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Abstract 

AVO analysis is a technique which is widely used in industry and is applied on seismic prestack 

data. Results from changes in seismic wave reflection amplitude versus offset can be used in 

extracting elastic properties and hence lithology and reservoirs pore fluid identification. Before 

performing AVO analysis studies, processing steps should be ensured that changes in reflection 

amplitude are relative to only changes in elastic properties of layers. One of the major parts of AVO 

analysis is investigation of common AVO attributes such as AVO intercept, AVO gradient and 

scaled Poissonôs ratio and their combinations. The crossplot of AVO attributes can play an efficient 

role in AVO analysis. In this research, AVO analysis is executed on a loose and unconsolidated 

sandstone reservoir and also well logging data were used to calibrate real seismic data. By using 

Fluid Replacement Modeling (FRM) and Gassmannôs equation on reservoir well data, AVO 

behavior in every conditions of reservoir (with changes in fluid type and saturation) shows that it 

belongs to class IV of Rutherford and Williamôs classification. Moreover, hydrocarbon zones which 

are defined using applying AVO attributes on cross-sections and target horizon, are found 

consistent with information from well data. 

Keywords: Modeling, Fluid Replacement Modeling, Amplitude versus Offset, AVO Attributes, 

AVO Attributes Cross Plots. 

1ïIntroduction  

Seismic reflection method has been used in 

hydrocarbon reservoirs investigation since 1930. 

In seismic data interpretation, quantitative 

methods have been gradually used instead of 

qualitative methods in exploration industry. 

According to different characteristics of 

compressional (P) and shear waves (S) and 

different effects of earth elastic properties on 

these waves, it is necessary to be aware of the 

shear wave behavior and its changes in addition 

to P-wave to do quantitative study and obtaining 

information in the case of different fluids and 

type of rocks forming materials. (Aki and 

Richards, 1980). 

Reflected wave pulse characteristics variation 

which originates from a reflector can be 

interpreted to specify a basin history, rock type 

in a layer and even pore fluid (Chiburis et al., 

1993). Bright spots were first practical 

evidences to identify fluid existence which were 

considered in early 1970 especially in 

identifying gas. But drillings were carried out 

later on showed that hydrocarbons are not the 

only source of this amplitude response type. 

Rutherford and Williams (1989) (Zhang and 

Brown, 2001) classified amplitude response of 

gas sands surrounded by shales in seismic 

sections into three classes for better 

identification. With further investigations and 

observing other behaviors from gas sands by 
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Castagna et al. (1989), this classification was 

developed and fourth type of this response was 

added to the classification. AVO anomalies 

classification was not limited to that and later, 

Castagna and Swan (1997) noted that AVO 

anomaly investigation using cross plotting of 

intercept and gradient attributes of AVO would 

be better. The advantage of using this type of 

plotting is that much information is available 

and trends are visible in the data which is not 

visible in a plot of standard offset (or angle) 

versus amplitude. AVO analysis investigates 

variation of reflection and transmission 

coefficients with angle of incidence in seismic 

data. Rock properties and corresponding AVO 

responses can be determined from well-log data 

in AVO modeling (synthetic model) based on 

the seismic rock properties which are directly 

related to seismic wave propagation and seismic 

responses. Thus for determining anomaly 

precision caused by changes in lithology or 

fluid, the main key of using AVO is comparing 

the existing real data with a standard condition 

such as a synthetic seismic model. 

2ï AVO Principles 

Reflection and transmission coefficient changes 

with incidence angle (and corresponding to that 

offset changes) (AVA) often refer to reflection 

dependence on offset and is the basis of 

amplitude analysis versus offset (AVO). 

Nowadays AVO is widely used in identifying 

hydrocarbons, lithology determination and fluid 

parameter analysis based on the fact that seismic 

amplitudes in boundaries are affected by 

different physical properties of upper and lower 

parts of the interface. 

When a P wave incident obliquely to an 

interface of two homogeneous and isotropic 

layers with unlimited extension and variable 

acoustic impedance, reflected and refracted P 

wave is generated similar to normal incidence 

and moreover some of incident compressed 

wave energy changes into reflection and 

refraction of S wave rays (Figure 1). 

Reflection and transmission incidence angles of 

rays based on Snellôs law are defined as below: 

ὖ
ᶮ ᶮ

           (1) 

In which P is ray parameter. 

 
Figure 1) Reflected and refracted rays of P and S 

waves caused by oblique incident of P wave to an 

interface with different acoustic impedance at upper 

and lower parts (Zhang and Brown, 2001). 

Knott (1899) and Zoeppritz (1919) invoked 

continuity of displacement and stress in 

reflectors as boundary conditions to determine 

reflection and transmission coefficients as a 

function of incidence angle and elastic 

properties of media (density, shear and 

volumetric module). Zoeppritzôs equations 

describe relations between transmitted, reflected 

and refracted shear and compressed waves for 

both media and determines propagation of each 

ideal flat wave. Reflection and transmission 

coefficients including 4  ȟ4  ȟ2  ȟ2  in 

each radiation angle of ɗ are completely 

determined by density and wave velocity of P 

and S in each media. These parameters are 

themselves depended on physical properties of 

media such as lithology, porosity and fluid type. 

Due to complicated form of Zoeppritzôs 

equations and this fact that they do not give us 

an intuition of how amplitudes are related to the 

various physical parameters, Zoeppritzôs 

equations are approximated. Aki and Richards 

equation (1980) (equation 2) and Shueyôs 
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equation (1985) (equation 3) can be mentioned 

as some of these approximations which 

simplified the relation between reflection 

coefficient and incidence angle so that basic 

coefficients of Zoeppritz can be recognizable. 

Ὑ—
Ў Ў Ў

τ
Ў

ς
Ў
ίὭὲ—

Ў
ὸὥὲ— ίὭὲ—    (2) 

Ὑ— ρ τ ίὭὲ
Ў Ў

ίὭὲ—                    (3) 

In which ὠ , ὠ  and ” are respectively 

compressional and shear waves average velocity 

and density in upper and lower medias of 

interface. Aki-Richards equation is an 

appropriate approximation of Zoeppritzôs 

equation in angles less than 30 degrees (can be 

used even with angle larger than 30 degrees). 

Also Shueyôs equation can be changed as 

equation 4 (Castagna, 1993). 
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Where Ὑ is normal reflection coefficient of P-

wave and ὃ, Ў„ and „ are respectively defined 

as below: 
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Where Ў6 and Ўʍ are respectively changes of 

P-wave velocity and density in interfaces and 6 

and ʍ are average velocity of P- wave and 

density. 

Difference of 6 6ϳ  or Poissonôs ratio in 

interfaces cause changes in reflection 

coefficients versus incidence angle. Relation of 

Poissonôs ratio with seismic wave velocities is 

expressed as below (Ostrander, 1984): 

„                                                   (7) 

3ï AVO Classification 

Early practical evidence that fluids could be 

seen by seismic waves as bright spots was often 

used to identify gas. Bright spots were 

recognized in the early 1970s as potential 

hydrocarbon indicators, but drillers soon learned 

that hydrocarbons are not the only generator of 

bright spots. Only AVO analysis which requires 

special data can distinguish lithology changes 

from fluid changes (Chiburis et al., 1993).  

 
Figure 2) Plot of P-wave reflection coefficient 

versus incidence angle for an increase in Poissonôs 

ratios across an interface (Ostrander, 1984). 

 
Fig. 3. AVO response curves related to gas 

saturated clastic reservoirs with shale cap rock; in 

this figure, reflection coefficients changes versus 

incidence angle are observed in four AVO classes. 

Class I has a positive normal reflection coefficient 

and a negative gradient, class II has a small normal 

reflection coefficient near zero and class III has a 

negative normal reflection coefficient and a negative 

gradient (Rutherford and Williams 1989). Class IV 

includes negative normal reflection coefficient but 
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positive gradient, hence amplitude decreases with 

increasing offset (Castagna et al., 1998). 

Rutherford and Williams (1989) classified 

different responses of gas sand reservoirs. They 

divided these gas sands reflections according to 

value of normal incidence reflection coefficient 

(2 ) at the top of gas sands into three groups. 

Figure 3 shows reflection coefficients changes 

versus incidence angle from shale to gas sand. 

As can be seen, changes include sands with high 

acoustic impedance (class I), sands with 

acoustic impedance near shale (class II) and 

sands with low acoustic impedance (class III). 

Castagna and Swan (1997) introduced fourth 

type of AVO changes (class IV). In this class, 

normal reflection coefficient is negative and 

while offset increases, its absolute value 

decreases. 

4ï Fluid Replacement Modeling 

Changing of fluid type and its saturation value 

at reservoir and creating synthetic logs relating 

to these changes is introduced as fluid 

replacement modeling. In most cases, only one 

well data is available in study area which has 

encountered with a specified horizon (oil, gas or 

water). In such situation, modeling of AVO 

behavior for all conditions of reservoir 

including gas, oil and water is not possible. The 

solution is modeling of reservoir rock and 

existing fluids, and then prediction of synthetic 

logs with substituting fluid type using this 

modeling. By having P-wave logs, shear wave 

and density and using Zoeppritzôs equations or 

one of its approximations, AVO behavior of 

reservoir can be estimated in different 

conditions of pore fluid and comparing that with 

seismic data through providing synthetic 

seismograph. Gassmannôs equations (1951) are 

used to model reservoir rock. Gassmann 

performed equation 8 to predict reservoir 

seismic properties changes (density, 

compressional and shear wave velocity) caused 

by fluid replacement based on texture property 

of reservoir rock. 

ὑ ὑ                                 (8) 

In which K is volumetric module of saturated 

reservoir rock of a fluid with volumetric module 

of +  and +  is volumetric module of rock 

frame in dry condition. +  is volumetric 

module resultant of forming minerals in 

reservoir rock and Q is reservoir rock porosity. 

5ï AVO Attributes  

AVO interpretation basically is extracting AVO 

common attributes including intercept (A), 

gradient (B), and pseudo Poissonôs ratio and 

cross plotting them to specify reservoir fluids 

and different lithological units. Cross plotting in 

AVO can be used to determine AVO class 

(Foster and Keys, 1999; Castagna and Swan, 

1997) and identifying hydrocarbon sediments 

(Ross and Kinmann, 1995; Verm and 

Hilterman, 1995). Under different geological 

conditions, A and B values in water sands and 

shale layers follow a specific trend of 

background (figure 4). AVO anomaly is a 

deviation from this trend of background that 

may be related to lithology factors or 

hydrocarbon presence. Gradient of this line 

depends on 6 6ϳ  ratio of background. 
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Figure 4) Cross plotting of intercept (A) and gradient (B) shows existence possibility of four changing areas 

depending on intercept and gradient. Situation of each one of AVO classes in these areas has been specified. 

For a limited timing window, water sand and shale locate over a specified background trend. Top of gas 

layer locates in lower part of background trend and the end of gas layer at the upper trend part (Castagna et 

al., 1998). 

6ï Case Study 

6.1- Field Information  

Case study was done on a filed located in 

Persian Gulf with 242 square kilometers area 

and reservoir depth between 820 to 880 meters. 

Hydrocarbon in this field originates from an 

oligo-miocene sandstone formation. Field is an 

anticline with trend of NW-SE and plunge of 1 

to 1.5 degrees which has a hydrocarbon column 

with a length of 62 meters from the top. 

Reservoir includes oil column of roughly 44 

meters and a gas cap with maximum 18 meters. 

Field includes 3 units: lower carbonated Asmari, 

Ghar sand (equivalent to Ahwaz section) and 

upper carbonated Asmari (lower Fars). Upper 

Asmari includes reservoir potential while lower 

Asmari is completely consolidated and with no 

porosity. 

 

6.2- Processing 

Considered well penetrates the reservoir at oil 

containing position therefore by using fluid 

replacement method, other conditions (place as 

gas or water saturated) were modeled. In figure 

8, shear and compressional wave logs and 

density for each three conditions of pore fluid 

presence can be observed. As considered, Ў6 

and Ў6 are negative in all conditions (oil, gas 

and water) so based on equation 2, normal 

reflection coefficient (Ὑ) is negative and Ὑ— 

should be positive so total increasing of 

amplitude versus offset should be decreased. 
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Figure 5) Time changes of reservoir upper horizon (time decreases from violet to green) and well location.

 
Figure 6) Changes of Vp, Vs and density caused by fluid type changing at reservoir which has been 

performed by fluid replacement modeling using well data (orange, red and blue logs respectively refers to 

gas, oil and water saturated conditions). Density and compressional wave logs in water saturated condition 

(at the top of reservoir) is maximum and in gas saturated condition is minimum while shear wave log in gas 

saturated is a few more than two other conditions. 

It should be noted that because of negative 

phase of wavelet used in modeling (because of 

using reverse polarity in processing of seismic 

data), intercept in Figure 7 is positive and 

gradient is negative (if phase being normal, 

intercept and gradient will respectively be 

negative and positive then AVO anomaly shows 

class IV). In figure 8, stacked seismic section 

from the attribute of scaled Poissonôs ratio in 

upper horizon of reservoir related to synthetic 

CDP gathers in Figure 7 is observed. As can be 

seen, amount of scaled Poissonôs ratio variations 
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in gas saturated condition is more than other 

two conditions although difference of gas and 

oil saturated conditions is not so much. 

Therefore this attribute can be suitable for the 

separation of fluids boundary. Also since in 

each three conditions, gradient is roughly equal 

but intercept is different, intercept attribute can 

also be suitable for the separation of fluids 

border. 

 
Figure 7) AVO behavior at the top of reservoir 

relating to synthetic CMP gather with changing fluid 

type. Gathers are respectively from left to right 

related to gas, oil and water saturated conditions. In 

lower part of figure, amount of amplitude versus 

offset variations is shown. 

6.3- AVO Interpretation  

As can be seen in figure 9, at the top of 

reservoir, AVO behavior in seismic data 

matches AVO behavior gained from well data 

and AVO class IV can be observed well at this 

horizon. It is noteworthy that non-uniform 

variations of amplitude in real data is coming up 

from noise existence at data but in general there 

is a linear trend similar to AVO behavior in 

synthetic model. 

 
Figure 8) Stacked section of scaled Poissonôs ratio 

related to gathers in figure 7. From left to right, 

seismic effects are respectively related to gas, oil 

and water saturated conditions (Mirzakhanian, 

2007). 

After extracting attributes (Figs. 10, 11 and 12) 

using cross plotting of intercept versus gradient 

and gradient versus scaled Poissonôs ratio for 

synthetic model as a pattern and applying that as 

anomaly zones (red color) and background 

(grey color) on resulted cross plotting from real 

seismic data, lateral section is gained in which 

upper horizon can be observed well (Figs. 13 

and 14). 

As can be seen at Figures 15, 16 and 17, fluid 

changing can be observed well at top of 

reservoir and where top horizon of reservoir 

crossing well site, based on intercept, gradient 

and scaled Poissonôs ratio. 
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Figure 9) Comparing AVO at top of reservoir for synthetic model and seismic data (In right figure, red line 

shows amplitude changes in real data and blue line refers to amplitude changes in synthetic model). 

 
Figure 10) Cross section of intercept attribute (A) at well place. AVO intercept at top of horizon is positive. 

 
Figure 11) Cross section of gradient attribute (B) passes across a well. AVO gradient at top of horizon is 

negative. 
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Figure 12) Cross section of scaled Poissonôs ratio passes through well. 

 

Figure 13) Cross plotting of intercept and gradient attributes at upper horizon of reservoir for synthetic 

model (upper left) and for seismic data (upper right) and also seismic data cross section caused by their 

cross plot zoning (lower). 
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Figure 14) Cross plotting of scaled Poissonôs ratio and gradient attributes of AVO at upper horizon of 

reservoir for synthetic model (upper left) and for seismic data (upper right) and also seismic data cross 

section caused by their cross plot zoning (lower). 

 

Figure 15) Intercept attribute of AVO at upper 

horizon of reservoir resulted by arithmetic average. 

 

Figure 16) Gradient attribute of AVO at upper 

horizon of reservoir resulted by arithmetic average. 


