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Abstract 

Geological interpretation of seismic data should fulfill two main objectives: solving 
geometry of structures with possible hydrocarbon accumulations and correlation of 
recorded seismic amplitudes and velocities with lithology. The first objective is easily 
achieved through already well established procedures of structural interpretation, 
while the second one is still based on factors highly depending on interpreters’ 
previous experiences. In order to establish some reliable criteria for interpretation 
lithology and fluid saturation of possible interesting reservoir rocks, relation between 
physical rock properties (density, elasticity, fluid saturation) and seismic waves 
velocity and amplitudes were already analyzed and presented in many so far 
publicized  works. According to them seismic velocities depend on rock elasticity and 
density, i.e. on rock lithology. As the reflected seismic wave amplitudes are functions 
of acoustic impedances – product of velocity and density – therefore they can be 
interpreted in terms of rock properties (lithology, fluid type and saturation), and even 
used as direct hydrocarbon indicators.  
In the article mathematical relations between elasticity, velocity and amplitude are 
presented according to the known, already publicized works listed in Reference. 
Short description of physical meaning of these formulae, as well as discussion of 
their practical applications, is done in the next part. Finally, some examples of 
hydrocarbon – particularly gas – reservoir exploration on Adriatic Sea are presented 
in order to illustrate real possibilities of this approach to seismic data interpretation. 
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INTRODUCTION 
The main objective of seismic data application in hydrocarbon exploration has not been 
changed during the last 40 years. At the same time the technology of seismic methods 
has drastically improved and enabled exploration geophycists to meet many times higher 
demands involving seismic methods in every day use in reservoir exploration and 
development.   
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Oil and gas accumulations could be formed in structural and stratigraphic traps. The 
definition of underground geometry is based on the times needed for seismic wave to 
travel the path source – reflector – receiver. The procedure of structural interpretation is 
today well established, relatively not very demanding procedure, highly performed using 
powerful computers. In other words, following certain rules concerning seismic reflections 
picking on the properly processed 2D or 3D data presentations, and their correlation with 
well data, a reliable geological model of the explored underground could be established.  
The first attempts of solving lithology and oil and gas finding by seismic methods are 
connected with the commencement of seismic methods practical applications. Due to the 
fact that these tasks can be solved by analyzing seismic wave characteristics (amplitude, 
frequency, polarity, velocity) using seismic data of excellent quality, such information 
became available only after successful advances in seismic technology. However, 
seismic amplitudes analysis in at least qualitative lithology determinations, were 
practically used all the time, in spite to the lack of publicized works, mainly due to keeping 
such procedures as big companies’ secrets.  
Theoretical background for seismic amplitude interpretation, necessary in recently 
developed AVO (Amplitude-Versus-Offset) method has been already established at the 
beginning of the last century. In the Knott’s and Zoeppritz’s works (Knott, 1899, Zoeppritz, 
1919) the seismic amplitude dependence on seismic velocity and density in two layer 
medium were analyzed. Based on these works, equations describing amplitude changes 
as functions of P and S wave velocities, density and angle of incidence of seismic arrival 
on the reflector, were developed. These equations were rather very complex and 
therefore it was very difficult, practically almost impossible, to find their solutions.  
During later years it was attempted to simplify them in order to make them usable in 
practice. Petrophysical link to seismic data was described by Gassmann (Gassmann, 
1951) in his 1951 article. In this article, publicized in 1955, Koefoed (Koefoed, 1955) 
presented an expression describing offset dependent amplitude change and established 
theoretical background for in the future very popular AVO method. The first systematic 
attempt in lithology prognosis through reflection coefficients analysis was described by 
Rosa (Rosa, 1976). Further development in practical use of amplitudes in lithology and 
fluid saturation is connected with the works of Ostrander (Ostrander, 1982 and 1984). In 
the 1985 Shuey (Shuey, 1985) publicized the article on linear approximation equation 
later widely used in practical application of AVO method.  

SEISMIC VELOCITIES VERSUS ROCK PHYSICS  
Force impulse acting on the surface results in spreading volume P and S wave along 
rays starting in the seismic source. Seismic wave fronts in the homogeneous medium are 
symmetric spheres with curvatures continuously increasing as the distance from the 
source increases. At the very long distance (theoretically close to infinity) the wave fronts 
became planes, and rays linear. These approximations are used in the following 
derivations. Accordingly, seismic velocities change only at the reflecting surfaces 
between two media (layers), making easier further theoretical analysis. 
Under the stress, the observed point moves from its original position P(x0, y0, z0) to the 
new position P(x0+∆x, y0+∆y, z0+∆z) in Cartesian coordinates, as shown on Fig.1. 
Resulting shifts in the 3 directions, shown on the figure are defined as ∆x = u, ∆y = v and 
∆z = w.  
The linear strains εxx, εyy, εzz in the x, y and z directions are equal to the changes in 
lengths per unit lengths defined by expressions 
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Fig.1: Point position change under stress  
 
Volume strain, θ, or dilatation is the change in volume per unit volume, defined by 
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The ratio of lateral contraction to linear extension in a strained element is Poisson ratio. 
Such extension in the x-direction is defined by following relations 
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Stress is defined as the ratio of force to area, in the limit, as the area approaches zero 
value. On Fig. 2 components of stress acting in the x, y and z directions are shown.  

 

 
 
 
 
 
 
 

 
 
Fig.2: Stress components 
 
The nine components of stress, Xx, Xy, Xz, Yx, Yy, Yz, Zx, Zy, Zz, are shown on the figure. 
The capital letter indicates the direction of stress and the subscript indicates the direction 
of the normal to the surface. To maintain equilibrium, the components of shear stress 
must satisfy relations: 
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yzxzxy ZYZXYX === ,,       (4) 
With the 3 compress ional stress components Xx, Yy and Zz they form a total of six 
independent stress components. According to Hook’s law the stress is proportional to the 
strain. In general, each of the six independent components of stress at a point (Xx, Yy, Zz, 
Xy, Xz, Yz) is linear functions of the six independent components of strain (εxx, εyy, εzz, εxy, 
εyz, εzx). This results in 36 elastic constants, 21 of which are independent if no symmetry 
exists. In a homogeneous and isotropic material, the number of independent elastic 
constants is reduced to the Lame constants, λ and µ, and stress-strain relations become 
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In the case of purely compressional stress applied in the x-direction when all other stress 
components are equal to zero, and after substituting θ  with right hand side of equation 
(2), the first three equations in (5) became 
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Solving for εxx, εyy, εzz  gives 

( ) ( ) xzzyyxxx XandX ⋅
+

==⋅
+

+
=

µλµ
λεε

µλµ
µλε

23223
  (7) 

Young’s modulus E, and Poisson’s ratio σ, shown on Fig.3, are defined as follows 

( )

( ) LL
DD

i
LL
AFXE

xx

yy

xx

x

∆
∆

=
+

==

∆
=

+
+

==

µλ
λ

ε
ε

σ

µλ
µλµ

ε

2

23

      (8) 

Under uniform hydrostatic pressure on the unit sphere normal stress components Xx, Yy 
and Zz are equal to the pressure P, while the shear stress components became 0. 
According to this, stress-strain relation is defined by    
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Volume changeθ = ∆Vol/Vol defines bulk modulus k according to the relation 
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Seismic wave arrival on the side of unit cube with the angle different from 900, as shown 
in lower right angle of Fig. 3, causes shear defined by elastic shear modulus µ depending 
on the stress F/A and the length of cube’s side ∆D/D, according to the following relation  
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Fig.3: Elastic constants 
 
After combining the above relations Lame’s constant λ is derived as 
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According to the relations shown on Fig.4, the difference between components of Xx 
stress acting on opposite ABCD and EFGH sides, is defined as follows 
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Fig.4: Stress acting on the unit cube 
 
Resulting force Fx is equal to the stress Xx multiplied with the surface area ∆y∆z on which 
it is acting, i.e.:  



J o u r n a l  o f  H u n g a r i a n   G e o m a t h e m a t i c s 

 

 

Volume 2 

56

( )zyx
x

XF x
x ∆∆⋅⎟

⎠
⎞

⎜
⎝
⎛ ∆

∂
∂

=        (14) 

The forces, Fy and Fz, acting on the other two sides are 
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According to the second Newton’s law Fx = max, after mass m is replaced by product of 
density ρ and change of volume ρ∆x∆y∆z, and acceleration ax with the second partial 
derivation of shift u per time t, the following relation is obtained 
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The expressions for forces Fy and Fz, acting in the other two directions are similar. 
Obviously in them only need to replace the shift u on the right hand side of the equation 
with v or w. 
In the homogeneous isotropic medium, after introducing elastic constants, the above 
equations became   
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For the plane wave spreading only in x-direction, all members with partial derivation in y 
and z directions are equal to 0, and the partial derivation of change θ   per unit distance in 
x-direction is equal to the following relation 
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The final equations describing plane wave spreading became as follows  
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The first equation in the relation (19) defines P-wave velocity VP 
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and the two following S-wave velocity, VS, in the homogeneous media 

ρ
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In the water, as well as other fluids, only P-waves are spreading. The acoustic wave 
arrival causes pressure increase which forces movements of the water molecules toward 
each other. Intermolecular forces try to prevent such movements and move the 
molecules to their original locations. The final result of these opposite forces is seismic 
wave which is spreading only along the pressure increase direction only as P-wave. In 
other words in fluids shear modulus µ is equal to 0, and the velocities of P and S waves 
are defined as follows 

0   == sP VkV
ρ

                (22)                                             

The results of the calculations P and S wave velocity, performed using the above 
equations, are shown on Fig.5. Poisson’s ratio s, rewritten in the form 
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is good indicator for lithology and fluid saturation. In the liquids it is equal to 0.5, and in the 
ideally hard rocks 0.25. Usually this ratio has values between 0.25 and 0.35, while in the 
unconsolidated sediments could even increase up to 0.40 and 0.45. A change of physical 
rock characteristics (lithology, porosity, fluid type and saturation, pressure) results in the 
change of P and S wave velocity and indirectly in the change of Poisson’s ratio. If, for 
example, water or oil in the reservoir rock is replaced with very small amount of gas (even 
slightly bellow 5%), P wave velocity will drastically decrease, while the S wave velocity 
will show rather minor change.  

 
Fig.5: Relations between P wave velocity (VP), S wave velocity (VS), and their ratio    
(VP/VS) and density 
 
Complex causal relations between elastic constants, density and seismic velocity 
according to the above equations and text obviously exist and could be successfully 
applied in lithology and fluid determinations on the basis of seismic data. Some of these 
relations are presented on Fig.6. In the “soft” materials with small acoustic impedances 
(product velocity and density), like shale, a seismic wave arrival causes big particle 
movements and small pressure increase. For the “hard” materials with big acoustic 
impedances, like limestone, high pressure and small particle movements are 
characterizing seismic wave arrival.  
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Fig.6: Relations between elastic constants and seismic velocities 
 
Short summary of the effect of different rock properties on seismic P and S wave velocity 
and their ratio is presented on Fig.7 (Tatham, 1991). 

 
Fig.7: Relations between rock physical features and seismic velocities 
 
Ranges of P and S waves velocities differ depending on lithology, in spite of certain 
overlapping, as shown on the first column on Fig.7. The P wave velocity, VP, is the 
highest in dolomite and the lowest in sand. Quite opposite situation is valid for S wave 
velocity, VS, where the highest value is recorded in sands. As shown in the third row in 
the same column it has direct influence on VP/VS ratio. If porosity increases both 
velocities decrease. Faster decrease of shear wave velocity causes the increase of 
velocity ratio with porosity increase (the second column). Oil and gas saturations 
decrease, or water saturation increases, result in increase of P wave velocity, VP, and 
decrease of S wave velocity, VS, as shown in the third column. The velocity ratio, VP/VS, 
is increasing (the third row). It is important to notice that the same ratio in the gas 
saturated rock is constant until gas saturation became less than 5%. Increasing the 
aspect ratio, as shown in the fourth column, that is, more rounded pores; increase both P 
and S wave velocities. Increasing consolidation or depth of burial of rock increase both 
velocities and decrease their ratio. Temperature change causes both velocities changes 
only in oil saturated rocks, and very small change in velocity ratio. 
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AMPLITUDE VERSUS REFLECTION COEFFICIENT 
Seismic waves on their way through the Earth underground change characteristics. 
When the seismic wave front strikes an interface, the wave is partially reflected in the first 
and partially transmitted into the second medium. Upon striking the interface at normal 
incidence, incident plane wave with unit amplitude produces reflection whose amplitude 
depends on acoustic impedance, i.e. on velocity-density product of each medium. 
Therefore the amplitude of the reflected wave is a function of the reflection coefficient, R, 
defined by acoustic impedances, z1 and z2, products of densities, ρ1 and ρ2, and 
velocities, V1 and V2, of each medium, as follows 
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The amplitude of the transmitted wave is defined by transmission coefficient which is 
equal to the relation 
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As shown in the equation (25), amplitudes of reflected seismic waves are higher and 
have positive polarity, if the velocity is regularly increasing with depth. If the solution of the 
equation (25) is negative, as on the interfaces where bottom layer has lower acoustic 
impedance, the amplitude polarity change occurs. On the interfaces between seal rocks 
and reservoir gas saturated rocks very high reflected amplitudes are usually produced. 
The especially high reflected amplitudes, called bright spots, appear on the seismic 
sections recorded above gas reservoir rocks. One seismic section with this feature is 
shown on Fig.8.  

 
Fig.8: Bright spot effect 
 
Every seismic wave arrival at the reflecting surface between two underground layers with 
an angle of incidence different from 90o results, as shown on Fig.9, in the formation of 
four new seismic waves: 

• Reflected P wave 
• Reflected S wave 
• Refracted P wave 
• Refracted S wave 
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Fig.9: Seismic waves created on reflecting surface 
 
According to Snell’s low, P and S wave velocities and their angles of reflection and 
refraction exist following relations: 
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where 
Vp1 – P wave velocity in the upper layer 
Vp2 – P wave velocity in the lower layer 
Vs1 – S wave velocity in the upper layer 
Vs2 – S wave velocity in the lower layer 
iP   – angle of incidence  
iP1  – angle of reflection for P wave 
iS1  – angle of reflection for S wave 
iP2  – angle of refraction for P wave 
iS2  – angle of refraction for P wave 
p   – seismic ray parameter  

Seismic amplitudes, as well as their powers, are directly dependent on angles of 
incidence. On Fig.10 normalized values of amplitude powers of reflected and transmitted 
P and S waves in two layer medium are shown. The P wave reflected amplitude is 
continually increasing as the angle of incidence increases, while the power of transmitted 
wave decreases and became zero at the angle of approximately 300. At the same angle 
reflected and transmitted S wave amplitudes quickly increased from zero to maximum 
value of 0.2 or 0.4. Further increase of the angle results in continuous decrease of both S 
amplitudes, and beyond the angle of  600 transmitted S wave ceased to exist.   
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Fig.10: Amplitude vs. angle of incidence for reflected and refracted waves 
 
By the application of Snell’s low to the limiting conditions Knott-Zoepritz’s equations are 
derived. They state that between reflection and transmission coefficients, angles of 
reflection and refraction, P and S wave velocities, and densities in two layers medium the 
following relations exist 
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In the above equations the following symbols were used: 
A0 – incident P wave amplitude 
A1 – reflected P wave amplitude  
A2 – refracted P wave amplitude  
B1 – reflected S wave amplitude  
B2 – refracted S wave amplitude  
Vp1 – P wave velocity in the upper layer  
Vp2 – P wave velocity in the bottom layer  
Vs1 – S wave velocity in the upper layer  
Vs2 – S wave velocity in the bottom layer  
ρ1 – density of the upper layer 
ρ2 – density of the bottom layer  
αp – angle of reflection for P wave 
αs – angle of reflection for S wave 
βp – angle of refraction for P wave  
βs – angle of refraction for S wave 

Connections between reflection and transmission coefficients and angles of incident, or 
offsets, defined by Knott-Zoeppritz equations were extensively analyzed in order to 
establish usable correlation of seismic characteristics and rock physics. During years 
many simplified equations of these equations are derived and some of them proved to be 
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very useful in later developed AVO method. One of the most popular is the Shuey’s 
(Shuey, 1985) approximation of reflection coefficient R(α) defined as follows  
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where are  

 R( α) – reflection coefficient at the normal incidence  
 σ – Poisson’s ratio 
 α – angle of incidence  
 ∆VP = VP2 – VP1 
 VP = (VP1 + VP2)/2 
 ρ = (ρ1 + ρ2)/2 
 ∆ρ = ρ2 – ρ1  
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Upper and bottom layer are dented with indexes 1 and 2. Reflection coefficient at normal 
incidence is defined by the first part of the equation (31), while the second and the third 
part define reflection coefficients at the incident angle of 300 and 600. For the angle of 
incidence less than 300, the relation (31) could be approximately rewritten as  

( ) αα 2
0 sinBRR +≈         (32) 

where 
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In the relations above R0 member is known as AVO intercept and the B member as AVO 
gradient. Accordingly, the dependence of the reflection coefficient R(α) on the angle of 
incidence for P waves is equal to the sum of the reflection coefficient at normal incidence 
and AVO gradient multiplied with the square of sinus function of the angle of incidence, α. 
In the relation (33) A0 is incident amplitude and σ Poisson’s ratio. 
Schematic synthetic presentation of seismic wave amplitudes, reflected from the top and 
the bottom of water and gas saturated sand layer, are shown on Fig.11.  

 
 

 

 

 

 

 
 
 
 
 
Fig.11: Amplitude change vs. offset and angle of incidence  



J o u r n a l  o f  H u n g a r i a n   G e o m a t h e m a t i c s 

 

 

Volume 2 

63

The amplitude of the seismic wave reflected from the top of gas saturated sand layer, 
shown on the left side of the figure, increase if the angle of incidence increases. Its 
polarity became progressively more negative as the offset – dependent on the angle – 
increases, as shown on the section in the middle part. The reflected arrival from the gas 
sand bottom, shown at the right lower part of the figure, has the amplitude which became 
progressively more positive as the angle of incidence increases. Amplitudes reflected 
from the top of water saturated sand do not change if the angle of incidence or offset 
changes.   
 

EXAMPLES FROM ADRIATIC SEA 
North Adriatic area is located on the eastern foreland ramp of the Apennine Pleistocene 
foredeep basin as well as on the Dinarid fold and thrust belts, that involves platform (to 
the East) to basin (to the West) carbonates. Two main tectonic elements are present: the 
eastern slope of the Dinarid platform, striking NW-SE and NNW-SSE trending antiformal 
system related to the Dinarid compression phase. In the area several prospects in 
Pliocene turbidities and Miocene calcarenites associated with biogenic gas were pointed 
out. Stratigraphic traps in Lower Pliocene channels in the area also exist. The main 
reservoir rocks are loose shallow sands with porosities between 25 and 35%, filled with 
biogenic gas.   
At the beginning of exploration campaign the main goal of the seismic data interpretation 
in the area was oriented to establish structural relations and locate the most prospective 
structural traps. Some discovered bright spot anomalies in the shallow part, like the one 
presented on Fig.12, located above structural features were not particularly interesting at 
that time, mainly due to economical consideration (low gas price!).  

 
Fig.12: Typical bright spot anomaly in North Adriatic Sea 
 
During structural interpretation it was noticed that some suspicious syncline forms exist 
on some possible very promising anticline structures. On Fig.13 seismic line passing 
through such feature with well logs recorded in the well, are presented. At the first glance 
it seems that the syncline on the seismic section is not interesting at all. However, further 
analysis and already existing experience in seismic data interpretation in the area 
confirmed that the noticed push down effect is the cause of the shown false syncline at 
the top of structural gas trap. 
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Fig.13: False syncline on 2D seismic section 
 
Seismic time structure map of the surrounding area is shown on Fig.14. Very strong 
anomalous amplitudes above these false synclines were caused with gas-filled rocks, 
with very low seismic velocities and the rocks above with normally higher velocities. The 
final result is the reflection with very strong amplitude and negative polarity ending with 
diffractions, as presented on the left hand side of the figure, well known as bright spot 
anomaly. Obviously such features on seismic profile and TWT map were caused by 
bright spot phenomena and not by poor data acquisition and processing, and definitely 
not by some locally developed small scale tectonic movements. 

 
 
Fig.14: False syncline on seismic two-way-time structure map 
 
On Fig.15 two seismic lines with characteristic bright spot and pull down phenomena are 
presented. Very pronounced faulting on strong reflection bellow the areas with these 
effects shows that the bright spot, as well as the push down effects, were formed during 
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gas leaking through faults. In the marked areas gas accumulations were found above the 
deeper located faults. 

 
 
Fig.15: Bright spot and push down phenomena 
 
Recently performed 3D seismic exploration acquisition campaign provided better quality 
data, enabled more sophisticated approach to bright spot interpretation using special 
AVO processing and increases the success ratio. The bright spot features with 
characteristic push down phenomena creating false syncline structure are clearly visible 
on the seismic section on Fig.16. The located well was a success and proved that the 
strategy, based on the searching for bright spot effects, should be applied in the future.   

 
 
Fig.16: Bright spot effect above gas field  
 
Seismic time structure map with amplitude strength map, shown in the area around the 
well on Fig.16, is shown on Fig.17. It shows good correlation between seismic time 
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structure map and amplitude strength and confirm that the “bright spot strategy” is the 
best exploration strategy for gas field exploration in north Adriatic Sea area. 

 
 
Fig.17: Seismic two-way-time structure map and amplitude strength map 
 
According to the above very limited number of examples it is obvious that the search for 
bright spot phenomena, based on seismic reflection amplitude analysis, proved to be the 
most promising method in gas field exploration in North Adriatic area.  
 

CONCLUSIONS 
Relations between physical properties of rocks, theoretically established more than a 
century ago, proved to be very useful in seismic velocity and amplitude determination. 
Through the analysis of recorded seismic velocities and amplitudes using these relations 
it is possible to collect useful information concerning rock lithology and fluid saturation. 
These, however still more qualitative conclusions, proved to be practically very useful.  
On the basis of these theoretical conclusions many gas fields were discovered in North 
Adriatic Sea, some of them already in exploitation. Previous interpretation of seismic data 
in order to locate possible structural traps was only partially successful. After some gas 
field discoveries in the area with strong bright spot phenomena, the new exploration 
strategy based on searching and analyzing such anomalies was successfully applied, 
resulting in more new producing gas fields.   
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