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Summary

A North Sea VSP shot with three walk-away lines is ana-
lyzed for anisotropy. Here, the phase slowness method is
used to determine the fracture orientation, assuming a
background TIV medium. The slowness estimation is com-
plicated by an inclined tool. Weak anisotropy values are
obtained using a re-arranged version of Thomsen’s (1986)
qP velocity expression. The difference in the elastic prop-
erties between lines determines both the fracture strike (51o

from the second centered line) and fracture density.

Introduction

The estimation of qP phase slownesses using walk-away
VSPs provides a method for calculating the elastic proper-
ties via the Kelvin-Christoffel equation, given a particular
anisotropic symmetry. For a TIV medium, one walk-away
line and a vertical receiver array are sufficient to develop a
scheme for determining the elastic properties (Gaiser
1990). However, for a fracture-induced orthorhombic me-
dium several lines are required.

The analysis of qP phase slownesses has found benefit in
the determination of elastic constants local to the target
using VSP. This approach has been demonstrated on sev-
eral occasions using vertical receiver arrays and walk-away
VSP lines as part of an integrated scheme to determine
reservoir anisotropy (Leaney 1994). However, most North
Sea reservoirs have deviated wells, the receiver array is
most likely to be oriented at some arbitrary angle, and the
reservoirs fractured. We assess the benefits and disadvan-
tages of such a situation for an extension of the existing
TIV method to the orthorhombic case.

Acquisition geometry

The field data example considered in this work consists of
three walk-away VSP lines shot in a production well in the
Northern North Sea. The 7000m lines are oriented at 45o

angles with respect to one another. They intersect directly
above the receiver array with its horizontal projection hav-
ing an azimuth of 19o with respect to the first line (Figure
1). In the deviated well the receiver array is placed at a
depth of 2489m having an inclination of 57o (Figure 2).
Figure 3 shows the common receiver gathers of the three
top-level components for the first line.

Figure 1: Walk-away VSP lines relative to the tool azimuth within
the deviated well.

Figure 2: Vertical section showing well trajectory and the tool
orientation.
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Figure 3: Common receiver gathers of the three top-level compo-
nents for line A (from top downwards: horizontal component 1,
horizontal component 2 and vertical component).

Slowness estimation

Following Miller and Spencer (1994) for each line the hori-
zontal slownesses are obtained by a higher order polyno-
mial travel-time fit of the common receiver gathers, whilst
the apparent slownesses along the receiver array are calcu-
lated from a second order polynomial travel-time fit of the
common shot gathers. Since the tool orientation is not ver-
tical, the slowness along the tool has to be transformed into
a vertical slowness estimate. The apparent slowness along
the receiver array is given by the inner product of slowness

vector S
r

and array orientation a
r

. Considering the slow-
ness vector to lie in the shot-receiver plane, and the receiver
array to possess an azimuth of ψ with respect to the par-

ticular line and an inclination φ , the following equations
govern such slowness transformation

φψφ coscossin zha SSaSS +−=⋅=
r

r

φψφ coscostan ahz SSS +=⇒ .

Whilst the directly measured slownesses do not provide
useful information, on the other hand the transformed val-
ues show the anticipated variation (Figures 4, 5 and 6). It
should be added that measurement with this particular tool
orientation does become increasingly inaccurate as the tool
approaches horizontal.

Figure 4: qP slowness points for line A after correction for 57° tool
inclination and 19° line azimuth. The solid line shows the corre-
sponding slowness curve due to the inversion results for positive
offsets and the dashed line represents the inversion result for nega-
tive offsets.

Figure 5: qP slowness points for line B after correction for 57° tool
inclination and 64° line azimuth. The solid line corresponds to the
inversion of positive offsets, and the dashed line represents the
negative offset solution.
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Figure 6: qP slowness points for line C after correction for 57° tool
inclination and 109° line azimuth. The solid line represents the
inversion results for positive offsets whilst the dashed line repre-
sents the negative offset results.

Inversion of slowness estimates

In our particular study, direct inversion of the slowness
estimates for elastic constants as proposed by Miller and
Spencer (1994) is unstable. This may principally be due to
the weak anisotropy evident in the data. Thus we reformu-
late Thomsen’s (1986) first order approximation for qP
velocity
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to obtain three coefficients for the least squares inversion in
terms of combinations of the horizontal and vertical slow-
nesses hS and zS :
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Here ε , 0α  and 0β  are Thomsen’s original parameters

whilst δ ′ is a slightly modified form ofδ , given by
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In addition, it is noted that the slowness estimates in Fig-
ures 4, 5 and 6 exhibit a weak asymmetry. One possible
cause of this is a dipping overburden. Sayers (1997) sug-
gested to average the slownesses for positive and negative
offsets to correct for this effect in such a case. This proce-
dure is applied after the separate inversion of both positive
and negative offsets, and the resulting elastic properties are
listed in Table 1. The corresponding slowness curves are
also shown in Figures 4, 5 and 6.

Positive
offset

Negative
offset

Average

Line A

0α 2870 2846 2858

δ ′ 0.1841 0.2773 0.2307
ε 0.0809 -0.0389 0.0210

Line B

0α 2854 2708 2781

δ ′ -0.2567 0.3561 0.0497
ε 0.1244 -0.0058 0.0593

Line C

0α 2845 2752 2799

δ ′ 0.5050 -0.3029 0.1011
ε -0.0365 0.0233 -0.0066

Table 1: Resulting anisotropy estimates for the three walk-away
lines.

Orthorhombic approximation

The variation in the elastic properties for the three lines
could be caused by fractures. Fractures embedded in a TIV
background produce an orthorhombic medium. The corre-
sponding Kelvin-Christoffel equation for the case of a weak
fracture set may be written as a TIV equation together with
a residual term (MacBeth, 1998). This residual may be
absorbed into the coefficients in the least squares equation,
providing a link with fracture strike ϑ .
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The ratio of the differences of δε ′−  between lines results
in ( )452tan −ϑ . This gives an estimate of 53o relative to
the second line for the fracture strike. An alternative ap-
proach is to take the same differences, but for vertical
slownesses (Figure 7). This results in a fracture strike esti-
mate of 49o relative to the second line. Provided a11 and a44

are known fracture density may be obtained directly from
either δε ′−  or δε ′+ .
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Figure 7: Fracture strike determination for the qP slownesses.

Conclusion

An arbitrarily oriented array in a deviated well can provide
sufficient phase slowness information to invert for the elas-
tic constants necessary to describe a fractured reservoir. No
accuracy may be lost from the array orientation provided
the well trajectory is defined adequately. Fracture strike can
be estimated using three walk-away lines, using either dif-
ferences in slowness estimates or the combinations of elas-
tic properties determined by the inversion procedure.
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