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Abstract 

We present an analysis of P-wave attenuation anisotropy in multi-azimuth walkaway VSP 
data from the Clair field. We find that the data recorded in the fractured oil-saturated reservoir 
show a consistent azimuthal variation in attenuation. This pattern cannot be observed in data 
recorded above the reservoir. The measured azimuth of minimum attenuation is close to the 
strike of open fluid-filled fractures mapped from cores and borehole image logs. The results 
therefore suggest a link between the attenuation pattern and the orientation of open fractures 
in the reservoir. The use of attenuation anisotropy can, in principle, enhance fracture 
characterization from seismic data. 

Introduction 

Techniques have been developed in the past to use seismic anisotropy as a tool for fracture 
characterization. Both P- and S-wave attributes, such as shear-wave splitting or the directional 
dependence of NMO velocities and AVO gradients, are analysed to infer fracture orientations 
and fracture intensities from seismic data. The methods are based upon equivalent medium 
theories that describe the average seismic response of a fractured medium in the long 
wavelength limit. Traditional theories assume frequency independence of the elastic 
constants, and as a consequence the anisotropy is also insensitive to the length scale of 
fractures. Recent work has challenged this assumption (e.g. Maultzsch et al., 2003; Lynn 
2004). Chapman (2003) developed a poroelastic model that describes squirt-flow between 
aligned fractures and the matrix porosity, which leads to a dependence of the elastic constants 
on frequency. Maultzsch et al. (2003) applied the model to VSP data, where frequency-
dependent shear-wave splitting had been observed, and derived an average length scale of the 
fractures from the data.  

The model also describes anisotropy of P-wave 
attenuation as shown in Fig. 1. Attenuation is pre-
dicted to increase with polar angle and azimuth away 
from the fracture strike. The attenuation anisotropy is 
sensitive to the fluid bulk modulus, such that the 
effect is increased if the fluid bulk modulus is 
lowered (e.g. from brine to oil or gas). In this study 
we analyse a 3-arm walkaway VSP from the Clair 
field in the North Sea to investigate whether attenu-
ation anisotropy is present in the data set. A key 
objective of the work is to compare P-wave attenu-
ation in the reservoir and the overburden as well as 
comparing attenuation between different azimuths. 
The reservoir in the Clair field is known to be fractured and a detailed understanding of the 
fracture network is desirable to enhance production (Coney et al., 1993). Horne et al. (1998) 
and Smith and McGarrity (2001) present results of analysing azimuthal anisotropy from P-
wave traveltimes and polarizations in the VSP data. They find a fast direction of N100ºE that 
is consistent with geologic data of fracture orientations and the orientation of the local stress 
field. 
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Fig. 1: Attenuation 1/Qp as a function of 
propagation direction in a material with 
vertical aligned fractures. 
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VSP Geometry and data preparation 

The VSP data were acquired with a 5 Receiver tool deployed at two depth levels: at the top of 
the reservoir (1487-1535 m) and within the reservoir (1850-1907 m). Sources were located 
along 3 walkaway lines at azimuths of 1˚, 46˚ and 136˚ with maximum offsets of 2000 m and 
an average source spacing of 25 m. The VSP data are first rotated into the direction of 
maximum first-arrival energy. The up- and downgoing wavefields are then separated using a 
dip filter. An example of a receiver gather after rotation showing the downgoing energy is 
given in Fig. 2. We window the first arrivals using a 100 ms wide Blackman window function 
and then proceed to the attenuation analysis. 

Attenuation analysis 

In order to increase confidence in our results we use two independent methods to measure 
attenuation: The spectral ratio method and the instantaneous frequency method. The former is 
based on forming ratios of amplitude spectra from arrivals, which have travelled different 
distances. Assuming constant Q, the logarithm of the ratio is a linear function of frequency, 
and the slope of that function can be related to Q and the separation distance between the 
receivers. The instantaneous frequency method measures Q through the shift in centre 
frequency between an arrival and a reference pulse. Dasios et al. (2001) have suggested that 
this technique is less sensitive to local variations in the spectra and processing parameters. 

First we follow an approach of Dasgupta and Clark (1998) to measure zero-offset Q using the 
data from all source offsets and azimuths. We obtain a Q-value of 18 for the reservoir, which 
means that attenuation is very high, and of 35 to 40 for the overburden. Thus, attenuation is 
twice as large in the reservoir compared to the overburden, which coincides with a change in 
fluid saturation from water to oil, i.e. a reduction in fluid bulk modulus. Furthermore, the 
overburden is essentially unfractured, while fractures are present in the reservoir (Coney et 
al., 1993). 

Secondly, we analyse attenuation as a function of azimuth for each offset and each of the two 
tool settings. We choose one azimuth as the reference line and measure the change in attenu-
ation at all other azimuths relative to the reference signal. Thus, we obtain the difference in 
1/Q as a function of azimuth. We derive the azimuth of minimum attenuation Φ0 and the am-
plitude of the azimuthal variation C2 by fitting the following function to the data points: 

( )[ ]02 2cos1 Φ−Φ=∆ CQ . Fig. 3 shows an example of the data and fitted function. 

We assess errors of the analysis by computing RMS errors, R2 values and confidence bounds 
of the inverted coefficients. Furthermore, the results are only meaningful if the amplitude of 
the azimuthal variation is significant. Otherwise the estimated symmetry direction is arbitrary 
and should not have any weight in the interpretation of the data. Therefore, the product of C2 
and R2 is a good measure to assess the significance of the results. 

Fig. 4 shows the inverted parameters as a function of offset for both receiver settings. At the 
deeper tool setting the values of Φ0 are consistent with offset. They lie between N70°E and 
N100°E up to an offset of 1100 m and around 0° at far offsets. C2, the amplitude of azimuthal 
variation in 1/Q, increases up to an offset of about 700 m. This is a pattern that we expect 
from earlier synthetic studies if fracture-related attenuation anisotropy is present (see Fig. 1). 
At the shallow receiver setting the values of Φ0 are scattered over a huge range (N30°W to 
N110°E) and for a considerable number of offsets the estimated amplitude C2 is insignificant 
or the inversion fails completely. There appears to be no consistent pattern of azimuthal 
anisotropy in attenuation for the overburden. We obtain these results with both the 
instantaneous frequency and the spectral ratio method. 

The findings are summarized in rose diagrams of the inverted symmetry azimuths, as shown 
in Fig. 5, where the values of C2*R2 are used as weights. In the data recorded in the reservoir 
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there is a dominant principal direction of N85°E, whereas the values for the upper setting are 
widely scattered and have small weights. 

The fact that the waves arriving at the deeper receiver setting have also travelled through the 
overburden leads us to conclude that the difference in the observed attenuation pattern has to 
be caused by effects in the reservoir. The E-W direction of minimum attenuation is consistent 
with the fast direction derived from traveltime and polarization analysis by Horne et al. 
(1998). It is also in agreement with the strike of open fractures measured from cores and 
borehole image logs in a nearby well (Coney et al., 1993), which is shown in Fig. 6. It is 
interesting that the dominant strike of open fractures is different from the one of the entire 
fracture population. The former is matched more closely by the principal direction of 
attenuation anisotropy we observed in the data recorded in the reservoir. This suggests that 
attenuation anisotropy can be used as a direct indicator of the orientation of open fluid-filled 
fractures. 

Conclusions 

We have measured azimuthal anisotropy of P-wave attenuation in VSP data from a fractured 
reservoir. We find that attenuation in the reservoir is significantly higher than in the un- 
fractured overburden. The principal directions of azimuthal attenuation anisotropy, which is 
only observed in the reservoir, agree well with the orientation of open fluid-filled fractures 
mapped from a nearby well. An increase in attenuation anisotropy is found at near to mid 
offsets. We can describe these effects with a rock physics model that takes squirt flow 
between aligned fractures and porosity in the matrix into account. Due to the sensitivity to 
fracture sizes and fluid content the use of frequency-dependent anisotropic attributes, such as 
attenuation anisotropy, can potentially improve fracture characterization from seismic data. 
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Fig. 2: Common receiver gather after rotation and wavefield 
separation. 

Fig. 3: Example of attenuation data and 
azimuthal fit at a constant offset. 
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Fig. 4: Inverted parameters of the azimuthal variation in 1/Q as a function of offset for both receiver settings. 

 

  
Fig. 5: Rose diagram of the measured 
azimuth of minimum attenuation. 

Fig. 6: Fracture orientations mapped from cores and borehole 
image logs. (From Coney et al., 1993.) 
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