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3D Seismic Response of the Deep Basement Structure

of the Granada Basin (Southern Spain)

by S. Alejandro Gil-Zepeda, Francisco Luzón, Jorge Aguirre, José Morales,
Francisco J. Sánchez-Sesma, and Carlos Ortiz-Alemán

Abstract The Granada Basin is located in the southeast of Spain, in the central
sector of the Betic Cordilleras, in an area of high seismic hazard in the Iberian
Peninsula. This hazard is due, in part, to local ground-motion amplification effects
that have been observed at various locations in this basin. In this work, we use the
indirect boundary element method (IBEM) to compute the three-dimensional (3D)
seismic response of the deep structure of the Granada Basin for incident P- and
S-plane waves coming from the south. We have analyzed the results in both frequency
and time domains, and for the range of frequencies that we have been able to compute
(between 0 and 0.312 Hz), the most relevant site effects are the local amplifications
produced inside the sediments. Generally speaking, the observed amplification pat-
terns of the displacements for incident SH waves are the highest at those locations
where the basin is deeper. For P and SV waves, the “snapshots” show the amplifi-
cation effects of both radial and vertical components, when the direct waves cross
the Granada Basin. The amplification levels, with respect to the amplitude of the
incident wave, are not so large, because the impedance contrast between the sedi-
ments and the bedrock (equal to 2.45) is relatively low. Moreover, two perpendicular
receiver profiles are used to analyze the wave propagation, and we have observed
the propagation of phases that can be identified as surface waves along the two
profiles. The Rayleigh waves propagate with more energy on the forward direction
(from south to north) of the incident body wave.

Introduction

Local effects due to geological site conditions can lead
to significant spatial and temporal variations of seismic
ground motion, which can contribute to large structural dam-
age during moderate to large earthquakes. Local site re-
sponse has received significant attention in the past two de-
cades, and its characterization has been performed by using
both experimental and numerical analysis techniques (see,
e.g., Aki, 1988, and Sánchez-Sesma, 1996). In recent years,
numerical codes have been developed to deal with the seis-
mic wave propagation in three-dimensional (3D) models
(see e.g., Sánchez-Sesma and Luzón, 1995). The most re-
alistic simulations to date are those of finite differences. In
particular, 3D geometries have been considered for some
sedimentary basins around the world: Olsen and Archuleta
(1996) and Olsen (2000) used finite differences to simulate
the ground motion in the Los Angeles Basin; Olsen et al.
(1995) studied the propagation of P waves in the Salt Lake
Basin; and recently, Frankel and Stephenson (2000) com-
puted the ground motions in the Seattle region with the
finite-difference method. In these and other works that used

3D realistic structures, some common phenomena, such as
the generation of surface waves and localized resonances,
have been observed. However, amplification patterns are
generally different and are not quantitatively “portable” from
one basin to another. The seismic response of each 3D basin
has its own amplification levels and its own wave-motion
response inside and outside the sediments. The response de-
pends strongly on the properties of the basin, such as im-
pedance contrast, wave velocities, and geometry of the struc-
ture. Of course, the location of the source and its rupture
parameters also have significant influence in the response.

In this work, we study the seismic response of the deep
structure of the Granada Basin (Fig. 1), which is located in
one of the regions with the highest hazard level in the Iberian
Peninsula, as shown in the Spanish seismic building code
(Norma de Construcción Sismoresistente NCSE-94, 1995).
Available historical records indicate that in the last 2000
years, different parts of the south of the Iberian Peninsula
have been affected by major earthquakes with MSK inten-
sities from VII to X (Reicherter, 2001). From recent history,
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Figure 1. (Upper left): Map showing the location of the Granada Basin (Upper
right): Map showing the epicenters (circles) of the region for earthquakes with mag-
nitudes �4 in the period 1970–2001. (Bottom): Depth to the basement of the Granada
Basin, with the locations of receivers in the profiles A–B and A�–B�. The contours
have an interval of 600 m; darker shading indicates greater depth of the sediment–
basement boundary. The units of the depth scale bar are in km.

the epicenters of the region for earthquakes with magnitudes
�4 from the year 1970 to 2001 are presented in Fig. 1. Large
amplifications that can be attributed to site effects have been
observed in the basin (Morales, 1991). To analyze the re-
sponse of the deep basement structure, we studied the am-
plification patterns and the snapshots of particle displace-
ments in the free surface of a model of the Granada Basin.
We also use profiles A–B and A�–B� (Fig. 1) to illustrate
part of the effects of the sedimentary basin by means of
synthetic seismograms and their corresponding polarigrams.
The bulk of southern Spain’s seismicity comes from the in-
tercontinental collision of Africa and Eurasia; thus, an ele-
vated number of earthquakes are produced south of the Gra-
nada Basin. Therefore, we use incident P and S waves
coming from the south as the source input to the basin for
the work presented here.

The Granada Basin

The Granada Basin is located in the southeast of Spain,
in the central sector of the Betic Cordilleras mountain range.
It is one of the larger intramountain Neogene–Quaternary
basins of the Betic ranges. Geologically, the Granada Basin
is bounded to the north and to the west by sub-Betic domain
materials, mainly Jurassic and Cretaceous carbonate sedi-
mentary series belonging to the Sub-Iberic paleomargin, and
to the south and east by Alpujarrides metamorphic units
(schists, phyllites, and quartzites of Palaeozoic and Triassic
age and marbles of the Triassic period) of the Alborán do-
main (Garcı́a Dueñas and Balanyá, 1986). The geologic evo-
lution of this big basin has been the subject of previous stud-
ies (see, e.g., Garcı́a Dueñas and Balanyá, 1986; Rodrı́guez
Fernández et al., 1989; Morales et al., 1990; Sanz de Gal-
deano and Vera, 1992, Reicherter, 2001).
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Southern Spain has the highest seismic hazard in the
Iberian Peninsula, as shown in the maximum horizontal ac-
celeration map for a return period of 500 years (Norma de
Construcción Sismoresistente NCSE-94, 1995). The contri-
bution of seismicity to the hazard is a consequence of the
lithosphere collision between the Euroasiatic and African
plates on a regional scale. The Granada Basin has the highest
level of microseismic activity (magnitude �3.5) in the Ibe-
rian Peninsula (De Miguel et al., 1989). Most of the seismic
energy is released by earthquakes with magnitudes �5.0;
however, catastrophic earthquakes have occurred in the past.
In fact, the destructive Andalusian earthquake of 25 Decem-
ber 1884 (I0 � X) occurred near Alhama de Granada, lo-
cated in the south of the Granada Basin, producing great
damage throughout the region (Vidal, 1986). Furthermore,
J. M. Ibáñez et al. (unpublished results, 2001) estimated a
maximum intensity–magnitude relationship for historical
earthquakes in the south of Spain and found great magni-
tudes of �6.5–7.0 inside the Granada Basin (e.g., the An-
dalusian earthquake of 25 December 1884 with MImax 6.8;
the Granada earthquake in June 1431, with MImax 6.5), and
outside of it (e.g., the Baza earthquake of 3 September 1531
with MImax 6.5 located �80 km northeast of Granada city;
the Almerı́a earthquake of 22 September 1522 with MImax

6.8, located 100 km southeast of Granada city; the Málaga
earthquake of January 1494 with MImax 6.5 located �100
km southwest of Granada city).

The 3D basement structure of the Granada Basin was
established by Morales et al. (1990) by means of an analysis
and interpretation of gravity and seismic-reflection data. In
this basin (see Fig. 1), there are important depocenters with
depths �3000 m. The characteristic surficial dimensions of
the sedimentary deposits are �60 km � 45 km. From the
point of view of seismic hazard, local effects in the Granada
Basin have been studied by using microtremors (Morales et
al., 1993), and coda and Lg waves (Ibáñez et al., 1991).
Moreover, Morales et al. (1996) used one small event, with
magnitude Mw 5, as an empirical Green’s function to obtain
the synthetic records of a possible magnitude Mw 7.0 earth-
quake at various locations in the basin. The effect of the
geological site conditions was reflected in the synthesized
seismograms in which the peak ground acceleration reached
values of �250 cm/sec2. The Samax of the simulated seis-
mograms, �0.8g, also pointed out the importance of site
effects in the Granada Basin in the ground motion induced
by moderate earthquakes.

Velocity and density 1D profiles for various zones of
the Granada Basin were derived by Kagawa et al. (1996),
using the vertical-component records from a seismometer
array and the dispersion characteristics of Rayleigh waves
from microtremors as proposed by Horike (1985). In our
computations, we use the properties calculated by Kagawa
et al. (1996), in which the bedrock has a mass density of 2.7
g/cm3 and velocities of 5 and 3.2 km/sec for P and S waves,
respectively. Although there is a thick, irregular surface
layer with S-wave velocities as low as 516 m/sec, we assume

homogeneous basin sediments with mean values for the elas-
tic properties because we are interested, in principle, in the
seismic response of the deep structure of the sediments.
Therefore, we set the values of 2.2 g/cm3 for mass density
and 3.1 and 1.6 km/sec for P and S-wave velocities, respec-
tively, inside the basin. To account for inelastic attenuation,
we have assumed quality factors (Q) without depth or fre-
quency dependence of 150 for both P and S waves in bed-
rock and of 100 for both waves inside the basin. These val-
ues have been assumed, based on the models of Q for S
waves at depth proposed for southern Spain by Canas et al.
(1988), who used a generalized inversion technique applied
to the attenuation of Rayleigh waves.

Method and Discretization

We use the indirect boundary element method (IBEM)
to compute the seismic response of the deep structure of the
Granada Basin. In the IBEM, which is based on the so-called
single-layer-boundary integral representation of displace-
ments and tractions, the problems of diffraction and refrac-
tion of elastic waves are formulated in terms of boundary
force densities. The boundary conditions of continuity of
displacements and tractions between regions and those of
null tractions at free surfaces, once discretized, lead to a
system of linear equations in which the unknowns are the
force densities of the boundary sources. Therefore, the
method can be regarded as a numerical realization of Huy-
gens’ principle, in which the secondary sources are located
on the surface boundaries. Details on this technique, in
which the discretization of surfaces is achieved using cir-
cular elements and its implementation, can be found in
Sánchez-Sesma and Luzón (1995).

Sánchez-Sesma and Luzón (1995) presented various ex-
amples of using the IBEM and solving the linear system of
equations with the classic LU decomposition (see, e.g., Press
et al., 1992). However, in dealing with larger, more realistic
3D problems, some additional difficulties arise. In these cal-
culations, to keep a reasonable ratio between the minimum
wavelength and size of elements, the dimension of the co-
efficient matrix grows approximately with the square of fre-
quency, and therefore the computational requirements can
be too large for problems of practical interest. In a recent
article, Ortiz-Alemán et al. (1998) overcame the problem by
using threshold criteria to convert the full matrix into a
sparse one and then using the biconjugate gradient method
together with an iterative scheme to solve the linear system
of equations. To test their approach, they satisfactorily re-
produced the results of Luzón et al. (1997), who studied the
diffraction of P, S, and Rayleigh waves by 3D topographic
surfaces. On the other hand, use of the analytic Green’s func-
tions of a homogeneous full space, as is done in this work,
implicitly limits the technique when the response for higher
frequencies is wanted in a 3D layered basin. Nevertheless,
with this technique and with the appropriate Green’s func-
tions, it is still possible, for example, to take into account a
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layered structure or a medium with a velocity gradient, as
has been done by F. Luzón et al. (unpublished results, 2001)
in alluvial basins with 2D geometry with a vertical gradient
of velocity.

In this work, we chose to deal with the linear system of
equations obtained in the IBEM somewhat differently. We
use a partitioned matrix instead of the full matrix, as did
Sánchez-Sesma and Luzón (1995). We reordered rows and
columns of the matrix to have block matrices and found that
the system has a particular structure that can be easily con-
structed as

T T 0 0 u 0M M M L M L M K M ME E E E E R E R E E

T T T T u �tL M L L L L L K L LE E E E E R E R E E� (1)
G G G G u �uL M L L L L L K L LR E R E R R R R R R� �� � � �
0 0 T T u 0K M K L K L K K K KR E R E R R R R R R

in which each term in the expression represents a submatrix
block or a subvector. The submatrix are re-T and GI J I JA B A B

lated with the traction and displacement Green’s functions,
respectively, where I and J can be M (number of elements
in the free surface of the half-space E), L (number of ele-
ments at the shared interface between the half-space E and
inclusion R), or K (number of elements in the free surface
of the inclusion R), and in which A and B refer to the do-
mains E or R. The subvectors are the tractionst and uI IA A

and displacements due to the free field, that is, those pro-
duced by the wave field in the absence of any irregularity,
which includes incident and reflected waves by the half-
space free surface. The blocks and0 , 0 , 0 ,M L M K K ME R E R R E

are zero blocks, and subvectors and are zero0 0 0K L M KR E E R

vectors. It is easy to see that when applying the matrix static
condensation approach, the linear system of equations dis-
played previously becomes several small linear systems of
equations that can be solved using less memory than the
original system. By taking out the zero blocks from the com-
putations, the final solution spends a minor time but pre-
serves the same accuracy as the formulation applied by Sán-
chez-Sesma and Luzón (1995). The static condensation
approach is based on an implicit factorization of the coeffi-
cient matrix by taking advantage of the location of the zero
blocks near the upper right and lower-left corners of the
system. Considering the first and fourth block rows of the
system, we can write

[T ][P ] � [T ] (2)M M 1 M LE E E E

[T ][P ] � [T ] (3)K K 2 K LR R R R

where [P1] and [P2] are unknown intermediate matrices that
can be solved as a set of simultaneous equations. Then,

[Q ] � [T ] � [P ][T ]11 L L 1 L ME E E E

[Q ] � [T ] � [P ][T ]12 L L 2 L KE R E R (4)
[Q ] � [G ] � [P ][G ]21 L L 1 L MR E R E

[Q ] � [G ] � [P ][G ]22 L L 2 L KR R R R

where [Q11], [Q12], [Q21], and [Q22] are intermediate matri-
ces that can be easily computed and yield a new compact
system of linear equations at one fourth the size of the origi-
nal system, which can be expressed as follows:

Q Q u �t11 12 L LE E� (5)� �� � � �Q Q u �u21 22 L LR R

After solving this system, are known force den-u and uL LE R

sity vectors. So, the final step in the algorithm consists in
the computation of the only unknown force density vectors,

as follows:u and u ,M KE R

{u } � �[P ]{u }M 1 LE E (6)
{u } � �[P ]{u }K 2 LR R

In contrast to the threshold-biconjugate gradient approach
by Ortiz-Alemán et al. (1998) that works well for a relatively
low frequency, our scheme has no implicit truncation errors,
and thus, it is stable at higher frequencies for both alluvial
valleys and topographies. The computations are done in a
very efficient computer program in FORTRAN 90 with dy-
namic memory that does not waste any extra resources. In
this way, it is possible to compute, in the same computer
and with the same 3D problem, the solution corresponding
to approximately twice the frequency calculated with the
classic form using the full matrix in the IBEM.

Moreover, we dynamically discretized all surfaces in the
model. To do this, we computed a discrete grid for every
frequency analyzed, in such a way that we always have at
least 4.5 boundary elements per wavelength of S waves in
each region. For the irregular surfaces, we constructed a grid
formed by rectangular elements that cover the complete sur-
face. After this, each planar rectangular element of the grid
is assumed to be a circle with the same surface as that of the
rectangular element. On the other hand, in the flat bound-
aries, that is, in the free surfaces of the half-space and the
basin, the elements are distributed with constant distances
from the origin of our local coordinate system, forming dif-
ferent adjacent rings. The total surface of a ring is equal to
the sum of the surfaces of all of the elements of the ring.
The flat free surface of the bedrock was discretized up to a
radial distance of 55 km from the origin of our coordinate
system, which is located at the common point that is shared
by both profiles A–B and A�–B�, in the centre of the basin.
In Fig. 2, an example of the distribution of boundary elements
of the basement can be seen for a frequency of 0.149 Hz.

Results

We used the IBEM in the frequency domain, and we
have computed the basin’s response for 77 frequencies from
0 up to 0.312 Hz, for incident P, SV, and SH plane waves
propagating from the south. The frequency of 0 Hz corre-
sponds to the case where no inclusion exists, that is, the
solution of the half-space.
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Figure 2. Example of discretization of the sediment–basement boundary for the
frequency of 0.149 Hz.

The first results that we present show the influence of
the deep structure of the Granada Basin on the amplification
patterns for incident SH plane waves at various frequencies.
We have selected incident angles of 0� and 60� with respect
to the vertical. These results can be seen in Fig. 3 and 4,
respectively, for the E–W (transverse motion), N–S (radial
motion), and vertical components of displacement. For the
sake of comparison, in both figures the amplification patterns
are displayed at the same frequencies (0.149, 0.198, 0.248,
and 0.312 Hz). We can clearly observe in both figures, even
for relatively low frequencies, the amplifications produced
by the deep structure of the Granada Basin. In fact, for the
E–W component, the basin produces large amplifications for
the chosen frequencies. In particular, for a vertical incidence
(Fig. 3), the amplification reaches to nearly 10 times the
amplitude of the incident source wave, in the frequency of
0.312 Hz, at various basin locations. For the same compo-
nent of displacement outside the basin, the amplitude of the
observed motion is about two times the incident one, as ex-
pected. For N–S and vertical motions, the amplification pat-
tern is very interesting. Generally speaking, the maximum
levels of the displacement are produced at those places
where the depths of the basin are greater, that is to say, at
the known depocenters. On the other hand, these maximum
levels increase with frequency for both incidences, 0� and
60�. For both vertical incidence and the N–S component, the
displacement amplitudes reach values larger than 5.

These effects, which cannot be obtained using 1D or 2D
numerical modeling, correspond to the 3D nature of the deep
basement of the Granada Basin. Fig. 5 shows the comparison
of the 1D and 3D response for vertically incident SH waves
at various receivers across the basin. The 1D solution cor-
responds to the model of a single layer over a half-space,
with the same thickness as that of the depth of the basement
at each station. The selected stations (5, 7, and 10) on profile
A–B are next to the depocenters, with basement depths of
2295 m, 1908 m, and 1744 m, respectively. The 3D response

of the Granada Basin is more complex than the 1D, even at
low frequency, as can be observed in Fig. 5. In the transverse
displacement, the amplitude levels of the 1D and 3D re-
sponses at receivers 7 and 10 are quite similar, but on the
other hand, the resonant frequency in the complete 3D so-
lution at station 7 is slightly shifted to 0.2338 Hz. At station
5, the response is different in both the amplification level
and the frequency content. In fact, the 1D solution predicts
an amplification of 4.91 at a frequency of 0.1743 Hz,
whereas the complete 3D response has an amplitude near 7
at 0.2480 Hz.

For the radial and vertical components, the response is
completely different. Whereas the amplitudes in the 1D
models are equal to zero in all cases, for the 3D case, these
displacements are comparable to the amplitude of the inci-
dent wave only at lower frequencies. Moreover, in the radial
motion at station 10, the 3D amplification is two times the
incident one at frequencies near 0.3 Hz.

Analysis of Wave Propagation

In this section, we compute the seismic response in the
time domain by using an incident Ricker wavelet (Ricker,
1977). In our computations, we used a characteristic period
of tp � 6.5 sec and a time lag of ts � 40 sec. This pulse
represents the input motion, which has a waveform that runs
from umin � �0.4432 to umax � 1 displacement unit, as
shown in Fig. 6. With the aim of studying the main char-
acteristics of elastic wave propagation within our Granada
Basin model, we use P- and SV-plane waves coming from
the south, with an incident angle of 30� relative to the ver-
tical.

In the case of the incident P-wave source, we computed
the time response from the various frequencies studied by
using Fourier synthesis. Approximately 18 sec of the radial
(N–S) displacements are depicted in Fig. 7 by means of
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Figure 3. Amplifications, relative to the amplitude of the incident wave, of the three
components of displacement at various frequencies in the Granada Basin for an SH
wave coming from the south and with vertical incidence. The zero-depth contour of
the basin is shown for reference.

snapshots at different times. Note that displacements ob-
served at the free surface for this component are in the range
from �1.8 to 2 displacement units, as shown on the scale
bar, whereas the incident motion produced by the Ricker
pulse in the N–S component ranges from umin(N–S) � sin

30 • umin � �0.2216 to umax (N–S) � sin 30 • umax � 0.5
displacement units, that is, in some times and positions, the
amplification produced is �8. The P wave arrives after
36.8826 sec in the shallower part of basin to the south. These
first displacements, represented with negative (dark shades)
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Figure 4. Same as Fig. 3, but for an SH wave coming from the south and with an
incident angle of 60� with respect to the vertical.

amplitudes inside and outside the sediments, do not produce
any remarkable effects. Nevertheless, after a time of 40.0898
sec, the direct wave begins to be amplified, as can be seen
at this time (dark shades inside the basin) and in the follow-
ing snapshot (light shades inside the basin). While the in-
cident wave is traveling through the basin, the strongest
ground motion is found at sites where the basin is deeper.

This effect is more prominent for the radial component than
for the vertical one (not shown). After the direct wave de-
parts from the northern part of the model (t � 46.5041 sec),
the mechanical energy that remains trapped inside the basin
continues producing displacements at the free surface. As
before, the major displacements for t � 46.5041 sec are ob-
served again at the locations above the deepest parts of the
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Figure 5. 1D (dashed line) and 3D (solid line) seismic responses for vertically
incident SH waves at stations 5, 7, and 10 of the profile A–B shown in Fig. 1.

Figure 6. Incident Ricker pulse used in our study.
The characteristic period is of tp � 6.5 sec and the
time lag, of ts � 40 sec.

basin and are more significant on the N–S component pre-
sented in Fig. 7.

Results for the radial displacements produced by an in-
cident SV-wave source are shown in Fig. 8. The snapshots
are given for the same times used for the P-wave simulation.
For this incident wave, the displacements observed at the
free surface for the N–S component are in the range of �1.8
to 2.4 displacement units, whereas the incident motion in the
N–S component ranges from umin(N–S) � cos 30 • umin �
�0.3838 to umax (N–S) � cos 30 • umax � 0.8660 displace-
ment units. The motion begins to be amplified inside the
basin after 40.0898 sec, and the amplification is more im-
portant in the following times when the direct wave crosses

our model of the Granada Basin. This has been observed in
both radial and vertical components. After this, the energy
is trapped inside the structure, producing displacements that
can be observed from t � 46.5041 sec and subsequent times,
when the direct wave exits from the northern part of the
basin.

A small quantity of energy is generated at the edges of
the basin. This cannot be well observed in the snapshots of
Fig. 8, because the amplitudes of these displacements are
low in comparison with the motion produced by the incident
wave field. This small quantity of energy can be better ob-
served in Fig. 9, where we present the synthetic seismograms
of vertical (V), radial (R), and tangential (T) components of
displacement at the receivers along the profiles A–B and A�–
B� of Fig. 1. The ground motion inside the sedimentary basin
is generally more complex than observed in hard rock, as
shown on the tangential component of both profiles where
no direct wave exists. Comparing this component on both
profiles, we see that the one corresponding to the profile A–
B presents a more complicated pattern than the displacement
of profile A�–B�. This is probably because profile A–B
crosses various depocenters of the Granada Basin, whereas
profile A�–B� crosses only one. Note also that there are more
stations inside the basin on profile A–B. Nevertheless, the
characteristics of the propagating phases within the basin,
which can be seen on the tangential components, are differ-
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Figure 7. Radial (N–S) displacement snapshots of wave propagation in the Granada
Basin for a simulation with a P wave propagating from the south and with an incident
angle of 30� with respect to the vertical. Light (dark) shading depicts positive (negative)
particle displacement. The zero-depth contour of the basin is shown for reference.

ent. Whereas on A–B the propagation of a phase identified
as a Rayleigh wave is observed, the corresponding wave that
travels on A�–B� can be identified as a Love wave. On the
other hand, the emission of waves radiated outside the Gra-
nada Basin is observed as well on the vertical and radial
components of the A�–B� profile. These waves propagate

with more energy on the forward direction (from south to
north) of the incident body wave. These can be identified as
Rayleigh waves by means of the results given in Fig. 10,
where we present the polarigrams in the radial–vertical plane
for the incidence SV waves at the 15 receivers on profile A�–
B�. These polarigrams display the variation in the displace-
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Figure 8. Same as Fig. 6, but for an incident SV wave.

ment vectors with time. The Rayleigh waves, showing little
energy, can be identified in the later arrivals, with their char-
acteristic elliptical and retrogade motion. This is the case not
only for a half-space but also for the fundamental Rayleigh
mode in a layer as well.

Part of the effects observed in the Granada Basin are
consistent with those obtained by Olsen et al. (1995), who
simulated the 3D wave propagation in the Salt Lake Basin

(Utah), and other aspects of our computations are similar to
the results of Frankel (1993) from 3D finite-difference mod-
eling of the San Bernardino valley (California). Whereas in
the Salt Lake Basin the resonating energy is radiated into
the bedrock surrounding the sediments without generating
any well-developed, coherent surface waves or trapped
body-wave phases in the basin, in the San Bernardino model,
clear, large-amplitude surface waves were generated at the
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Figure 9. Seismograms of the vertical (V), radial (R), and tangential (T) components
of displacement at the 15 receivers of the A�–B� profile and the 15 receivers of the A–B profile.
The seismograms that have a solid circle are located inside the Granada Basin.

edges of the basin. The Granada Basin has an average be-
havior between these two models. In our computations, part
of the energy observed after the incident wave, in the syn-
thetic seismograms of the profiles A–B and A�–B�, is not
well developed, and although surface waves have been de-
tected inside and outside the Granada Basin, these waves do
not propagate with large amplitudes, as has occurred in the
San Bernardino valley. This average behavior can be ex-

plained by various similitudes and differences among the
three models: (1) The low-impedance contrast between the
sediments and the bedrock in the Granada Basin (equal to
2.45) produces similar effects to those in the Salt Lake Basin
(with impedance contrast equal to 2.69). In contrast, the im-
pedance contrast in the San Bernardino Basin is higher
(equal to 4.3). The effects produced by the impedance con-
trast are well known and have been defined. As has been
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Figure 10. Polarigrams in the radial–ver-
tical plane for the incidence of SV waves at the
15 receivers of the A�–B� profile.

pointed out by previous authors (see e.g., Bard and Bouchon,
1980; Sánchez-Sesma et al., 1993), when high-impedance
contrast exists, surface waves are very efficiently generated
and reflected at the edges of the basin. (2) As was showed
by Hill et al. (1990), energetic surface waves can be gen-
erated at steeper basin slopes as well. The Granada Basin
has many zones where the slope of the basement is �30%,
in particular the northern part, in which this type of wave
can be generated. This is similar to the San Bernardino Ba-
sin, where exist slopes �30% near the southern part of the
San Jacinto fault. In contrast, the model of the Salt Lake
Basin, which does not produce well-developed coherent sur-
face waves, has slopes of �10%. (3) The incident wave field
of the Granada Basin (plane waves) considered in this work
is similar to that of Olsen et al. (1995), who used P-plane
waves in the Salt Lake Basin. Conversely, Frankel (1993)
used a kinematic time- and space-varying source function
simulating an M 6.5 earthquake occurring on the edge of the
basin. This author observed that the largest velocities in the
San Bernardino Basin were dependent on the direction of
rupture propagation of the seismic source and that maximum
shaking was also dependent on asperity positions and radi-
ation pattern.

Conclusions

We have computed the seismic response of the 3D base-
ment structure of a model of the Granada Basin by using the
IBEM for incident P-and S-plane waves. In this study, we
have solved the linear system of equations by using a par-
tition matrix method, which is different from the classic LU
decomposition that has been used in previous articles. The
advantage of the partition matrix method used here is that it
is possible to calculate, on the same computer and with the
same model configuration, the solution corresponding to
approximately twice the frequency computed with the clas-
sic LU.

We have analyzed the results in both frequency and time
domains, and for the range of frequencies that we have been
able to compute, it has been observed that the most relevant

site effects are due to the local amplifications produced in-
side the sediments. For SH waves, the amplification factor
reaches values near 10 times the amplitude of the incident
wave for some specific frequencies and locations. In the
other case, for the characteristic period considered in this
work for the incident P-wave Ricker pulse, the amplification
arrives at some specific times and positions around 8. In
general, for the incident plane waves considered in this
work, the amplification levels are not too large, because the
impedance contrast between the sediments and the bedrock
(equal to 2.45) is relatively low.

The geometry of the basin contributes in a deterministic
way to the response. Where basement depths are �3 km, we
see a characteristic seismic response in the range of fre-
quencies dealt with in this study that cannot be predicted
using a 1D model. The amplification patterns of the displace-
ment observed for incident P, SV, and SH waves have max-
imum levels at those locations where the depths of the basin
are larger. Moreover, according to our model, the Granada
Basin is likely to produce and emit surface waves with little
energy, as we observed in the synthetic seismograms and
their corresponding polarigrams. These waves in this basin
do not cause large displacements. The generation of these
surface waves is a common feature that has been observed
in many basins around the world by using real records and
that have been reproduced using numerical methods for
modeling of the seismic response of similar geological struc-
tures (see, e.g., Hatayama and Fujiwara, 1998).

One of the more important conclusions that we can ob-
tain from this work is that a simple 3D model allows us to
point out important site effects that may influence the seis-
mic motion at future earthquakes in the Granada Basin be-
tween 0 and 0.312 Hz. Therefore, it is necessary to allocate
resources and effort in three directions: (1) setting an ade-
quate accelerograph array to cover the basin in an efficient
way, particularly in those places where we have observed
the major amplifications in this study; (2) the development
of specific and controlled experiments to improve the basin’s
model to obtain the complete geometry and physical prop-
erties of the different sediments that fill the basin; and
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(3) the consideration of more realistic aspects into numerical
modeling, such as the sedimentary layering, to obtain the
seismic response of the Granada Basin for higher frequen-
cies, or the use of nearby sources, which can change the
response because of the direction of rupture propagation or
the radiation pattern, as was shown by Frankel (1993) in the
San Bernardino Basin. With the IBEM and the appropriate
Green’s functions, it is possible to take into account a lay-
ered structure or a medium with a velocity gradient, as was
done by Luzón et al. (unpublished results, 2001) in 2D al-
luvial basins with a vertical gradient of velocity. On the other
hand, the inclusion of near sources can be performed by
constructing the kinematic model of a finite fault with a set
of point sources with their appropriate rupture velocity. Each
of these point sources can be constructed with the corre-
sponding Green’s functions, as was done by Luzón et al.
(1999), who computed the displacements produced by near
seismic point sources to 3D mountains with the IBEM. All
of this could provide us with good estimations of seismic
motion with which to compare the records of ground accel-
eration, with the aim of understanding the complex seismic
response of the Granada Basin.
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