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ABSTRACT

This paper presents a traveltime inversion approach, using the reflection traveltimes

from offset VSP data, to reconstruct the horizontal and vertical velocities for

stratified anisotropic media. The inverse problem is reduced to a set of linear

equations, and solved by the singular value decomposition (SVD) technique. The

validity of this inversion scheme is verified using two sets of synthetic data simulated

using a finite-difference method, one for an isotropic model and the other for an

elliptically anisotropic model. The inversion result demonstrates that our anisotropic

velocity inversion scheme may be applied to both isotropic and anisotropic media.

The method is finally applied to a real offset VSP data set, acquired in an oilfield in

northwestern China.

INTRODUCTION

The determination of seismic velocity from VSP traveltimes
has been the subject of several papers (Stephen and Harding
1983; Stewart 1984; Hardage 1985; Pujol, Burridge and
Smithson 1985; Ross and Shah 1987; Schuster 1988;
Schuster, Johnson and Trentman 1988; Swift et al. 1998;
Lizarralde and Swift 1999). These papers have two features
in common: (i) using VSP first-arrival times to determine
interval velocities; (ii) assuming an isotropic velocity model
and ignoring the effects of seismic anisotropy. However,
seismic anisotropy is widespread in the earth’s crust, induced
by thin-layering (Helbig 1983; Thomsen 1986), oriented
cracks, fractures, etc. (Hudson 1980). The neglect of seismic
anisotropy in inversion may lead to distorted images of the
subsurface structure, even misinterpretation. The aim of this
paper is to use VSP reflection traveltimes to invert for the
anisotropic velocity structure.

Currently, the determination of seismic anisotropy from
seismic measurement can be approached in two ways: (i)
obtaining either the shear-wave splitting time delay or the
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polarization of the fast split shear wave, in order to constrain
the description of crack or fracture reservoirs (Majer et al.
1988; Queen and Rizer 1990; Winterstein and Meadows
1991); (ii) obtaining elastic parameters or anisotropic veloci-
ties in anisotropic media (Chapman and Pratt 1992; Pratt and
Chapman 1992; Tsvankin and Thomsen 1995). In the latter,
the anisotropic tomography technique for cross-hole data was
developed to image the structures of five elastic parameters in
transversely isotropic media with symmetry about the vertical
axis (Winterstein and Paulsson 1990; Michelena, Muir and
Harris 1993; de Gopa, Winterstein and Meadows 1994).
A generic algorithm was used to invert anisotropic velocities
from the first-arrival traveltimes of VSP measurements
(Winterstein and Paulsson 1990; de Gopa et al. 1994).

Even though elliptical anisotropy is an example of the
simplest anisotropy, it still has significance and meaning in
seismic exploration (Helbig 1983; Dellinger and Muir 1988).
This paper presents an inversion approach to reconstructing
the horizontal and vertical velocities in elliptically aniso-
tropic media by using the reflection traveltimes from offset
VSP measurements. Our study focuses on the traveltime
inversion of an upgoing reflection wave. However, the

method can be adapted to the inversion of downgoing wave
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traveltimes by applying the forward modelling formula and
the Jacobian matrix in the inverse problem to the downgoing

wave traveltimes.

INVERSION METHOD

Forward calculation of VSP reflection traveltimes

Consider a layered earth model consisting of N layers (Fig. 1)
and M VSP receiver points receiving reflections from the Kth
reflector. For the ith receiver at depth Z; and the reflection
from the Kth interface, the reflection traveltime can be writ-

ten as
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Figure 1 Sketch map of VSP measurement.

h; is the thickness of the jth layer, and o; is the ray angle
between the ray and the vertical direction in the jth layer. The
VSP source is located at the point (x, 0), and the ith receiver
is located at the K;th layer. The energy (ray) velocity, V,, in
the jth layer can be written as

_ Vii Vi
262 0 1 V2 cost o
\/Vw' sin oc,—l—Vh]. cos? o

3)

where V,; and V,; are the horizontal and vertical velocities,
respectively, for the jth layer of an elliptically anisotropic
medium. Obviously the parameters such as layer thickness
h; and receiver depth Z are known; in order to calculate the
reflecting traveltime TX, the ray angle «; is needed.

Using Snell’s law, which states that reflecting and transmit-
ting seismic waves from an interface should satisfy the

condition:
Vyisinog  Vypsinon
p= vz == =, (4)
h1 h2

where p is the ray parameter, and «; denotes the ray angle for
the incident, reflecting or transmitting wave for the ith re-
flector, the following relationship between the ray angle o;

“fip-o)

and offset x, can be obtained:
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The ray parameter p is defined by the ray angle of the first
layer in (4). That is, if the ray angle o; is known, the reflec-
tion traveltime TX can be calculated from (5). The first
incident ray angle a4 is obtained by trial and error.

Inversion procedure

The inversion is performed layer by layer. To invert the Kth
layer, it is assumed that the velocity parameters above the
Kth layer and the initial velocity model of the objective layer
(Vuks Vg, for the vertical and horizontal velocities, respect-
ively) are known. The misfit function of the upgoing reflec-
tion traveltime for the ith receiver is written as

aTk

aTK
T{é_avl AV, + Vt AV + O(Vik, Vik),
(7)

where TX is the calculated reflection traveltime from the Kth

ATS =TS -

layer for the ith receiver, and O(V,k, V,x) represents the
terms higher than first-order derivatives.

For the M receivers that record the reflection from the Kth
reflecting interface, (7) can be represented in matrix form as

AT = AAV, (8)

where AT is the residual vector, AV=[AV,k, AV,x]T is the
unknown velocity vector, and A is an M x 2 Jacobian matrix.
The elements in the Jacobian matrix are the traveltime de-
rivatives with respect to vertical and horizontal velocities and

are given by

aTK
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where
C = ! .
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The linear equation (8) can be solved using the singular
value decomposition (SVD) method

A= U{O LSJVT' (11)

The anisotropic velocity model is updated by
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Vil = Vi AV,

V! = Vig + AVig, (12)
where 7 denotes the iteration number, and model updates are
given by

AV T

|:AVhK:| leag{ JU AT. (13)

Iteration continues until the sum (IAV, gl +IAV,kl) of the
absolute updates is less than the error expectancy. The set
of values, Vg and Vg, is then taken as the final result for
the horizontal and vertical velocities of the elliptically aniso-
tropic medium.

SYNTHETIC AND REAL DATA EXAMPLES

The inversion scheme is illustrated using two sets of synthetic
VSP data, followed by application to a real VSP data set
In the
following examples, the initial model is taken to be the

recorded in an oilfield in northwestern China.

output of isotropic first-arrival traveltime inversion, namely,
the initial model consists of isotropic layers.

The first model (Model I), consisting of 10 isotropic layers
(Fig. 2), represents a deep VSP with a maximum depth of
2000 m. The offset is set at 1000 m and the reflectors are
located at depth intervals of 200 m, starting at a depth of
200 m and ending at 2000 m. The P-wave velocities of the 10
isotropic media from shallow to deep (from V; to Vi)
are assumed to be 2300, 2500, 2000, 2700, 2400, 2600,
2900, 3300, 3500 and 3000 m/s, respectively. There are two
lower-velocity layers (LVL) (the third and fifth layers) in this
model.
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Figure 2 Stratified earth model for synthetic VSP modelling.
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Figure 3 Model I: (a) synthetic VSP; (b) upgoing wavefield after wavefield separation.

For the synthetic VSP modelling, the earth model is divided
into 100 x 200 cells, in which the horizontal and vertical
intervals are set at 10 m. The seismic trace interval is 10 m,
and receivers are placed at depths from 10 m to 2000 m in the
VSP model. The offset of VSP measurement is 1000 m and
the source is assumed to be a Ricker wavelet with a dominant
frequency of 50Hz. Figure 3(a) shows the synthetic VSP
seismogram calculated using the finite-difference method
(Zhang, Wang and Harris 1999). Figure 3(b) is the upgoing
wavefield, after F-K wavefield separation.

First, the inversion of isotropic velocities is performed to
obtain the image of the velocity structure (Fig. 4), using the
reflection traveltimes from the offset VSP. Then, using the
inversion result of isotropic inversion as the initial model for
the anisotropic velocity inversion, the horizontal and the
vertical velocities are obtained (Fig. 5a). The anisotropic
factor (the ratio of horizontal velocity to vertical velocity) is
shown in Fig. 5(b).
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Figure 4 Velocity function obtained from inversion of upgoing re-
flection traveltimes, based on an isotropic model assumption.
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Figure 5 (a) Horizontal and vertical velocities obtained from travel-
time inversion based on the anisotropic model assumption. (b) An-
isotropy factor (V,/V,) versus depth.
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Although the velocity image from the isotropic velocity
inversion matches the real velocity structure well, a good
match between the velocity image obtained from the elliptic-
ally anisotropic inversion and the real velocity structure is
also required. Characteristically, the horizontal and vertical
velocities are nearly equal to the real velocities, and the ratio
is close to unity. This demonstrates that, for an anisotropic
velocity inversion, an anisotropic medium cannot be con-
sidered as a series of isotropic layers.

The second example (Model II) is a stratified, elliptically
anisotropic medium, with the same geometrical parameters
as in Model I, except that the stratified layers are elliptically
anisotropic. The vertical and horizontal velocities for each
layer are assumed to be 2000 and 2300 m/s for the first layer,
2300 and 2500 m/s for the second layer, 2400 and 2500 m/s
for the third layer, 2700 and 2900 m/s for the fourth layer,
2400 and 2500 m/s for the fifth layer, 2500 and 2600 m/s for
the sixth layer, 2400 and 2300 m/s for the seventh layer, 2700
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Figure 6 Model II: (a) synthetic VSP; (b) upgoing wavefield after wavefield separation.
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and 2900 m/s for the eighth layer, 2800 and 3000 m/s for the
ninth layer, and 3000 and 3300 m/s for the bottom layer.
The synthetic VSP and its upgoing wavefield are shown in
Figs 6(a) and 6(b).

Similarly to the processing of Model I, we perform an
isotropic velocity inversion (Fig. 7) and then an anisotropic
velocity inversion (Fig. 8). Obviously, the velocity image of
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Figure 7 Velocity function obtained from inversion of upgoing re-
flection traveltimes, based on an isotropic model assumption.
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Figure 8 Horizontal and vertical velocities obtained from traveltime
inversion, assuming elliptical anisotropy.

Fig. 7 does not match the real velocity model; that is, the
isotropic velocity inversion method does not fit the elliptic-
ally anisotropic medium. However, the elliptically aniso-
tropic velocity inversion not only gives a good result in this
case, but can also be applied satisfactorily to isotropic media,
as in Model L.

Figure 9(a) shows a real VSP measurement taken from an
oilfield in northwestern China. In this VSP with an offset of
1000 m, 219 receivers are deployed for the measurements in
the well. The trace interval is 5m. The upgoing wavefield,
after wavefield separation using F-K filtering for the real
data, is shown in Fig. 9(b).

The velocity structure, using the isotropic velocity inver-
sion method, is shown in Fig. 9(c). The horizontal and verti-
cal velocity structures, obtained by using the anisotropic
velocity method presented here, are shown in Fig. 9(d). The
ratio of horizontal velocity to vertical velocity is shown in
Fig. 9(e), from which we can see that seven layers out of a
total of 10 possess elliptical anisotropy. The most anisotropic

layer is the second layer, with anisotropy of up to 40%.

CONCLUSION

We present a traveltime inversion approach that reconstructs
horizontal and vertical velocities in elliptically anisotropic
media using reflection traveltimes in offset VSPs. The inverse
problem, which minimizes the misfit between the VSP meas-
urement and calculated traveltimes, is reduced to a set of
linear equations, which can be solved by the SVD technique.
The method is applicable to both isotropic media and aniso-
tropic media. If the anisotropic velocity inversion is per-
formed on data from an actual isotropic structure, the
resulting inversion image will not be distorted by the inver-
sion algorithm. The method developed here may be extended
to more complex inhomogeneous anisotropy with different
symmetry axes and to 3D cases.
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Figure 9 (a) Real VSP data. (b) Upgoing wavefield. (c) Isotropic velocity inversion. (d) Anisotropic velocity inversion. (e) Anisotropy factor
versus depth.
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