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Summary

Amplitude variations with o�set and azimuth are
shown for the �rst time in marine seismic data from
the UK North Sea. This is achieved by applying a pro-
cessing step that equalizes the inuence of the over-
burden in a speci�cally selected dataset. Amplitude
variations in the bottom chalk reections along 2D
lines are interpreted as due to fracture-induced seismic
anisotropy. There is a distinct dimming at large o�-
sets for the lines perpendicular to the fracture strike.
This is only observed in regions where the fractures
contain oil, and agrees with predictions from theory
and full-wave modelling.

Introduction

Recent attention has focussed on the use of pre-stack
P-wave data to detect fractures. The basis for this
approach is the di�erent P-wave AVO responses when
source-receiver lines are parallel and perpendicular to
the fracture strike. This di�erence has been high-
lighted in the numerical study of Mallick and Frazer
(1991). The di�erence in responses is most signi�cant
at large o�sets and large contrasts in VP =VS . To be
observed in real data this requires careful processing
and interpretation as it is less pronounced than post-
stack dimming evident in shear-wave data, and more
susceptible to lateral changes in structure.

The possibility of using land 3D data binned according
to azimuth and o�set to detect fractures has been dis-
cussed by Lefeuvre (1994) in the context of the Paris
Basin. Recent work on land seismics shot over a vari-
ety of fractured gas reservoirs in Utah, Wyoming and
Colorado (Lynn et al. 1996) has also compared the
AVO di�erences with seismic anisotropy determined
from shear-wave VSP and multicomponent seismics.
Additionally, Perez and Gibson (1996) show that re-
sults may be obtained from a fractured, oil bearing,
limestone reservoir in the Barinas Basin, southwest
Venezuela. From this land-acquisition perspective the
approach of utilizing the AVO di�erences heralds an
era of more inexpensive acquisition for fracture detec-
tion when compared to multicomponent source acqui-
sition.

For the marine environment, the above approach

makes fracture estimation possible. Marine data pos-
sess good signal-to-noise ratio, with a large available
volume covering most of the North Sea. Here we
present the �rst evidence of a variation in the P-
wave reection amplitude with o�set and azimuth for
such data. The e�ect is prominent enough to satis-
factory detect fractures. Interpretation is made possi-
ble by pre-processing steps which include overburden
compensation based on equalization at a stable hori-
zon. The behaviour in the �eld data is wholly consis-
tent with full-wave modelling predictions for fracture-
induced anisotropy within the target. A distinction
can also be made between fractures within the �eld
which are oil-�lled or calcite sealed. Accurate orien-
tation information requires a more comprehensive se-
lection of line directions.

The Fife �eld - structural setting and lithology

The data for this project were shot in the Fife �eld,
which is situated in the far southeastern portion of the
Central North Sea (Mackertich 1996). The �eld has
a shallow relief, dipping gently to the S, W and E,
but steeper to the N. Although Jurassic sandstones at
a subsea depth of 2508m form the primary reservoir,
additional hydrocarbons have also been encountered
in the 150m thick Chalk Group (Figure 1).

The Chalk consist of three formations: the Eko�sk,
Tor and Hod, each separated from the other by a
regionally developed unconformity. The Eko�sk is
unfractured and essentially isotropic. The Hod con-
tains pressure solution seams and stylolites, these con-
tributing to a local porosity and permeability. The
lower part of the Tor exhibits intense bioturbation,
and has low amplitude stylolites and tectonic fractur-
ing. Staining in the cores shows that these fractures
contain oil near the crest, but wells elsewhere indicate
that the fractures are healed with clay, or occasionally
calcite and gypsum. Thus, within the chalk group, hy-
drocarbons are restricted to the Tor formation which
contains a 40m column at its structural crest (Figure
1). Here, the Tor has an average porosity of 25%, ma-
trix permeabilities between 0.1 and 2mD, and a water
saturation of 50%. There is estimated to be between
10 and 24 million barrels of oil.
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Figure 1. Interpreted geological structure for the Fife
�eld, showing the oil-�lled fracture zone at its crest.

Seismic data

In the Fife area there are many intersecting 2D lines of
various vintages cutting across the crest of the �eld.
We choose three lines which intersect the discovery
well L1 drilled directly into the oil-�lled fractures (Fig-
ure 2), as this provides a well tie for wavelet shaping.
Two NW-SE oriented lines are shot separately with
airguns (A2) and waterguns (W) in 1992 and 1983
respectively, and a NE-SW oriented airgun line (A1)
shot in 1993. The lines lie parallel (A1) and perpendic-
ular (W and A2) to the known local (Epsilon) fault,
and are shot with a standard 3km marine streamer.
Stacked and migrated sections available from previ-
ous work allowed an initial assessment of the area for
our proposed analyses. The top of the Chalk Group
and the Base Cretaceous Unconformity are identi�ed
as key events due to their impedance contrasts. The
Top Eko�sk is a very strong and reliable event across
the whole of the �eld. In the original processing se-
quence this event provided control in depth conversion
and structural interpretation. It is also used in this
present study to provide a calibration horizon for the
processing. The Base Cretaceous Unconformity is a
strong and consistent trough.

Predicted AVD response

Our analysis is guided by reection coe�cients cal-
culated numerically for the top and bottom of the
chalk group. The results are further veri�ed by full-
wave anisotropic modelling (Taylor 1991) of the CMP
gathers. For these calculations, the fracture-induced
anisotropy in the reservoir zone is determined using
Hudson's formulations for randomly distributed, thin,

vertical cracks/voids �lled with live oil.
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Figure 2. Contours of the Top Chalk in the Fife �eld,
with a prediction of the oil boundary in the Tor inter-
val shown as the shaded region. The three lines W, A1
and A2 are chosen as they lie parallel or perpendicular
to the fault trends. CMP positions are marked by the
solid white circles.

The seismic properties of the oil in the chalk are cal-
culated from the API gravity, gas content, together
with the formation pressure and temperature. Con-
verted shear-waves from a rig-source VSP acquired at
well L1 help to determine a shear-wave velocity for
the chalk. The calculation for the Bottom Chalk re-
ection (Figure 3) reveals a weak amplitude variation
parallel to the fracture strike, but a marked decrease
perpendicular to the fracture strike. In our particular
case, the high chalk velocities give an added advan-
tage as the rays incident upon the bottom are more
oblique, and thus dimming occurs at smaller o�sets
than determined from straightline calculations. Al-
though the Top chalk response is isotropic, had the
Chalk been completely fractured, the response would
still have been su�ciently weak to use as a calibration
event.



AVD in marine seismic data

            

strike
fracture

Figure 3. Stereographic projection of reection ampli-
tudes for the bottom of the fractured Chalk group.

Processing and results

Processing is in general kept to a minimum to ensure
that inherent amplitude variations are not distorted
prior to the amplitude analysis. The essential steps in
the sequence for the pre-stack analysis consist of usual
bandpass �ltering, time-dependent exponential gain,
deconvolution, sorting to common-midpoint gathers
and normal moveout correction. The deconvolution
to attenuate short-period multiple energy is applied
using a 200ms operator with a 32ms gap. To carry
out these procedures, the data are stacked, and the
watergun data (W) matched to the airgun data (A1
and A2) using inverse �ltering. All three lines are
then matched to a zero-o�set, zero-phase synthetic at
the well location using a single operator consisting of
a constant phase rotation of 15 degrees and constant
time delay of 5ms. The resulting combination of op-
erators are then applied to the pre-stack data prior to
the amplitude analysis. These then permitted us to
tie the three gathers from lines A1, A2 and W closest
to the well, to the synthetics.

Several examples of the resultant processed gathers are
shown in Figure 4, corresponding to locations inside
and outside the oil-�lled fracture zone, and also paral-
lel and perpendicular to the Epsilon fault. The airgun
line (A1) parallel to the Epsilon fault does not display
amplitude dimming at larger o�sets, either inside or
outside the oil-�lled fracture zone. Both the airgun
(A2) and watergun (W) lines perpendicular to this
fault display dimming for locations inside the fracture
zone. This result is fairly typical of all gathers inside

the oil-�lled fracture zone. The fact that the fractures
align with the Epsilon fault is entirely consistent with
the tectonics of the area.

Conclusions

We present the �rst example of directional dependent
AVO (or AVD) in marine data. The analysis is aided
by a fortunate reservoir lithology for the Chalk Group,
in which only the bottom portion is fractured. This
enables us to use the reservoir top as a calibration hori-
zon and thus avoid overburden e�ects. This approach
could be equally well applied to the lower sandstone if
fractured, but requires careful modelling.

The next natural direction for marine studies is the
detection of amplitude variations with vertical cables
and seabed seismic acquisitions, where the high az-
imuthal coverage means that fracture strike and den-
sity may be more adequately resolved. Seabed data,
in particular, o�er the possibility of using P-S conver-
sions which display enhanced sensitivity to the frac-
turing (Li, K�uhnel and MacBeth 1996). We de�ne
the approach of analysing multiple azimuths in these
marine data as amplitude versus direction (AVD).
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Figure 4(a). Pre-stack gathers at di�erent locations along each line, outside the fracture zone. The CMP positions
for each gather are marked on Figure 1.
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Figure 4(b). Pre-stack gathers at the well location (L1) in Figure 2(a). The amplitude reduction in the bottom
chalk reectivity with o�set occurs only for those gathers within this oil-�lled fracture zone and perpendicular to the
fractures (A2, W).


