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ABSTRACT  The acquisition of S-wave seismic data, separating S, (orthogonal to the seismic line) and
S, (parallel to the seismic line) wavefields on the same seismic line, is not so frequent.
However, this type of acquisition allows obtaining important information on the
investigated area; in particular the anisotropy of the sediments, which can be detected
from the differences between the corresponding two velocity fields. In this work,
we analysed the S - and S -wave data in order to answer two questions: how can we
estimate anisotropy from the comparison of the velocities of the S and S, wavefields?
What information can be obtained about the dip and strike angles of the anisotropic
layers from this analysis? For this purpose, we used the travel time tomography to obtain
the two velocity fields (V,,and V) and to exploit the computed ray paths from which
we can know the directions of each ray segment crossing the model, associated with
each V, component. We, then, used them, together with the VSV/VSH values obtained
from the tomography, to estimate the anisotropy and the orientation of the anisotropic
layer, defined by the slope (dip) and the azimuth angle (strike). Furthermore, we tried to
define a possible relationship between the V, and V., components with the anisotropy
parameters, the direction of the rays and the geometry of the anisotropic layer.
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1. Introduction

In seismic exploration, it is not very common to acquire both S - and S -wave data along the
same survey line. However, since the 1980s, a number of scientific papers, related to both S,
and S, acquisitions, have been published. Most of these are aimed at hydrocarbon exploration,
while only few focus on near surface problems. Macrides and Kelamis (2000) described a nine-
component (9-C) shear wave experiment in central Saudi Arabia; in their report, Beecherl and
Hardage (2004) present a very detailed description of the effect of the different components of
shear waves obtained by a 9-C acquisition technology; Leary et al. (1987) highlight the differences
between S and S, waves in a fracture zone; Fishman and Ahmad (1995) analysed the effect of
S,» S, and P waves in an alluvial valley. Concerning anisotropy, a few papers discussed the aspect
of anisotropy with respect to the shear waves and in particular using both S, and S data. Kelter
and Bancoft (2004) showed several examples of S, and S, waves propagation in anisotropic
media. Very recently, Wang and Zhang (2021) proposed a method to recover the y parameter
from a rock-physics based relation between the shear-wave impedance and the vertical S-wave
velocity, from well data. Other papers estimated anisotropy from the shear-wave splitting (Bale
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et al., 2009; Suroso et al., 2017), particularly in a seismological context. Chmiel and Bardainne
(2014) estimated the velocity model from microseismic events with P, S, and S, waves using the
simulated annealing method.

The differences between the S - and S, - wave velocities (V,,and V) in the same investigated
area are certainly a reliable indicator of the possible presence of anisotropy in the geological
sequence. Furthermore, these differences, in particular their ratio (VSV/VSH), can be used to
obtain information about the geometry of the anisotropic layers: slope and azimuth angle.

In this work, we estimate the anisotropy by using a non-conventional approach based on the
geometrical relationship between the S-wave components and the plane of anisotropic layer,
starting from the ray paths computed by the anisotropic ray-based travel time tomography used
for the tomographic inversion of the S, and S, arrivals.

\V4

2. The theory and the proposed method

From the general concept of anisotropy, it is known that from the equation of motion:

Bzii _ 9ty (1)
at ax]-

where p is the density, u is particle motion, t is the stress tensor, and from the stress-strain
relation:

(]

t=CE (2)
where T is the stress tensor, ¢ is the stiffness tensor, £ is the strain tensor, according to the
Hooke’s law (Love, 1927), we obtain the wave equation:

azui — C ﬂ (3)

at? UMM gy, 0x;

where C. (stiffness tensor) is a 3x3x3x3 tensor that can be rewritten into a 6x6 matrix C_,,

ijmn

through a re-mapping of the indexes [ij = a and mn = 8: Musgrave (1970)]:

C 4
L o )

C is a symmetric matrix that in the general case contains 21 different elements (triclinic
symmetry), the worst case we can encounter in the rock structure. On the opposite end, the best
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caseis characterised by only 2 different elements (isotropic symmetry) where no anisotropic effect
is present. A more complex case is defined by 9 different elements (orthorhombic symmetry),
which can be found in shale or thin bedded sequences with vertical crack-sets. The best case that
can be found in geophysical problem has 5 different elements (polar symmetry), corresponding
to five independent elastic constants: V,, V,, the well-known Thomsen parameters € and 6 for V,
anisotropy and y, the parameter for the V_anisotropy:

Ve = C33 Ve = Cas — Ci11-Gs 5= (C13+C44)*—(C33—C4a)? y = C66_C44. (5)
P 2C33 2C33(C33—C44) 2C44

This symmetry, generally present in shale or thin bedded sequences, is characterised by elastic
properties that are different between the parallel and perpendicular directions with respect to
an axis of symmetry, the so-called ‘pole’ (Fig. 1).

Axis of symmetry

Anisotropic layer
thin-bed sequence

Fig. 1 - Polar symmetry.

In this study, as in most studies on seismic anisotropy, in order to reduce the complexity
of the system, we consider the case of weak anisotropy, where the anisotropic parameters
are estimated to be much lower than 1: € << 1 (0.1-0.2), 6 << 1 (0.01-0.05), y << 1 (0.1-0.2).
Furthermore, we also included phase angle @ and group angle Gapproximation (Thomsen, 1986;
Kelter and Bancroft, 2004):

Voy (@) = Vs, (0) Vsu (@) = Vs (6). (6)

In the case where the plane belonged to the vertical component and the axis of symmetry
is orthogonal to the anisotropic layer and the ray direction is oblique to the layer (Fig. 2a),
Thomsen’s theory states that the velocity of the vertical and horizontal components of an S
wave associated with a ray direction having an angle (8) with respect to the axis of symmetry are
defined as (Thomsen, 1986, 2002):

2
Ver (0) = Vs, [1 + ( l) (e = &) sin* @ cos?0| Vsu(6) = Vs [1+ ysin?(6)] (7)

where:
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6 = angle of ray direction with axis of symmetry,

_ Vs =Vsy,
Vsy

Y ) (8)

g, 6 =Thomsen parameters,
VPl =V, velocity at vertical incidence (6= 0),
V. =V, velocity parallel to the planes of anisotropy (maximum velocity component),

Vsl = V, velocity perpendicular to the planes of anisotropy (minimum velocity component).

Ray direction Axis of symmetry 2—

il v b5 1 5 |

plane B %

A ] = e gy | et gy g
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Fig. 2 - Geometric relationship between the S, S, components and the anisotropic layer: a) case related to the

theoretical formulas in Eq. 7; b) velocity values of the S, S, components computed by applying formulas in Eq. 7 and
referred to panel a.

If we consider a generic position of the anisotropic layers (Tilted Transverse Isotropy, TTI)
with respect to the incident ray direction (Fig. 3), the S-wave components can be computed by
a linear combination of the theoretical vertical and horizontal components V,, (6) and V_, (6),
defined where the plane of the ray direction and the vertical component S is perpendicular to
the anisotropic layer (plane B in Fig. 2a):

(Vs,), =1, Vsy () + 1, Vs (6) (9)
where:
rVL=ﬁ rHl=% VC, =cosp, HC, =sing, (10)
(Vs")r =1y, Vsy (8) + 13,V (6) (11)
where:
Ty, = VC::LC“ Ty = chfﬁic" VCy = cosg HCy = sing, (12)
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Direction of SV wave oscillation Direction of SH wave oscillation

Axis of simmetry Axis of symmetry

~
A

incident _ incident

-

Fig. 3 - 3D schemes of the geometrical elements involved in the definition of Vc and Hc for the two directions of
wave oscillation [vertical (a) and horizontal (b)]: horizontal incident S ray (black arrow); S, and S, direction of S-wave
oscillation (blue and red arrows); Vc (vertical) and Hc (horizontal) components using to set the r, and r, constants
in Egs. 9 and 11 (black dashed segments). B is the plane orthogonal to the anisotropic layer and including the ray
segment, which represents the reference plane to define the Vc and Hc components with respect to the direction of
wave oscillation.

Fig. 4 shows the surfaces related to each component, (V, ) and (V, ), computed by Egs. 9
and 11, and referred to the dip and strike angles of the anlsotroplc plane #or a horizontal incident
ray, using:

PL-173 y=01 e£=01 6=005 Vs, =20km/s (13)

Vs,

On the right of the same figure, the 2D plots of the two components are displayed, referred
to the dip angle = 90° (above), and the strike angle = 0° (below), which correspond to the lower
and right border, respectively, of the 3D representation shown on the left. These two plots show
opposite trends of the two components: at dip angle = 90° V, is greater than V,, for angles
greater than 35° and reaches its maximum positive difference W|th respectto V, at strlke angle
= 90°; meanwhile at strike angle = 0° V, is greater than V., for angles less than 55° and reaches
its maximum positive difference with respect to V, at dip angle = 0°.

Dip angle = 90°

(Vsj.}r

40 50 (]
Dip angle (deg.)

Fig. 4 - 3D display of the V, components obtained from Egs. 9 and 11, related to the dip and strike angles of the
anisotropic layers and corresponding to a horizontal ray. On the right, the 2D plots corresponding to dip angle = 90°
(above), and strike angle = 0° (below).
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Fig. 5 - 2D maps of the V, /V,, obtained by Egs. 9 and 11 and corresponding to the 3D display of Fig. 4, using different
values of V,/V,, y, ¢, and &: a) and d) only changing V,/V,; b) and e) only changing y and ¢; c) and f) only changing 8.
The bold isolines represents the V, /V, = 1.

To better understand the distribution and variation of the V, /V,, values as the involved
parameters (V,/V,, y, €, and &) change, Fig. 5 displays some 2D maps of the V, /V,, considering
different values of these parameters. The maps are obtained by computing the single components
using Egs. 9 and 11. In all the displayed cases, the positive values of V, /V, are present in
the areas corresponding to both high dip and strike angles; at the same time negative values
correspond to low dip angles, while the strike angle ranges from 0° to 90°. The positive values of
V. /V,, appear also at lower strike angles and dip angles greater than 35-40° when V,/V,, and y
and ¢ are relatively high or in case of very low 6. Furthermore, it is evident that the N-S isoline
corresponding to V_ /V,, =1 never changes, independently of the values of the parameters.

The dip and strike angles versus V /V can also be displayed with respect to the angle of
incidence a with the anisotropic plane (Fig. 6). In this figure, a 3D view highlights the intersections
of the surfaces representing the dip and strike angles with different plane of constant st/
V., values. This representation, even if not easy to be interpreted, can be used to estimate a
possible range of values of dip and strike angles, knowing the V_ /V_ from the result of the two
tomographies.

3. Forward model: synthetic examples

As a further work, we implemented the S anisotropic case, based on Egs. 9 and 11, in our
already existing isotropic ray tracing code (B6hm et al., 1999). It is based on the minimum time
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Fig. 6 - a) Display of the ratio of the components with respect to dip and strike angles and the angle of incidence of
a horizontal ray with the anisotropic plane. In yellow the values related to dip angles, in green the values related to
strike angles. The black plane corresponds to ratio 1.02. b) 2D plot of the intersections between the dip and strike
curves at different V /V,, ratios. The red curves correspond to the red intersections in the 3D plot.

Vsi, €1, 81, y1

discontinuity C
plane \
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Fig. 7 - Description of the minimum time ray tracing algorithm used for the forward model computation in an irregular
velocity grid. a) Ray path from source point (S) to receiver point (R): initial guess (black dashed line); first step of
iterative process (green line); second step (yellow line); further steps (white dashed lines); final solution (blue line).
Different gradations of grey correspond to different velocities. b) Scheme of the triplet position (APB) with respect to a

discontinuity plane (i.e. border of pixel) referred to Egs. 14 and 15 to compute the true position of point P (x-distance)
according to the minimum time principle associated with the APB path.

approach, which uses an iterative method that applies Snell’s law to each triplet of all the model
intersections along the ray (Fig. 7a), until the ray path does not change significantly from the
previous iteration. Inside each triplet, the correct ‘Snell position’ of point P is computed by
zeroing the first derivative of the travel time function F(x) between points A and B (Fig. 7b):

_ VaZ+x? Jb%+(c—x)?
F(x) = T s (14)

F'(x) = [b? — (c — x)2]x? — [”s%“"‘v):%(“z”z)] —0. (15)
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Fig. 8 - Cross-well synthetic example with an anisotropic area (red zone) in the lower part of the model: a) scheme of
acquisition: 24 shots (red crosses) on the left, 24 receivers (yellow dots) on the right with rays from shot 05 (isotropic
zone) and shot 18 (anisotropic zone); b) travel times computed from the cross-well acquisition in panel a.

In case of anisotropy, where ¢, 8, and y are defined in the model, a further iterative process
is added inside each step of the main iterative sequence, and the point P is updated considering
the direction of the ray segment involved in the anisotropic part, where Vs, and Vs, are defined
by Egs. 9 or 11.

Regarding the computation of different angles (a, 6, ¥, and ¢) in Egs. 9 and 11, the ray tracing
algorithm uses the classical formulas of Cartesian geometry in the space.

Fig. 8 shows an example of travel time computation on a cross-well experiment. This case
can also be considered equivalent to a seismic survey acquired on a horizontal plane between
parallel tunnels in a mine environment. The used model presents an anisotropic layer in the
lower part defined by:

P 173 y=01 =01 6=005 Vs, =20km/s dip=30° strike=0° (16)

VS_L

Twenty-four shot points were placed on the left border and 24 receivers on the right border
for a total of 576 travel times, displayed in Fig. 6b. In the same figure, two representative shots
are shot 05, inside the isotropic part, and shot 18, inside the anisotropic part.

We also performed forward modelling for a seismic reflection case study (Fig. 9). We
considered a three-layer model with a shallower isotropic layer (V, = 1.5 km/s, V_ = 0.867 km/s)
and a second anisotropic layer below (V,=3.460, V_ =2.0 km/s, st 1.818 km/s, €=0.1, 6 =0.05,
y =0.1). V_, indicates the velocity parallel to the orientation of the anisotropic planes; while V,
indicates the velocity in the perpendicular direction. We defined three different orientations of
the anisotropic planes inside the layer: model A, slightly dipping (30°), model B strongly dipping
(70°), and model C, with dip = 70° and strike = 60°. We computed the travel times of the reflected
arrivals from the second interface (the bottom of the anisotropic layer) for all the three models

682



S-waves anisotropy estimate Bull. Geoph. Ocean., 63, 675-692

005 [ Vp=1500kmis Vs =0867 / | t
_ [ T i Wy / | g
010 ! / H1 i ==
g B M s = 2.0 ki 2 MOD A dip = 30" strke = 07 L’/ |0 iy
%-0.15— Vo = 3480 =188 ks L201 BE005 yad ﬁgg:x:m.g}_
B il ;i ; % i
8 020 ' ———— He MOD C -
[ 70° 8p)
025
L LG g g g ! ! | | 1 L \
a) 0 0.1 02 03 0.4 0.5 0.6 [1irg 0.8 0.8 1 b) -
Distance (km)
0.00— T .
— MODA 5V anisoray .
‘_"n'us,'_ \ ——  MOD A SH anisa ray ] N
E -0.10’ - |
§-0,15~ -1 —
2020
0250 4 1

i i L PRI L. i i L
C)o 01 0z 05 04 05 06 07 o8 08
Distance (km)

B) 0 0.1 0.2 03 04 05 0.6 0y 08 08 1

" Distance (km)
0.00— T T T T — oy .
K —  MODCSVansoray %
B \ ——  MOD C SH aniso may 1 =
E 010
£ -015f ] d
-0.20
025 =4 L 4
L g ol s i I TR 1 T [I 4 S | RS A (S VP (S 7 ) o [ o] il
g) 0 01 0.2 03 04 0.5 0.6 ar 0.8 0.8 1 h} 0 0.1 0.2 03 0.4 0.5 0.6 o7 0.8 0g
Distance: (km) Offset (km)

Fig. 9 - Travel times computation of reflected waves in a three-layers model with different anisotropic properties in the
second layer: a) description of the models and scheme of the single-shot acquisition used for this experiment with the
computed ray tracing; b) detail of the anisotropic layers orientation related to the model C; c), e), and g) different ray
paths associated with the far offset for the three different cases: isotropic and anisotropic S, and S, arrivals; d), f) and
h) the corresponding travel times related to panels c, e, and g.

(Fig. 9a). Figs. 9c to 9h show the rays and the corresponding travel times related to the largest
offset and considering both the isotropic case (black rays) and the anisotropic cases relative
to S, (blue rays) and S, waves (red rays). Model A (slightly dipping anisotropic planes) shows
the greatest difference between the isotropic and anisotropic cases both for the ray paths and
the travel times. In model B (strongly dipping anisotropic planes) the anisotropic ray paths are
similar to each other but differ from the isotropic one. The last case (model C) shows a similar
ray path for all the three cases, even if the travel times are different.

As a third example, we considered a synthetic case concerning the refracted (or diving)
arrivals, which is typically used in near surface geophysical exploration and usually processed by
first break tomography.

For this experiment we used a 2D model consisting of horizontal layers, with an anisotropic
part below 50 m depth (Fig. 10a) defined by the same parameters of case A in the previous
seismic reflection example (y=0.1,£=0.1, 6 = 0.5, dip = 30°, strike = 0°). The detailed S velocities
used in this model are defined by the vertical function displayed on the right of Fig. 10a, where
V,, represents the fast component of S velocity, parallel to the horizontal orientation of the
anisotropic layers. Using 25 shots, each spaced 20 m, along a set of 48 geophones, each spaced
10 m, we simulated the first arrivals for the fully isotropic S velocities and, considering the
anisotropic part, for both vertical and horizontal S velocities components, by using Egs. 9 and 11.
Fig. 10b shows the first arrivals corresponding to these three cases and referred to a lateral shot.
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Fig. 10 - Synthetic example of first break arrivals on a horizontal layers model with anisotropic part below 50 m depth:
a) details of the model parameters with the rays of the associated first arrivals of shot 01. On the right, the vertical
profile of the S velocity, corresponding to the parallel direction of the anisotropic layers; b) first arrivals related to
isotropic model and to vertical (S ) and horizontal (S, ) S-wave components.

4. Anisotropy estimate: synthetic examples

In all the synthetic examples described in the previous chapter we used the travel time
tomography to obtain the differentS and S, velocity fields from the inversion of the corresponding
S,and S, arrivals, performed by the ray tracing on the true models. The computed values of the
VSV/VSH ratio can be compared to the theoretical map of the VSV/VSH of Fig. 5 in order to estimate
the possible scenarios of the anisotropic structures present in the investigated area.

In this work, the meaning of ‘estimate’ does not refer specifically to an inversion process, but
is used to indicate a general evaluation of anisotropy, both for the orientation of the anisotropic
layers and for the anisotropic parameters, starting from the V_ /V ratio, obtained by the travel
time inversion of the S, and S arrivals, and using the theoretical formulas (Egs. 9 and 11).

The tomographic inversion was performed by the software package Cat3D, developed by
OGS, which uses the ray tracing code described in the previous chapter and the Simultaneous
Iterative Reconstruction Technique (SIRT) for the travel time inversion (Stewart, 1991). As a
further improvement of the inversion we used the ‘staggered grid’ method (Vesnaver and Bohm,
2000), which enhances the model resolution (i.e. the model discretisation) without decreasing
the reliability (i.e. increasing the null space, Bohm and Vesnaver, 1996) of the tomographic
system. In all these experiments, the initial models, both in velocity and depth, can be quite
different from the true ones. In fact, in these cases, they do not particularly affect the final result
of the inversion, since we used acquisition geometries, and consequently rays path distribution,
that provided well-posed tomographic systems, in terms of low null space.

Fig. 11 shows the results of the first example, relative to the cross-well case. The model
was discretised by horizontal rectangular pixels corresponding to each source-receiver couple
position at the same depth (Fig. 11a). The S, and S velocities obtained only by the inversion of
the arrivals associated with the horizontal rays (solid lines in Fig. 11b) allow us to better estimate
the true V, /V, ratio (green line in Fig. 11c), as opposed to considering all the rays (black line in
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Fig. 11 - Anisotropic estimation related to cross-well synthetic example: a) model discretisation and ray tracing
computed for shot 18, with in evidence the horizontal ray (red segment); b) tomographic velocities from all the travel
times (dashed lines) and using only the travel times associated with the horizontal rays (solid lines) related to S,
arrivals (blue lines) and S, arrivals (red lines); c) V, /V,, ratio computed from the velocities using all the rays (black line)
and only the horizontal rays (green line).

Fig. 11c). In fact, besides the border zone between isotropic and anisotropic areas, horizontal
rays are less affected by the properties of the distant regions of the model. Fig. 11c shows two
separate zones with different VSV/VSH values: 1 in the upper part of the model (isotropic) and
0.956 in the deeper part (anisotropic). These values correspond to the dip angle of 30° and strike
angle of 0° in the map of Fig. 5a, defined by anisotropic parameters V,/V,=1.73,y=0.1,£=0.1,
6 = 0.5. It is clear that usually we do not know the values of the anisotropic parameters only
from the values of the VSV/VSH ratio. However, the values of this ratio can be considered useful
additional information to better characterise the investigated area. For example, in this case,
without knowing the anisotropic parameters, we can assume with some certainty that the dip of
the anisotropic structure should be less than 30°-40° and most probably around 20°-30°.

Tomography was also applied to the second example of a reflection seismic experiment. In

this case we used an iterative procedure that includes the SIRT algorithm for velocity estimation
and the principle of minimum dispersion of reflection points (Carrion et al., 1993) to detect the
depth of each reflected interface; both applied in sequence at each step of the iterative process.
The following steps were performed:

* get V, of the first layer and the depth of the first interface from the inversion of the first
reflected events, by applying the tomographic iterative procedure;

e get the V, and V, of the second layer and the depth of the second interface from the
inversion of the corresponding S, and S, arrivals, keeping fixed the V, of the first layer and
the depth of the first interface.

Fig. 12 and Table 1 show the results of the inversion related to model A. The tomographic

V,, and V,, obtained by this procedure (dashed lines) can be interpreted as an average value of
the true anisotropic velocities associated with each segment of the rays that cross the second

685



Bull. Geoph. Ocean., 63, 675-692 Bohm et al.

Mod A

2.000 i
1.975+F A i « SV from anisotropic ray path of shot 1 R
F o - —- SV averaged from H2 reflection tomogr. i
L DR e ——— T e e —— SVfromH1 head waves tomogr. |~ -
-g 1 925'_ 3 «  SH from anisotropic ray path of shot 1 :

o ’ - —- SH averaged from H2 reflection tomogr.
= " o -
= 1.900F . —— SH from H1 head waves tomogr. -
-8 2 ® 8 o e B B L] : i A A
2 1875+ 27 -
w r == T R .
1.850| ¢ " W 3
F o H
L e e e s e e s

1.800 T e o

a) 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
Receiver number

5 o S e S S ELA B 0T LS B L L N A
20 — SVinversion| — ﬂ25h — SVinversion|
= — SH inversion 4 E 5l — SHinversion| _|
[}
g 15 4 5 t ]
2 f { EB15F 4
= 101 13ms 4 & 16m 4
| 1 g1of ]
o L 0.2m ]
5 - 5 a
n-.I.I ] gl g @ P =N ]
b) 1 2 $ 4 & 6 T & 9 10 M C) 1 2 3 4 5§ _ 6 T B8 10 M
Iterations Iterations

Fig. 12 - Anisotropic estimation related to reflection seismic experiment: a) dotted lines = S-wave velocity values
computed in the two segments of ray crossing the second layer for each receivers of shot 1, associated with the S,
component (blue line) and S, component (red lines) and considering the anisotropic parameters of model A (Fig. 9);
dashed lines = S-wave velocities obtained from the travel time inversion of S, (blue lines) and S, (red lines) reflected
arrivals from second horizon (H2); solid lines = S-wave velocities obtained from the travel time inversion of S, (blue
lines) and S,, (red lines) refracted arrivals (head waves) from the first horizon (H1); b) root-mean-square time residuals
during the tomographic iterations of the S, travel time inversion (blue line) and S, travel time inversion (red lines); c)
dispersion values computed for the H2 depth estimation in the reflected tomography related to S, arrivals (blue line)
and S, arrivals (red lines).

layer (dotted lines). In fact, due to the unknown values of the anisotropic parameters y, €, and
6, tomography uses isotropic ray tracing. So, even if the V, /V_ ratio (0.937) cannot be fully
compared to the values of the maps of Fig. 5, which refer to horizontal direction of rays, it can
give a rough indication of the orientation of the anisotropic layer. However, the true S, and S
velocities (solid line) associated with the horizontal rays can be easily obtained by the inversion
of the arrivals identified as head waves from the first interface, by using the same procedure
applied to the reflection tomography, provide that this kind of arrivals can be available and
picked on the seismic data. Table 1 shows the high precision with respect to the true values (first
column) of the S and S, velocities (fourth and fifth columns) of the anisotropic layer, computed
from the inversion of the head waves arrivals associated with the first interface.

The same results can be obtained in the case of a dipping anisotropic layer, by adding the
inclination angle of the layer to the dip and strike angles estimated from the maps of Fig. 5.

Also in the third example (first break tomography) the anisotropic part of the investigated
area can be recognised quite well from the V, /V_ ratio (Fig. 13a). We cannot say the same for
the estimation of the anisotropic parameters, due to the presence of several different segments
of the rays crossing the anisotropic layer. Nevertheless, if we consider the lower part of the area
illuminated by rays, which includes mostly sub horizontal rays, we can obtain a reliable estimate
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Table 1 - Results concerning the synthetic example in the case of reflection seismic. The first column represents the
true values of the model: the depth of the second interface, the V, components of the anisotropic layer related to
a horizontal ray and the corresponding V, /V,, ratio. The second and third columns show the results of tomography
from the reflected arrivals associated with the second interface. The fourth and fifth columns show the velocities
obtained by tomography of the head waves arrivals from the first interface. The last row displays the values of the
V,,/V,, ratio related to true values and to the two inversions.

From SV FromsS, Froms, From s,
True value H2 reflection H2 reflection H1 head wave H1 head wave
tomography tomography tomography tomography
Depth of the 2nd
interface 0.2 km -0.198 km -0.205 km
st on
horizontal ray 1.869 km/s 1.829 km/s 1.867 km/s
V., on
horizontal ray 1.954 km/s 1.951 km/s 1.954 km/s
VSV/VSH 0.956 0.937 0.955
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Fig. 13 - Anisotropic estimation related to the third synthetic case (first break tomography): a) vertical section of the
VSV/VSH distribution obtained from the separate travel time inversions of S and S first break arrivals; b) vertical functions
of tomographic S, (blue) and S, (red) velocities compared with the true V, parallel component to the anisotropic layer
(black line), extracted in point A; c) V, /V,, ratio computed with the same velocities displayed in panel b.
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of the orientation of the anisotropic structure from the maps of Fig. 5. The smoothed velocity
values observed in the vertical function of Fig. 13b (blue and red lines), with respect to the
true values (black line), are due to an intrinsic property of the inversion algorithm (SIRT) and in
particular when using first break tomography.

The choice of starting velocity model for tomography was not a crucial aspect in the two
first cases, since the distribution of rays allows the inversion algorithm to reach the same final
solution using different starting models, even far from the true values. Instead, the third case is
more critical about this choice, because the existence of diving ray paths assumes the presence
of a positive velocity vertical gradient. In this case, we defined the starting model with a linear
velocity vertical gradient obtained by a smoothed velocity field computed from the inversion of
the same travel times but using non-bent diving ray paths and fixed the depth of the arc as 0.2
the offset distance. In the case of real data, we can use, if they exist, well data, the geology of the
area or results from a closing survey to define the starting velocity model.

As a final consideration, in all these cases we can add precious information about the P-wave
anisotropic parameters € and 6, which can be obtained by different methods developed in the
last decades [one of these (B6hm, 2018) uses the tomographic approach in a similar way to this
work], in order to constrain € and 6 parameters and better estimate the orientation (dip and
strike) of the anisotropic structures from the maps of Fig. 5.

5. Anisotropy estimate: real case

It is clear that univocal information on the orientation (dip and strike) of an anisotropic
structure only from the VSV/VSH ratio cannot be obtained. However, if we consider the information
derived from the ray segments, which can be known from the ray-based tomography, and
taking into account some assumptions, constraints, or geological information, we can achieve a
realistic estimate of the anisotropic parameters and of the geometries of the buried anisotropic
structures from the V. and V,, velocity fields, obtained by the tomographic inversion of the
corresponding arrivals.

This approach was applied in a real experiment where both S and S, arrivals were acquired
in a high-resolution seismic line.

Seismic acquisition of S waves was performed twice by using 10-Hz single horizontal
geophones and an S-wave seismic vibrator. The first time the geophones and the vibrator were
oriented in-line to the direction of the seismic line; the second time the geophones and the
vibrator were oriented cross-line to the direction of the seismic line. A complete description of
this survey can be found in Da Col et al. (2021). In both data sets, the first S arrivals were picked
and inverted by using the ray-based tomography with SIRT algorithm and applying the ‘staggered
grid’ method, as described in the synthetic experiments. The picking of the first arrivals was not
easy in both data sets. For this reason we used the S first arrivals computed on the V. model
obtained from the V, model, converted using VP/VS = 1.73, a ratio generally found in rocks, as a
guide to interpret and recognise the effective S arrivals to be picked (Fig. 14). A smoothed version
of this V, model was also used as a starting model for the inversion of the picked S first arrivals.
The root-mean-square of time residuals (difference between the observed and computed times)
of inversion was 2.1 ms (3.8 in percentage with respect to the observed times) and 1.1 (3.5%)
respectively for S and S, data. Fig. 15 shows the results of the two velocity fields, S, (Fig. 15a)
and S, (Fig. 15b), obtained by first-break tomography, and the map of the S /S, distribution in
the same area (Fig. 15c). In general, large differences between V,, and V, can be related to
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velocities (from V,/V, = 1.73) and used as guide to pick the SH first break (red) for the travel time inversion.

the presence of anisotropic structures. This figure and the corresponding cross-plot of the two
parameters involved (V,, vs. V, ), highlights a prevailing ratio value greater than one, in particular

for the deeper parts of the investigated area.
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Fig. 16 - Scheme of a ray path associated with a diving wave, used in turning ray tomography applied to the first
arrivals. Red arrows indicate the particle motion of the horizontal component (S, ) of the S waves. Blue arrows indicate
the particle motion of the vertical component (S ) of the S waves.

From the geologic information (Buljan et al., 2006), the study area is characterised by a
Cenozoic/Eocene flysch covered by Quaternary sediments. The dominant larger S, than S,
velocities can be a reliable indicator of the geometry of the anisotropic structures. In fact, under
the hypothesis of weak anisotropy, following the 2D maps of Fig. 5, and considering the prevalent
horizontal direction of the diving ray paths involved in the deeper part of the investigated area
(Fig. 16), we can presume two possible scenarios for the orientation and dip of the buried
structures. In the first one, related to high anisotropy (e and g) and V,/V values (Figs. 5d, 5e),
we can estimate dip angles of the anisotropic layers (flysch) between 50 and 80°, while the strike
direction shows very low angles (< 10°). In the second scenario, high VSV/VSH values correspond
to both dip and strike angles greater than 50-60° and, since this ratio is generally greater than
1.1, we can also induce high values of € and y (Fig. 5e). However, because the geological map of
this area, published in Buljan et al. (2006), shows a prevalent E-W strike direction similar to that
of the seismic line considered in this work, with an associated dip angle greater than 70-80°, we
consider the second scenario more realistic for this area. Regarding the source of anisotropy, we
have no element to distinguish layering or fracturing in the flysch.

Whenever processing real data, we must take into account an important part concerning
uncertainties and ambiguities due to various aspects of inversion. In particular the errors
introduced by the human interpretation and capacity to elaborate the data (picking and choice of
the processing parameters), inaccuracy of the used codes (ray tracing and inversion algorithms),
and intrinsic errors in the instrumental parts (sources and geophones). The reliability of the
inversion is another important aspect to be considered, which is generally caused by how the
tomographic system (acquisition geometry, i.e. ray distribution, and model discretisation) is
posed with respect to the inversion. Ray coverage, time residuals analysis and null space map
can be useful tools to measure this property of the inversion. It is clear that also the estimate of
anisotropy is affected by all these uncertainties of the inversion.

Due to the complexity of this aspect, generally, it is not possible to quantify the errors that
we introduce in the inversion process. So, in some cases, it is better to evaluate and interpret the
results of the tomography by considering the qualitative viewpoint prevalent.
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6. Conclusions

We proposed a new method to estimate the anisotropy from the velocities of the S, and
the S, wavefields. Such method is based on a geometrical approach to compute the S- velocity
components that use the ray paths derived from the travel times tomography. Specifically, we
exploit the ratio of SV/SH velocity fields to estimate the orientation of the anisotropic layer (strike
and dip angles) using the relationship among the V, /V ratio, the ray segment direction, and the
magnitude of the anisotropy (y, €, and 6).

From this analysis, we conclude that, even though we cannot acquire unique information
about the orientation (dip and strike) of an anisotropic structure only from the VSV/VSH ratio,
we can obtain useful information about the structure of the anisotropic layer by using the ray
segments obtained from ray-based tomography, as well as considering some assumptions,
constraints, or geological knowledge.
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