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SUMMARY

Amplitude variations of directly transmitted P -waves
are measured as a function of azimuthal propagation
angle from walkaround VSPs. Systematic variations
are found for all the datasets examined which are con-
sistent with anisotropy directions from shear-wave ex-
periments.

INTRODUCTION

For many years investigations of fracture related seis-
mic anisotropy have involved the study of shear waves.
This is because shear waves are thought to be sen-
sitive indicators of this anisotropy through the phe-
nomenon of shear-wave birefringence or shear-wave
splitting (Crampin, 1985). Seismic surveys speci�cally
designed to detect such shear-wave birefringence are
now widely accepted for the purposes of fracture char-
acterisation. These surveys require additional equip-
ment, careful �eld acquisition, more extensive record-
ing and specialised processing compared with conven-
tional P -wave surveys (Kendall and Davis, 1996). For
these reasons shear-wave surveys have not been rou-
tinely implemented despite the desire for fracture sys-
tem information. There is therefore a demand for the
recovery of anisotropy information from conventional
P -wave surveys.

In recent years it has been suggested that fracture re-
lated anisotropy can be recovered through analysis of
P -wave reectivity with azimuth (Mallick and Frazer,
1991). These techniques are referred to by a variety
of names such as Amplitude Variation with O�set and
Azimuth (AVOA), Amplitude Versus Azimuth (AVA),
and Amplitude Versus Direction (AVD). In this paper
we reserve the term AVA to refer only to Amplitude
Varying with Azimuth for P -wave arrivals in transmis-
sion VSP surveys. It is important to emphasise this
last point that, unlike conventional AVA studies, this
paper is primarily concerned with the transmission

response and not the reection response. Nonetheless
transmission e�ects will clearly be evident in reection
data and a confusion could exist in the discrimination
of transmission and reection e�ects. In this paper
we examine data obtained from walkaround VSPs for
which multiple shot points at a constant o�set are az-
imuthally arranged around a receiver �xed at a con-
stant depth. Such an acquisition is ideal for studying

AVA e�ects since the imposition of a constant o�set
essentially imposes a constant incidence angle. Thus
any systematic variation of the observed AVA response
indicates an apparent azimuthal anisotropy.

PROCESSING AND RESULTS

In this paper we consider walkaround VSPs from
the Conoco Borehole Test Facility (Queen and Rizer,
1990), Lost Hills (Winterstein and Meadows, 1991a),
Cymric (Winterstein and Meadows, 1991b), Railroad
Gap (Winterstein and Meadows, 1991b) and Hi Vista
(Li, Leary and Aki, 1990). These VSPs represent a
diverse collection with variable geographical locations,
di�erent acquisition parameters and di�erent geologi-
cal settings (see Table 1 for acquisition parameters).

After routine procedures such as correlation of the Vi-
broseis records and stacking we picked the �rst arrivals
and performed particle motion (hodogram) analysis to
identify the wave type. The picked phases are consis-
tent with expected P -wave behaviour, showing excel-
lent linearity indicating that the windowed energy is
uncontaminated with S-wave arrivals. With the ex-
ception of one dataset (CBTF 33-2) all of the polar-
isation directions of the picked arrivals are consistent
with P -wave arrivals and show the expected horizon-
tal rotations as the sources are walked around the well.
For all datasets the P -wave arrival is well de�ned rel-
ative to the background noise and the pulse shape is
generally stable over source locations and depth levels.

We measure the P -wave amplitudes by selecting a
time window beginning at the picked �rst break and
ending after one complete cycle of the waveform. We
choose only the �rst cycle rather than the entire P -
wavelet so as to minimise any possible contamination
of the signal by S-wave energy or any other events.
With the exception of one dataset the peak vectorial
amplitude in this window is measured. For the re-
maining dataset (CBTF 33-2) only the peak vertical
amplitude is measured because of scaling problems on
one of the horizontal geophone components. We do
not apply geometrical spreading corrections because
they are not necessary since the source o�sets are
approximately constant and we are only concerned in
the azimuthal variations of the P -wave amplitudes.
Static corrections are omitted since the purpose of
this paper is the examination of AVA e�ects.
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AVA MECHANISMS

In all the datasets analysed we have observed large
systematic AVA responses which show some alignment
with previous anisotropy estimates (Figure 1, right
hand column). There are several possible mechanisms
which can lead to AVA behaviour. We discuss some
of these and whether they are likely to have produced
the observed behaviour.

Geophone response. There are several reasons for
the dismissal of geophone e�ects as an explanation for
the observed AVA e�ects. First of all in the CBTF
33-1 and 33-2 walkaround VSPs the geophones were
not aligned for the di�erent depth levels and yet they
demonstrated consistent AVA responses over depth.
Had the AVA e�ect been due to geophone problems
then the AVA behaviour should be a function of the
geophones orientation. The same argument applies
to the AVA responses observed in the Cymric and Hi
Vista datasets. Another reason for ruling out such
azimuthally dependent geophone responses is that al-
though the same receiver tools were used for the Lost
Hills, Cymric and Railroad Gap datasets the AVA
responses were very di�erent.

Source Radiation Pattern. Another explanation
for these AVA observations could lie in the anisotropic
source radiation patterns generated when a point
source excites an anisotropic medium. This explana-
tion can be discounted by considering the AVA obser-
vations from the Lost Hills and Railroad Gap datasets.
In the case of the Lost Hills dataset the fast shear-
wave polarisation in the near-surface was found to be
approximately N5�E but the observed AVA response
does not display symmetrical features about these di-
rections. A similar argument applies to the Railroad
Gap data where the symmetry directions implied by
shallowest anisotropic zone do not correspond to those
displayed in the data.

Transmission Coe�cients. In the introduction to
this paper we discussed current research investigations
of P -wave reectivity with azimuth. Could a similar
e�ect in the transmission response across multiple in-
terfaces be responsible for these AVA observations?
To investigate this we computed transmissivity coef-
�cients and full waveform synthetics for the CBTF
data. Although AVA e�ects could be detected they
were far smaller than those observed in the �eld data.

Structure and Topography. Another alternative
to explain the observed AVA e�ects is the amplitude
variation introduced by structural and topographical
e�ects. In the case of the Lost Hills, Cymric and Rail-
road Gap such e�ects could be introduced because
they were located near anticlinal structures and sur-
face relief varied by as much as 37 m. However, the
remaining datasets from the CBTF and Hi Vista test
sites are free from such complications and still display
signi�cant systematic AVA responses. Thus struc-
tural and topographical e�ects alone cannot explain
the AVA observations from all datasets.

Anisotropic Attenuation. All the datasets demon-
strate features which are generally consistent with the
orientation and symmetry of the seismic anisotropy
determined from shear-wave surveys. Attenuation due
to an isotropic Q factor combined with anisotropic
velocity variations could produce such an e�ect.
However, for realistic estimates of Q and P -wave
anisotropy the calculated e�ects are smaller than those
observed. Another possible attenuation mechanism
is suggested by recent theoretical models of seismic
anisotropy and laboratory experiments. Models de-
veloped by Hudson, Liu and Crampin (1996) which
include uid ow e�ects between aligned fractures
through the matrix predict considerably larger attenu-
ation e�ects compared with previous models which ex-
cluded such e�ects (Hudson, 1980). Large anisotropic
attenuation related to crack induced anisotropy has
also been observed in laboratory experiments on arti-
�cial rocks with controlled crack geometries (Rathore
et al., 1995). Although these results in some way sup-
port the presence of a strong anisotropic attenuation
mechanism the considerable di�erence of seismic fre-
quencies between the �eld and laboratory experiments
limit any de�nite conclusion.

IMPLICATIONS AND CONCLUSIONS

Amplitudes of the transmitted P -wave arrival
recorded in walkaround VSPs show signi�cant system-
atic variations with azimuth. These e�ects do not ap-
pear to be related to acquisition artifacts associated
with the VSP geometries. This has important impli-
cations for fracture detection using P -wave reectivity
analysis. The amplitude variations that are currently
being interpreted as solely due to changes in reec-
tivity with azimuth may actually be a combination of
both azimuthally dependent transmission and reec-
tion responses. However, these conclusions are lim-
ited by a lack of understanding of the underlying AVA
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mechanism and inadequate �eld data. Further experi-
mentation using combined walkaround VSPs and sur-
face seismics is required if these uncertainties are to
be resolved.
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CBTF Lost Hills Cymric Railroad Gap Hi Vista

33-1 33-2

Number of source locations 9 9 6 8 8 7
Source type Vibroseis Vibroseis ARIS ARIS ARIS Vertical Impact

Average azimuth angle interval 15� 15� 45� 45� 45� 15�

Average source o�set (m) 290 285 105 60 314 90

Number of geophone levels 5 6 1 1 1 2
Geophone depths (m) 580 215 610 305 1675 305

590 245 460
600 275
610 305
620 335

365

Table 1 - A summary of the acquisition geometries for the walkaround VSPs.

Figure 1 (caption) - The left hand column shows plan views of the walkaround VSP acquisition geometries giving
the source locations (solid black circle) relative to the well (crossed open circle). The centre column shows the
P -wave arrivals after rotation onto one component (except for CBTF 33-2 where only the vertical component is
shown). The right hand column shows the AVA response as a function of the shot point location around the well.
Arrows indicate the fast shear-wave polarisations measured from VSP experiments. Amplitudes are in arbitrary units.
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