


The main goals of this study are: 
(1) To determine fundamental-mode group

velocities and attenuation coefficients using 
short-period Rayleigh-waves observed in seismic 
profile traces corresponding to a region in the 
northwestern part of Iberia. 

(2) To invert the short-period data to infer
shear velocity and Q

13 
models for the region 

under study. 
As far as we know, this is the first time that a 

work with these characteristics is carried out in 
the Iberian Peninsula. As the applied methodol
ogy and the obtained results are satisfactory, the 
scheme of this study will be applied in a near 
future to the short-period surface-waves observed 
in the seismic profile records during the ILIHA 
Project (late 80's), to refine the determined veloc
ity structure and to determine the unknown 
anelastic behavior of the shallow crust of Iberia. 

Data 

The northwestern part of the Iberian Penin
sula is an area where the Alpine orogeny has not 
caused important changes. In 1982, a seismic 
refraction survey was carried out in the region of 
this study (Cordoba, 1988). Several seismic refrac
tion profile lines were made. Only one of the 
shot-points generated clear surface-waves. Figure 
1 shows the shot-point and the profile line. The S 
velocity simplified initial model (three layers over 
a half-space) for the inversion procedure applied 
in this study, is based on the compressional veloc
ity model of Cordoba (1988), determined for a 
wide region in northwestern Iberia including the 
area of this study. The S velocity starting model 
has been conveniently modified, in accordance 
with the observed Rayleigh-wave velocity data, to 
perform the inversion procedure properly. 

All traces were recorded with 2 Hz MARK-L4-
3D geophones with the longitudinal direction ori
ented to the shot-point. The Rayleigh-wave verti
cal component records have been used for the 
present study. The traces were digitized at irregu
lar intervals; a posterior linear interpolation pro
vided a constant time interval of 0.02-0.08 s, 
depending on the frequency content of the seis
mograms. All the traces were corrected for in-
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Fig. 1. Northwestern part of the Iberian Peninsula. Schematic 

representation of the geological structures (modify from 

Matte, 1983). The dot indicates the shot-point location, and 

the straight line the seismic profile used. 

strumental response. Figure 2 shows the recorded 
seismic traces. 

Methodology 

The procedure to obtain the shear velocity and 
the Qi 1 models is the following. First, group
velocities and attenuation coefficients, as a func
tion of the period, are determined. Second, gen
eralized inversion theory is applied to the velocity 
and attenuation data to obtain the shallow mod
els. 

The determination of the group-velocities and 
the anelastic attenuation coefficients are based 
on the multiple filter technique (Dziewonski et 
al., 1969; Herrmann, 1973). The far field ground 
motion displacement, due to multimode surface-
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Fig. 2. Recorded seismic traces from the seismic profile in Figure 1. 

wave propagation, is described by Herrmann 
(1973) as: 

1 +oo N 

f(r, t) = -J LA;(r, w) ei(wt-kjr) dw (1)
2'1T -oo 

i = O 

where N + 1 is the number of modes present in 

the surface-wave, A; is the ith mode amplitude, 

k; is the wavenumber for the ith mode, and w is 
the angular frequency_ The Fourier transform of 
the signal is then multiplied by a narrow band-pass 
Gaussian filter, centered at the frequency of in

terest, providing arrival times and amplitudes 

from which group-velocities can be determined. 

Mohktar et al. (1988) showed that isolation of the 
velocity and amplitude data corresponding to the 
fundamental and the first higher mode, can be 
performed using linear regression analysis ap

plied to the set of group-velocities and spectral 
amplitudes, as a function of the frequencies, ob

tained by the multiple filtering. 
To compute the attenuation coefficients, y, we 

have used the following relationship between the 
observed amplitude spectra at distance r and the 
corresponding one at the source: 

A,(w) =A0G(r) e -y(w)r (2) 

A
0 

is the amplitude at the source and G(r) is the 
geometrical spreading factor. Application of Eq. 

(2) to any two observed spectral amplitudes at
distances r 1 

and r 2 from the source, supposing
the source and the observation points on the
same straight line, avoids the effect of the A0 

term and, therefore, attenuation coefficients can

be computed from the observed spectral ampli

tude decay with distance.

Inversion theory and surface-wave application 

A general formulation for linear inversion the

ory can be found in Wiggins (1972). The problem 

under study is a linearizable one; therefore, we 
have adopted the following approach: 

y=Ax (3) 

where x is the model to be determined, y is the 
data vector containing the observation data and 

A is the matrix that relates the parameters of the 

model with the observations. Considering that the 

data are contaminated by noise, Eq. (3) can be 
written as: 

y=Ax+e ( 4) 

The problem is solved by searching the minimum 

for the vector e (e.g., Menke, 1989), considering 

normalized unknowns and data. In this study the 

data vector is the obtained group-velocities, U;(w), 
or the obtained attenuation coefficients, 'Y;(w). 



The models to be determined are the shear-wave
velocity, f3, and the Q;; 1 distributions as a func
tion of depth. 

Shear-wave velocity has been selected as the
independent variable to perform the inversion 
because dispersion is more sensitive to shear ve
locity than to compressional velocity or density
(e.g., Russell, 1987). Expanding the group-veloc
ity, considering a starting model, {3°, Eq. (4) can
be written as: 
8U A8f3 + e (5) 
where 8{3i = U;°b - U;(f3° ) and �ob is the ob
served group-velocity. An iterative procedure, ap
plying a first-order difference technique, solves
Eq. (5) (Twomey, 1977). Partial derivatives in Eq.
(5) are computed applying the procedure of Rodi
et al. (1975). 

To compute Qi 1 models, the inverse problem
is formulated from the attenuation data. To con
struct the matrix formulation (4), we use the
formulation of Mitchell (1975): 

1r( n a. oC f3· oC)
y(w) = T _E c'2Q�

l
a. + _E c�Q�

l 
aa  

, 1 a1 1 l l-'1 

(6) 

where a is the compressional velocity, n is the 
number of layers, and T is the period. Assuming 
that there are no losses in pure compression, and
following Anderson et al. (1965), the compres
sional wave factor, Qa , can be related to the
shear one, Q

13
, as: 

Qi
l=�(irQ;

l (7) 

Using Eqs. (6) and (7), the attenuation coeffi
cients can be related to Qi 1 as: 

1r n [(4(f3·) 2 a. acll 
-y(w) = - E - _!_ �- Qi/ . T i I 3 aj C Ba

j 

(8)

This equation can be easely expressed in the
matrix notation given by Eq. (4). Standard errors
for the shear and anelastic models are deter
mined using the expression determined by
Mitchell (1976). 

The initial model for the shear velocity inver
sion procedure is, as mentioned before, a simpli-
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fied one formed by three horizontal layers over a
half-space. This model will be shown together
with the final S velocity distributions determined
in this study. 

Because Q
13 

values are not known for the
region under study, we have assumed the follow
ing starting model: Qi 1 = 1 for all depths. We
have tried several different starting models, with
one, two and three layers, and with different
values of Q; 1 for each layer, but the results were
practically the same. Thus, we have selected the
easiest model to initiate the inversion. 

Results 

Velocity results 

The methodology explained above has been
applied to all seismic traces shown in Figure 2. In
addition, the first six traces in the SE direction
have been analyzed separately because in this 
direction the surface-waves vanish at about 35 km
from the shot-point. 

Fundamental-mode Rayleigh-wave group
velocities have been determined applying the
multiple filter technique (Dziewonski et al., 1969;
Herrmann, 1973), modified by the extension of
Barker (1988), to the traces in the NW and SE
direction. Fundamental and first higher-mode
group-velocities have been obtained for the first
six traces in the SE direction. Normalized energy 
plots of the group-velocity as a function of fre
quency were drawn at different levels with re
spect to the maximum normalized value of the
energy, taken equal to 1 (Fig. 3). The average
results show that, for the NW traces (Fig. 4), the
fundamental-mode group-velocity dipersion lies 
between 1.7 km · s- 1 at periods about 0.2 s and 
2.0 km · s- 1 at periods about 0.9 s. For the SE 
traces the fundamental group-velocities are 
somewhat higher, close to 2.0 km· s- 1 at 0.2 s 
and 2.75 km· s- 1 at 2.5 s. (Fig. 5). Figure 6 
presents the average group-velocities of the fun
damental and first higher modes of the
Rayleigh-wave vertical component corresponding
to the first six traces of the SE side of the profile
in Figure 1. For the fundamental mode, the 
group-velocities range from about 1.8 km · s 1 at 
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Fig. 3. Example of energy diagram for the fundamental-mode 

Rayleigh-wave vertical component of one of the traces corre

sponding to the NW side of the profile in Figure 1. The 

energy contours vary between 90%, close to the maximum 

energy (circles, 100%), and 50%. The maximum values define 

the group-velocity dispersion curve. 

0.2, s to about 2.7 km· s 1 at 2.5 s. For the first 

higher mode, the velocities vary between 2.35 

km· s-1 at 0.2 s, to 2.85 km' s-1 at 0.4 s.

Figures 7a, 8a and 9a present the shear veloc

ity models obtained by inversion, together with 

their corresponding resolving kernels. Figures 7b, 

Sb and 9b present the matching between the 

observed velocity data and the theoretical ones 
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Fig. 4. Average fundamental-mode Rayleigh-wave group

velocity for the NW side. Vertical bars indicate standard 

deviations. 
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Fig. 5. Average fundamental-mode Rayleigh-wave group

velocity for the SE side. Vertical bars indicate standard devia

tions. 

obtained from the models in Figures 7a-9a. Fig

ures 7a and 8a present the results for the NW 

and SE directions respectively, using the funda

mental-mode group-velocities only; they indicate 

that the obtained models explain the observed 

data well, although the obtained resolving kernels 

indicate poor resolution for depths larger than 

about 0.5 km. 

Figure 9a presents the inversion results for the 

first six traces in the SE direction (Fig. 2). In this 
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Fig. 6. Average fundamental- and first higher-mode 

Rayleigh-wave group-velocities determined for the first six 

traces of the SE side. Vertical bars indicate standar devia-

tions. 



case the fundamental and the first higher-mode 

group-velocities have been used in the inversion 

procedure. Figure 9b indicates that the obtained 

model fits both modes properly. The resolving 

kernels in this case are somewhat better than the 

ones in Figures 7a and 8a. It seems that the 

introduction of the first higher mode in the inver

sion procedure tends to improve them. 

In general, the obtained shear velocity distri

bution seems to be lower than the S velocity 

deduced from the model of Cordoba (relation: 
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vp 
= 1.7 vs), This fact may be due to the pres

ence of sediments, which usually tends to slow 

the S-waves more than the P-waves. Moreover, 

the model of Cordoba (1988) gives average P 

velocity values for the upper 5 km, and the results 

of this study correspond to the upper 1 km or 2 

km of the crust. 

Comparison between the NW and SE shear 

velocity models indicates the following. The model 

for the NW traces is determined up to a depth of 

about 1.2 km, while the model for the SE traces is 
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Fig. 7. (a) Shear velocity model corresponding to the NW side of the profile in Figure 1, together with the resolving kernels 

calculated at several reference depths. The model with three layers indicates the starting model for the inversion procedure. (b) 

Observed (circles) and theoretical (solid line) Rayleigh-wave dispersion. Vertical bars indicate standard deviations of the velocity 

data. The dashed line indicates the theoretical group velocity determined from the shear starting model. 
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determined up to 2 km. The shear velocity mod
els obtained for the NW and the SE directions 
are qualitatively similar, both of them showing 
low velocities in the first 200 m, followed by a 
gradual increase of velocity with depth until the 
half-space is reached. For the NW side, the shear 
velocity varies between a value of 1.8 km · s - 1 at 
the surface and a value about 3.3 km· s- 1 at a 
depth of 1.2 km. The model for the SE region 
presents higher velocities than the corresponding 
model for the NE part, being for the same depths 
mentioned before 2.2 km · s- 1 and 3.4 km · s -1, 
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respectively. This fact could indicate that lateral 
variation in the shallow shear velocity structure 
may exist in the region under study. 

When the inversion procedure is applied to 
the first six SE traces, where the fundamental 
and the first higher modes are used, a quick 
change in velocity is observed in the first 0.3 km, 
with velocity values varying between 2.1 and 2.75 
km · s- 1

• The difference between this model (Fig. 
9a) and the model found when all the traces are 
considered (Fig. 8a) is that, in the model of 
Figure 9a, a low-velocity layer appears, between 
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Fig. 8. Same as Figure 7, referred to the SE side of the profile in Figure 1. 



0.4 and 0.7 km depth, that is not present in the 

model of Figure Sa, The differences observed 

between the models in Figures 8a and 9a may be 

due to the fact that the model in Figure Sa has 

been determined using only fundamental-mode 

group-velocity data, while the model in Figure 9a 

has been determined using fundamental and first 

higher modes. Therefore, the determined model 

in Figure 9a is better constrained than the corre-
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sponding one in Figure Sa. Another way to ex

plain the observed differences is considering the 

existence of  a low-velocity channel only in the 

first half of the SE direction. More data will be 

necessary to determine which is the appropiate 

model for this direction. 

The seismic refraction profile was carried out 

in a very complex geological area (Fig. 1). The 

geological configuration · of the NW side of the 
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Fig. 9. (a) Shear velocity model corresponding to the first six traces of the SE side of the profile in Figure 1, together with the 

resolving kernels calculated at several reference depths. Fundamental and first higher modes in Figure 6 have been used for 

inversion. The model with three layers indicates the starting model. (b) Observed (circles) and theoretical (solid lines) Rayleigh wave 

dispersion. Vertical bars indicate standard deviations. The dashed line indicates the theoretical group velocity determined from the 

shear starting model. 
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profile includes Upper Precambrian and Lower 
Paleozoic areas and aluminous granites terrains. 
The SE side includes Upper Precambrian and 
Lower Paleozoic areas, aluminous granites ter
rains and the Vivero's fault. Although it is really 
difficult to relate the determined Rayleigh-wave 
velocities and the shear-wave velocity models to 
the geological structure of the region, it seems 
that the NW side, presenting a higher degree of 
heterogeneity, tends to slow the velocities more 
than the SE side. This fact seems to be in agree
ment with the general P velocity model of 
Cordoba (1988), who found lower P velocities in 
the NW than in the SE side. 

Attenuation results 

Although determination of amplitude data in 
continental regions, and especially from seismic 
refraction profile records, is very hard to obtain 
and to analyze, we have calculated tentative at
tenuation coefficients for the regions under study 
and for a smaller period range than the one used 
in the velocity study. Attenuation data for periods 
greater than 1 s present to much scatter to be 
treated with confidence. Figures lOa and lla 
show the determined attenuation coefficients, y, 

for all the NW and SE traces, respectively. In 
general, y-values decrease, from about 0.1-0.2 
km - i at shorter periods (about 0.2 s) to 0.02-0.05 
km - 1 at larger periods (about 0.9 s). The attenua
tion coefficients for both regions of this study 
present similar behavior, being somewhat higher 
in the northern than in the southern region. De
termined standard deviations preclude us to infer 
any difference in anelasticity between both subre
gions. The low y-values of the fundamental-mode 
Rayleigh-waves obtained in this region are consis
tent with the low y � L

g
-values obtained by 

Garcia (1989) and Vives (1990) in different re
gions of the Iberian Peninsula. As far as we 
know, short-period attenuation studies using 
Rayleigh-waves have not been performed before 
in the Iberian Peninsula. 

Figures lOb and llb present tentative Qi 1 

models corresponding to the NW and SE direc
tions. Here, the obtained resolving kernels are, in 
both cases, similar to the ones associated to the 
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Fig. 10. (a) Observed attenuation coefficients (circles) of the 
Rayleigh-wave vertical component for the NW side, and theo
retical ones (solid line) calculated from the model in Figure 
10b. Vertical bars indicate standard deviations. (b) Qi 1 model 
determined from the attenuation data (circles) in (a). Starting 

model for the inversion procedure is Qi 1 = 1 (not shown). 

shear-wave velocity models; therefore, they are 
not shown. Solid lines in Figures lOa and lla 
present the adequate fit between the observed 
attenuation coefficients, mentioned in the last 
paragraph, and the theoretical ones generated by 
the models in Figures lOb and llb. Although 
qualitatively, both models are very similar, com
parison between them indicates that the northern 
model seems to present lower Qi 1 values than 
the southern one. It seems also that the southern 
region presents a wider region with lower Q

f3 
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values than the northern one. Both Qi 1 models 
reach a maximum at about 0.05. This value is 
located, in the NW model, between 0.4 and 0.6 
km depth, and between 0.4 and 1.4 km in the SE 
one. As said before, it is well-known that attenua
tion studies in crustal regions (due to indetermi
nations in the amplitude data) are much more 
difficult than velocity studies. This reason pre
cludes us to go further in the attenuation results 
and to infer any qualitative relation with the 
geological characteristics of the region. Much 
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more attenuation data will be necessary to refine 
the obtained models. 

Conclusions 

Short-period surface-waves, from a seismic re
fraction profile line, have been used to determine 
shear velocity and Q

13 
distributions in shallow 

parts of the crust in a region located in the 
northwestern Iberian Peninsula. The region un
der study has been divided into two subregions: 
one located to the NW side from the shot-point 
and the other one located to the SE side. Group
velocity dispersion curves have been obtained for 
the two subregions and for the region covered by 
the first six traces in SE direction. The obtained 
fundamental-mode group-velocities for the NE 
region vary between 1.7 km· s-1 at about 0.2 s
and 2.0 km· s-1 at about 0.9 s. The SE region 
presents values ranging between 2.0 km · s- 1 at 
about 0.2 s, and 2. 75 km · s-1 at about 2.5 s. The 
region covered by the first six traces, in SE direc
tion, presents group-velocity values varying be
tween 1.8 km· s-1 at 0.2 s and 2.7 km· s-1 at
about 2.5 s. In this case it has also been possible 
to determine the group-velocity of the first higher 
mode up to periods about 0.4 s. Velocities for the 
first higher-mode range between 2.35 km · s -1 at 
about 0.2 s and 2.85 km · s -1 at about 0.4 s. 

Inversion theory applied to the observed veloc
ity data leads to the determination of shear-wave 
velocity models for the regions of this study. 
Shear velocities in the NW region seem to be 
somewhat lower than the corresponding ones for 
the SE region. Shear velocity varies in the NW 
region between 1.8 km · s-1 at the surface to 3.3 
km · s-1 at about 1.2 km depth. In the SE region, 
the shear velocity varies between 2.2 km · s -1 at 
the surface and 3.4 km · s- 1 at 1.2 km depth. It 
seems that lateral variations of S velocity may 
exist between both sides. Inverting only the first 
six traces in SE direction, the obtained shear 
velocity presents a small low-velocity channel lo
cated between 0.4 and 0.7 km depth. This fact 
may also indicate some lateral variation in the 
shear-wave velocity distribution in the SE region. 
More data is necessary to confirm the existence 
of this channel. 
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The determined velocities seem to be related 
to the geological structures traversed by the waves. 
The northern side presents lower Rayleigh- and 
shear-wave velocities than the southern one. This 
fact may be due to a higher degree of heterogene
ity in the northern part. 

The attenuation coefficients for both regions 
are of the same order of magnitude. In general, 
y-values decrease, from 0.1-0.2 km 1 at a period
about 0.2 s, to 0.02-0.05 km - I at a period about
0.8 s. The high attenuation coefficients obtained
agree with the L

g 
attenuation values obtained in

several regions of the Iberian Peninsula. The
tentative Q;i 1 models obtained from the attenua
tion data show similar maximum values (about
0.05). In the NW model, these values are ob
tained between 0.4 and 0.6 km depth; in the SE
one, between 0.4 and 1.4 km. Although these
attenuation models must be treated as prelimi
nary, they will serve as starting models when
more and better data become available.
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