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INTRODUCTION

Traveltime computation is an integral part of the
seismic data analysis (modeling, migration, and inversion),
which is usually achieved by ray tracing (C ervený, 2001) or
finite-difference method (Vidale, 1990). Ray tracing methods
are sometimes difficult to use in practice, for example, in
shadow zones. Further, once the rays and traveltimes have
been computed, interpolation to a uniform grid is required,
which can introduce error. Finite-difference methods of
traveltime calculation are based on the finite-difference
solution of the Eikonal equation; these methods provide first
arrival traveltimes for each grid point, and tend to be
restricted to moderate velocity contrasts. Due to problems
associated with ray based methods and finite-difference
methods, Schneider, Jr. et al. (1992) propose a direct method
of traveltime calculation in isotropic media based on Fermat’s
principle that implements a local ray trace solution of the
Eikonal equations. This method is preferable over ray based
and finite-difference methods, since it does not assume simple
medium like others, but gives first arrival traveltimes only.
Seismic data analysis, and therefore traveltime computation
is mostly done assuming an isotropic Earth model. However,
sedimentary rocks in the Earth’s subsurface can exhibit
significant anisotropy caused by the presence of periodic thin
lamination, clay content, aligned fractures, in-situ stresses,
and preferred orientation of crystals. For improved imaging,
the imaging algorithms should be modified to include the
effects of anisotropy. Faria and Stoffa (1994) extended the
Schneider Jr. et al. (1992) method of traveltime calculation
in isotropic media to transversely isotropic media with a
vertical axis of symmetry (VTI). However, when elastic
boundaries in the subsurface are dipping, the symmetry axis
of the TI may be non-vertical. Such media are often referred
to as TI with a tilted axis of symmetry (TTI). Imaging below

tilted TI media has been reported by Ferguson and Margrave
(2002). In this work we report on the numerical
implementation of a direct method of P-wave traveltime
computation in tilted TI media, where we allow for the tilt
angle and the anisotropy parameters to vary spatially at grid
points. A simple approximate method of group velocity
calculation in tilted TI media has been discussed, and used
in traveltime computation. This method has been tested for
a thrust sheet model where tilt angle of thrust sheet is spatially
varying.

METHOD

Schneider, Jr. et al. (1992) use a simple calculus
based technique to compute traveltime and makes no
assumption on velocity smoothness. The traveltime
computation begins with the starting values computed near
a source location. Then mapping systematically steps through
the grid, where each new traveltime is calculated using two
previously computed neighbor traveltimes. After eight
calculations at each grid point, the minimum time is assigned
to the grid. We use a nonlinear (point-source) brute-force
approach for traveltime computation. As described in Faria
and Stoffa (1994), two known traveltimes t

1 
and  t

2
 are used

to compute the traveltime at a third grid point (Figure 1a).
For a given point of interest, eight traveltimes can be computed
based on the eight grid points surrounding the point of interest
(Figure 1b). The minimum of these eight provides the first-
arrival traveltime from the source to the point through all
possible paths given grid spacing ∆x and ∆z. The traveltime t,
at a point in the subsurface (Figure 1a) is given by,

t = t
0 
+ s (φ)∆xcosec(ψ)                          (1)

where, ψ is the angle between a ray and the line connecting
two neighboring points (Figure 1a), φ is the angle between a
ray and the vertical axis (group angle), ∆x is the grid spacing
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Figure : 1 (a) Single traveltime calculation scheme, and
(b) Possible angles of wave propagation.

in x, t
0 
is the known traveltime to a point adjacent to the point

of interest, and s(φ) is the group slowness (inverse of group
velocity). In Figure 1(a), ψ can vary from 0 to 90 degrees in
each individual calculation, and there are eight possible values
of the group angle φ (Figure 1b). Angle ψ differs from φ by a

constant, φ = k π   + ψ
         4

where k assumes a value from 0 to 7 depending on
which quadrant is being evaluated. To evaluate t, we need
to evaluate anisotropic group velocity at angle φ.

For anisotropic group velocity estimation, we
implemented two methods; an exact method and an
approximate method based on a cosine Fourier series. The
exact method gives analytic value of group velocity and is
valid for any medium; it is based on the anisotropic ray-
tracing system described in Cervený (2001). The exact

formulation of the anisotropic group velocity is not simple to
implement, so we prefer the approximate method in this work.
Our approximate method is based on a series approximation
of the quasi-P wave group velocities. Recall that the group
velocity in VTI media can be approximated by a truncated
Fourier-type cosine series (Byun et al., 1989) such as:

v
g
-2 (φ) = a

1
 +a

2
 Cos2φ − a

3
 Cos4 φ                (2)

where, the coefficients a
1
, a

2
 and a

3 
are functions of

the elastic parameters of the medium (Faria and Stoffa, 1994),
and v

g
 (φ) is the P-wave group velocity at an angle φ. For

quasi-P wave group velocity calculation in TTI media, we
make simple modifications to equation (2) given by,

v
g

-2 (φ) = a
1
 +a

2
 Cos2(φ−θ) − a

3
 Cos4 (φ−θ) (3)

where, φ is the group angle, and θ is the rotation of
axis of symmetry with respect to vertical (tilt angle of TTI
media). In equation (3), θ is positive if the rotation of the
symmetry is anti-clockwise from the vertical, else θ is
negative.

RESULTS

We observe that for traveltime computation in TTI
media (equation (1)), the most crucial step is to find group
velocity for a given group angle. We evaluate the effectiveness
of our approximate group velocity equation by comparing
the numerically computed group velocities with those
computed with the exact values for three different models:
(1) a strong VTI (nearly elliptic) model (α0= 2870 m/s, δ =
0.204, and ε = 0.223), (2) a VTI model with  (α0= 2870 m/s,
δ = -0.204, and ε = 0.223), (3) a Dog creek shale model (α0
= 1875 m/s, δ = 0.1, and ε = 0.225; data from Thomsen,
1986). The comparison of the group velocity curves for the
three models are displayed in Figures 2(a), 2(b) and 2(c)
respectively. Note that for all three examples, we have
acceptable fit between the exact and approximate group
velocity curves. Figures 3(b) and 3(c) show P-wave traveltime
contours for the model used in Figure 2(a), using our
traveltime computation approach for TI and TTI medium
for a source placed at the center of the model (Figure 3a).
The effect of the tilt of the symmetry axis is pronounced in
Figure 3(c). We consider an anisotropic thrust sheet (TI
parameters as in model 1 above) embedded into an isotropic
medium (Figure 4) as it is in Ferguson and Margrave (2002).
Figure 5 shows the P-wave traveltime contours, where the TI
thrust sheet can be easily contrasted. This traveltime method
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Figure 2 : Comparisons of group velocities with respect to the
group angles in TI and TTI (TI with the axis of
symmetry tilted by 30 degrees anti-clockwise) media
computed with true (*) and approximate (o) method.

Figure 3: a) A homogeneous model, b) P-wave traveltime
contours in TI media, and c) P-wave traveltime
contours in TTI media, with point source at the center
of the model.
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can be easily used to migrate the data in a complicated geology
like Canadian Foothills, where rocks have significant TI
anisotropy and the axis of symmetry is varying.

parametric representation of group velocities enables us to
compute traveltime in tilted TI media. Even though we
compute only the first arrivals, this traveltime scheme is robust
as it avoids the limitations of ray theory and finite- difference
methods. To demonstrate our approach, we computed the P-
wave traveltime contours for a thrust sheet model. The
traveltime scheme proposed here is efficient in 2D, but
computationally intensive in 3D. We plan to use this method
for Kirchhoff based prestack depth migration of Ocean Bottom
Seismometer data collected over the Hydrate Ridge, offshore
Oregon. Presence of anisotropy in the hydrated sediments has
been shown by Pecher et al. (2003). Strong lateral
heterogeneity together with fine layering of the shallow
sediments in the hydrate ridge may cause TTI behavior in this
region.
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Figure 4 : A thrust sheet model with a TI thrust sheet embedded
into an isotropic background. A flat reflector
(aluminum plate) has been placed at the base of the
thrust sheet. Thrust sheet has been divided into four TI
blocks with varying angles of axis of symmetry with
respect to the vertical axis.

Figure 5: P-wave traveltime contour for the model shown in
figure (4), with a point source placed at the center of the
model. The presence of a flat reflector is clear from the
contour plot, and it becomes more prominent away from
the source position.

CONCLUSIONS AND FUTURE WORK

We have developed a direct method of traveltime
computation in tilted transversely isotropic media. Simple
modification of a TI traveltime algorithm with the use of


