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Summary 
 
Azimuthally anisotropic attenuation has been observed in 
seismic and laboratory data from rock containing fractures 
or cracks. We present approaches of interpreting these 
signatures in a synthetic study. The aim is to infer fracture 
parameters from the measured attenuation. Our approach is 
based on an anisotropic squirt flow model that describes 
attenuation due to fluid flow in fractured porous rock. We 
generate synthetic seismograms according to walk-away 
and walk-around VSP geometries. Attenuation is estimated 
following the spectral ratio method. We then invert for 
fracture size and fracture density from the data. Both 
parameters can be estimated with good accuracy for certain 
acquisition geometries, especially if the azimuthal variation 
of traveltimes is included in the inversion. 
 
Introduction 
 
At present the analysis of seismic anisotropy for the 
characterization of fractured reservoirs is based upon shear-
wave splitting as well as the variation of traveltimes and 
reflected amplitudes with azimuth. However, there is 
evidence from VSP data that transmitted amplitudes can 
also show systematic variation with azimuth (Liu et al., 
1993; Horne and MacBeth, 1997; Clark et al., 2001). An 
example from the study by Horne and MacBeth (1997) is 
given in Fig. 1. The transmitted P-wave amplitudes show a 
signature that is somewhat symmetric about the azimuths of 
the fracture strike and the fracture normal as inferred from 
the polarization of split shear waves. A possible 
explanation for the amplitude variation is attenuation 
related to the fracturing. Other effects, such as transmission 
coefficients and geometric spreading, have been shown to 
have little influence on the variation of amplitudes with 
azimuth (Maultzsch et al., 2003a). Anisotropic attenuation 
has also been observed in laboratory measurements on rock 
samples containing aligned cracks (Thomsen, 1995). 
 
The lack of using these observations as an additional tool 
for fracture characterization in the past is partly due to the 
difficulty of describing the effect with an adequate rock 
physics model. A dynamic equivalent medium theory, 
which addresses the issue, has been developed recently by 
Chapman (2003). It models velocity dispersion and 
attenuation due to a squirt flow mechanism in poroelastic 
fractured media. Velocities and attenuation are functions of 
frequency and propagation direction, but they are also 
sensitive to the fracture size. This is demonstrated in Figs. 2 
and 3. Attenuation peaks at a characteristic frequency that 
increases with decreasing fracture length (Fig. 2). Fig. 3 
shows that attenuation is highest along the fracture normal 

and has a minimum along the fracture strike. This agrees 
with the amplitude signature measured from the VPS data 
in Fig. 1. The sensitivity to the fracture size is in contrast to 
earlier equivalent medium theories, such as the models of 
Hudson (1981) and Thomsen (1995), which show no such 
dependence. 
 
Since fluid flow in many subsurface reservoirs is believed 
to be primarily controlled by formation-scale fractures, the 
estimation of an average fracture size would make a 
significant contribution to improve fracture characterization 
from seismic data. In a previous study we have used the 
model of Chapman (2003) to estimate fracture density and 
fracture size from frequency dependent shear-wave 
splitting in VSP data (Maultzsch et al., 2003b). Here we 
investigate with synthetic data whether it is possible to use 
P-wave attenuation for the same purpose. We show results 
of inversion for fracture density and size from attenuation 
measurements for different VSP geometries. 
 
Modeling and attenuation measurements 
 
Synthetic seismograms are generated for two models: a 
half-space of a frequency dependent anisotropic material 
(model 1) and a four-layer model with the anisotropic 
dispersive material being the bottom layer (model 2). The 
frequency dependent material contains vertical fractures 
with a radius of 1 cm and a fracture density of 0.05. Elastic 
coefficients are computed following the model of Chapman 
(2003). For model 1 the geophone is placed at a depth of 
1000 m, and 21 source locations are chosen at offsets 
ranging from 0 to 1000 m with a 50 m increment. The 
geophone depth for model 2 is 1900 m, and source offsets 
are 0 to 2000 m with a spacing of 100 m. The synthetics for 
these walk-away VSP lines are computed along azimuths of 
0° to 90° relative to the fracture strike with a 15° 
increment. This allows us to investigate benefits / 
limitations of different acquisition geometries, i.e. walk-
away VSPs at different azimuths, walk-around VSPs at 
various offsets and 3D VSPs. The source is a Ricker 
wavelet with a peak frequency of 20 Hz. Synthetics are 
computed using a new version of the modeling package 
ANISEIS (reflectivity method) that can handle frequency-
dependent elastic coefficients. 
 
We measure attenuation from the synthetic data following 
the approach of the spectral ratio method (Toksöz et al., 
1979). Attenuation is described as an exponential decay 
with distance x, exp(-αx), where α = πf/Qv for frequency f, 
phase velocity v and quality factor Q. If we divide the 
amplitude spectrum A1 of a signal at distance x1 by the 



Analysis of anisotropic attenuation 

spectrum A0 of a reference signal at x0 and then take the 
logarithm, we obtain the following equation: 

 
.                  (1) 
 

G is a geometric factor, which includes the spreading 
effect, transmission coefficients, etc., and a = π/Qv. It is 
often assumed that Q and v are constant with frequency in 
the seismic frequency band. Then Eq. (1) gives a straight 
line as a function of frequency, and attenuation 1/Q can be 
estimated from the slope of the line.  
 
There is, however, also evidence of frequency dependent Q 
from seismic data (e.g. Kan et al., 1983). The model of 
Chapman (2003), which we use in this study, predicts that 
frequency dependence of v and Q can occur in the seismic 
frequency range, with one of the key parameters being the 
fracture size (Fig. 2). This is clearly the case for the 
synthetic data we have generated. However, the signal has 
a fairly limited bandwidth, and we can only estimate 
spectral ratios between 10 and 50 Hz for model 1 and 10 
and 30 Hz for model 2. Since Q decreases and v increases 
with frequency over these bands, we can still approximate 
the spectral ratio in Eq. (1) with a straight line. On the other 
hand, the deviation of measured spectral ratios from a 
straight line may contain useful information. 
 
We consider several acquisition geometries for the 
computation of spectral ratios: increasing offsets along 
certain azimuths (walk-away) and varying azimuth for 
constant offsets (walk-around). In the first case we use the 
zero offset trace as the reference signal A0 and in the latter 
case the corresponding offset trace at zero azimuth. We 
window the first arrivals using a Blackman window, which 
reduces leakage in the frequency domain. Spectral ratios 
and the best fitting straight lines are computed for each 
offset or azimuth, respectively. We use both the slopes of 
the lines and the actual spectral ratios to perform 
subsequent inversions for fracture size and fracture density. 
In the latter case we infer the intercept in Eq. (1) from the 
data at zero azimuth (fracture strike), where the frequency 
dependence of v and Q is negligible. 
 
Results of inversion for fracture density and size 
 
We find that from the slopes of the spectral ratios we can 
recover Q very well for the peak frequency (20 Hz) at each 
offset and azimuth. However, the inversion for fracture 
density and size is non-unique. This is demonstrated in Fig. 
4, which shows the RMS error between measured and 
predicted values at azimuths of 45° and 90° for a wide 
range of fracture densities and sizes. (We can also see from 
Fig. 2 that the inversion cannot be unique, if attenuation is 
only measured at one frequency.) The results are improved 
by fitting the actual spectral ratios as a function of 

frequency. Fig. 5 shows the corresponding error function 
for the half-space model and a walk-away line normal to 
the fracture strike. There is now a confined minimum close 
to the values of the input parameters, which are indicated 
by the white dot. We find that incorporating more walk-
away lines at other azimuths does not improve the result 
but even increases uncertainty. At an azimuth of 90° the 
widest range of angles towards the fracture normal is 
covered, i.e. the largest variation in Q with offset and the 
largest absolute attenuation values at far offsets. Therefore, 
the estimates at other azimuths are always less accurate. 
 
We obtain a similar result for the walk-around geometry. 
Fig. 6 shows the error function corresponding to an offset 
of 1000 m. Again there is a minimum close to the true 
values. Large offsets reduce the error, but the incorporation 
of smaller offsets increases uncertainty again due to the 
reduction in angles towards the fracture normal. 
 
We now apply the same techniques to the layered model. 
Here we use raytracing to compute raypaths and phase 
angles for each azimuth and offset. Inverting the measured 
slope of the spectral ratios for fracture density and radius at 
the peak frequency of 20 Hz gives the same result as in Fig. 
4. If, however, we use the actual frequency variation of the 
spectral ratio for the inversion, we obtain the error function 
plotted in Fig. 7. The computation was done for a walk-
away line at an azimuth of 90°. There is a minimum close 
to the true values, but it is not very distinct. Therefore, we 
seek to improve certainty of the estimation by incorporating 
the traveltime difference between 0° and 90° azimuths into 
the inversion. The results are shown in Figs. 8 and 9 for the 
two attenuation measurements (slope of spectral ratios and 
actual spectral ratios). In both cases there is now a clear and 
confined minimum in the area of the true values. 
 
Conclusions 
 
P-wave amplitudes transmitted through cracked or 
fractured media have been found to vary with azimuth (e.g. 
Liu et al., 1993; Thomsen, 1995; Horne and MacBeth, 
1997; Clark et al., 2001). The squirt-flow model of 
Chapman (2003) provides an explanation for such an effect 
in terms of anisotropic attenuation. Depending on the 
fracture size, velocity dispersion and attenuation can occur 
in the seismic frequency band. In our previous work we 
used this phenomenon to estimate fracture density and an 
average fracture length from frequency-dependent 
anisotropy in VSP data from a tight gas reservoir 
(Maultzsch et al., 2003b). The estimation of a fracture 
length is a significant improvement of fracture 
characterization from seismic data, since it is one of the 
parameters that control fluid flow in a reservoir. Here we 
have investigated the potential of interpreting the signature 
of transmitted P-wave amplitudes in terms of fracture 
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parameters using the model of Chapman (2003). We invert 
for fracture density and fracture size from the spectral 
ratios measured at different offsets and azimuths in 
synthetic VSPs. The results show that the parameters can 
be estimated accurately for certain acquisition geometries, 
if the frequency dependence of attenuation is considered. 
Good estimates were obtained for walk-away lines at 
azimuths of 90°±15° towards the fracture strike and for 
walk-around VSPs at offset/depth = 0.75 or higher. 
Including azimuths closer to the fracture strike or shorter 
offsets, respectively, increases uncertainty in the inversion. 
Therefore, there is no benefit in using 3D VSPs or walk-
away VSPs at multiple azimuths for such an analysis. We 
can, however, constrain our inversion by incorporating the 
difference in traveltime between azimuths of 0° and 90°. 
Then we are even able to obtain a unique solution by 
neglecting the frequency dependence of Q and applying the 
conventional spectral ratio method, where only the slope of 
a line fitted to the ratios of amplitude spectra is considered. 
This is likely to be a better technique in a real data case, 
where the uncertainty in the measurements of spectral 
ratios is much higher. The application of our methodology 
to real VSP data will be part of future work. We have 
demonstrated in this study that there is great potential in 
incorporating attenuation into the analysis of seismic 
anisotropy for a quantitative characterization of fractures in 
subsurface reservoirs. 
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Figure 1: Acquisition geometry of a walk-around VSP, P-wave arrivals and picked amplitudes. The arrows in the second right panel indicate the 
fast shear-wave polarizations. Maximum amplitudes occur in the direction parallel to the fast shear wave polarization, which is interpreted as the
fracture strike. The amplitudes show a minimum normal to that direction. (From Horne and MacBeth, 1997). The right panel is one of our synthetic 
seismograms that shows the same amplitude signature. 
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Figure 2: Variation of P-wave attenuation with frequency and
fracture radius according to the model of Chapman (2003). 
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Figure 3: Variation of P-wave attenuation with angle towards the
fracture normal for different fracture sizes (frequency = 30Hz). 

 
Figure 8: Layered model, inversion from the slopes of the
spectral ratios and azimuthal traveltime difference. 

 
Figure 4: Error between measured and predicted slopes of
spectral ratios as a function of fracture density and radius
(model 1, azimuth = 45° and 90°). The result is non-unique. 

 
Figure 6: The same as Fig. 5, but for a walk-around VSP at an
offset of 1000 m. 

 
Figure 5: Inversion from spectral ratios as a function of
frequency for a walk-away line normal to the fractures. 

 
Figure 7: Layered model, inversion from the actual spectral
ratios, walk-away line normal to the fractures. 

 
Figure 9: As Fig. 8, but the frequency dependence of
attenuation is considered. 


