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S  -WAVES AND SEISMIC ANISOTROPY

Gérard GRAU*

In some instances where P-wave records are of poor quality, 5-waves have been used in order 
to produce exploitable seismic sections. In most cases, 5-waves recording serves as a useful comple
ment to P-wave surveys for lithology studies or for the verification of gas bright spots. 5-wave 
seismology is able to yield more information about geological formations than P-waves alone 
because of the variety of 5-wave polarization effects that can be observed. Indications about rock 
fractures, a characteristic of great interest to oil production engineers, may be obtained by careful 
analysis of such effects. This paper is meant to be an introduction to the study of 5-, or transverse 
waves and of seismic anisotropy in in-situ sedimentary rocks, to their meaning and to their use for 
hydrocarbon prospecting. It aims at presenting a résumé of the main physical principles involved, 
of current seismic practice, and of research directions to be pursued.
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1. Introduction

The existence of body waves of two different types was predicted in early 
studies by Poisson, Green, Lamé and others. Later on, seismologists identified 
two of the main events visible on records from teleseisms as arrivals of these 
body waves. The particle displacement of the slower ones is shown to be 
perpendicular to the ray, hence their name of transverse waves, whereas the 
faster waves are described as longitudinal, the direction of their particle motion 
being oriented along the fay.

As will be seen later on, exploration geophysicists usually generate both 
types of waves even when they mean to produce and record only longitudinal 
vibrations. The seismic reflection method for investigating sedimentary basins 
is almost always described, and its data are interpreted in terms of longitudinal 
wave propagation only. The positive results oil explorationists have met with 
so far have been obtained in this manner. It is interesting however to examine 
what the properties of the transverse waves are and to describe what additional 
information can be derived from their observation. This paper is meant to be 
an introduction to such a study.

The subject matter is divided according to hypotheses of growing complex
ity regarding the elastic properties of the geological media in which the disturb
ance is to propagate. In this respect, I am following the usual course taken by 
books dealing with wave propagation: the more realistic the description of 
propagation in actual rocks, the more sophisticated and intricate the theory.
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A glossary will be found annexed to this paper. It is designed for the use 
of readers who might not be familiar with the technical terms of wave propaga
tion theory. A classified list of books and papers is also included for further 
reading. Against common practice and in order to simplify this paper, I have 
taken the liberty of not giving any references in the course of the text; a few 
references have, however been cited in relation to the figures. The reader is 
kindly invited to consult the bibliography depending on the subject matter 
involved.

2. Homogeneous, isotropic, elastic solids

Let us first examine the case of a solid material that would be homogene
ous, with isotropic properties, and that would be perfectly elastic. Even though 
geological formations exhibiting these properties would be very difficult to find, 
such hypotheses are convenient for study. Moreover, the theory yields a good 
approximation of a number of properties of real media as studied by exploration 
geophysicists. It is the basis for conventional descriptions of the seismic method.

As first shown by Poisson, theory indicates that body waves of two distinct 
kinds can propagate in an isotropic homogeneous elastic medium. One of these 
waves is such that the curl of the particle displacement vector is zero everywhere 
and at all times. This is the P-, irrotational or compressional wave. Elements 
of volume in the body do not undergo any rotation when waves of this type 
travel through them. The other one corresponds to a displacement vector that 
has a zero divergence. This is the 5-, equivoluminal or shear wave. Such 
disturbances do not involve any volume change, but only distortion of the 
elementary domains agitated by the passage of the wave (Fig. 1). Resistance 
to shearing stresses is the reason why the medium supports 5-wave propagation.

Theory further states that in an infinite isotropic homogeneous medium the 
two different waves travel without interference, because the general wave equation 
splits nicely into two independent wave equations, one for P- waves, one for 5- 
waves. In the presence of a boundary, however, waves of one type usually 
undergo conversion into waves of the other type : some /'-vibration energy can 
be transformed into 5-vibration energy or conversely. As a result, a wave 
incident on an interface separating two media usually generates two reflected 
and two transmitted waves, one of each type. The most notable exceptions 
correspond to cases where the dynamic equilibrium of the interface requires one 
reflected and one transmitted wave only. This occurs when the incident disturb
ance is either a plane P-wave at normal incidence, or a plane 5-wave with its 
particle motion parallel to the interface. In the latter case, the phenomenon is 
simply described by a wave equation similar to that for propagation in a fluid.

P- and 5-waves are polarized. The particle motion for homogeneous P- 
waves is perpendicular to wave surfaces (or wavefronts); that of 5-waves is 
contained in a plane tangent to such surfaces. As the direction of propagation 
of the energy -  the ray direction in the high-frequency approximation -  is
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Fig. I. Displacement for plane shear wave propagating in the x direction
A ) Displacement in the z direction
B) Displacement in the y  direction

Note that planes parallel to xOy move parallel to each other without ever altering their distance
• [after Auld 1973]

1. ábra. Részecske elmozdulás x-irányban terjedő sík S-hullámok esetén
A ) z-irányú elmozdulás
B) y-irányú elmozdulás

Megjegyezzük, hogy az xOy síkkal párhuzamos síkok egymással párhuzamosan mozognak 
anélkül, hogy a távolságukat megváltoztatnák [Auld 1973 nyomán]

Pue. 1. Смещение частиц при плоских поперечных волнах, распространяющихся
в направлении х

A ) Смещение в направлении z
B) Смещение в направлении у

Примечание: плоскости, параллельные плоскости хОу смещаются параллельно друг другу 
без изменения расстояний между ними [по A u l d  1973].

perpendicular to the surfaces with equal phase, P-wave movement is oriented 
along the ray and 5-wave movement perpendicular to it. In Fig. 2 suppose a 
wavefront (F) originating at (О) on a horizontal surface plane (H) is observed 
at subsurface point M. P- waves are polarized along ray OM. The particle 
displacement of 5- waves takes place in a plane tangent to (F) at point M. The
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Fig. 2. Particle motions for P- and 5-waves in an isotropic medium [after PolSkov et al. 1980]

2. ábra. Részecske elmozdulás P- és S-hullámokra izotróp közegben [PolSkov et al. 1980
nyomán]

Рис. 2. Движение частиц для продольных и поперечных волн в изотропной среде
[по PolSkov et al. 1980].

5-wave that has its particle motion contained in the vertical plane (V) of OP 
is called SV. The arrivals will be observed on vertical geophones and on 
horizontal geophones with their axis along Ox. The 5- wave with horizontal 
polarization (SH) has its motion oriented along M y’ normal to plane (V). It 
would be reflected without conversion on a plane such as (I) and the events 
would be best recorded on horizontal phones with their axis parallel to Oy. The 
best line orientation for SH-wave surveying is Ox with source and geophone 
polarization parallel to Oy. There is thus a great difference between P- and 
5-wave polarization. Particle motion of P-waves is rectilinear. On the contrary, 
the only constraint on 5-wave displacement is that the particle has to remain 
in a plane.

For practical purposes, a distinction is commonly made between 5-waves 
with different polarizations, by using their relationship with respect to the 
horizontal. An 5-wave with horizontal particle motion is called SH  (see Figs. 
2 and 3). If the movement occurs in the vertical plane of the ray, the wave is 
called SV. The medium being isotropic, all 5-waves, whether SH  or SV, or any 
transverse wave with intermediate polarization, travel with the same velocity. 
Such an ideal situation, as in Fig. 3, corresponds to tabular series of geological 
formations and to a low-velocity layer with very simple properties. In real cases, 
things may not be as clear-cut as on this figure [E n sley  1985].
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P SH SV

Fig. 3. A schematic drawing showing paths and polarization of P-. SH- and SK-waves. P- and 
SH-waves appear on vertical geophones and on geophones oriented along the line, SH -waves 

are detected only on geophones oriented normal to the line

3. ábra. Vázlat a P-. SH- és SK-hullámok útjáról és polarizációjáról. A P- és SK-hullámok 
a vertikális geofonokon és a vonal mentén irányított geofonokon jelennek meg, az S#-hullámok 

csak a vonalra merőleges irányítottságú geofonokon észlelhetők

Puc. 3. Схема пути и поляризации продольных и поляризованных поперечных волн. 
Продольные волны и поперечные, поляризованные в вертикальной плоскости, 
регистрируются вертикальными сейсмоприемниками и сейсмоприемниками, 

ориентированными вдоль профилей. Поперечные волны, поляризованные 
в горизонтальной плоскости, регистрируются лишь сейсмоприемниками, 

ориентированными вкрест профилям.

It is important to remember that the polarization of P- or 5-waves is 
defined at any one point with respect to the direction of the ray going through 
that point. An 5-wave arriving at a geophone at the surface is polarized 
horizontally if of the SH  type. If it is not SH, it has a non-zero vertical 
component. An 5F-wave arriving at a well geophone may very easily have a 
vertical component larger than the horizontal one. Similarly, a P-wave, as 
recorded by a sonde in a well, may appear to have greater amplitudes on the 
horizontal phones than on the vertical ones (Fig. 4). Hence the importance of 
referring 3-component measurements to a coordinate system tied to the direc
tion of arrival of the wave rather than to the horizontal plane.

There are several cases in which 5-wave generation can be obtained while 
performing seismic surveys:
— transverse waves with horizontal polarization are intentionally created by 

a surface source;
— or a conventional source, such as an underground explosion, emits mostly 

compressional-wave energy, but geophone-to-source offset is such that con
version from P to 5 occurs at subsurface interfaces;

— or, finally, a vertical surface source generates shear waves in non-vertical 
directions, the echoes of which, however weak they may be, are picked up 
by vertical geophones.
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MELL

Fig. 4. Horizontal and vertical components of P- and 
SV -waves arriving at a seismic sonde in a well

4. ábra. Fúrólyukban levő szeizmikus szondába érkező P- 
és SK-hullámok horizontális és vertikális komponense

Puc. 4. Горизонтальные и вертикальные компоненты 
волн, продольных и поперечных, поляризованных 

в вертикальной плоскости, поступающих 
в сейсмический зонд, помешенный в буровую 

скважину.

Generally speaking, it is difficult to create 5-waves with enough energy 
when surface materials are loose. When they are compact, the efficiency of 
surface sources is much higher. The intentional generation of SH -waves makes 
it possible to have these waves polarized in such a way that particle motion is 
parallel to the interfaces at the reflection points. If one is in the presence of 
two-dimensional structures, it is then possible to obtain simple 5-wave propaga
tion without any conversion throughout : 5-waves are transmitted and reflected 
as 5-waves, irrespective of the angle of incidence. In order to prevent wave 
conversion, 5-waves must be generated and recorded at the surface with polariza
tion parallel to the strike of the interfaces. Should the line be located in the vertical 
plane of the dip vector of the interfaces waves that have a horizontal polarization 
perpendicular to the line, are best recorded by geophones with a horizontal- 
directivity maximum oriented perpendicularly to the line. This is the basis for 
the 5tf-method which can be utilized in regions where all interfaces have the 
same strike. Unfortunately, two-dimensional structures are rare and SH  seismic 
results, although theoretically free from interference, may be polluted by P- 
waves and by 5-waves with non-horizontal polarization.

In the second case, if one has in mind the production of a / “-section, 
5-waves reaching the vertical geophones may be considered as a nuisance, and 
corresponding events as noise. But, with a view to using these waves, one may 
lay down horizontal geophones with their axes parallel to the line direction. One 
may thus register 5 V-waves resulting from a conversion at depth, and obtain 
at the same time both a P- and an 5-section. Horizontal geophones are sensitive 
to the horizontal component of 5F-waves and to the weak horizontal com
ponent of P-wave arrivals. The records obtained with vertical geophones will 
contain / “-reflections and the vertical component of 5 V arrivals. An appropriate 
CDP processing must be applied and the stacking must take into account the 
geometry of P-S (or S-P) rays. A difficulty lies in the fact that the suitable
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intertrace distances and the correct offsets are usually not the same for both 
types of waves. As 5-noise waves have shorter wavelengths, the horizontal 
geophone groups must be shorter and closer to each other. However, there are 
distinct advantages in the converted-wave method. Cost is of course lower. 
Static corrections are easier to obtain and more accurate, and resolution is often 
better. In Fig. 5 the paths from surface point A to surface point В are notably 
different for 5-5 waves and for P-S waves. Layer 2 is assumed to be biréfringent 
(see below). On the 5-5 path, wave splitting occurs twice, the arrivals are 
complicated and the source of the phenomenon is not easily localized. When 
using converted waves, any observed wave splitting has to have taken place on 
the 5-branch only and the corresponding arrival is more simply analysed [after 
G a r o t t a  and M a r é c h a l  1987].

A В

Fig. 5. Geometry for S -S  and P -S  travel paths
For simplicity, the figure has been drawn with horizontal interfaces and only the paths that give 

rise to reflections on the lowest interface have been represented

5. ábra. A sugárút geometriája S-S  és P -S  hullámra.
Egyszerűség kedvéért az ábrát vízszintes határfelületekkel rajzoltuk, és csak a legalsó 

határfelületen reflexiókat keltő sugarakat tüntettük fel

Puc. 5. Геометрия пути лучей для поперечно-поперечных и продольно-поперечных волн.
Для простоты изображены горизонтальные поверхности раздела и лишь лучи, 

вызывающие отражения на самой нижней из поверхностей.

The third case is of rather minor importance since it corresponds to 
transverse wave energy that is sent into the ground at slanting angles. The 
echoes produced are therefore to be observed only at high offsets.

Whether the relatively cheap method using converted waves or the more 
expensive one of generating and recording 5Я-waves is used, 5-wave energy has 
to propagate through the low velocity layer. In this medium, 5-waves travel very 
slowly. Their velocity may sometimes be as low as only a few hundred metres 
per second. The static corrections are therefore very large and known only with 
relatively poor accuracy. Furthermore the LVL, as seen by 5-waves, is often 
thicker than for P-waves, since 5-waves are not influenced very much by the 
water table. It follows that 5-statics generally cannot be deduced from P-statics. 
As a result, the resolution of CDP stacks from 5-wave surveys is often deficient.
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Another reason for the lack of resolution is that energy absorption, and the loss 
of high frequencies that follows from it, are usually larger for 5- than for 
P-waves. This goes against one of the theoretical benefits one could hope to find 
by working with 5-waves, namely the possibility of taking advantage of their 
shorter wavelengths. Only when shooting in a well and recording in another well, 
can one hope to increase resolution significantly by using 5-waves. Generally, 
the noise is stronger on 5-wave surveys because of the presence of Love waves. 
It is also more difficult to discriminate against by means of wavenumber and 
velocity filters. All these particular features make 5-wave field operations and 
processing rather delicate and expensive.

Some time ago, 5Я-waves were generated by successively shooting two 
rows of buried charges separated by a narrow patch of softened soil. With such 
an arrangement, both emissions generate P- and 5-waves, but the polarization 
of the 5tf-component depends on the location of the row that is being detonated 
with respect to the soft patch. Subtraction of the seismograms obtained does 
away with P-waves and reinforces 5Я-waves. Most often now, industrial sur
veys are conducted with horizontal vibrators, although arrangements of proper
ly phased vertical vibrators have been proposed. Horizontal hammers were also 
developed for the generation of 5Я-waves (see a comparison of results in Fig. 6). 
Some of the well sources now being prepared will deliver a large proportion of 
their acoustic energy as 5-waves.

One may ask: why take pains to do 5-wave surveys when one so easily 
obtains P-wave sections? In some rare instances, it is possible to obtain good- 
quality 5-wave records in areas where P-wave data are rather poor. This may 
occur where outcrops of high-velocity rocks are present and this may be of great 
importance because of the useful subsurface information thus provided, which 
could not have been obtained from P-wave surveys.

But then, why spend money conducting additional surveys with special 
sources and geophones and performing extra processing in areas where P-wave 
records are already of a satisfactory quality? One answer is that the observation 
of 5-wave reflections and of their lateral variations, together with the knowledge 
of 5-wave velocities, can provide enhanced resolution and bring forth additional 
information about rocks and their fluids. In favourable instances, the elastic 
coefficients of the formation can be estimated. Moreover, it will be seen further 
on that 5-waves are a particularly well suited tool for the study of rock ani
sotropy.

The velocity Vs of 5-wave propagation in an isotropic solid is always 
smaller than VP, that of P-waves. The factor y = VS/VP is a decreasing function 
of Poisson’s ratio. There is therefore some degree of correspondence between 
y values and the lithological nature of the rock: when lower than 0.5, they 
correspond to poorly consolidated water-saturated rocks or to clays. Values 
between 0.50 and 0.55 indicate the presence of carbonates. Sandstones have y’s 
ranging from 0.57 to 0.65. When saturated with gas, rocks may have y values 
10 to 20 per cent higher than these. In an unconsolidated formation such as the 
low-velocity surface layer, y can reach values as low as 0.15. On the other hand,
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Fig. 6. A comparison of results obtained with three different ways of generating SH -waves
[Edelmann and Schmoll 1983]

A) Horizontal hammer, 8-fold vertical stack, 1200% horizontal stack
B) Buried charges, 2-fold vertical stack 200 to 1400% horizontal stack

C) Phased vertical vibrators, 16-fold vertical stack, 3000% horizontal stack

6. ábra. Három különböző ,S7/-huHámgerjesztéssel nyert eredmény összehasonlítása 
[Edelmann és Schmoll 1983]

A) Vízszintes kalapács, 8-szoros vertikális, 1200% horizontális összegzés
B) Betemetett töltet, 2-szercs vertikális, 200%-tól 1400%-ig terjedő horizontális összegzés

C) Fázisban eltolt vertikális vibrátorok, 16-szoros vertikális, 3000% horizontális összegzés

Puc. 6. Сопоставление результатов по трем различным способам возбуждения поперечных
волн, поляризованных в горизонтальной плоскости [по Edelmann-S chmoll 1983].

А) Горизонтальный молот, вертикальное суммирование — восьмикратное, 
горизонтальное 1200%

В) Засыпанный заряд, вертикальное суммирование — двухкратное, горизонтальное — от
200 до 1400%

C) Вертикальные вибраторы, сдвинутые по фазе, вертикальное суммирование —
шестнадцатикратное, горизонтальное — 3000%.

in compact rocks such as are considered in earthquake seismology, у is close to 
0.58, or 1/1/3, the value that corresponds to solids with equal Lamé constants, 
or a Poisson’s ratio of 1/4. In Fig. 7 both VP/VS and VS/VP ratios are plotted 
versus porosity in consolidated rocks. For a given porosity, the range of vari
ations of VPI Vs is large enough for this ratio to be a good indicator of the nature 
of the fluid.

As said above, a theoretical advantage of 5-wave surveys is that the 
wavelengths ought to be shorter than those of / ’-waves. 5-wavelengths can be 
smaller than those of P-waves only if у multiplied by the ratio of the correspond
ing frequencies, f P/fs, is smaller than 1. In such a case, resolution is higher on 
the 5-wave section. This may happen mostly when у <0.5. However, as men
tioned above, the higher attenuation of transverse waves usually makes it 
difficult to obtain the same spectrum as commonly observed with P-waves and, 
consequently, no increase in subsurface resolution can be procured.

Lithological studies make use of pseudo-logs of the у coefficient. The 
correspondence between у values and formation characteristics is useful for the
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detection of lateral changes of facies, or of fluid content, in a layer. If no well 
survey is available, common practice is to determine a y, coefficient, the ratio 
of the time differences between top and bottom horizons of the layer on P- and 
5-wave records. This y, is equal to yv = Vs/ VP if the medium is isotropic.

Fig. 7. VPjVs (or Vs/Ур)  ratio as a function of 
porosity in consolidated rocks [Gregory 1976].

7. ábra. Vp/Vs (vagy VS/V P) hányadosok 
a porozitás függvényében, konszolidált 

kőzetekben [Gregory 1976]

Рис. 7. Отношения скоростей продольных 
и поперечных волн как функция пористости 

в консолидированных породах 
[по Gregory 1976].

Some difficulty is usually experienced when attempting to estimate y, since 
one has to determine VP and Vs in the same layer. Indeed, the reflections visible 
on P- and 5-wave records may not be due to the same geological interfaces and 
the layers may not be defined in the same manner on both sections. If the 
interpreter has a VSP at his disposal, then he knows where the seismic P- and 
5-events have originated from and the identification of corresponding P- and 
5-reflections is greatly facilitated. Otherwise, he would have to rely on visual 
correlations. These are easy in structured regions but may be impossible where 
the formations are tabular. In areas where velocity anisotropy is high, different 
у factors have to be considered depending on which 5-wave velocity is being 
taken into account.

As the propagation of transverse waves depends on the material being able 
to store shear elastic energy, 5-wave propagation velocity is only slightly af
fected by the fluid content of the rock, which does not contribute to the shear 
strength. Hence the use of 5-wave surveys as a complement for the interpreta
tion of P-wave sections. Should a reflection-coefficient anomaly, a bright or flat 
spot, be observed on conventional P-wave data, a question that immediately 
arises is whether this anomaly is due to a variation of rock-matrix properties 
or to a variation of the fluid that is contained in its pores. If the anomaly is 
present on both P- and 5-wave sections, then it is highly probable that the rock 
itself (its facies or its porosity) can be incriminated (Fig. 8). If it is present on 
the P-wave records and does not show on the 5-wave section, the nature of the 
fluid, or its variations, may be held responsible for the effect and the presence 
of gas can legitimately be inferred (Fig. 9).

Another application of 5-wave measurements in connection with P-wave 
observations consists in estimating the elastic properties of rock massifs. In
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COMPRESSIONAL SHEAR (SH)

Fig. 8. 2400% stacks of P- and SH-wave reflections generated by the buried charges method. 
Average velocity ratio is of the order of 0.5. A dolomite pod gives similar seismic expressions on 

the P-wave section at 1.75 s and on the S-wave section at 3.2 s [Garotta 1978]

8. ábra. Betemetett töltet eljárással mért P- és SW-hullám reflexiós szelvény 2400% összegzéssel. 
Az átlagos gerjesztett sebességhányados 0,5 körüli. Egy dolomit lencse a Я-hullám szelvényen 

1,75 s-nál, az S-hullám szelvényen 3,2 s-nál hasonló szeizmikus képet ad [Garotta 1978]

Puc. 8. Разрез по методу отраженных волн с засыпанным зарядом по продольным 
и поперечным, поляризованным в горизонтальной плоскости, волнам, суммирование - 
2400%. Среднее отношение возбужденных скоростей около 0,5. Линза доломитов при 
1,75 с на разрезе продольных волн и при 3,2 с на разрезе поперечных волн дает сходную 

сейсмическую картину [Garotta 1978].

cases where tomographic studies make it possible to determine P- and 5-wave 
velocities in some volume of material, a good estimate can be made of the elastic 
coefficients, and particularly of the Poisson’s ratio of the material. Clearly, when 
modern inversion techniques are ready to be used industrially, these methods 
will be able to provide a detailed description of the distribution of elastic 
coefficients and of density.

VSP’s are often run with 3-component sondes and P- and 5-wave surface 
sources at a marginal additional cost. Present industrial practice, however, is 
not much in favour of conducting 5-wave surface surveys, for exploration 
managers often do not expect benefits worth the trouble and the expense. 
Nevertheless, it will be seen that 5-waves can be used to detect some characteris
tics of rock anisotropy which, in turn, may be diagnostic of properties of great 
utility to reservoir engineers. The recognition of this possibility may stimulate 
the interest of oil explorationists.

The simplicity of analysing propagation characteristics in a homogeneous, 
isotropic, elastic solid must be considered as the result of a simplification that 
is usually made for the sake of easier theorizing, for natural solids are neither 
completely homogeneous nor really isotropic, and they have some degree of 
anelasticity. In the following chapter we are going to consider more realistic 
hypotheses and are going to dwell for some time on the problem of anisotropy.
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Fig. 9. Gas bright spots. The amplitude anomalies visible in locations A and В on the P-wave 
section do not show on the 5-wave section. The A bright spot was proven to be due to the 

presence of gas [Audet et al. 1981] 
a) P-wave section; b) SH-wave section

9. ábra. Gáztelepek által okozott fényes foltok. A P-hullám szelvényen az A és В pontban 
látható amplitúdó anomáliák nem jelentkeznek az 5-hullám szelvényen. Utólag beigazolódott, 

hogy az A pontbeli fényes folt gázt jelez [Audet et al. 1981] 
a) / ’-hullám szelvény; b) S//-hullám szelvény

Puc. 9. Светлые пятны, вызываемые наличием газовых залежей. На разрезе продольных 
волн в точках А и В видны аномалии амплитуд, не проявляющиеся на разрезе 

поперечных волн. Впоследствии было подтверждено, что светлое пятно в пункте 
А связано с газовой залежью [Audet et al. 1981]. 

а) Разрез по продольным волнам; Ь) Разрез по поперечным волнам, поляризованным
в горизонтальной плоскости.
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3. Anelastic, homogeneous, isotropie media

Anelastic media absorb some of the energy from the waves and transform 
it into heat. Suppose an anelastic wedge (2) is comprised between two 
elastic media (1) and (3) (Fig. 10). A plane wave with constant amplitude 
along its wave surfaces is assumed to travel in medium (1) and to reach interface 
(/12) with normal incidence. In (1), surfaces with constant amplitude are planes 
parallel to tpx, a constant-phase surface. In (2), they are also parallel to <pr. When 
arriving in medium (3), the wave amplitude is smaller on ray A A' than on ray 
BB'. Constant-amplitude surfaces in medium (3) are perpendicular to <рг a 
constant-phase surface in that medium. In other words, constant-phase surfaces 
are not parallel to constant-amplitude surfaces. In the general case, when the 
wave crosses an interface, constant-amplitude surfaces are refracted according 
to a generalization of Snell’s law.

Fig. 10. Attenuating-wedge effect. For legend see text

10. ábra. Csillapító ékhatás. Jelmagyarázatokat lásd 
a szövegben

Puc. 10. Затухание под блиянием клина. Условные 
обозначения -  см. в тексте

It has been shown that the particle motion for such waves is usually 
elliptical. Since P- and 5-waves are elliptically polarized, they are no longer 
either purely longitudinal or purely transverse. In most instances however, the 
ellipticity of particle trajectories that theory can forecast from such a cause is 
rather small and it would seem that anelasticity alone cannot explain the rather 
round shape of many of the particle trajectories actually observed.

Attenuation of 5-waves may exhibit some degree of correlation with litho
logy or with rock fracturing. As the estimation of attenuation in thin layers is 
extremely difficult, applications are rare.

4. Heterogeneous, isotropic, elastic solids

When the properties of the medium cannot be considered to be constant 
within a wavelength, the equation of motion can no longer be separated into 
two simpler wave equations. The material does not support independent P- and 
5-waves. Both kinds of disturbance cannot travel to and fro without interacting.
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For a given degree of heterogeneity, the effect is of course more pronounced 
for the high-frequency components of the spectrum. In view of the complexity 
of the theoretical analysis, the heterogeneity of density and of elastic properties 
is generally ignored when interpreting seismic results and geological media are 
commonly considered to be made up of a juxtaposition of homogeneous ones. 
Clearly, neglecting heterogeneity has not been too detrimental to prospecting 
in the past. Nevertheless, when detailed and accurate simulation of wave 
propagation is needed in order to invert seismic data, the effect may have to be 
taken into account.

5. Anisotropic, homogeneous, elastic solids

Most geological formations are anisotropic with regard to their elastic 
properties. The study of seismic wave propagation in such media is therefore 
of great significance, be it only for the sake of obtaining exact depths to the 
reflectors — a major requirement for seismic prospecting. Other possible ap
plications deal with lithological or rock fracture studies. Causes for anisotropy 
of sedimentary rocks may be the following:
— deposition of clastic sediments with a preferred orientation in the Earth’s 

gravity field (probably not a prominent cause),
— stress (not a very important cause either),
— deposition in estuaries and in sedimentary fans with channels and bars,
— compaction of formations with the frequent occurrence of stylolites,
— fine layering of sediments of different natures,
— and, finally, the presence of oriented joints or cracks of various sizes which 

the stresses may maintain gaping open and filled with water.
Orders of magnitude for the velocity anisotropy (the ratio of horizontal to 
vertical velocity) may vary substantially from point to point. However, values 
generally observed are in the range of 1.05 to 1.15 for P-waves and 1.10 to 1.50 
for S-waves. An example of experimental results is shown in Figure 11.

At any point in an elastic medium and at any time, Hooke’s law states that 
the stress-strain relationship is linear. The proportionality coefficients constitute 
a fourth-order tensor, the elasticity tensor. Out of its 81 components, at most 21 are 
independent because of the symmetry of the strain and stress tensors on one 
hand, and of thermodynamic considerations on the other hand. Moreover, 
anisotropic rock formations may possess some symmetries. This means that, at 
a given point, directions that are symmetrical with respect to a symmetry plane 
or to a symmetry axis are equivalent as far as elastic behaviour and wave 
propagation are concerned. In such a case, the number of independent elastic 
coefficients required to describe the medium is reduced and is therefore smaller 
than 21.

The most drastic simplification is that which results from isotropy. The 
properties of the material being the same in all directions, all planes are sym
metry planes and the elastic coefficients do not depend on the system of coor
dinates chosen. Therefore, the wave-propagation equation must have a vectorial
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Fig. 11. P-, SH- and SF-velocities obtained from borehole measurements in terrigenous and 
carbonate sequences. Left column from terrigenous, mostly clayey series; right column from 

carbonate series. Observations were made along the strike of the formation. SH -waves exhibit 
an elliptic velocity characteristic [Brodov et al. 1984]

11. ábra. Fúrólyuk mérésekből nyert P-, SH- és SF-sebességek szárazföldi és karbonátos 
összletben. A bal oldali oszlop szárazföldi, többnyire agyagos sorozatból, a jobb oldali 

karbonátos sorozatból való. A megfigyeléseket a formáció csapásiránya mentén végezték. Az 
SW-hullámok elliptikus sebesség karakterisztikájúak [Brodov et al. 1984]

Рис. 11. Скорости волн продольных и поперечных, поляризованных в горизонтальной 
и вертикальной плоскостях, полученные в терригенной и карбонатной толщах по 

скважинным измерениям. В левом столбце приведены результаты по терригенной, 
существенно глинистой толще, а в правом — по карбонатной. Измерения проводились по 

простиранию толщи. Поперечные волны, поляризованные в горизонтальной плоскости, 
обладают эллиптической характеристикой скоростей [по Brodov et al. 1984].
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nature. As stresses depend on the spatial second derivatives of the displacement 
vector, the equation has to involve only those second derivative operators that 
are vectors. Mathematics teaches us that only two of them are independent. If 
we use the gradient of the divergence and the Laplacian, we obtain the conven
tional equation for elastodynamics. Expressing the displacement vector in terms 
of Helmholtz potentials, the particle motion field can be shown to split into 
divergence-free and irrotational components. Each of these corresponds to a 
wave which can travel in a boundless medium independently of the other, and 
with a different velocity. This is another way of saying that isotropic materials 
have only two independent elastic coefficients.

Fine layering with horizontal bedding is such that any vertical line is a 
symmetry axis, any vertical plane is a symmetry plane. The elastic properties 
are the same in all azimuths and wave-propagation velocity at any point 
depends only on the angle of the ray through that point with the axis of 
symmetry. If the beds are thin with respect to wavelength, the stratified forma
tion can be considered as made up of a single homogeneous and anisotropic 
material, even if the individual beds are isotropic by themselves. This equivalent 
medium is described as transversely isotropic because it behaves as if it were 
isotropic in directions perpendicular to a symmetry axis. This type of anisotropy 
has been called a polar one. It involves only five independent elastic coefficients 
which can be computed, given the elastic coefficients of the materials constitut
ing the individual beds and some statistics concerning their thicknesses. It must 
be noticed here that extremely few experimenters have succeeded in measuring 
all five coefficients of natural formations in situ, because of the difficulty of 
gathering enough independent measurements.

The criterion about the possibility of replacing a succession of isotropic 
layers by an equivalent homogeneous anisotropic medium depends on seismic 
wavelengths being substantially larger than the thickness of the individual 
layers. Therefore, it will often happen that this equivalence will be justified for 
seismic surveys but will break down for acoustic well-logging. In some cases, 
a layered medium may even look like a transversely isotropic medium for the 
long-wavelength part of the spectrum of a disturbance and, for its shorter 
wavelengths, like a succession of isotropic layers.

If a medium contains a large number of fluid-filled parallel cracks with 
small dimensions, we again have a transversely isotropic medium. Any straight 
line perpendicular to the cracks is an axis of symmetry and any plane containing 
such an axis is a symmetry plane. The elastic properties are the same in all 
directions contained in a plane parallel to the cracks. If the microcracks are 
vertical, rock properties vary with the azimuth and the corresponding anisotropy 
is said to be azimuthal. An example of mis-ties of SH-wave reflections obtained 
in different azimuths is shown in Fig. 12. Shear velocity is lower in east-west 
direction than north-south. This anisotropy appears to be related to an east- 
west fracture set which was recognized in outcrops [L y n n  and T hom sen  1986]*.
* Note, however, that azimuthal anisotropy can result also from other causes than the presence of 

microcracks.
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Fig. 12. Azimuthal anisotropy
a) Two P-wave time sections showing that the sections tie at the intersection point 
b) Intersection of 5-wave time sections with mis-ties growing with reflection time

12. ábra. Azimut anizotrópia
a) Két P-hullám időszelvény, a metszéspontban jól korreláló reflexiókkal 

b) 5-hullám időszelvények kereszteződése, a reflexiós idővel növekszik a korrelációs hiba

Puc. 12. Анизотропия азимутов
а) Два разреза продольных волн с отражениями, легко скоррелируемыми в точке

пересечения профилей
Ь) Пересечение временных разрезов поперечных волн; с увеличением времени отражения

возрастает ошибка корреляции.

The behaviour of such media is again fully described when five independent 
elastic coefficients are given.

Suppose now that a finely-layered medium is affected by the presence of 
parallel liquid-filled microcracks, then the symmetry is drastically reduced. If 
the cracks are perpendicular to the bedding, the anisotropy of the formation is 
of orthorhombic symmetry with nine independent coefficients. Should the 
cracks still be parallel but not be perpendicular to the layers, then we would 
observe the symmetry of monoclinic crystals. Such models may not be extremely 
exact but they can be expected to describe reality locally to a reasonable degree 
of approximation.

Theory shows the main features of wave propagation in anisotropic media 
to be the following:
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1. For each direction of space, there can exist three plane body waves propagat
ing with different velocities and different linear polarizations. This results 
from the fact that wave velocities and polarizations for a given propagation 
direction can be shown to be the eigenvalues and eigenvectors, respectively, 
of a 3 X 3 matrix, the Christoffel matrix. In each phase-propagation direction, 
the medium allows particles to oscillate only along three directions. These 
three polarizations are orthogonal to each other (Fig. 13) and depend ex
clusively on the direction in which the wave is travelling, or more exactly, on 
the orientation of this direction with respect to the symmetry planes of the 
medium. One polarization is generally close to the direction of phase- 
propagation: it corresponds to a quasi-longitudinal vibration. The other two 
are usually quasi-transverse. Only in special directions can the waves be purely 
longitudinal or purely transverse. As a rule, the three waves with orthogonal 
polarizations that can travel in a given direction do so with different veloci
ties. In an infinite medium, if excited simultaneously, they will propagate 
independently of each other, a coupling between them being possible only at 
boundaries. At an interface separating two anisotropic media, an incidem 
wave usually generates three reflected waves (one quasi-longitudinal and two 
quasi-transverse) and three transmitted waves (again one quasi-longitudinal 
and two quasi-transverse).

Fig. 13. Three plane waves with orthogonal particle-displacement polarizations correspond to 
a given phase-propagation direction (£>); qP is a quasi longitudinal wave, the two qS waves are

quasi transverse

13. ábra. Három síkhullám, ortogonális részecske-elmozdulás polarizációval, az adott (D) fázis 
terjedési iránynak megfelelően. A qP hullám kvázi longitudinális, a két qS hullám kvázi

transzverzális

Puc. 13. Три плоские волны с ортогональной поляризацией смешения частиц 
в соответствии с направлением распространения данной фазы (£>). Волна qP является 

квази-продольной, а две волны qS — квази-поперечными.

2. The direction of energy propagation for a given wave does not usually 
coincide with the normal to surfaces with constant phase. One must therefore 
make a distinction between the direction of propagation of the energy and 
that of the phase (Fig. 14). The plane-wave surface (IV) is tangential to (5)
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the locus of all points reached at the same time from point O. Ray OM is a 
segment of a straight line since the medium is homogeneous. Energy-propaga
tion velocity is directed along the ray. Phase-propagation velocity is parallel 
to the normal (N) to the wave surface at M. Phase-propagation vector P is 
the projection of energy-propagation vector Pe on a direction parallel to N. The 
energy velocity (which is often called group velocity) and the phase velocity 
are in general different and, as a result, the rays usually are not normal to the 
surfaces with constant phase. Reflection and transmission are governed by 
Snell’s law (Fig. 15). Equilibrium conditions for interface (I) between two 
media (1) and (2) require the wavenumber vectors of all seven waves to be 
coplanar with the normal at the point of incidence M  and to have equal 
projections on (Г).
Given the velocity of the incident wave (here, a P-wave) and the distributions 
of S- and P-velocities as a function of orientation around point M, the 
phase-propagation directions of the three reflected waves and of the three 
refracted waves are found. Then the anisotropy properties of media (1) and 
(2) determine the polarizations.

Fig. 14. Phase and energy velocities for a plane 
wave in a homogeneous, anisotropic solid

14. ábra. Fázis- és energia sebességek síkhullámra 
homogén, anizotrop közegben

Puc. 14. Скорости фаз и энергий плоской волны 
в анизотропной среде.

Fig. 15. Snell’s law for anisotropic media

15. ábra. A Snellius-Descartes törvény 
anizotrop közegben

Рис. 15. Закон Снеллия-Декарта 
в анизотропной среде.
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3. The phase velocity of longitudinal or quasi-longitudinal waves is usually 
larger than that of transverse or quasi-transverse waves. There is no theoreti
cal reason why it should always be so and, as a matter of fact, crystals are 
known where there is a direction in which one of the quasi-transverse waves 
may travel faster than the other two possible waves. In a transversely isotropic 
medium, the 5-wave velocity in a plane perpendicular to the symmetry axis 
is commonly larger than in other directions, but evidence to the contrary has 
been reported.

4. Energy-velocity surfaces may have cusps. This may be the source of anom
alies in the amplitude distribution of seismic events arriving at neighbouring 
points, especially when the wavefronts are curved.

Point 1 shows how different wave propagation in anisotropic media is from 
that in isotropic ones. We have seen that transverse body waves could propagate 
in isotropic materials with an infinite number of polarization directions, all of 
them lying in a plane tangent to the wave surface. In general, this is no longer 
the case in anisotropic media since only two orientations of the particle displace
ment vector are admissible for quasi-transverse waves. As these polarizations 
are determined by the medium, given the phase-propagation direction, a careful 
study of the quasi-transverse waves can provide precious indications concerning 
the anisotropy properties of the material. On the contrary, quasi P-waves’ polariza
tion is usually quite close to the ray direction and cannot convey much information.

An important exception to the foregoing must be noted, however, when 
propagation occurs along a symmetry axis or in a symmetry plane of a trans
versely isotropic medium. Assuming that the direction of phase propagation is 
oriented along a vertical symmetry axis, then a pure P-wave can exist, i.e. a wave 
vith purely longitudinal particle movement. 5-waves, if excited, will therefore 
have horizontal polarizations: they are purely transverse. Because of the sym
metry around the axis, their displacement vectors are oriented in any arbitrary 
horizontal direction and their propagation velocities do not depend on azimuth. 
If the transverse isotropy in question is caused by layering, then the velocity of 
these 5Я-waves is a simple function of the 5-wave velocities of the individual 
beds.

Suppose now that a plane wave propagates in a direction contained in a 
symmetry plane. Any polarization direction must either be contained in the 
plane or perpendicular to it. It follows that the displacement of the quasi
longitudinal perturbation takes place in the symmetry plane. One quasi-trans
verse wave may propagate in the same direction with its polarization in the 
plane. One purely transverse wave is also possible with its displacement vector 
perpendicular to the symmetry plane. In Fig. 16 the medium is symbolically 
represented by its lower part, but it is assumed to be of infinite extent and 
homogeneous. The parallel planes depict either interfaces between thin beds or 
planes parallel to fluid-filled microcracks. At point M, axis (A) is a symmetry 
axis. Assume (У) is the direction of phase propagation for a plane wave. One 
of the 5-waves that is allowed to propagate will be polarized in the plane of 
incidence (# ,)  which contains (/) and (A): it is a quasi 5-wave. The other one
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will have its particle motion normal to the plane of incidence : it is a pure 5-wave 
polarized in plane (Я2) perpendicular to (Я ^. There is therefore always a pure 
5-wave polarization parallel to the bedding or to the microcracks.

(A)

Fig. 16. The two legitimate S-waves in 
a transversely isotropic medium

16. ábra. A két szabályos S-hullám 
transzverzálisán izotróp közegben

Puc. 16. Две правильные попречные волны 
в попречноизотропной среде

Should we be in the presence of a stack of finely stratified horizontal beds, 
the symmetry axis would be vertical. Any vertical plane would be a symmetry 
plane. Therefore, the plane which contains the phase-propagation direction of 
a plane wave and the axis is such a symmetry plane. A plane wave can either 
be a quasi P-wave or a quasi 5F-wave with particle motion in the plane or a 
pure SH-wave with displacement normal to the plane. Upon reflection on and 
transmission through horizontal interfaces, the first two will be coupled, where
as the 5#-wave will behave independently. If the phase-propagation direction 
lies along axis (A), then both 5-waves are pure and they travel with identical 
velocities.

Assume now that we have a rock massif with vertical, liquid-filled, parallel 
microcracks. The symmetry axis is horizontal. Any plane containing it is a 
symmetry plane. In particular, the incidence plane defined by the phase- 
propagation direction of the wave and the axis is a symmetry plane. A pure 
5-wave can propagate in the given direction with polarization perpendicular to 
the plane. The particle motion is therefore normal to the axis and it takes place 
in a plane parallel to the microcracks. If the incidence plane is vertical, and only 
in this case, the pure 5-wave is an SH-wave with its particle motion vector 
parallel to the strike of the cracks. The other 5-wave will then be a quasi 
5F-wave vibrating in the vertical plane.

These considerations show that a careful study of 5-wave polarization may 
be able to yield interesting information, especially when the phase-propagation 
direction is not too distant from a symmetry axis. Three-component geophones 
should be used systematically for such investigations and it would be advan
tageous to generate the disturbances by means of a source with controlled 
emission orientation. One should not minimize, however, the great difficulty of 
such polarization studies. Let us mention only some of the effects that will
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constitute obstacles and will have to be compensated for: possible inhomo
geneity of the rock massif, presence of other anisotropic formations, variable 
or inefficient coupling of well seismic sondes, influence of both surface layer and 
free surface. Many research problems will have to be attacked in this domain. 
One of the most difficult ones will be that of finding ways of transforming 
surface records for easy comparison with well records.

Detailed resolution of a practical reservoir engineering survey would call 
for a very elaborate analysis of propagation characteristics in and near the layers 
of interest. Amplitude-versus-offset studies, which are commonly performed in 
order to determine the nature of the fluid in rock pores, would certainly benefit 
from interpreters taking into consideration the directions of wave-propagation 
and of polarization. As always, lateral variations of seismic propagation proper
ties may be much easier to detect and to quantify than the actual properties.

When arriving in a transversely-isotropic medium, a transverse vibration 
with an arbitrary polarization direction generates the two orthogonally- 
polarized quasi 5-waves that fit the propagation direction: wave-splitting oc
curs. This is the seismic equivalent of optical birefringence. It can be observed only 
with 5- or quasi 5-waves. A condition for the phenomenon to take place is for 
the phase-propagation direction in the anisotropic medium not to lie along a 
symmetry axis, that is to say not to be normal to bedding in a finely stratified 
formation, or to microcrack faces in a cracked medium. The two waves thus 
created usually travel with different velocities. For instance, a shear wave with 
polarization parallel to fluid-filled cracks will travel faster than a wave with its 
polarization oblique to them. The maximum magnitude of the effect is of the 
order of a few per cent. Since the pulses have the same shape, accurate deter
mination of their arrival-time difference can be attempted by the use of some 
correlation algorithm.

A detailed study of shear-wave splitting can provide interesting informa
tion on the preferential directions which characterize the structure of a layer in 
particular on the distribution of natural fluid-filled microcracks, should they all 
be oriented in the same way in a large volume of rock, and possibly also about 
the density of such cracks. Such an investigation can lead to the detection of 
fractured reservoirs and to the estimation of the most probable direction for the 
creation of a fracture by a hydrofracturing operation. The differential-time 
method is particularly elegant. It does not make it necessary to actually invert 
the data and to estimate all the elastic coefficients as would be required in order 
to get a complete understanding of the anisotropy of the formation. However, 
it can be expected to give good results only in the most favourable cases, i.e. 
when the anisotropy is simple enough and is restricted to the reservoir itself. 
Analysing more complicated situations would most probably require extensive 
mathematical simulations of wave propagation. It would then be difficult to find 
numerical values with which to feed the computer.

Shear-wave splitting is a very plausible cause for the ellipticity or pseudo- 
ellipticity observed on particle trajectories, at least when the time lag between 
the two 5-waves is short enough, with respect to period, to allow them to interfere
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(Fig. 17). Correcting this effect by an appropriate deconvolution would en
hance deep reflections. It has also been shown that a rotation of the data 
obtained with multicomponent geophones and multiorientation sources can 
improve overall quality because this is equivalent to recording in the preferred 
directions of the medium. Results of such a processing are shown in Fig. 18. 
Splitting effects disappear, interferences have been minimized, correlations are 
easy, and the characteristic mis-ties of events appear clearly [A l f o r d  1986].
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Fig. 17. Synthetic and observed horizontal hodographs of particle displacements. The 
particle-motion patterns correspond to measurements in well (depth scale at left) of waves 

generated at various surface points, S0, S lt S 2 and S3, the latter being located the farthest away 
from the wellhead. The hodographs in boxes are the result of numerical simulation. Bars 

beneath patterns indicate vibration orientation [Crampin et al. 1986]

17. ábra. Részecske elmozdulások szintetikus és észlelt vízszintes trajektóriái. A részecske 
elmozdulás ábrák fúrólyukban végzett mérésekből származnak (mélységskála bal oldalt) 
különböző S0, 5 ,. S2 és S3 felszíni pontban generált hullámok esetén (a legutolsó van 

legtávolabb a fúrólyuktól). A bekeretezett trajektóriák numerikus szimuláció eredményei.
A minták alatti vonalak a vibrátor irányítottságát jelzik [Crampin et al. 1986]

Рис. 17. Синтетические в наблюденные горизонтальные траектории перемещений частиц. 
Примеры перемещения частиц взяты по скважинным измерениям (шкала глубин — слева) 

волн, возбужденных в различных точках S0, S ,, S2 и S3 дневной поверхности (из них 
дальше всего от скважины находится последняя). Траектории, обведенные рамками, 

получены в результате цифровой симуляции. Линии под примерами обозначают 
ориентировку вибратора [по Crampin et al. 1986].
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Fig. 18. Compensation of 5-wave splitting effect
a) Time sections with different vibrator and geophone orientations. Left column shows in-line 

source, right column crossline vibrator orientation. Upper row displays in-line geophones, 
bottom row corresponds to geophones with crossline orientation. Signal-to-noise ratios are

higher when orientations of source and receivers are perpendicular 
b) Time sections obtained after mathematical rotation of data so as to be parallel or 
perpendicular to the symmetry axis direction of the azimuthally anisotropic medium

[Alford 1986]
18. ábra. Az S-hullám hasadás hatásának ellensúlyozása 

a) Időszelvények különböző vibrátor és geofon irányítottság mellett. A bal oldali oszlopban 
vonalba eső, a jobb oldaliban keresztirányú a vibrátor irányitottsága. A felső sorban vonalba 

eső, az alsó sorban keresztirányú a geofonok tájolása. A jel/zaj viszony nagyobb, ha a forrás és 
vevő irányítottsága egymásra merőleges

b) Az adatok matematikai rotációjával nyert időszelvények. Egyik párhuzamos, a másik 
merőleges az iránytól függően anizotrop közeg szimmetria tengelyére 

[Alford 1986]

Рис. 18. Компенсация эффекта от расщепления поперечных волн, 
а) Временные разрезы при различных ориентировках вибраторов и сейсмоприемников.

В левой колонке — ориентировка вибраторов по профилю, в правой — вкрест профилю. 
В верхней полосе — ориентировка сейсмоприемников по профилю, в нижней — вкрест 

профилю. Отношение сигнал/шум больше при взаимноперпендикулярной ориентировке
источника и приемника.

b) Временные разрезы, полученные путем математической ротации данных. Один из них 
параллелен оси симметрии азимутально анизотропной среды, другой перпендикулярен ей

[по A lford 1986].
The discrepancy between phase- and energy-velocity vectors mentioned 

above in chapter 2 introduces a complication with respect to the behaviour 
at an interface, as compared with the classical situation prevailing at the 
boundary between isotropic media. The equilibrium of the interface has to do
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with phase velocities and Snell’s law applies, as was mentioned above. The 
incident, reflected and transmitted rays, however, are not generally coplanar. 
An exception occurs when the ray lies in a symmetry plane. Phase- and group- 
velocity vectors are then located in this same plane. In view of the complexity 
of wave propagation in anisotropic media, practical problems ought to be 
tackled with the help of computer simulations of geometrical relationships, 
traveltimes and wave forms. Among other things, this would enable interpreters 
to know which path the waves have followed and therefore which subsurface 
zones have been investigated.

In contrast with the richness of information 5-wave surveys will be able to 
offer if they can hold their promise, P-wave behaviour in anisotropic formations 
appears to have much less potential. A well-known effect of anisotropy, that was 
noticed by early observers, is that P-wave velocities — as determined by usual 
reflection-curvature analyses — do not coincide with vertical velocities, with the 
result that computed depths may be inaccurate. Detecting a velocity anisotropy 
from surface records only is not an easy proposition, and often is impossible. 
As a matter of fact, it has been shown that in a special case where all beds of 
a given horizontal formation would have equal values of Poisson’s ratio, the 
curvature of P-wave surfaces near the vertical would be consistent with a model 
with a velocity equal to the vertical P-wave velocity. Anyhow, when recorded 
on short spreads, P-waves usually appear to have propagated in an isotropic 
medium. However, if observed on long spreads, P-wave i2-  x 2 curves for 
transverse isotropic media deviate slightly from a straight line, but this effect 
does not provide a valid diagnosis even if the observations are unambiguous, 
for it could just as well result from vertical inhomogeneity. Partial understand
ing of this anisotropy may be obtained by means of special experiments allowing 
a comparison of the propagation times from various points at the surface to a 
sonde in a well, varying the angles of incidence to the geophone.

This relative insensitivity of vertically-travelling P-waves has been the 
reason why anisotropy has not aroused more interest among oil exploration 
geophysicists. 5-waves are intimately connected with anisotropy investigations 
because they are much more affected by anisotropic effects than are P-waves and 
because of their higher number of degrees of freedom. 5-wave anisotropy can 
be observed by means of determination of transit-time ratios in a given layer 
for P-, SH- and P-converted-to-5F-waves. Lateral variations of the SH -SV  
velocity ratio are an indication of lithological modifications. Variations of the 
P-SH  velocity ratio can result from modifications in the sand-shale ratio of the 
layer and/or from changes in the nature of the fluid in the pores. As mentioned 
above, how reliable such an analysis can be will depend on the quality of the 
correlation between corresponding events in the different seismic sections. Nu
merical simulations may help interpreters overcome this difficulty.

5#-waves in a transversely isotropic medium with horizontal layering have 
elliptical wave surfaces with arrival times and curvatures similar to those of the 
spherical wave surfaces that one would observe in an isotropic medium. The 
moveout velocity is the velocity for waves travelling in a horizontal direction
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and is of course independent of direction. As the wave surfaces are elliptical, 
the t2 -  X2 curve is a straight line, exactly like that of a wave propagating in an 
isotropic medium. By themselves, such STZ-observations do not yield any clue 
as to the anisotropy of the medium. The t2-x2 curve for ST-waves is convex 
downwards and, if the quality of the data permits this observation, this could 
be a diagnosis of transverse isotropy since such a curvature cannot be caused 
by vertical inhomogeneity.

6. Anisotropic, anelastic solids

As the three body waves travel with different velocities, they are also 
certainly affected by attenuation coefficients that depend on wave type and on 
wave travel direction. The dependence of this attenuation on azimuth angle is 
easily derived in theory, but it would be extremely difficult to find actual values 
for the parameters that appear in the equations. Very little is known on this 
subject and it is hard to imagine how field experiments could yield suitable data 
with a high degree of accuracy. It would also be difficult in most practical cases 
to derive useful information about attenuation from amplitude-versus-offset 
observations. Conversely, how can one correct such observations in order to 
isolate reflectivity effects from anelastic effects in the upper strata? These 
problems, which are not without practical interest, stand in front of us as a 
formidable challenge.

7. Anisotropic, inhomogeneous, elastic solids

Textbook discussions of wave propagation in anisotropic media, or of the 
properties of grossly anisotropic formations, consider only homogeneous 
anisotropic media. As was mentioned above, a stack of thin isotropic layers is 
equivalent to a block of homogeneous anisotropic material. In natural con
ditions, however, statistics on thin bed elastic properties and thicknesses vary 
with depth. It follows that the anisotropy properties of the equivalent medium 
seen by long-wavelength perturbations also depend on depth. The elasticity 
tensor varies with location: the medium cannot be considered homogeneous for 
the shorter wavelengths. Most probably, fluid-filled microcracks in structured 
rock formations ought to display similar characteristics because of variations 
in elastic properties, porosity, stress distribution and so on.

Detailed and accurate investigations in areas with complicated tectonics 
will have to be conducted taking such effects into account. Numerical simula
tions of wave propagation in inhomogeneous, anisotropic media will become 
an essential tool for interpreters.
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8. Conclusions

Exploration geophysicists have so far made 5-wave surface surveys with 
two principal objectives in mind. One of these was obtaining interpretable data 
in areas of poor P-wave quality. In favourable but rare circumstances, 5-wave 
reflections indeed have a higher resolving power than their P-wave counterparts. 
The second goal was the discrimination of gas bright spots from bright spots 
caused by lithological variations. This application has often met with success 
and has enabled geophysicists to provide reservoir engineers with reliable re
sults. An extension of such studies has made it possible to correlate Vs/ VP ratios 
with lithology. The main difficulty lies in obtaining proper correlations of P- 
and 5-wave events. Besides, this ratio cannot be estimated very accurately unless 
large time intervals are taken for analysing velocities, a choice that would 
remove all interest in this operation because of the corresponding loss in resol
ution.

Additional uses for 5-wave surveys are being investigated. They take 
advantage of the higher number of degrees of freedom of 5-waves. Unlike 
P-waves which are always polarized in a direction close to the ray, 5-waves are 
polarized in directions which depend on the anisotropy properties of the forma
tion. Because of their sensitivity, 5-waves are a tool that is very well suited for 
such investigations. Exploration geophysicists will aim at going beyond classical 
resolution limits by obtaining information concerning the very structure of the 
material. A fundamental problem that will arise is that of the detectability limits 
of anisotropy properties. How thick, how wide, how anisotropic must a volume 
of rock be in order to be easily detected and investigated with a sufficient degree 
of accuracy?

One application of great potential importance for the exploitation of 
hydrocarbon pools is the detection and study of rocks with microfractures. In 
simple enough circumstances, 5-waves travelling through a cracked formation 
suffer birefringence effects. A rapid diagnosis about microcrack orientation may 
be obtained by a determination of the time delay between the two split waves 
and of their polarization directions. In a number of cases, however, things may 
not be so simple because of the complexity of the anisotropy and the lack of 
homogeneity of natural media. Possibly, an analysis of the symmetry properties 
of the medium may already provide useful information. But it may well be that 
a proper interpretation of the data cannot be made without some kind of 
elaborate inversion.

However, because of the large number of independent elastic coefficients 
theoretically necessary to correctly represent the behaviour of a natural 
medium, it is difficult to imagine how an efficient inversion algorithm could be 
applied to real data. Research is necessary in order to determine whether 
incomplete inversions would be of any practical use. Some of the questions to 
be answered should be the following: are some of the coefficients more strongly 
affected by characteristics of interest or, in other words, are they all of equal 
significance? What are the limits within which differential-time studies are
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feasible, especially in dipping formations? In which conditions can one separate 
the effects of two or more media with different anisotropy characteristics? What 
is the result of attenuation anisotropy added to velocity anisotropy? How can 
one compensate for the influence of the low-velocity layer on surface records?

Without any doubt, theoretical and practical research work, together with 
laboratory and field measurements, will be needed. Efficient software for com
puter simulations will be necessary and more experimental work will have to 
be performed before all the benefits of anisotropy determination can be ob
tained and its limits established. In particular, as it is important to be able to 
observe accurately polarizations and amplitudes of surface arrivals, the distor
tions caused by the LVL and the free surface should be actively and carefully 
studied. As a by-product, a better knowledge of the low-velocity layer may be 
expected.

Field measurements will more and more necessitate the use of three- 
component recordings and of multidirectional sources. Powerful tools for nu
merical simulation of wave propagation are a requisite for correct interpreta
tion. Specialized processing software is also necessary.

Taking into account the high cost of 5-wave surface surveys with complete 
3-D, three-component recordings and multidirectional sources, the industrial 
use of the converted-waves method should also be thoroughly investigated. Of 
course, it cannot provide complete information, but it may constitute a cheap 
and easily implemented means of obtaining useful results — especially for 
amplitude-versus-offset and wave-splitting studies. The main advantage of the 
P-S  method, besides its low cost, probably lies in its better lateral resolution 
for localizing wave-splitting layers. More elaborate methods may be used in a 
second step.

Until now, 5-wave surveys have often been less reliable and of poorer 
quality than P-wave ones. The signai-to-noise ratio, in particular, and the 
determination of static corrections have been rather deficient. There are positive 
indications, however, that the quality of 5-wave surveys may significantly be 
improved by taking anisotropy effects into account, for instance shear-wave 
splitting and azimuthal discrepancies of times and amplitudes, and by somehow 
compensating for them through proper processing. Better quality 5-wave data 
may, in turn, yield more and clearer information about deep reflectors and 
about the anisotropy characteristics of layers at intermediate depth.

Most certainly, amplitude-versus-offset analyses will benefit from P- and 
5-waves being examined together, with anisotropy effects taken into account. 
And it can be expected that there is ample room for a detailed study of 5-wave 
polarization and amplitude when monitoring production from a field or fluid 
injection into a reservoir.

As a final conclusion, it can be hoped that the renewal of interest in 5-wave 
propagation will keep its promises, especially in the domain of fractured reser
voir delineation and of lithological studies. This will not be achieved, however, 
without ample theoretical investigations and the corresponding field tests.
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Appropriate processing procedures will have to be designed with the extensive 
use of interactive procedures in order to cope with the large number of different 
parameters that will have to be adjusted.
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GLOSSARY

Aeolotropic (S e e  A n iso trop ic )
This term is used by some British authors.

Anelastic (Non elastic).
In anelastic media, stress is related both to strain and to time derivatives of strain or to strain 

history (this includes non-elastic effects such as viscoelasticity or plasticity). Energy is spent when
ever the stress field is altered. Removal of the stresses does not bring a deformed body back to its 
initial state. Because of differential attenuation, propagation through an anelastic wedge produces 
inhomogeneous waves.

Anisotropic
A medium is anisotropic for a given property when the magnitude of a quantity characteristic 

of this property depends on the direction in which it is measured. We are concerned here with 
anisotropy of the elastic behaviour which results in anisotropy of wave propagation velocity and 
of wave attenuation. In isotropic media, all directions are equivalent as far as the relations between
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stress and strain components are concerned. The elastic moduli and elastic coefficients of isotropic 
materials are thus independent of direction. Two of them are enough for describing the elastic 
behaviour of matter. In anisotropic media, on the contrary, the deformations depend not only on 
the value of the stress components but also on their orientation with respect to some characteristic 
directions in the media. Well-known to physicists are the anisotropy and the symmetries of crystals. 
Geophysicists are confronted with natural media and these have measurable anisotropy with regard 
to the properties of elastic waves. Particular media are known to exist in which the elastic properties 
depend only on the angle between a given direction and the direction along which the observation 
is made. In a plane perpendicular to this symmetry direction, the material behaves as isotropic. This 
case is described as one of transverse isotropy. A prominent feature of anisotropic media is that 
they generally allow propagation of only three polarized waves per direction. One of these waves 
is quasi-longitudinal, the two others are quasi-transverse. Exceptions occur along symmetry axes.

Birefringence
Property of a medium, the anisotropy of which creates two transmitted transverse waves out 

of one incident one. Birefringence is a well-known optical property of some crystals, of calcite for 
instance: when reading a text through a slab of this mineral, twin images are observed. In seismol
ogy, the phenomenon occurs also. It produces 5-wave splitting. One incident 5-wave penetrating 
into an anisotropic medium is separated into two quasi-transverse waves that travel in that medium, 
usually along different polarizations, with different velocities and different polarizations.

Conversion
The term refers to the classical situation in which a wave impinging on an interface between 

two elastic (or anelastic) media generates waves that exhibit a mode of vibration different from that 
of the incident wave. Assuming the incident waves to be 5 or P, waves of the same type (5 or P) 
and converted waves of the other type (Por 5) are reflected and are transmitted. The situation differs 
from that of birefringence, where two quasi-5 waves are generated out of one 5, or quasi-5 wave.

Elastic
An elastic medium is one which, after being submitted to a stress field, goes back to its initial 

state as soon as the forces are removed. The stress at each point and at each instant depends only 
on the strain at this point and at this time. The medium has no memory. No energy is dissipated 
when the stress varies. All the energy stored in a strained volume is returned to the external 
environment as soon as the stress field is cut off. In contrast, anelastic media, when strained, 
transform some of the available elastic energy into heat. As this energy is lost for propagation, the 
waves are attenuated in excess of the amount due to geometrical spreading and to the effect of 
boundaries.

Elastic coefficients
Quantities appearing in the stress-strain relation which expresses Hooke's law in its 

generalized form. For small deformations of an elastic medium, the strain tensor is related to the 
stress tensor by a linear equation. The 4 x 4  tensor which, acting on the stress tensor, gives the strain 
tensor has as its 81 elements the elastic coefficients of the material, of which at most 21 are 
independent. The dimension of these coefficients is one of stress. They are therefore expressed in 
gigapascals (GPa). Elastic coefficients should not be mistaken for elastic moduli, the latter being 
quantities that can directly be obtained as the result of a simple physical experiment (one gets 
Young’s modulus by stretching a specimen, the rigidity when exerting shearing efforts on it, and 
the compressibility when submitting it to a pressure). Moduli and coefficients are related by linear 
equations.

Energy velocity
The velocity with which wave energy flows. In isotropic media, energy and phase of body 

waves propagate with the same velocity. In anisotropic materials, energy usually travels in a 
direction different from that of phase, and with a different velocity. Energy velocity is sometimes
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called group velocity. The idea of group velocity has to do with the propagation of a signal that 
undergoes dispersion, for instance in a wave guide. If the spectrum is narrow, the signal will look 
like a wave packet and the group velocity is that of the envelope. Since the velocity of energy 
transport in anisotropic elastic and boundless media in no way depends on frequency, the concept 
of wave groups is misleading and the term "energy velocity” should be preferred.

Heterogeneous medium
A medium that is not homogeneous because its properties vary from point to point. It may 

be isotropic or anisotropic. The heterogeneous nature of a medium is related to wavelength. 
Commonly, the scale of the heterogeneities is small or comparable to wavelength. If this is not the 
case, each heterogeneity is individualized by the wave as a particular homogeneous medium.

Homogeneous medium
A medium that exhibits constant properties throughout. It may be isotropic or anisotropic. 

Clearly, media that would be homogeneous at all frequencies are abstractions suitable for the 
establishment of theory, but impossible to find in Nature.

Homogeneous wave
A wave, the amplitude of which is constant on a given surface with constant phase. Of course, 

the amplitude may vary when the wave propagates. Different amplitudes correspond to successive 
wave surfaces, but the wave amplitude is constant on each of the surfaces (consider spherical waves 
for instance). Just like plane waves, homogeneous waves virtually cannot be observed in the real 
world, but they are a handy tool for first-approximation reasoning.

Hooke’s law
Hooke’s law, in its conventional form, describes the behaviour of elastic media. It states that 

each component of the stress tensor is a linear combination of the components of the strain tensor. 
Using tensor calculus, the law is written o{j = c,jklt:kh where atj and ekl are respectively the stress and 
strain tensors, and clJU is the elasticity tensor. The c’s are elastic coefficients with dimensions of 
pressure. As the stress and strain tensors are second rank, they have 32 = 9 components. The 
elasticity tensor is a fourth rank tensor and has 33 = 81 components. In the most general case, 21 
of these components are independent. If the medium is endowed with symmetry properties, the 
number of independent components is reduced. A medium that would have the symmetry of 
monoclinic crystals would have 13 independent elastic coefficients, one with that of the orthorhom
bic system 9, and one with that of the hexagonal system 5. An isotropic medium has its elastic 
behaviour fully described when two elastic coefficients are specified. Hooke’s law undergoes a 
generalization when linear viscoelastic media are considered. The linear combination of strain tensor 
components is replaced by a convolution of time functions describing the impulse réponse of the 
medium with time functions describing the strain. Performing a Fourier transform on the viscoelas
tic equation, one obtains for each frequency a linear relation between the tensors of the Fourier 
components of stress and of strain. This relation has the same form as Hooke's law for elastic media, 
but the elastic coefficients are then complex quantities.

Inhomogeneous wave
A wave, the amplitude of which is not constant along a surface with equal phase. Besides 

surfaces with constant phase, surfaces with constant amplitude can therefore be defined that travel 
along with the disturbance.

Isotropic
An isotropic medium for a given property is one in which all directions are equivalent for this 

property. It may be homogeneous or heterogeneous (inhomogeneous). Natural media are hardly 
ever isotropic, with the exception of water layers.
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Longitudinal wave
A body wave in which the particle motion at a given point is directed perpendicularly to the 

wave surface at that point.

P- wave
A body wave, the particle motion of which derives from a scalar potential. The curl of the 

particle motion vector is therefore zero at all points and at all instants. Physically, this means that 
the wave only produces a volume change. This is why P-waves are also called irrotational or 
dilatational. A homogeneous P-wave has its particle motion perpendicular to the wave surface: it 
is rectilinear and longitudinal. For this reason, all P-waves are - sometimes incorrectly — called 
longitudinal waves.

Phase velocity
The velocity with which a given feature of a signal travels. This definition assumes some degree 

of stability of the wavelet shape during its propagation. If the signal is quasi-sinusoidal, one usually 
picks a peak or a trough. If the spectrum is wide, more distinctive features such as kinks or 
secondary peaks may be used. In anisotropic media, energy and phase generally do not travel with 
the same velocity and in the same direction, but they are frequency-independent. In wave guides, 
phase and group velocities are usually different and they vary with frequency.

Poisson’s ratio
The ratio of the relative increase in diameter of a cylindrical sample to the relative shortening 

that results from application of a compressive axial stress. This ratio is therefore a dimensionless 
quantity. Strictly speaking, it can be defined only for samples of material. However, knowing Vr 
and Vs of a layer, one can compute the Poisson's ratio of in situ rocks.

The range of variation of Poisson's ratio extends from -  0.2 to 0.5. Negative values may 
correspond to samples of anisotropic material. Low values are indicative of rather loose material, 
such as those found in LVL's. The upper limit, 0.5, corresponds to liquids.

Polarization
Quality of a wave, the particle motion of which is constrained to take place in a given plane,

or on a given curve. If the curve is a straight line, the wave is said to be linearly polarized. If it is 
an ellipse or a circle, it is elliptically or circularly polarized. When the motion occurs in a direction 
perpendicular to the wave surface, it is said to be longitudinal If the particle trajectory is located 
in the plane tangent to the wave surface, the polarization is transverse. In anisotropic media, waves 
are generally polarized either quasi-longitudinally or quasi-transversally.

Ray
The trajectory of energy transported by a wave. In isotropic media, rays are orthogonal to 

the wave surfaces. In anisotropic media, they usually are not. Rays cannot be defined when 
considering certain phenomena, such as diffraction, conical waves, diffusion. Their use ought to be 
restricted to propagation in non-diffusing material and to reflection on and refraction by smooth 
interfaces (smooth means that the radius of curvature of interface irregularities is much larger than 
the wavelengths of interest).

S- wave
A wave, the particle motion of which is the curl of a vector potential. For this reason, S-waves 

are also called rotational waves. The divergence of the particle motion vector is therefore zero at 
all points and at all instants. Physically, this means that the medium locally experiences shape 
modifications without any volume change. Therefore, 5-waves are also called equivoluminal or 
distortional. A homogeneous 5-wave travelling in an isotropic medium has its particle motion 
contained in a plane tangent to the wave surface. It is transverse and this is the reason why all 
5-waves are sometimes incorrectly called transverse waves. When referred to the surface of 
the ground, a transverse wave is called SH  when its particle motion is rectilinear and horizontal, 
5 P  when it is rectilinear and contained in a vertical plane. As a generalization, when an 5-wave
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arrives at the interface between two media, it is often called SH  if particle motion is perpendicular 
to the plane defined by the incident ray and the normal to the interface, and SV  when contained 
in that plane.

Shear- or rigidity modulus
The ratio of shearing stress to angular shearing strain. Shear modulus p is one of the two 

Lamé’s constants that define the behaviour of an isotropic elastic solid. It is equal to pKj, where 
Q is density and Vs is shear wave velocity. In an elastic fluid, such as water (neglecting its viscosity), 
no shearing stress can exist, p = 0 and no 5-waves can propagate.

Shear strain
A state of deformation in which, at least locally, parallel planes in the material are shifted 

along themselves, with their distance remaining constant. The deformation is equivoluminal.

Shear wave splitting (see Birefringence)
The phenomenon by which a single 5-wave, upon entering an anisotropic medium, generates 

two quasi 5-waves that usually travel with different velocities.

Symmetry
The symmetry characteristics of a medium are an expression of the fact that, at a given point, 

its properties are not altered when one performs certain symmetry transformations. For instance, 
if a stack of thin beds with plane parallel interfaces is rotated by any angle around an axis 
perpendicular to the bedding, the elastic properties referred to a given fixed coordinate system 
remain invariant. Conversely, if the medium is given and the coordinate system is rotated around 
the same axis, the tensor of the elastic coefficients must remain unchanged. The number of 
independent coefficients is reduced by these symmetry properties below that number (21) which is 
determined by general clastic and thermodynamic considerations. The maximum reduction is that 
which corresponds to isotropy. All directions are equivalent in an isotropic solid and there are only 
two independent elastic coefficients. Neumann's principle states that the whole elastic behaviour of 
an anisotropic medium must have the same symmetries. At any given point, the sets of directions 
that have symmetry characteristics identical to those of the material are equivalent as far as wave 
propagation is concerned. The velocities of waves travelling along such equivalent directions are equal. 
Particle motion polarization exhibits the same symmetry properties. It follows that the polarization 
of waves propagating along a symmetry axis or along a direction lying in a symmetry plane is easily 
determined. The directions of symmetry axes and planes therefore constitute the natural frame of 
reference that has to be taken into account when studying an anisotropic medium.

Tomography
A process by which waves are sent to travel in various directions through a body to be 

investigated, and the properties of the material are estimated from cumulative effects observed on 
the waves that propagated through it. X-ray absorption tomogrphy is extensively used in medical 
exploration. Seismic tomography and ocean acoustical tomography make use of elastic waves in 
order to estimate material properties in a number of elementary volumes inside the illuminated 
region. Some methods use time or amplitude information only, others time and amplitude.

Transversely isotropic medium
A medium, the anisotropy of which depends only on the angle of the observation direction 

with a given direction characteristic of the material. Perpendicularly to this given direction, proper
ties are orientation-independent. This is why the material may be described as transversely isotropic. 
Examples are geological series composed of stacks of parallel layers that are thin with respect to 
wavelength, or rocks with thin parallel liquid inclusions.

Transverse wave
A wave that causes particles to move in planes tangent to surface waves.
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Viscoelastic (linear)
A linear viscoelastic medium is one in which strain has a linear dependence on stress and on 

its time derivatives and integrals. Strain and stress components are related by means of convolution 
equations. The four-by-four tensor of the elastic coefficients is replaced by a four-by-four matrix 
of time functions. When Fourier-transformed, the equation again takes the general form of a 
conventional Hooke’s law. The elasticity tensor is then made up of Fourier components of the 
time functions. As these coefficients are complex, complex quantities are substituted for the 
usual elastic coefficients. As a result, wave velocities are also complex. This corresponds to physical 
observation. The various frequency components of the wave function are attenuated and phase- 
shifted by different amounts because of partial conversion of energy into heat. Pulses will change 
shape, even when travelling as plane waves.

Wave surface
A surface with constant phase. This is a surface on which the phase of harmonic components 

of the wave function is constant. At any point the phase-velocity vector is normal to the wave
surface.

Wavefront
A surface which separates two regions of space, one of which is still undisturbed, the other

one already being subjected to wave agitation. It may also be called a surface of kinematic 
discontinuity, as particle motion acceleration is discontinuous when crossing a wavefront.

Wavelength
The wavelength of a sinusoidal wave is the distance between two wave surfaces on which the 

displacements have a phase difference of In  (or a time lag of one period).

S-HULLÁMOK ÉS A SZEIZMIKUS ANIZOTRÓPIA

Gérard GRAU

Ha a P-hullám felvételek gyengék, 5-hullámokat használva esetleg jobb szelvényeket készíthe
tünk. Sokszor az S-hullám szelvények előnyösen kiegészítik a P-hullám méréseket, ha a litológia 
meghatározása a cél. vagy ha a fényes foltok okát akarjuk ellenőrizni. Az S-hullámok a 
változatos polarizációs hatások miatt — több információt tudnak nyújtani az egyes földtani 
képződményekről, mintha kizárólag P-hullámokat észlelünk. A polarizációs hatások gondos vizsgá
latával felfedezhető a kőzetek repedezettsége, amely az olajipari mérnökök számára igen lényeges 
információ. A cikk bevezető a transzverzális hullámok és az üledékes kőzetek anizotrópiájának 
in-situ tanulmányozásáról, értelmezéséről és a szénhidrogén kutatásban való alkalmazásáról tartott 
tanfolyam anyagához. Célja, hogy összefoglalja a főbb fizikai elveket, a jelenlegi szeizmikus gyakor
latot és a tervezett kutatási irányokat.
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ПОПЕРЕЧНЫЕ ВОЛНЫ И СЕЙСМИЧЕСКАЯ АНИЗОТРОПИЯ

Жерар ГРО

Если записи продольных волн слишком слабы, может быть, удастся получить разрезы 
более высокого качества с использованием поперечных волн. Разрезы по поперечным волнам 
зачастую удачно дополняют измерения продольных волн, если задача заключается в опреде
лении литологических особенностей горных пород или же в выяснении причин появления 
светлых пятен. По определенным геологическим образованиям — в связи с разнообразными 
поляризационными эффектами — поперечными волнами часто обеспечивается больше ин
формации, нежели при регистрации одних лишь продольных волн. При скрупулезном изуче
нии поляризационных эффектов можно выявить трещиноватость горных пород, что пред
ставляет собой весьма важную информацию для инженеров-промысловиков. Настоящая 
статья представляет собой введение к курсу изучения поперечных волн и анизотропии оса
дочных пород в массиве, интерпретации и применения в поисках и разведке нефти и газа. Ее 
задача заключается в обобщении главнейших физических принципов, практики современной 
сейсморазведки и основные направления исследований.






