Ray-velocity vectors of reflected S1S1 and S2S2 waves
displayed on the ray-velocity surfaces in a simple
homogeneous velocity model with triclinic anisotropy
Václav Bucha
Department of Geophysics, Faculty of Mathematics and Physics, Charles University,
Ke Karlovu 3, 121 16 Praha 2, Czech Republic, bucha@seis.karlov.mff.cuni.cz
Summary
We generate and display ray-velocity surfaces of S1 and S2 waves together with the rayvelocity vectors of reflected anisotropic-ray-theory S1S1 and S2S2 waves for two selected
common-shot gathers. The velocity model is composed of two homogeneous layers and
one curved interface. The anisotropy of the upper layer is triclinic and the bottom layer
is isotropic. The presented figures allow us to distinguish the travel-time triplications
due to anisotropy from the travel-time triplications caused by the curved interface.
Keywords
Ray-velocity surface, ray-velocity vector, triclinic anisotropy, elastic waves, anisotropic
velocity model
1. Introduction
We calculated ray theory synthetic seismograms of individual reflected P, S1, S2 and
converted waves for migration studies (Bucha, 2018). We considered a simple anisotropic
velocity model composed of two homogeneous layers separated by one curved interface
that is non-inclined in the direction perpendicular to the source-receiver profiles. The
anisotropy in the upper layer is triclinic and the bottom layer is isotropic.
We now generate and display the ray-velocity surfaces of S1 and S2 waves in order
to demonstrate the complexity of the triclinic anisotropy. The velocity model is homogeneous. We can thus plot ray-velocity vectors at the source and receivers together with
ray-velocity surfaces for individual common-shot gathers in order to see which parts of
ray-velocity surfaces are hit by the initial and end points of rays. In this paper we
present ray-velocity vectors and ray diagrams only for two common-shot gathers and
reflected anisotropic-ray-theory S1S1 and S2S2 waves.
2. Velocity model and measurement configuration
The dimensions of the velocity model and the measurement configuration are derived
from the 2-D Marmousi model and dataset (Versteeg & Grau, 1991). The recorded
wave field is computed in the velocity model composed of two homogeneous layers
separated by one curved interface (see Figure 1). The curved interface is non-inclined
in the direction of the x2 axis which is perpendicular to the source-receiver profiles. The
medium in the upper layer is triclinic and the bottom layer is isotropic.
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Figure 1. Velocity model with a curved interface which is non-inclined in the direction perpendicular
to the source-receiver profiles. The horizontal dimensions of the velocity model are 0 km ≤ x1 ≤ 9.2 km,
0 km ≤ x2 ≤ 10 km and the depth is 0 km ≤ x3 ≤ 3 km.

The triclinic medium is represented by dry Vosges sandstone (Mensch and Rasolofosaon 1997). Triclinic anisotropy is asymmetric, there are no mirror planes and no axes
of symmetry. The matrix of density-reduced elastic moduli in km2 /s2 reads
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The values of anisotropy strength, defined as 2(Pmax − Pmin )/(Pmax + Pmin ) × 100%,
where Pmin and Pmax are minimum and maximum absolute norms of the slowness
vector, are 21.2 % for P wave, 17.0 % for S1 wave and 19.7 % for S2 wave. The P
wave velocity
√ in the isotropic bottom layer is Vp = 3.6 km/s and the S wave velocity is
Vs = Vp / 3.
The profile lines are parallel with the x1 coordinate axis (see Figures 1 a 2). Each
profile line has the following configuration: The first shot is 3 km from the left-hand side
of the velocity model, the last shot is 8.975 km from the left-hand side of the velocity
model, the distance between the shots is 0.025 km, and the depth of the shots is 0 km.
The total number of shots along one profile line is 240. The number of receivers per
shot is 96, the first receiver is located 2.575 km left of the shot location, the last receiver
is 0.2 km left of the shot location, the distance between the receivers is 0.025 km, and
the depth of the receivers is 0 km.
3. Synthetic wave field
The synthetic wave field in the two-layer velocity model was computed using the ANRAY
software package (Gajewski and Pšenčı́k 1990). 3-D ray tracing is used to calculate the
two-point rays of the reflected anisotropic-ray-theory S1S1 and S2S2 waves. In this
paper, we refer to the faster S wave as the S1 wave, and to the slower S wave as the
S2 wave. The triclinic asymmetry causes that the two-point rays do not stay in the
vertical planes corresponding to the individual profiles.
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Figure 2. Sliced velocity model with two-point rays of the S1S1 wave for two common-shot gathers
(shots 50 and 240). Colours of rays and receivers correspond to the index value of the receivers.

4. Ray-velocity surfaces and ray-velocity vectors
We generate and display ray-velocity surfaces for the triclinic anisotropy given by matrix
(1) to show complexity of the S1, S2 and converted waves. The ray-velocity surface
(group-velocity surface, Fresnel wave surface) at spatial point xm is composed of three
sheets corresponding to the three eigenvalues of the Christoffel matrix (Klimeš, 2002).
The detailed study of S1 and S2 surfaces reveals many common, singular points.
Some parts of the ray-velocity S1 and S2 surfaces are concave or intersect. All these
anomalies cause ray-theory calculation problems in some directions. We highlight several triplications (T) and point singularities (D and S) on ray-velocity surfaces (Figures
3 and 4).
The velocity model with triclinic anisotropy in the upper layer is homogeneous.
Thus we can plot ray-velocity vectors at the source and receivers together with rayvelocity surfaces for individual common-shot gathers to see which parts of ray-velocity
surfaces are hit by the initial and end points of rays. In this paper we present rayvelocity vectors and ray diagrams for two selected common-shot gathers corresponding
to shots 50 (x1 = 4.225 km) and 240 (x1 = 8.975 km, see Figure 2). Figures 5 and 6
display sliced S1 wave ray-velocity surfaces with ray-velocity vectors and ray diagrams
for the reflected S1S1 wave. Source points are denoted by small spheres and receiver
points by small diamonds. Colours of points and lines correspond to the index value
of the receivers. In both figures we can see triplications. Analogously, Figures 7 and 8
display sliced S2 wave ray-velocity surfaces with ray-velocity vectors and ray diagrams
for the reflected S2S2 wave. Also here we can see triplications in both figures. Figure 9
shows detailed view of ray-velocity vectors from source points hitting the triplication
part of sliced S2 wave ray-velocity surface.

65

Figure 3. The S1 wave ray-velocity surface for the triclinic anisotropy. T denotes the triplication and
D the point singularity.

Figure 4. The S2 wave ray-velocity surface for the triclinic anisotropy. T denotes the triplication and
S the point singularity.
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Figure 5. Two displays for the single common-shot gather corresponding to shot 50 (x1 = 4.225 km):
a) Sliced S1 wave ray-velocity surface with ray-velocity vectors at the source (small spheres at the top
of the surface) and ray-velocity vectors at the receivers (small diamonds at the bottom of the surface)
of the reflected S1S1 wave. Colours of points and lines correspond to the index value of the receivers.
b) Sliced velocity model with two-point rays of the reflected S1S1 wave. Colours of rays and receivers
correspond to the index value of the receivers.
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b)
Figure 6. Two displays for the single common-shot gather corresponding to shot 240 (x1 = 8.975 km):
a) Sliced S1 wave ray-velocity surface with ray-velocity vectors at the source (small spheres at the top
of the surface) and ray-velocity vectors at the receivers (small diamonds at the bottom of the surface)
of the reflected S1S1 wave. Colours of points and lines correspond to the index value of the receivers.
b) Sliced velocity model with two-point rays of the reflected S1S1 wave. Colours of rays and receivers
correspond to the index value of the receivers.
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a)

b)
Figure 7. Two displays for the single common-shot gather corresponding to shot 50 (x1 = 4.225 km):
a) Sliced S2 wave ray-velocity surface with ray-velocity vectors at the source (small spheres at the top
of the surface) and ray-velocity vectors at the receivers (small diamonds at the bottom of the surface)
of the reflected S2S2 wave. Colours of points and lines correspond to the index value of the receivers.
b) Sliced velocity model with two-point rays of the reflected S2S2 wave. Colours of rays and receivers
correspond to the index value of the receivers.
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b)
Figure 8. Two displays for the single common-shot gather corresponding to shot 240 (x1 = 8.975 km):
a) Sliced S2 wave ray-velocity surface with ray-velocity vectors at the source (small spheres at the top
of the surface) and ray-velocity vectors at the receivers (small diamonds at the bottom of the surface)
of the reflected S2S2 wave. Colours of points and lines correspond to the index value of the receivers.
b) Sliced velocity model with two-point rays of the reflected S2S2 wave. Colours of rays and receivers
correspond to the index value of the receivers.
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Figure 9. Detailed view of Figure 8a with sliced S2 wave ray-velocity surface and ray-velocity vectors
at the source (small spheres) hitting the triplication. Colours of points and lines correspond to the
index value of the receivers.

5. Conclusions
We calculated and displayed ray-velocity surfaces of S1 and S2 waves together with rayvelocity vectors for two common-shot gathers. We used a simple anisotropic velocity
model composed of two homogeneous layers separated by one curved interface. The upper layer has relatively strong triclinic anisotropy and the bottom layer is isotropic. Rayvelocity vectors at the source and receivers were generated for the reflected anisotropicray-theory S1S1 and S2S2 waves and displayed on the ray-velocity surfaces of S1 and S2
waves. We demonstrated for two selected common-shot gathers the complexity of triclinic anisotropy and how problematic is calculating ray-theory S waves. The presented
figures allowed us to distinguish the travel-time triplications due to anisotropy from the
travel-time triplications caused by the curved interface.
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