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Characterization of the Sedimentary Cover of the Zafarraya Basin, Southern

Spain, by Means of Ambient Noise

by Antonio Garcı́a-Jerez, Francisco Luzón, Manuel Navarro, and J. Alfonso Pérez-Ruiz

Abstract The sedimentary structure in the Zafarraya basin, located in the south
of Spain, is studied by using the horizontal-to-vertical spectral ratio (HVSR) for
ambient noise. To improve the reliability of the results, the stability of the HVSR
measurement was checked by using a time-dependent analysis of the noise records
taking into account only clear peaks. The resonant frequency varies through the basin
and does not ever coincide with the maximum of the horizontal power spectrum.

Several fits between the frequency of the main peak in the HVSR for microtremors
and the depth to the bedrock are obtained for data from 17 sites, where geotechnical
information was available. The relation derived using a scheme based on surface
waves was considered to be the most reliable one. Thus, a function describing the
average velocity versus depth for the sedimentary cover of the basin is also derived
under assumptions of lateral homogeneity and smooth vertical variations of velocity
due to age and/or confining pressure.

The measurement of microtremors at 86 uniformly distributed points provides a
map of the sedimentary thickness based on the previously calculated relationships,
showing values greater than 200 m at the deeper zones.

Introduction

Site effects are very important in the evaluation of seis-
mic hazard. Since the earlier work of Kanai (1954), many
efforts have been devoted to obtaining relevant soil char-
acteristics based on cheap and rapid methods like the anal-
ysis of ambient noise (microtremors). The origin of this kind
of vibration is due to human activities and atmospheric phe-
nomena (Taga, 1993; Bard, 1999). Extracting geological in-
formation from noise records is not an easy task and several
schemes are currently being used in a complementary way.
The most powerful methods are based in the analysis of si-
multaneous records of the wave field, either dealing directly
with space correlations of temporal records (Aki, 1957) or
using the frequency-wavenumber representation (Capon,
1969). Many studies (Nakamura, 1989; Lermo and Chávez-
Garcı́a, 1994) have shown that some information may indeed
be obtained even from a single-station noise record using the
ratio of the horizontal Fourier spectra to the vertical spec-
trum (HVSR). When a homogeneous soft sedimentary cover
exists and has a high enough mechanical contrast with the
underlying materials the resonant frequency appears in the
HVSR corresponding approximately at the value f � b/4h
where b is the shear velocity in the soft layer and h is its
thickness.

The aim of this article is to obtain a better knowledge
of the structure of the Zafarraya basin (Fig. 1), a large karstic
depression located in the south of the Iberian Peninsula

(López-Chicano et al., 2002), by using the horizontal-to-
vertical spectral ratio (HVSR) jointly with a slight general-
ization of the soil model, which takes into account the pos-
sibility of smooth variations of the shear velocity through
the sedimentary layer (Ibs-von Seht and Wohlenberg, 1999).

The studied basin is located in a region that suffers the
highest seismic hazard in the Iberian Peninsula because of
the collision between the Euroasiatic and the African plates.
An example of that was the Andalusian earthquake, with
magnitude 6.8 according to the Instituto Andaluz de Geofis-
ica (www.ugr.es/�iag) and epicentral intensity X, which
caused heavy damage on the 24 December 1884. Few works
have been published about the seismic response of the Za-
farraya basin. The earlier studies using records of ambient
noise were presented by Morales (1991) and Morales et al.
(1991), who performed an analysis of the horizontal motion
at 15 locations along two perpendicular profiles (approxi-
mately from the point I1 to L4 and from E5 to K2 in Fig. 1).
They found a dominant frequency at about 3 Hz, which re-
mained almost constant within the entire surface of the basin.
These results were confirmed by numerical computations us-
ing 2D models (Schenková and Zahradnik, 1996). Luzón
(1995) and Luzón et al. (2004) carried out numerical sim-
ulations for 2D and 3D homogeneous models of this basin
under the incidence of plane waves using the indirect bound-
ary element method (IBEM). They found amplifications of
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Figure 1. (a) Location of the Zafarraya basin in the
south of Spain. (b) Topography of the Zafarraya basin
and locations where ambient noise was recorded
(filled dots), approximately on the vertices of a 500 m
� 500 m square grid. The black line shows the cross
section displayed in Figure 2, joining a set of geo-
electrical surveys (open dots).

ground motion up to 12 times the amplitude of the incoming
wave over the deeper zones and showed that the fundamental
resonant frequency depended on the local depth of the base-
ment.

Geological Settings

The Zafarraya basin is a large (22 km2) Neogene karstic
hollow located in southwest Spain and enclosed in the Betic
Mountains. It has a length of about 10 km following a gen-
eral east-southeast–west-northwest trend (Fig. 1). The max-
imum width (3.5 km) appears in its occidental sector. The
altitude is about 900 m over the sea level, decreasing slowly
toward the east and north directions. The north part is limited
by a big carbonated mass of Jurassic white limestone called
“Sierra Gorda,” whereas the other edges are occupied by the
Zafarraya mountains composed of dolomitic limestone.

Several researches have been performed in this area us-
ing geoelectrical (López-Chicano, 1989) and geotechnical
surveys (Martı́n Vivaldi et al., 1971), revealing a certain

complexity in the sedimentary structure of the basin. These
studies show a shallower layer composed by sand, silt, and
alluvial conglomerates that goes from the surface to less than
10 m at its deeper point (López-Chicano, 1992). A geolog-
ical sketch for a longitudinal section is shown in Figure 2.
Clay and alluvial silt constitute a second layer with a max-
imum thickness of about 50 m in the oriental sector. These
materials lie directly on the stiff Mesozoic carbonated base-
ment in the west. Next to the southern edge and in the central
part there is a thick layer of marls, which are replaced by
calcarenites mainly in the east. The depth of this stratum
down to the older limestone is not well determined, although
it is known that it reaches 200 m at least in some zones
around the bed of the Madre River (López-Chicano, 1992).
This seasonal stream flows from the southeast to the swallow
holes at the northwest edge, losing 60% of water before
reaching the center of the basin because of the large infiltra-
tion through the alluvial deposits. Minor streams and swal-
lows are located mainly in the western border, which is a
complicated area because of the outcropping of the under-
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Figure 2. Geological cross section of the Zafarraya basin along the black line shown
in Figure 1. 1, Mesozoic carbonated materials; 2, marly and calcareous materials of
the cretaceous period; 3, calcarenites; 4, bluish marls of the upper Miocene epoch; 5,
clay and alluvial silt; 6, sand, silt, and alluvial conglomerates; 7, geoelectrical survey.
Adapted from López-Chicano (1992).

lying limestone. More information about the hydrogeology
of this zone may be found in López-Chicano et al. (2002).

Several small villages are placed at the edges of the
basin, such as Zafarraya at the western outcroppings or Ven-
tas de Zafarraya at the central part of the southern border
(see Fig. 1), whereas most of the surface of the basin is used
for agricultural cultivation.

Microtremor Measurement

In July 2004, 86 microtremor records were obtained ap-
proximately on the vertices of a regular grid composed of
500 � 500 m cells covering the Zafarraya basin (Fig. 1). In
contrast to Morales et al. (1991), who used only horizontal
components, we recorded the three components of ambient
noise. The instruments used were two short-period three-
component seismographs working with a sampling fre-
quency of 100 Hz. One of them consists of an SPC-35 dig-
itizer and three VSE-15D sensors with measuring frequency
range between 0.25 and 70 Hz. The other one uses Mark
L4-C sensors that provide an acceptable response in the

range between 0.65 and 40 Hz. Both devices have been em-
ployed in several previous works (Navarro et al., 2001; Al-
mendros et al., 2004; Al Yuncha et al., 2004). The sensors
were fixed on leveled platforms placed directly on the
ground. The operations of farm machinery that produced
continuous noise were stopped around each measured point.

The recording time was 10 min and the details of the
signal processing followed Almendros et al. (2004), based
in the use of ratiograms. After instrumental corrections, each
record was divided in a set of overlapping windows of 20.48
sec centered each 2.56 sec. This length is suitable for the
numerical fast Fourier transform (FFT) algorithm and con-
tains 10 periods, at least, for any frequency larger than
0.5 Hz. Frequency-dependent window lengths have also
been used in the literature keeping constant the number of
cycles (see, for example, Kind et al., 2005). The spectral
ratio is computed separately for all time intervals and plotted
in a time-dependent diagram (ratiogram) as shown in Figure
3b. Then, the velocity record is visually inspected and the
HVSRs are averaged over the good-quality zones, avoiding
transients due to close sources like cars or footsteps. Other
choices of the window lengths (30 sec and 40.96 sec) and
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Figure 3. Stability analysis of HVSR for point I2. (a) Three component records of
noise. (b) Time-dependent spectral ratio. (c) Time-averaged horizontal (solid line) and
vertical (dash-dot line) spectral amplitudes. (d) Average spectral ratio (solid line) and
average plus or minus one standard deviation (dashed lines). Notice the discrepancy
between the frequency of maximum amplitude in the horizontal spectrum and the fre-
quency of resonance (defined as the position of the main peak in the HVSR).

lower overlapping ratios (10%) have been tested without sig-
nificant variations in the results.

This method allowed us to find resonant frequencies at
different locations in a wide spectral range in contrast to the
results of Morales et al. (1991). The stability of the main
peak was checked and unclear results were not considered,
that is, those results in which the observed peaks were not
stable during all the time of the ratiogram. Although a high
spectral level was sometimes found at about 3 Hz in the
horizontal component, it does not always match the main
peak in the HVSR, as shown in Figure 3c and d. Some ex-
amples of the spectra of the components and the resulting
ratios for three places are displayed in Figure 4. The peak
frequencies for points where a dominant resonance was
clearly identified are shown in Figure 5.

Fit of Shear-Velocity Profile and Frequency-Depth
Relationship

Inside any sedimentary layer composed of approxi-
mately homogeneous geological materials, the shear module
increases smoothly with depth (but much faster than the den-
sity) because of the confining pressure. This variation of the
shear velocity may be expressed as the function (see, for
example, Ibs-von Seht and Wohlenberg, 1999):

xz
b( z ) � b 1 � , z � h , (1)0� �z*

where b is the shear velocity at a given depth z in the sedi-
mentary layer (0 � z � h), b0 is the velocity at the ground
surface, x is a parameter giving the depth dependence, and
z* is a reference distance that controls the behavior for small
values of z. The fundamental resonant frequency for such a
sedimentary structure may be estimated, considering vertical
S-wave incidence, from the travel time in the layer (Ibs-von
Seht and Wohlenberg, 1999):

h1 dz
� . (2)�4 f 0 b(z)

From (1) and (2) we obtain:

1/(1�x)(1 � x)
h( f ) � z* b � 1 � z*. (3)0� �4 fz*

Equation (3) gives the thickness h of the sedimentary cover
from the empirical measurement of the resonant frequency
f and a previous fit of the free parameters x, b0, and z*. A
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Figure 4. Examples of HVSRs (solid lines) and spectral amplitudes for several points
(I3, J6, and G7) with decreasing sediment thickness. The type of lines has the same
meaning as in Figure 3(c) and (d).

Figure 5. Map of resonant frequencies in hertz ob-
tained from HVSR. Sites where the ratio shows several
similar peaks or an unclear (low stability) peak are
marked by an X. A triangle marks points with nearly
flat ratios or high-frequency broad peaks (15 Hz or
larger).

slightly simpler approach is used in Delgado et al. (2000a,b)
which corresponds to a power depth–velocity law:

xz
b�(z) � b . (4)0� �z*

b�(z) is a good approximation of b(z) for z k z*. In that case,
with x � 1, equation (2) leads to:

1/(1�x)(1 � x)b0h�( f ) � . (5)� x �4 fz*

This equation could lead to a linear fit in logarithmic scale
with a value of the slope B � 1/(1 � x).

To carry out the adjustment of the free parameters for
the Zafarraya basin, a set of 17 grid locations was considered
where the depth of the sedimentary layer is well determined
by means of close geoelectrical surveys and where the res-
onant frequency was clearly measured. The selected points
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Figure 6. (a) Frequencies of the main peak of HVSR versus depth of the resistive
basement computed from geoelectrical surveys. The dashed black line shows the re-
lationship (6) obtained for the Zafarraya basin. The solid black line shows the alter-
native relationship based on surface waves (equation 10). (b) Error ellipses for the fitted
parameters x and b0 of equation (6) considering 68.3% (dashed line) and 95% (solid
line) confidence levels.

give the dashed line shown in Figure 6a using a nonlinear
least-squares fit for equation (3). The fitted values of z* were
much lower than the depth of the shallower considered point
(11 m), thus z* may be fixed to 1 m for simplicity without
influence in the range of data.

The resulting equation, for depths from 11 to 125 m, is

0.136b(z) � 437(1 � z) , (6)

where b is in meters per second and z is in meters. The root-
mean-square error of the data is about 6 m with regard to
the function in equation (6) (see Table 1). It may be consid-
ered a rough estimate of the depth errors. The ranges for the
parameters considering 68% and 95% confidence levels (see
Nash and Sofer, 1996; Press et al., 1992, among others) are
also given in Figure 6b. Uncertainties in depth data (standard
deviations of h for each survey) are poorly known and have
not been considered in the fit. A minimization of the sum of
squared differences between experimental and calculated
depths has been chosen for obtaining equation (6). This cri-
terion is equivalent to assuming that the variances in f are
negligible, and the variances in h take a unique value for all
grid locations (see, for example, Press et al., 1992). Note
that the kind of fit may significantly influence the final re-
lationship, that is, the result is influenced by the choice of
the independent variable when standard deviations of the
data are not included in the misfit estimator. For example,
the deviations between experimental and calculated depths
are not equally weighted if the fit is performed in terms of
log(h) (as in Delgado et al., 2000b). In this case the param-
eters b0 � 375 m/sec and x � 0.185 for the Zafarraya soil

model are those which minimize the sum of the misfits in
log(h).

Taking into account that seismic noise seems to be com-
posed mainly of surface waves (Konno and Ohmachi, 1998),
an alternative approach can be followed by using the scheme
described in Arai and Tokimatsu (2000) for the forward
computation of the resonant frequency instead of equation
(2). In this scheme, the horizontal (PH(x)) and vertical
(PV(x)) power spectra on the free surface, due to a distri-
bution of infinite impulsive surface point sources located at
random positions over a 1D structure, is computed by means
of a summation (m index) of Rayleigh and Love wave nor-
mal modes. Let us assume that LV(x) is the vertical com-
ponent of the point forces and LH(x) is the horizontal com-
ponent (arbitrarily directed), then, the following equations
are obtained:

2 22A � u̇RmP � n 1 � (7)V �� � � �� �� �k 2 ẇm mRm

2 2 22A u̇ � u̇RmP � n 1 �H �� � � � � �� �� �k ẇ 2 ẇm m mRm
22� ALm

� n , (8)�� �� �2 km Lm

where (u̇/ẇ)m is the ellipticity of the m Rayleigh mode, de-
fined in Haskell (1953); ARm(x) and ALm(x) are the medium
response factors for Rayleigh and Love waves defined in
Harkrider (1964); kR and kL are the respective wavenumbers,
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Table 1
Statistics of Fit between the Frequency of Resonance (f) and the

Thickness of the Sedimentary Cover (h) for Equation (6)

Parameter Value Standard Error Root-Mean-Square Error (m)

b0 (m/sec) 437 78
6.2554

X 0.1357 0.0534

Figure 7. Measured (solid gray line) and theoreti-
cal (solid black lines) HVSRs for point K5 by using
the soil model of equation (10) down to the bedrock.
Labels indicate the corresponding value of the load
ratio �. Dashed black line shows the 1D transfer func-
tion for vertically incident S waves. Vertical dashed
line shows the resonant frequency computed for the
structure from equation (2).

� � LH/LV and n is a common constant for both expressions.
The parameter � determines the relative weight of Love
waves and Rayleigh waves. (The power of Love waves in-
creases as � rises; thus, only Rayleigh waves are considered
for � � 0.) Thus, the theoretical spectral ratio is computed
as:

PHHVSR � . (9)�PV

This method has been recently used for S-wave velocity
profiling from the HVSR shape (Arai and Tokimatsu, 2004;
Parolai et al., 2005).

The theoretical resonant frequency was taken from the
simulated HVSR for the sites where the depth was known
and for each couple of parameters (b0, x). For these calcu-
lations, the sediments were divided into as many 5-m-thick
layers as necessary with S-wave velocity obtained from
equation (1), taking a suitable value of 2000 m/sec for the
carbonated bedrock (Schenková and Zahradnik, 1996). The
horizontal-to-vertical load ratio � was taken as the unity and
every mode of surface wave acting within a wide enough
range around the first peak (resonant frequency) was con-
sidered in the calculation. The densities were taken as 2.1 g/
cm3 for the sedimentary cover and 2.5 g/cm3 for the bedrock
and 0.25 was used for the Poisson’s ratio. The best fit be-
tween computed and measured frequencies was:

0.305b(z) � 214(1 � z) , (10)

which corresponds to the solid line in Figure 6a. The root
mean error for this fit is 0.64 Hz. Some examples of HVSRs
computed considering surface waves for several values of �
are shown by solid black lines in Figure 7 for point K5 (with
52 m of basement depth) using the soil model defined by
(10). The HVSRs simulated for surface waves show a good
agreement with the main observed frequency of the mea-
surement (solid gray line), although these simulations do not
give the amplitude of the peak. Anyway, the amplitude level
is not relevant in this fit, but to the fitted frequency.

Note that the assumptions about the way to compute
resonant frequencies have a significant influence on the soil
model inferred. The result based on surface waves (equation
10) is considered to be a better approximation to the real
properties than equation (6), because equation (2) is not an
exact estimation of the resonant frequency for vertically in-

cident S wave in heterogeneous media (see the significant
difference between the first maximum of the transfer func-
tion shown by a dashed black line in Fig. 7 and the resonant
frequency computed from the travel time shown by a vertical
dashed line). The use of a method based on surface waves
(including Love waves) has been preferred because micro-
tremor is mainly composed of this kind of waves. This fact
is supported by many previous works that deal with this
topic using experimental and/or theoretical approaches (see,
for example, Aki, 1957; Lachet and Bard, 1994; Tamura,
1996; Konno and Ohmachi, 1998; Arai and Tokimatsu,
2000; Ohori et al., 2002).

Discussion

The f-h relationships obtained for the sedimentary cover
of the Zafarraya basin are compared in Figure 8 with those
found in previous works, which are listed, among others, in
Table 2 (Parolai et al., 2002, for the Cologne Area; Delgado
et al., 2000a, for the Segura river valley; and Ibs-von Seht
and Wohlenberg, 1999, for the Lower Rhine Embayment).
In those studies where a strict f versus h power law was
derived (h � Af B) it is possible to obtain b0 and x from
equation (5), taking z* � 1 m. The functions b(z) derived
from these areas are represented in Figure 9 together with
the models for the Zafarraya basin of equations (6) and (10).

The parameters b0 and x depend on the geological char-
acteristics of the basin. Nevertheless, the exponents show
smaller relative variations (Table 2), especially if the com-
parison is performed in terms of B � 1/(1 � x) (exponent
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Figure 8. Comparison of f versus h relationships
for the Zafarraya basin derived from equation (2)
(dashed black line) and from a scheme based on sur-
face waves (solid black line). The results of similar
studies performed in other places are also displayed.
The result for the lower Rhine embayment (Ibs-von
Seht and Wohlenberg, 1999) is drawn with a solid
gray line, that for the Cologne area (Parolai et al.,
2002) is shown with a dashed line, and the formula
for the Segura river valley (Delgado et al., 2000a) is
shown with a dotted gray line.

of the f–h relationship), as was noticed by Delgado et al.
(2000a). Both parameters have also been studied in the lit-
erature with other methodologies. For example, Ohta and
Goto (1978) obtained an empirical power relationship be-
tween b and z from geotechnical data with an exponent x �
0.312 (B � 1.454) and b0 depending on the soil textural
class. More detailed expressions (Hardin and Drnevich,
1972) show that the shear modulus G in particulate soils is
approximately proportional to the square root of the effective
stress r0 and also depends on some geotechnical parameters
(mass density of the particles, saturation degree, void ratio,
plasticity index, and overconsolidation ratio). Thus, b is pro-
portional to z0.25 only when these geotechnical parameters
remain constant within the sedimentary layer (see, for ex-
ample, Schneider et al., 1999). Previous works listed in Ta-
ble 2 show values larger than 0.25 except for the Segura
river valley (x � 0.204 or B � 1.256) where very shallow
sediments (down to 45.7 m) and softer soils were mostly
considered. Larger values of x as 0.28 and 0.37 (B � 1.388
and 1.587, respectively) have been found for the places with
thicker sedimentary cover containing cemented materials
and soft sedimentary rocks that are characterized by a higher
stiffness (see, for example, Kramer, 1996). Moreover, ex-
ponents of 0.448 (B � 1.812) have been obtained for the
bedrock in the Cologne area between 20 and 377 m (Parolai
et al., 2002). The comparison of the values obtained here
with other sedimentary deposits give us confidence to assess
that 0.305 (from equation 10, obtained considering that mi-

crotremors are composed of surface waves) is a reliable
value for the x parameter at the Zafarraya basin.

The main result of this work is the improved map of the
basement shown in Figure 10, which results from the inter-
polation of the depths computed using equation (10) for
points where the dominant period could be determined. The
most important feature is the increasing depth in the direc-
tion to the central part, near the southern edge (see Fig. 11
for cross sections along columns C, F, I, and L). This trough
in the underlying carbonated rock spreads toward the east
throughout the bed of the stream. The thickness of the sed-
imentary cover decreases faster to the south and west than
to the north and east. For the southwestern sector, next to
the southern edge of the basin (points D2, E2, and F2), we
found values lower than 50 m that seem to be underestimated
in comparison with Morales et al. (1991) or López-Chicano
(1992) who gave depths reaching 90 m and greater than
100 m, respectively, up to a highly resistive basement.
HVSRs show low amplitudes (around 2) for the main peak

Table 2
Exponent of the z Versus b Relationship (x) and Surface Velocity

(b0) for Several Sedimentary Structures

Location x
b0

(m/sec)

Zafarraya Basin (based on equation 1) 0.136 437
Zafarraya Basin (surface-wave scheme) 0.305 214
Lower Rhine Embayment (Budny, 1984) 0.278 162
Lower Rhine Embayment (Ibs-von Seht and

Wohlenberg, 1999)
0.280 148.8

Cologne Area (Parolai et al., 2002) 0.37 115
Segura River Valley (Delgado et al., 2000a) 0.204 122.3

The z* parameter which controls the shape of the function close to the
surface has been fixed in 1 m.

Figure 9. Shear velocity versus depth for sedi-
mentary materials up to the stiff bedrock. The lines
are computed from the studies shown in Figure 8 and
using the same type of lines and symbols.
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Figure 10. Thickness of the sedimentary cover in-
terpolated for the studied area. The S-wave velocity
of the model depends only on the depth and is given
for the sediments by equation (10) shown, which has
been extrapolated down to 200 m.

at that zone of the basin, suggesting a poor impedance con-
trast between the sediments and the bedrock. The presence
of sedimentary materials with anomalous (larger) S-wave
velocity should be the explanation of such underestimated
depth. The spectral ratio has also been computed separately
by using the north–south and the (east–west horizontal com-
ponents near the southern edge to check possible 2D effects,
but no differences were found between both magnitudes.
The existence of an increase of the sediment thickness at the
northwestern area, just north of the rock outcrops (point E6)
and at the northern edge close to the main swallow (C7, C8,
and D8) agrees with the results of López-Chicano (1992),
although it is not coherent with the depth shown by Morales
et al. (1991).

Concluding Remarks

The depth of the sedimentary materials that fill the Za-
farraya basin has been studied by using the HVSR for am-
bient noise. We obtained a variation of the frequency of
resonance, in contrast with previous works (Morales, 1991;
Morales et al., 1991; Schenková and Zahradnik, 1996),

which pointed to a common peak at about 3 Hz independent
of local depth. Note that the analysis of spectral ratios some-
times leads to different results compared with the analysis
of the horizontal component of microtremors as performed
by Morales (1991). An example of that is shown in Figure
3c and d corresponding to the point I2.

A dataset from geoelectrical surveys let us fit relations
between the predominant frequency for each place and its
corresponding thickness of soft soil. S-wave velocity–depth-
averaged functions (equations 6 and 10), valid for each point
down to the level of the basement, are derived under the
hypothesis of lateral homogeneity in the geological charac-
teristics of the sediments.

From the measurement of microtremors in a dense grid,
a map of bed topography has been developed showing a
good agreement with previous works and with the qualitative
geological information. This contributes new results about
poorly studied zones like the eastern edge of the basin. Our
results will allow us to improve our knowledge about the
dynamic behavior of the basin to perform an accurate eval-
uation of its seismic hazard.
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Molina (2000b). Microtremors as a geophysical exploration tool: ap-
plications and limitations, Pure Appl. Geophys. 157, 1445–1462.

Hardin, B. O., and V. P. Drnevich (1972). Shear modulus and damping in
soils: design equations and curves, J. Soil Mech. Found. Div. Am.
Soc. Civ. Eng. 98, 667–692.

Harkrider, D. G. (1964). Surface waves in multilayered elastic media. Part
1, Bull. Seism. Soc. Am. 54, 627–679.

Haskell, N. A. (1953). The dispersion of surface waves on multilayered
media, Bull. Seism. Soc. Am. 43, 17–34.

Ibs-von Seht, M., and J. Wohlenberg (1999). Microtremor measurements
used to map thickness of soft sediments, Bull. Seism. Soc. Am. 89,
250–259.

Kanai, K., T. Tanaka, and K. Okada (1954). Measurement of the micro-
tremor. I, Bull. Earthquake Res. Inst. 32, 199–210.

Kind, F., D. Fäh, and D. Giardini (2005). Array measurements of S-wave
velocities from ambient vibrations, Geophys. J. Int. 160, 114–126.

Konno, K., and T. Ohmachi (1998). Ground-motion characteristics esti-
mated from spectral ratio between horizontal and vertical components
of microtremor, Bull. Seism. Soc. Am. 88, 228–241.

Kramer, S. L. (1996). Geotechnical Earthquake Engineering, Prentice Hall,
Upper Saddle River, New Jersey.

Lachet, C., and P. Y. Bard (1994). Numerical and theoretical investigations
on the possibilities and limitations of Nakamura’s technique, J. Phys.
Earth 42, 377–397.
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perimediterráneo: Sierra Gorda (Granada y Málaga), Master’s Thesis,
University of Granada, Spain (in Spanish).
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