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Summary

The presence of dip in a fracture-induced overburden af-
fects the azimuthal- and offset-dependent wave behaviour
that diagnose the anisotropy. For an accurate and reliable
interpretation the effects of dip must be properly taken
into account and compensated. Here we present a separa-
tion approach for this purpose based upon the traveltime
equation of individual wavetypes.

We reformulate thetraveltime equation
anisotropic mediumwith dip in terms

in a weakly
of four (dip-

and anisotropy-independent, and dip-and anisotropy-
dependent) components;and the- contribution of each
component may then be evaluated and compensated.

For 15-20% anisotropy and 20 degrees dip and incidence
angles up to 30 degrees, the traveltime equation can be
separated into four terms of which only the two isotropic
play a key role for the separation.

A separation algorithm is then constructed based on
the equation and tested for accuracy using different
anisotropy models. The separation is valid for 15%
anisotropy and 20 degrees dip.

Introduction

Study of seismic anisotropy may reveal much information
about the internal structure of fractured reservoirs includ-
ing fracture orientation, intensity, permeability, porosity,
lithology and fluid content. For this, use has been made
of fracture-induced shear-wave anisotropy in multicom-
ponent seismic data (Müller 1991), azimuthal variation
of shear-wave polarizations in multi-offset and azimuth
VSPs (Horne & MacBeth 1994), azimuthal variaiton of
P-wave AVO response in 3D seismic data (Lynn et al.
1995). However, the underlying methodology in these
studies are often derived from an anisotropic medium with
horizontal layers. The presence of dip in the fractured-
induced anisotropic media will complicate the offset- and
azimuthal-dependent features of the seismic anisotropy
and can cause difficulties in interpretation and estima-
tion. Thus for accurate and reliable interpretation of seis-
mic anisotropy, the effects of dip must be properly taken
into account and compensated. Here we present a sepa-
ration approach for this purpose (Figure 1) based on the
traveltime equation of individual wavetypes.

the corresponding kinematic effects caused by anisotropy.
These effects superimpose and cause difficulties in both
structural imaging and anisotropic estimation.Levin
(1990) numerically examined the effects of anisotropy and
dip on moveout variations; Tsvankin (1995) presented an-
alytical equations for calculating moveout velocity in the
presence of anisotropy and dip. Utilizing these develop-
ments, Alkhalifah (1996) obtained better structural imag-
ing after taking into account and compensating for the
anisotropy.

The use of seismic anisotropy for reservoir study raises
a seperate issue, where the gross structure is often well
defined and constrained, and compensating for the stru-
cural effects to obtain a better and reliable estimation
of the anisotropy is required. For this, we extend the
developments of Levin (1990) and Tsvankin (1995), and
reformulate the traveltime equation in a dipping weakly
anisotropic medium in terms of dip- and anisotropy-
dependent and dip- and anisotropic independent com-
ponents. We evaluate the contribution of each compo-
nent for different materials and dip angles and investigate
to what extent it is possible to separate the effects of
anisotropy and dip based on the traveltime equation. So
that any of these components, anisotropy or structure, or
both of them, can be compensated for if required.

Traveltime equation

To start with, we examine the traveltime equation of in-
dividual wavetype in a TI (transverse isotropic) medium
with the symmetry axis perpendicular to the interface
(Figure 2). In this case the ray can be constructed using
the image point method [Dellinger & Muir (1988)]. We
rewrite the traveltime equation using the fact that the
length of the ray path is equal to the distance between
the image point and the receiver.

In the case of zero dip, the squared traveltime is given by
1

    
 

(1)

where is the ray
equationbecomes

angle. If we introduce dipping,the

        (2)

use the weak anisotropy expression for  (Thomsen
1986) where  and  are the Thomsen parameters of the
medium.

       (3)

and if we use only linear terms in  and  we getFig 1: Separation approach

Dip-dependent moveout and lateral movement of the re-
flection point are two major effects caused by the presence
of dip. Non-hyperbolic moveout and ray deviation are

 
  

    

(4)
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Fig 3: Ordering of the residuals
Fig 2: Image point construction

The dip dependent  and independent  parts have
different expressions for the different wave types.We can now write our linearization as

(7)  - -

 3 
  (8) 
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We express the ray angle for small offsets using the known
parameters   and separate the anisotropic in-
fluence into dip dependent  and independent  parts.

  
  (11)

 - -    
   

)
(12)Horizontal 

Because the anisotropic influence is at least an order less
than the dip we can find the dip angle from the  position
of the minimum of the traveltime curve.

   (13)

From here we calculate the effects of dip and remove it
from the data.

The significance of eq.6 is that each component of the
traveltime is at least an order of magnitude higher than
the next one and that the traveltime is divided into
dip/horizontal, isotropic/anisotropic parts which makes
it possible to compensate for each one individually.

Accuracy and limits

To demonstrate the accuracy of the image point construc-
tion and eq.6 we calculate traveltimes for models with
different amounts of anisotropy, different dip angles and
different assumptions for the group velocity. These re-
sults are compared with anisotropic ray tracing (ANRAY:
Gajewski & Pšencík 1995) to find the limits.

Fig.3 shows for a 20 degrees dip, 15% TIV anisotropy
(ellipticity=0.19) that the four components of eq.6 have
clearly an ordered relationship. Note that the scale on the
vertical axis is logarithmic.
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For all the models the source location is at the origin of
the coordinate system. The reflector is defined by a given
depth at the source position (llkm). The receiver line
contained 50 receivers, equally spaced at 0.5 km starting
at 1 km.

Fig.4 shows an example for a 15% TIV anisotropic mate-
rial (ellipticity 0.19) and a dip of 20 degrees where we used
three different velocities. First the phase velocity at the
group angle (diamond symbol), second the numerically
found group velocity (star symbol) which should coincide
with the ray tracing and third the corresponding phase
velocity (triangle symbol) to the group angle. The ray
tracing results are plotted with the circle.

Fig 4: Model: 20 degrees dip, 15% TIV anisotropy

We notice that the minimum point has shifted and the
breakdown is about  So the image point construc-
tion method for the ray path combined with the weak
anisotropy assumption for the group velocity is valid at
least for an incidence angle of 35-40 degrees.

Another point is that the figures show clearly a predicted
over/underestimation of anisotropy. The curve with the
underestimated values of the velocity lies above (less in-
fluence of the anisotropy) the correct values and the over-
estimated one appears below the correct values.

Results of the separation procedure

From the position of the minimum of the traveltime curve
we calculated the dip and then subtracted, according
to eq.2 the influence of the structure. If the effects of
anisotropy and structure on the wave propagation were
totally decoupled all graphs should be identical. This is
not the case and therefore we expect our method to be
valid in the same region or less, as it was for the forward
modelling.

The three curves in each figure are calculated for the same
amount of anisotropy. The reference curve is always cal-
culated with ANRAY based on a model with an horizontal
reflector and the same amount of anisotropy as the other
two curves. For each dip (10, 20) the ANRAY calculation
represents the real messurement.

Fig 5: Separation for 15% TIV anisotropy

All curves show a very high similarity even for far offsets.
In this case the separation method provides sufficient ac-
curacy. It proves the ordering of the wavefield as it is
expressed in eq.6.If the anisotropic influence would be
bigger or if any assumption during the derivation of the
traveltime equation was not valid, we would notice a sig-
nificant difference between the curves.

If we increase the anisotropy (Fig.6) .it becomes clear that
only incidence angles of 25-30 degrees can be treated with
the method.

Fig 6: Separation for 25% TIV anisotropy

The restriction factor is the high amount of anisotropy.
The image point construction is valid as long as the sym-
metry axis of the elastic tensor is perpendicular to the
interface regardless the TI anisotropy.But the weak
anisotropy assumption for the group velocity has reached
its limits. The ordered traveltime equation is based on the
weak anisotropy assumption for the velocity and therefore
breaks down as well for high anisotropic materials for large
offsets.

Because we used models with high ellipticity combined
with high amounts of anisotropy, the method should work
even better for any case with lower ellipticity.
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Conclusions

We derived a traveltime equation for an anisotropic over-
burden with a single dipping layer and showed that it can
be decomposed into four terms. An isotropic horizontal,
an isotropic dip residual, an anisotropic horizontal resid-
ual and an anisotropic dip residual. We showed that these
four terms are clearly ordered each at least one order of
magnitude lower than the previous one. This means we
can compensate for each of the components individually
and even more when compensating for the dip we can
neglect the anisotropy for up to 15-20%.

We used a forward modelling to find the limitations of
this equation in respect to amount of anisotropy, elliptic-
ity, dip and orientation of the symmetry axis of the elastic
tensor. As shown, we found good results for an axis per-
pendicular to the interface and at least 20% anisotropy

    0.19) and 20 degrees dip. For other orientations
the validity range is smaller.

Then the separation equation was applied and the results
compared with raytracing. This showed that our separa-
tion method can be used for dips up to 20 degrees and
15-20% anisotropy     0.19 — 0.28).

Acknowledgements

We would like to thank Ivan Pšencík who made the latest
version of the ray tracing program ANRAY95 available.
He was very helpful with solving all kinds of problems con-
cerning the program. Thanks also to Colin MacBeth and
Steve Horne for a critical review of the manuscript. This
work was sponsored by the Edinburgh Anisotropy Project
and the Natural Environment Research Council (NERC),

and is published with the approval of the Director of the
British Geological Survey.

References

Alkhalifah, T., 1996, Velocity analysis using nonhyper-
bolic moveout in TI media: 7IWSA, Miami Poster
43

Dellinger, J., Muir, F., 1988, Imaging reflections in el-
liptically anisotropic media: Geophysics 53, 1616-
1618

Gajewski, D, Pšencík, I., 1995, Program package AN-
RAY95, version 3.01

Horne, S., MacBeth C., 1994, Inversion for seismic
anisotropy using genetic algorithms: Geop. Prosp.
42, 953-974

Levin, F., 1990, Reflection from a dipping plane -
Transversely isotropic solid: Geophysics, 55, 851-
855

Lynn, H.B., Bates, C.R., Simon, K.M.,Van Dok, R.,
1995, The effects of azimuthal anisotropiy in P-
wave 3-D seismic: 65th SEG Meeting, Expanded
Abstracts, 727-730

Müller, M., 1991, Prediction of lateral variability
in fracture intensity using multicomponent shear-
wave surface seismic as a precursor to horizontal
drilling in the Austin Chalk: Geophys. J. Int., 107,
409-415

Thomsen, L., 1986, Weak elastic anisotropy: Geo-
physics, 51, 1954-1966

Tsvankin, I., 1995, Normal moveout from dipping re-
flector in anisotropic media: Geophysics 60, 268-
284

1869


