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Summary

An analysis is performed on several sets of sea-bed data to
assess the extent to which the water-sediment interface may
contribute to unwanted phase changes when recording shear
waves. The majority of observations show little evidence of
phase distortion. This is due to fact that the converted shear
waves always maintain raypaths that lie within the critical
angle - provided the subsurface layering is horizontal. This
finding underlines the robustness of converted shear waves
for imaging as all of the offset information may be used. The
observations occasionally display a phase rotation that is
asymmetric with offset. This can be readily explained as
dipping layers at the target or near-surface. Finally, in rare
cases, a large symmetric variation in phase rotation occurs.
The most likely explanation is that this is interference with
the local S-P conversion in the near-surface sediments.

Introduction

It is known that analyses of directly generated shear-waves
in land surface recordings is hampered by amplitude and
phase changes at large offsets. This means that an incident
linear polarization is in fact recorded as a tilted ellipse. The
effect is due to the waves honoring the boundary conditions
associated with the free-surface, and has been fully
discussed by Nutli (1961) and Evans (1984). The sub-
vertical offset range outside which the distortion is
significant has been often called the shear-wave window to
signify this offset restriction for anisotropy analysis and
processing. In general, this distortion can be detrimental to
velocity analyses and degrade the quality of the final
stacked or migrated image. In addition, it has implications
for future work on fracture description utilizing shear wave
anisotropy (Li, Kuhnel and MacBeth, 1996). With the
advent of widespread commercial surveying using seabed
sensors, it is now appropriate to consider how the shear
wave window concept may translate to the water-sediment
interface. This is of particular relevance in light of seabed
surveys demonstrating enhanced imaging potential when
using shear-waves to image though gas clouds (Berg,
Svenning and Martin, 1994, Thomsen et al. 1997) or to
detect subtle changes in target impedance (McLeod,
personal communication). Such findings also have serious
implications for AVO (Mazzotti 1991) and future time-
lapse studies.

Recent work by MacBeth (1998) has demonstrated that
shear wave recording at, or near, the seabed may indeed
suffer from a similar problem. This study considered the
case of plane waves incident upon the water-solid interface
from a common conversion point at depth. The impact of

the distortion was assessed using analytic calculation
together with a synthetic seismogram study. The general
conclusion, based on models emulating several different
sediment conditions, was that significant discrepancies
could in fact arise both in the geophone recordings but also
in the hydrophone pressure recordings. The effect could
potentially compound difficulties already experienced with
coupling, the choice of sensor package and deployment
method. In this present work, these conclusions are
developed further by examining the offset-dependent phase
estimates for these field datasets acquired in different
geographical areas.

Shear waves incident upon the water-sediment interface

For an incident plane wave the problems faced by
recording at, or near to, the water sediment interface are
similar to those experienced with the free-surface on land.
This leads to a general inability to:
• maintain a constant phase across a wide offset range;
• recover the true amplitude and hence propagation

angle of the incident waves.

The first effect is highlighted in Figure 1, where the radial
component of the shear wave recording is observed to be
constant up to a critical angle (or offset), whereupon there
is a sudden phase change, followed by another, and then a
subsequent smooth variation. The critical angle at which
the phase first begins to rotate defines the edge of the shear
wave window. The second critical angle lies close to the
first, these being at angles
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Figure 1. Phase variation of the radial component shear wave 
recording with increasing incidence angle. Note the abrupt 
transition at the critical angles related to the sediment ( 
blackdot  and then the water layer ( white circle).
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It should be noted that such effects do not occur for
incident P-waves (although in fact P-waves are not immune
to amplitude distortion). Indeed, it appears from this initial
study that such phase rotations are an inevitable
consequence of this type of recording. To make matters
worse, the cone of angles marking the critical onset may in
fact be quite narrow (for example, θ1 = 12o and θ2 = 15o for
VW = 1500m/s, VP = 1800m/s and VS = 400m/s). It should
also be noted that this phenomenon is likely to be
substantially altered by any TIV anisotropy in the
sediments, and has also been shown to be strongly affected
by the sharp transition in shear velocity gradient in the
near-surface layers.

Phase estimates from sea-bed data

To investigate the existence of the shear wave window,
three sets of field data are investigated. These data are
derived from the Valhall field (Thomsen et al. 1997), West
Africa (Godin, MacBeth and Arnaud 1999) and finally a
field in the central North Sea. In each case, common
receiver gathers are selected so as to focus on this receiver-
consistent phenomenon. Figure 2 displays an example of
the data used. For each gather, a shallow and deeper event
are selected and the wavelet phase estimated as follows:

1) pre-process to eliminate guided waves and other linear
events, mute, and then apply a band-pass filter;

2) apply an anisotropic moveout correction to flatten the
shear waves on the radial component;

3) select the desired time gate around the chosen event,
thus obtaining s(t);

4) calculate the Hilbert transform of this signal h(t);
5) calculate the average of the instantaneous phase
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The final computation is also stabilized by applying a
running window over the offset range.

Inspection of the resultant estimates reveals that they fall
into three broad categories of effect. The predominant
effect belongs to category A (Figure 3), for which there is
little or no phase change with offset. Indeed, the phase
estimates are of comparable character to those for the P-
waves (not shown). Category B effects (Figure 4) occur
occasionally, and are distinguished by a phase rotation in
either the positive or negative offset direction, but not both.
Category C effects (Figure 5) occur least frequently, and
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Figure 2. One of the common receiver gathers used in the 
analysis. The guided waves and linear events have been 
removed and a mute applied. The gathers have also been 
corrected for converted wave moveout to approximately 
flatten  the events.  Arrows indicate reflectors used for the 
study.
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Figure 3. Phase estimates for each offset in a selection of 
common receiver gathers, showing category A  behavior.
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Figure 4. Phase  estimates  showing an asymmetry with offset.
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give a smooth but large symmetric variation around zero
offset. Clearly, these observations do not conform with our
initial expectations for the incident shear wave – this
warrants further investigation.

Explanation of observed phase estimates

The category A observations may be readily explained by
inspection of the acquisition geometry and the P-S
converted wave raypath (Figure 6). For an isotropic,
horizontally layered subsurface, the horizontal slowness is
constant along the raypath. Thus the takeoff angle, θW, at
the airgun is related to the propagation angle through the
seabed sediments, θP, and the incidence angle on the seabed
sensor, θS. This relation is given by Snell’s law

P

P

S

S

W

W

VVV

θθθ sinsinsin
== .          (2)

As a consequence, for any given offset the incidence angle
at the sensor is given by
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Clearly, θS must always be smaller than (or at most, equal
to) the critical angles defined in equation (1), for which  the
shear wave window is defined between zero and
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the critical angle. Figure 7 charts this behavior for different
S-wave velocities, and it may be readily extended to a
multi-layered medium. It thus appears that provided the
subsurface is laterally homogeneous, the inner critical angle
will never be exceeded for the converted shear waves, and
no phase changes are therefore anticipated.

The category B observations contradict the previous
generalization, but may be readily explained by a break
down in the conservation of horizontal slowness due to a
dipping layer. The dip may arise either at the target
reflector, seabed or in the near-surface sediments. Figure 8
illustrates this point. In this case, Snell’s law must be
written as:
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Figure 5. Phase estimates defining the largest variations 
encountered.
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Figure 6. The converted wave raypath for a horizontal target. P-S 
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Figure 7.  The incidence angle versus  offset for  conversion at 
a horizontal reflector. The dashed straight lines are the critical 
angles,   corresponding to each -wave velocity. The 
calculation is for  a water depth of 70m and a target depth of 
1000m. 
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Figure 8. The P-S raypath with a dipping reflector.
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for the down-dip raypath. Thus, the incidence angle can
now exceed the critical angle at the water-sediment
interface. For small values of VS this can occur for a
relatively small subsurface dip. This point is illustrated in
Figures 9 and 10, which show the evolution of incidence
angle with offset for a variety of target dips. This may be
compared directly to Figure 7.

It thus appears that a dip of only 5 degrees is quite
sufficient to move the incident shear-waves beyond the
shear wave window, but for only one offset direction –
hence the asymmetry. Indeed, further modelling of the
observations in Category B, derived from one portion of the
line over Valhall, suggest that the subsurface must in fact
possess at least a dip of 20 degrees if VS  is at least 800m/s.

The category C effects cannot be readily explained by a
single converted wave raypath or observations lying
outside the shear wave window. Seismic anisotropy is not
anticipated to alter these conclusions. Thus, it is most likely
that this situation could be caused by an S-P conversion

(MacBeth 1998), which then interferes with the direct
wave. This local conversion arises because of the sharp
shear-wave gradient in the near-surface sediment.

Discussion and conclusions

The analysis of phase estimates from sea-bed data suggest
that three categories of effect may arise in practice.
Catgeory A occurs most often, and may be readily
explained by an isotropic, horizontally layered medium.
The finding highlights the robustness of the converted wave
for imaging purposes. The other two categories exhibit
more subtle effects which may arise only infrequently.
These effects distinguish the converted waves from the
behavior of the directly generated shear waves on land, for
which the acquisition geometry alone dictates that the shear
wave window must be exceeded at large offsets.
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Figure 9. Incidence angle against offset for a target with dipping 
angle, . The first critical angle,  is also marked . The shear-
wave window limit has been reached for all dips above 5 degrees. 
A  water depth of 70m and a target depth of 1000m is used for the 
calculation.   
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Figure 10. The same as Figure 9, but the Vs  is 200m/s.
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