:

j(l_ iﬁﬂ(l- i m ®)

where ¢ is latitude, A is longitude, and £ is the depth from the Earth's surface; ¢;, A, and Iy
represent the coordinates for the eight grid nodes surrounding the point (¢, A, h). Vim(¢,, A,
hy) is the velocity at the grid net set for the mth layer at a specific location.
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After determining the P- and S-wave velocity models, the Vp/Vs ratio can then be calculated in
the modeling space. This ratio (or the Poisson's ratio) is a good indicator for the petrophysical
properties of crustal rocks and can provide better constraints on the crustal composition and
interstitial fluids than either P- or S-wave velocity alone [20-25]. So far, the Vp/Vs ratio has
proved to be very significant in the understanding of the seismogenic behavior of the crust,
and the role of crustal fluids in the nucleation and growth of earthquake rupture [2, 23, 26-29].
In the following sections, we present the results of the 3D crustal and upper mantle seismic
velocity structure at selected areas located near active faults and major plate boundaries. These
velocity models are obtained through the application of the seismic tomography technique on
available data sets from these regions.

4. Crustal velocity and Vp/Vs structures along the central section of the
NAFZ

4.1. Seismotectonic setting

Central Turkey is characterized by coherent plate motion attributed to escape tectonics,
involving the westward displacement and counterclockwise rotation of the Anatolian block
[30, 31]. This westward extrusion is induced by the northerly directed subduction of the African
plate beneath Anatolia to the south of Cyprus [32]. While it is rotating anticlockwise, the
Anatolian region is also under approximately N-S and NNE-SSW shortening, related to
collision processes between the Anatolian and African plates along the Cyprean arc [33-39].
The Anatolian plate is decoupled from Eurasia along the right-lateral, strike-slip North
Anatolian Fault Zone (NAFZ). The existence of the NAFZ and the East Anatolian Fault Zone
(EAFZ), and the induced westward escape of the Anatolian block mark the formation of four
distinct neotectonic provinces: (1) East Anatolian Contractional Province, (2) North Anatolian
Province, (3) Central Anatolia, and (4) West Anatolian Extensional Province [35] (Figure 3).
The NAFZ is one of the best-known strike-slip faults in the world because of its noticeable
seismic activity, induced high stress accumulation, extremely well-developed surface expres-
sion, and importance for the tectonics of the eastern Mediterranean region [35, 40—-42]. To the
east, the NAFZ forms a typical triple-junction and joins with the sinistral EAFZ at Karliova
(Figure 3). The NAFZ is approximately 1500 km-long, broad arc-shaped, dextral strike-slip
fault system that extends from eastern Turkey in the east to Greece in the west [43]. Being
subparallel to the coast of the Black Sea, the NAFZ forms the part of the boundary between
the Eurasian Plate to the north and the Anatolian Plate to the south (Figure 3). Several 2nd
order faults that splay from it into the Anatolian Plate also characterize the NAFZ. Central
Anatolia hosts also widely distributed volcanics such as the Mio-Pliocene ignimbrites [44] and
stratovolcanoes [45].

The analysis of geological data suggests slow rates of motion on the NAFZ varying slightly
from about 5-10 mm/yr [46] to 17 + 2 mm/yr [47], whereas plate motion and seismological data
suggest higher rates of 30—40 mm/yr [48]. This discrepancy arises from the exaggerated slip
rate obtained by treating the intense seismicity on the NAFZ during 1939-1967 as typical of
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all times. However, recent GPS data indicate intermediate present-day rates of about 15-25
mm/yr [30, 39, 49]. The extrapolation of recent rates to early Pliocene yields a total displacement
of 75-125 km, which is in close agreement with the estimates of 85 + 5 km by many researchers
[47, 50, 51]. Owing to its current geotectonic setting, central Anatolia is a region where discrete
pieces of continental lithosphere have deformed internally and produced a large bulk strain
that has resulted in the generation of new structures or reactivation of old structures. Thus,
during the past 60 years, the NAFZ has produced strong earthquakes along different sections
in a manner that is typical of long faults. Beginning with the 1939 Erzincan earthquake (M ~
7.9-8.0), which produced about 350 km of ground rupture, the NAFZ ruptured by nine
moderate to large earthquakes (M <6.7), and formed more than 1000 km surface rupture along

its surface trace [52].
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Figure 3. A simplified tectonic map of Turkey showing major neotectonic structures and neotectonic provinces (modi-

fied from Kogyigit and Ozacar [53]).

4.2. Data

In this study, we selected a total number of 6549 events that occurred between latitudes 37.5-
42°N and longitudes 32-37°E in the period between 2007 and 2010 (Figure 4). These events are
recorded by 35 seismic stations belonging to different networks in Turkey (Figure 4). The
crustal model of Herrin [54] and the HYPO71 source code [55] are used for the routine
determination of the hypocentral parameters. The selected events in central Anatolia generated
26,700 and 24,950 P- and S-wave arrivals, respectively [29]. The majority of the earthquakes
are located in the central and southeastern parts of the study area with prominent concentra-
tion along the active NAFZ and the EAFZ. The approximately equal number of both P- and
S-wave arrivals implies that the ray path coverage of the two data sets is similar (Figure 5).
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The accuracy of arrival times is estimated to be lesser than 0.10 s for P-wave data and somewhat
larger (<0.15 s) for S-wave data.

38°N

Depth Variation (km)

Figure 4. Epicentral distribution of the 6549 earthquakes used in this study shown as circles, which vary in color ac-
cording to the focal depth (scale is at the bottom). Large stars denote large crustal earthquakes collected from the NEIC
catalogs. The black triangles show the 35 seismic stations in central Anatolia. Black lines denote active fault segments
of the NAFZ and EAFZ [56]. Inverted red triangles denote the Cenozoic volcanoes.

Figure 5. Horizontal ray path coverage of P-wave (a) and S-wave (b) data sets in plan views. Every path between an

event and a recording station is drawn as one straight line. Small open circles and triangles denote events and record-
ing stations, respectively.
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Convergence zones are generally characterized by a thick crust [31, 57], which is the case
beneath Anatolia especially beneath eastern sector with a progressive decrease in the crustal
thickness in the westward direction [58]. We adopted initial P-wave velocities of 5.5, 6.0, and
6.5 km/s at depths above 3, 16, and 33 km, respectively, beneath central Anatolia (refer to Ref.
[29] for more details). An initial S-wave velocity model is calculated by using a Vp/Vs ratio of
1.74 deduced from a Wadati diagram (Figure 6) constructed from the present data set.
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Figure 6. A cumulative Wadati diagram constructed from the arrival time data of the present data set. The resulting
Vp/Vs ratio of 1.74 is used to derive the initial S-wave velocity model from the adopted P-wave velocity model (see text
for details).

We also collected the list of moderate/large earthquakes (M, or M,, > 5.0), which occurred in
the study area since 1977 from the catalogs of the National Earthquake Information Center
(NEIC), U. S. Geological Survey (Figure 4), to examine the relation between the source areas
of these events and the seismic velocity and Vp/Vs anomalies obtained in this study. It is clear
that all these nine events are mainly induced by movements along the NAFZ and the EAFZ.

4.3. Results

Applying the tomographic method described previously to the central Anatolia data set
(Figure 4), we found that the sum of squared travel-time residuals is reduced by more than
50% of its initial value after three iterations [29]. Inversion results of Vp, Vs, and Vp/Vs
distributions at four depth layers are shown, respectively, in Figures 7-9. The velocity images
show the velocity perturbations in percentage from the initial velocity model at each depth.

Significant lateral and vertical variations of up to +8% of velocity (Vp and Vs) and Vp/Vs ratio
are revealed in the study area. Lower-than-average velocity anomalies are revealed at most
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depth slices especially at a depth of 25 km (Figures 7 and 8). The magnitude of the low-velocity
anomalies is larger near the NAFZ, EAFZ, and the active volcanoes. In addition, most of the
microseismic activity is concentrated along the NAFZ and EAFZ in addition to some hetero-
geneous zones having low-velocity anomalies. At some depth slices (12 and 40 km), small
zones that exhibit high-velocity anomalies are clearly visible, implying the possible presence
of strong asperities which are capable of resisting accumulated strain. Thus, the seismic activity
at these portions is sparse. The Vp/Vs ratio shows high structural heterogeneity at the different
crustal and uppermost mantle layers (Figure 9), and is generally higher-than-average at all
depth layers, which implies a general low S-wave velocity structure compared to the P-wave
velocity. Prominent high Vp/Vs anomalies are evident beneath the active volcanoes and the
fault segments. These areas may represent the conduits for the vertically ascending hot fluids
from the uppermost mantle beneath central Anatolia. All the moderate/large earthquakes are
closely related to the active fault zones, which are characterized generally by the low-veloci-
ty/high Vp/Vs ratio (Figures 7-9). Microseismic activity, on the other hand, is intense in the
central western part of the study area, which is characterized by highly heterogeneous
velocity and Vp/Vs structures. The implications of these velocity and Vp/Vs anomalies and their
relation to other geophysical investigations beneath central Anatolia are briefly discussed in
the following paragraphs.

4.4. Discussion

The obtained velocity and Vp/Vs models beneath central Anatolia show generally low-velocity/
high Vp/Vs anomalies, which are consistent with many previous observations and arise mainly
from the extensive faulting and the presence of sedimentary basins in the study area [59].
Earlier results of Giirbiliz and Evans [60] of the P-wave velocity in the upper crust beneath the
Tuzgolii basin, central Turkey, show low P-wave velocities starting from about 2.1 km/s at the
surface and gradually increasing to 4.0-4.2 km/s at depths of 5-8 km and ending with a velocity
of 6.15 km/s at a depth of 12 km. These near-surface low-velocity zones are interpreted to be
caused by evaporites and sedimentary layers. Hearn and Ni [61] found low P, velocity of about
7.8 km/s beneath the Anatolian plate. Rodgers et al. [62] detected an inefficient S, propagation,
low P, velocity, and volcanism indicating possible partial melt in the upper mantle beneath
Turkey. Saunders et al. [63] detected a possible low-velocity zone in the upper mantle beneath
station ANTO in central Turkey. Moreover, central Turkey is underlain by smaller scale (~200
km) very low (<7.8 km/s) P, velocity zones [64], which are interpreted to be regions of no mantle
lid. Other similar studies in the Anatolian plate estimated the S, velocity at around 4.3—4.5 km/
s [65]. Recently, Erduran et al. [66] detected a shallow low shear wave velocity of 2.2 km/s that
increases to 3.6 km/s at a depth of 10 km beneath Anatolia. The mid-crustal depth range is
dominated by a weakly developed low-velocity zone having a shear wave velocity of 3.55 km/
s. Moreover, they came to the conclusion that the estimated velocities are considerably lower
than indicated by PREM in almost all depth ranges. The uppermost mantle beneath the
Anatolian plate is represented by a relatively low shear wave velocity of 4.27 km/s. This
observation is consistent with other similar results [67-70]. Anomalously low shear wave
velocities were found by Gok et al. [71] underneath the Anatolian block and the Anatolian
plateau in eastern Turkey. These low-velocity anomalies are probably related to the absence of
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a lithospheric mantle lid and its replacement with asthenospheric materials. Laboratory
experiments of mechanical behavior in mantle rocks, on the other hand, show that a Vs
reduction as high as 7.9% can occur if the upper mantle contains 1% melt [72]. Inversion results
of Tezel et al. [65] indicate that the Anatolian region has a low shear wave velocity zone at 7—
20 km depths, and that shear wave velocities are faster beneath eastern Turkey than western
Turkey. The low crustal velocities may be associated with high crustal temperatures, a high
degree of fracture or the presence of fluids at high pore pressure in the crust [73]. In general,
both the crustal and upper mantle shear velocities obtained for Turkey are lower than those
obtained throughout most of Europe [65].

P-wave Velocity

(c) Depth = 25 km [18 - 30 km] ‘ {d)Dopﬂl=40km[30-50km).:-

-B% 0 8%

Figure 7. Compressional wave velocity structures (in percentages) at four depth slices: 4 (a), 12 (b), 25 (c), and 40 (d)
km beneath central Anatolia. The low- and high-velocities are represented, respectively, by red and blue colors. The
depth range of the microseismic activity, plotted as crosses, is given between brackets. Black stars denote the moderate
and large earthquakes (M = 5.0) in the same depth range of the background seismicity. Active faults in central Anatolia
are represented by the thin solid lines. Inverted red triangles denote Cenozoic volcanoes. The perturbation scale (+8%)
is shown to the lower right.

Zor et al. [74] determined moderate to high L -attenuation values (Q, ~100-200) beneath the
Turkish plateau, which probably originate from both scattering and intrinsic attenuation due
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to the tectonic complexity and the wide-spread young volcanics in the region. It was found
that the b-value shows different distributions along Turkey. Specifically, the central Anatolian
plate has higher b-values than the average [75]. Koulakov et al. [76] detected low-velocity and
high-attenuation anomalies, which are associated with both the fracturing zones of the western
segment of the NAFZ and the sedimentary basins in western Anatolia. A Curie-point-depth
(CPD) map for the Galatia Volcanic volcanic Complex in north central Turkey constructed by
Bilim [58] shows high geothermal potential. The CPDs vary from about 6.74 to 16.9 km and
are consistent with the results of previous geothermal studies. The complex exhibits low CPD
and high heat flow values (>100 mW/m?). These high heat flow values, which are 60% above
the world average, are consistent with the earlier results of Pollack et al. [77] and Ilkisik [78].
Moreover, the Bouguer anomaly map displays negative contour closure that may be related
to the low-density distribution in the study area.

S-wave Velocity
25 =

a0
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427 f
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Figure 8. S-wave velocity structures at the four depth slices. Other details are similar to those of Figure 7.

In brief, central Anatolia is characterized by the presence of many sedimentary basins,
extensive faulting, and Cenozoic volcanics. The mapped low-velocity/high Vp/Vs zones are
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thus consistent with such circumstances. Moreover, many previous geophysical observations
suchaslow P, and S, velocities, high S, attenuation, high heat flow, shallow magnetic thickness,
low L, Qy-values, and high geothermal potential support the imaged low-velocity/high Vp/Vs
ratio zones. The results of these geophysical observations beneath central Anatolia are similar
to those detected beneath the Tibet and denote the existence of a partially molten, serpentinized
mantle. This partial melt in the uppermost mantle represents the source of the widespread
Cenozoic volcanism in the region.

Vp/Vs Ratio
3 3 36° 32"
42’ [

a0

(c) Depth = 25 km [18 - 30 km] (a)nepw-w«mpo-sakmm
1. K K K .9

Figure 9. Distribution of Vp/Vs structures at four depth slices. Red and blue colors denote high and low Vp/Vs ratio,
respectively. The variation scale (1.6-1.9) is shown to the lower right. Other details are similar to those of Figure 7.

5. 3D upper crustal structure north of the convergent boundary between
the Eurasian and African plates

The 3D P- and S-wave velocity models of the upper crust beneath southwest (SW) Iberia in the
western Mediterranean region is determined by inverting arrival time data from local earth-
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quakes. The western Mediterranean region, including Iberia and northwest Africa, displays a
variety of seismotectonic activities due to the interaction between the African and Eurasian
plates [9, 79]. Active deformation in the Africa-Eurasia plate boundary zone is generally
interpreted as the result of the oblique convergence between the African and Eurasian plates,
ranging from ~10 mm/yr at the longitude of Turkey to ~4 mm/yr in the Gibraltar Strait
according to the NUVEL1A global plate kinematic model [80, 81]. Between 14°W and the
Gibraltar Strait, the plate boundary is not clearly defined and the convergence between Africa
and Europe is accommodated through a broad, tectonically-active, deformation zone [82],
where a considerable and diffuse seismic activity has long been recognized [83-87].

The geological evolution of SW Iberia during the Cenozoic is controlled mainly by the Alpine
tectonic phases affecting most of southern Europe [88]. A large area of the central and western
Iberian Peninsula is covered by the Variscan Iberian Massif, a large, old, and geologically stable
block of continental lithosphere [89].

The margin of SW Iberia and the Afro-Eurasian convergence zone form an area of moderate
to high seismicity, with sometimes earthquakes of M > 5.0, and are considered as being under
the potential threat of natural hazards linked to seismicity and tsunami generation [91, 92].
Earthquakes are concentrated along regional-scale WSW-ENE lineaments in northern Algeria
and easternmost Atlantic Ocean (Figure 10), presumably marking two segments of the
convergent Africa—Eurasia plate boundary [90, 93]. In between, at the contact of Morocco and
Spain, seismicity is distributed over a more than 400 km wide zone, and is characterized by
lower magnitudes (usually <5.5), compared to the adjacent sections [87]. These characteristics
suggest a diffuse partitioning of plate convergence strain and complicate the definition of a
plate boundary between Morocco and Spain. The seismic activity is generally shallow with
most earthquakes having a focal depth <20 km (Figure 10), and the lower crust is essentially
aseismic. Relatively deep earthquakes occur in the off-shore along the southern and western
borders of SW Iberia. The shallow cut-off depth of seismicity [94] and the short epicentral
distances hinders the accurate imaging of the velocity structure of the lower crust in this region.
Focal mechanisms of earthquakes along this segment of the plate boundary indicate thrust
faulting in nearly E-W trending planes, with sometimes considerable strike-slip component.
The deformation is expressed as compression at N139° at a rate of 4.5 mm/yr. The small
component of extension (1.4 mm/yr) is the result of the strike-slip motion observed in some
events [95]. Many authors assumed that regional M ~ 67 earthquakes are generated by the
Lower Tagus Valley fault in the westernmost part of SW Iberia around Lisbon City [96]. In
addition, results of Montilla et al. [97] reveal that there are some Portuguese cities, like Lisbon
and Coimbra, where the seismic hazard is entirely or almost entirely caused by local seismicity.
They have also found that there are cities along the southern coast where seismic foci at 200
km away or more can be the most important or at least contribute significantly to the hazard
such as Beja and Faro in Portugal and Cadiz and Huelva in Spain.

In this study, we use the available arrival time data to compute P- and S-wave velocity (as well
as their ratio) models for the upper crust beneath SW Iberia and correlate them with the
tectonics of the region and the previous geological and geophysical investigations.
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Figure 10. (a) Epicentral distribution of NEIC (US Geological Survey: http://neic.usgs.gov) seismicity in the western
Mediterranean region. (b) Seismicity of the Ibero-Maghrebian region projected on the map of active and potentially
active faults [90]. Epicenters of earthquake with local magnitude > 3 (scale on lower right) are taken from the NEIC
catalogue. Neotectonic faults (grey) are redrawn from the Geodynamic map of the Mediterranean compiled in the
frame of the Commission for the Geological Map of the World (http://ccgm.free.fr).

5.1. Data

We used arrival time data of P- and S-waves from local earthquakes beneath SW Iberia. A total
of 886 events occurring between latitudes 36.75-39.75°N and longitudes 6.5-9.5°W (Figure 11),
from 2003 to 2007 are carefully selected from the preliminary seismological bulletins published
by the Meteorological Institute (IM) of Portugal, which are available on the web (http://
www.meteo.pt). The selected events are recorded by 21 seismic stations (Figure 11) belonging
to the permanent seismic network operated by the IM of Portugal. Although the coverage of
this network is good along the southern and western regions, few stations are available in the
north and northwest with additionally low seismic activity. The method of Lienert and
Havskov [98] is used for hypocenter location. These earthquakes were selected on the basis of
minimum number of P- and S-wave recordings of at least 5, and the fact they have a uniform
spatial distribution in the study area. Errors in the hypocentral locations do not exceed 10 km
in horizontal directions, and 2-3 km in depth direction. Most land earthquakes are shallower
than 20 km, while deep events (up to 45 km depth) occur in the south and southwest
(Figure 11). The total numbers of P- and S-wave data are 3085, and 2780 arrivals, respectively.
The accuracy of time picking is estimated to be +0.15 s; although may be larger up to +0.25 s,
for less impulsive arrivals [see 93 for more details].

5.2. Results

Inversion results of Vp, Vs, and Vp/Vs distributions at two crustal layers are shown in Figure 12.
Significant lateral variations of up to 6% of velocity (Vp and Vs) and +0.2 of Vp/Vs ratio are
revealed in the study area. Higher-than average P-wave velocity anomalies are revealed at 4
km depth, which change to low velocity at 12 km depth (Figure 12a and b). Although of smaller
amplitudes relative the P-wave velocity anomalies, the S-wave velocity is generally higher than
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the average at the two upper crustal layers with some patches of low S-wave velocity
(Figure 12c and d). The Vp/Vs ratio is generally higher than the average except at some parts
in the south at a depth of 12 km (Figures 12e and f). The high velocity and high Vp/Vs ratio
zones are generally characterized by intense seismicity. The implications of the imaged velocity
and Vp/Vs anomalies and their relation to other geophysical studies beneath SW Iberia are
discussed briefly in the following paragraphs.

Depth Variation (km)

Figure 11. Epicentral distribution of the 886 earthquakes used in this study shown as circles, which vary in color ac-
cording to the depth of the hypocenter (scale is at the bottom). The black triangles show the 21 seismic stations in SW
Iberia used to record the selected events.

5.3. Discussion

5.3.1. Crustal velocity structure beneath SW Iberia

The shallow velocity structure of SW Iberia is generally characterized by higher than average
velocity, which decreases clearly downward at a depth of 12 km especially for P-wave velocity.
These shallow, high P- and S-wave velocities are consistent with the high P-wave velocities at
depths of 7-10 km detected by Gonzalez-Fernandez et al. [99] and could be related to the mafic
and ultramafic rocks in southern Portugal. Results of da Silva et al. [100] point to the existence
of shallow resistive domains, which are consistent with the lithological and structural features
observed and mapped in the region. The roots of the Beja Acebuches Ophiolite Complex are
inferred from 12 km onwards, forming a moderate resistive band located between two middle-
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crust conductive layers. These conductive layers overlap the Iberian Reflective body and are
interpreted as part of an important middle-crust décollement developed immediately above
or coinciding with the top of a graphite-bearing granulitic basement [100]. The heterogeneous
velocity structure of the SW Iberian upper crust is consistent with the results of the minera-
logical and petrological investigations carried out by Sanchez-Gracia et al. [101].

3T

(e) Depth = 4 km [0 - 8 km]

(c) Depth = 4 km [0 - 8 km]

351° 352°

(a) Depth = 4 km [0 - 8 km]

351" 352° 351° 352°

r

(b) Depth = 12 km [8 - 16 km] " (d) Depth = 12 km [8 - 16 km] (f) Depth = 12 km [8 - 16 km]

Figure 12. P-wave velocity [(a) and (b)], S-wave velocity [(c) and (d)], and Vp/Vs [(e) and (f)] crustal structures beneath
SW Iberia at depths of 4 and 12 km. Low velocity and high Vp/Vs are indicated by red colors, whereas the blue colors
denote high velocities and low Vp/Vs. Numbers between brackets show the depth range of the microseismic activity
plotted as crosses. Black star denotes the 12 December, 1989 M 5.2 earthquake (focal depth = 14 km). The perturbation
scales of velocity and Vp/Vs ratio at the two crustal depths are shown to the right.

Sanchez-Gracia et al. [102] noticed a pronounced increase of the geothermal gradient, which
isindicated by partial melting of the metasedimentary protoliths in the upper and middle crust,
and by coeval core-complex formation. These observations are consistent with the low-velocity
and high Vp/Vs ratios, which are detected in the present study. The westernmost part of the
study region, known as the Lower Tagus Valley, has many active or potentially-active faults
[103], which are poorly understood because of thick sedimentary cover. However, reprocessing
of seismic reflection profiles, aeromagnetic and seismicity data by Carvalho et al. [104], to locate
and characterize the Ota-Vila Franca de Xira-Lisbon Sesimbra fault zone in the in SW Iberia,
indicates that this fault could be a possible source of the M,, = 6.0 1909 Benavente damaging
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earthquake [105]. This region is characterized by low P-wave velocity, average S-wave
velocities, and average to high Vp/Vs ratio (Figure 12), indicating possible fluid inclusions along
the hidden fault zones, which may act as a trigger to the large damaging earthquakes.

5.3.2. Crustal Vp/Vs ratio beneath SW Iberia

It is thought that the average composition of the continental crust is close to andesite or diorite
[106]. Laboratory measurements of the Vp/Vs ratio of diorite at crustal pressures are in the
range of 1.75-1.79 [107]. SW Iberia exhibits high crustal Vp/Vs ratios that might be caused by
the inclusion of partial melt and/or fluids in such a tectonically active region. Results of receiver
function analysis beneath the Lower Tagus Valley along the western coast of the present study
region by Salah et al. [108] confirm this tectonic activity, where it reveals a thinner-than-
expected crust that is characterized by high Vp/Vs ratios. In these areas, fluids released from
the dehydration reactions in subducting slabs or ascending out along fractures and faults
following spreading and rifting processes penetrate the overlying crustal rocks and increase
the crustal Vp/Vs ratio [109, 110]. The results of the 2-D inversion of magnetotelluric data set
by Santos et al. [111] and Pous et al. [112] in SW Iberia revealed high conductivity layers
coinciding with the transitions among different suture zones and were interpreted as related
to fluids along faults. These conductive bodies related to sutures at depth (sometimes as deep
as 15-25 km) were caused by graphite enrichments carried by fluids passing along shear zones
formed due to the overall transpressive regime. It was also found that the top part of some of
these conductive layers correlates spatially with a broad reflector detected by a recently
acquired deep seismic reflection profile whose origin has been interpreted as a mafic intrusion
[113]. High mean heat flow (~100 mW/m?) was observed by Duque and Mendes-Victor [114],
and at some sites they even reported values above 100 mW/m?, which was unexpected for
regions like SW Iberia. Moreover, the intensive faulting detected in large areas in SW Iberia
might serve as passage ways for ascending fluids from the uppermost mantle and can explain
the high crustal Vp/Vs ratios. However, more information about the crustal Vp/Vs variations at
much deeper layers from higher quality and larger quantity of seismological data is necessary
to reach robust conclusions and interpretations.

6. Conclusions

From the results obtained for the two studied areas, we can outline the following points:

1. The crustal velocity structure beneath central Anatoliais characterized generally by lower-
than-average velocity. The low-velocity zones are more prominent beneath the active fault
segments and the volcanic provinces.

2. High Vp/Vs ratio zones are clearly visible at almost all depth slices, which are consistent
with the possibility of the existence of partial melt in the lower crust and the uppermost
mantle beneath central Anatolia.
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Although some events occur in high-velocity zones; most of the large and small earth-
quakes are closely associated with low-velocity/high Vp/Vs ratio zones and are intense
near active faults and heterogeneous zones in the study region.

The shallow velocity structure beneath SW Iberia is dominated by higher-than-average
seismic wave velocities, which change downward to lower velocity especially along the
coastal areas and are related to the mafic and ultramafic rocks in south Portugal.

High Vp/Vs zones are clearly visible at the two upper crustal layers especially along the
coast of the Atlantic Ocean that are consistent with the possibility of the existence of fluids
in the crust. The latter is evidenced by the presence of conductive and reflector bodies in
the upper-middle crust beneath large portions of SW Iberia.

The mapped velocity Vp/Vs zones in the upper crust of SW Iberia are consistent with many
geophysical evidences such as high heat flow, the presence of some conductive layers at
depth, intensive faulting, and shearing, as well as the presence of some reflectors that are
detected by seismic reflection surveying.
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