
ABSTRACT
The present study deals with the AVO (amplitude

versus offset) coefficients Ra as functions of porosity
and clay contents of the medium.The coefficient is com-
puted taking into consideration only P-waves. Two
modified AVO coefficient forms, which are expressed
according to Shuey (1985), are analyzed in the current
work. The two expressions consider the AVO coefficient
as a function of either offset (x) or the angle of inci-
dence (θ).

A geologic model composed of two layers (a sand-
stone layer overlain by a shale layer), is employed to
analyze the effects of both porosity and clay contents
on the AVO coefficients. The results show that the AVO
coefficient increases with increasing angle of incidence
(θ), and its sign is reversed for higher porosity ratio
(φ1/φ2) values.When the AVO coefficient is expressed as
a function of offset (x), it increases with increasing off-
set for φ1/φ2 ranging from 0.4 to 0.8. The AVO coeffi-
cient decreases with increasing offset when φ1/φ2 is
equal to unity. In general, the AVO coefficient increases
as a function of offset for higher values of the ratio
φ1/φ2 ranging between 2.0 and 3.0.

The relation between the AVO coefficient and the
porosity ratio (σ1/σ2), Poisson's ratio (ρ1/ρ2), density
ratio (α1/α2) and P-wave velocity ratio (φ1/φ2) are
examined. AVO coefficient increases with increasing
φ1/φ2 and σ1/σ2. Conversely, it decreases with increas-
ing ρ1/ρ2 and α1/α2.

Key Words: The AVO coefficient, P-wave velocity,
Porosity, Clay content

INTRODUCTION
The variation of reflection and transmission coeffi-

cients with incident angle and corresponding increasing
offset has been investigated long ago. Knott (1899) and
Zoeppritz (1919) explained continuity of displacement
and stress at the reflecting interface as boundary con-
ditions for solving the reflection and transmission coef-
ficients as function of incident angle and the media
elastic properties (densities, bulk and shear moduli).
Muskat and Meres (1940) calculated reflection and

transmission coefficients versus angle of incidence for a
large number of cases, assuming a constant Vp/Vs ratio
of √3. Koefoed (1955) pointed out the practical possi-
bilities of using amplitude variation with offset (AVO)
analysis as an indicator of Vp/Vs variations. It was
assumed that the two media on either side of the inter-
face were welded together. The resulting equations are
complex (Hales and Roberts, 1974). Young and Braile
(1976) modified expressions from Cerveny and
Ravindra (1971) and provided a simple computer sub-
routine for coefficient calculation. Aki and Richards
(1980) expressed the reflection and transmission coef-
ficients in an easily solved matrix form. Wiggins et al.
(1983) introduced an approximation which simplifies
AVO interpretations when Vp/Vs ratio is equal to 2.0.
These coefficients are determined by the density and
the P-wave and S-wave velocities of each medium,
which are themselves dependent on material physical
properties such as lithology, porosity, and pore fluid
content (Castagne, 1993 and 1994).

Bortfeld (1961) linearized the Zoeppritz equations
by assuming small changes in layer properties, and this
approach was followed in Richards and Frasier (1976)
and Aki and Richards (1980). Shuey (1985) presented
another form of the Aki and Richards (1980) approxi-
mation, in which each term simply describes a different
angular range of offset curve. Angerer and Richgels
(1990) describe various factors affecting P-wave and S-
wave velocity: mineralogy, porosity, pore fluids, depth of
burial, pressure and temperature. Harvey and
MacDonald (1990) applied seismic modeling of porosi-
ty within a Jurassic carbonate bank in Nova Scotia. A
good description for AVO inversion was introduced by
Hampson (1991). Greenberg and Castagna (1992)
showed that S-wave velocity prediction can be quite
robust with prediction error of about 5%. Castagna
(1993) studied petrophysical imaging by applying AVO.
The interaction between AVO and velocity information
was investigated by Spagnolini (1994). The case of high
impedance sandstone reservoirs and their relation to
AVO was studied by Peddy et al. (1995). Simmons and
Backus (1996) studied the waveform-based AVO inver-
sion. Empirical relationships between transverse
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isotropy and Vp/Vs were studied by Ryan-Grigor (1997).
Castagna et al. (1998) introduced a framework for AVO
gradient and intercept interpretation. Perez et al.
(1999) detect fracture orientation applying azimuthal
variation of P-wave AVO responses. Ross (2000) and
Simon et al. (2000) studied the AVO crossplots. Buland
and Landr (2001) studied the impact of common-offset
migration on porosity estimation by AVO inversion.
Sarkar et al. (2001) discussed AVO and velocity analy-
sis. Isolating rock property contrasts by AVO inversion
demonstrated by Kelly et al. (2001). Beretta, et al.
(2002) revised AVO and AVA inversion for fractured
reservoir characterization. Houck (2002) quantified the
uncertainty in an AVO interpretation.

THEORY
The compositional heterogeneity of Earth's layers

and seismic wave velocity variations with both depth
and offset are common. The present study examines the
effects of both porosity and clay contents on AVO coef-
ficient variations with angle of incidence (AVA). The
seismic velocity is supposed to be linear with depth, i.e.,
being just above the interface between two porous
media it is supposed to be not equal to the interval
velocity given by the seismic velocity analysis band on
NMO, as stated in Xu et al. (1993). The ray paths are
not straight lines in accord with Ostrander (1984).
Shuey (1985) introduced an equation describing the
relation between the AVO coefficient and the angle of
incidence. In the present study, a modification to
Shuey's expression is introduced in terms of the poro-
sity (φ), clay content (C), and the angle of incidence (θ)
in order to compute the AVO coefficient as a function of
angle of incidence. Another AVO coefficient calculation,
as a function of offset, with variables porosity (φ), clay
content, and offset (x), is discussed below.

A) Angle Case:
Zhao (1992) discussed the equivalence principle in

P-wave AVA modeling and its effect on AVA inversion.
The effect of interference on AVA was studied by
Wapenaar et al. (1995). Wapenaar (1997) investigated
multi-scale AVA analysis. The analysis of AVA after
velocity-independent DMO was studied by Canning et
al. (1998). The influence of petrophysical parameters in
porous media on AVA was studied by de Roque et al.
(1998). In the present study, AVO coefficient (Ra) is
computed as function of φ ,C and θ based on the equa-
tion introduced by Shuey (1985). The new form could be
expressed as follows:

(1)
where:

Rpp(φ,C,0) is the normal incidence reflection coefficient,

α1 and α2 are the P-wave velocities in layer 1 and
layer 2, respectively, which are separated by an inter-
face. ρ1 and ρ2 are the respective densities in the two
layers. σ1 or σ2 are the Poisson's ratios in layer 1 and
layer 2. σ may be expressed in the following form:

Equation (7) is based on the introduced empirical
relationship which is given by Castagna et al. (1985) in
this form:

(8)

where Vs and Vp are measured in km/sec. Vs is the
S-wave velocity. Vp is the P-wave velocity. This relation-
ship is valid for in-situ sandstones and shales. Equation
(1) could be rewritten in simple form as follows:

(9)
B) Offset Case:

Equation (1) could be expressed in a new form to
describe the dependence of the AVO coefficient on
porosity (φ), clay content (C), and offset (x). The veloci-
ty is assumed to be linear with depth according to the
next form:

(10)
Applying the notation of Ostrander (1984), the new

form of equation (1) may be expressed as follows:

(11)
where:

(12)

with

(13)

(14)
and

(15)
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(2)

(3)

(4)

(5)
(6)

(7)



MODEL CONSTITUTION
An application of the computation of the AVO coef-

ficient (Ra) to a geologic model, which is composed of
two layers, is shown in figure 1. The upper layer is shale
and the lower one is sandstone. The shale layer is char-
acterized by ρ1= 2.6774 g/cc, α1= 4.7877 km/s, c1=
80 %, and φ1= 15 %. The density of the sandstone
layer is ρ2 = 2.6284 g/cc, α2 = 5.4497 km/s, and c2 =
20 %. φ2 is the porosity of the sandstone layer and is
assumed to be variable, ranging between 0.5 to 0.37
through φ1/φ2, which is varied from 0.4 to 3.

ρ1/ρ2 of the present model changes from 0.98 to
1.16. Poisson's ratio (σ1/σ2) varies between 0.69 and
1.33. P-wave velocity ratio (α1/α2) varies from 0.84 to
1.42. Most of changes in the variables are modeled for
the sandstone layer. figure 2 describes the relation
between ρ1/ρ2, σ1/σ2 and σ1/σ2 on one side, and the
ratio φ1/φ2 on the other side. The depth to the interface
between the two layers is set at 500 meters from the
Earth's surface.

NORMALLY INCIDENT REFLECTION COEFFI-
CIENT

The interface separates shale (the upper layer) from
sandstone, (the lower layer) as described in the pro-
posed geologic model. Othman (1999) introduced an
expression that formulates the normally incident P-
wave reflection coefficient (Rpp) as a function of both
the porosity and clay content of the medium, as inferred

from actual data measured in the Gulf of Suez. The +
sign refers to P-waves travelling down from shale layer
to the sandstone. The - sign is for upwards travelling
waves from the sandstone layer to the shale layer. R+

pp
may be expressed as follows:

(16)

where:
(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24) 
φss is the porosity of the sandstone layer. Csh is the

clay content in the shale layer.φsh is the porosity of the
shale layer. Css is the clay content of the sandstone
layer. Equation (16) describes the reflection coefficient
for the incident P-waves from the  shale layer to the
sandstone throughout the interface. For the P-wave
incident from the sandstone layer to the shale layer, the
normally incident P-wave reflection coefficient (R+

pp)
may be rewritten as:

(25)
Equations (16) and (25) are applied to evaluate the

effects on AVO coefficient (Ra) of porosity variations in
the sandstone layer. In the following sections, the
effects of porosity and other material elastic properties
on Ra will be investigated in regard to the offset as well
as the angle of incidence θ .

AVO COEFFICIENT VERSUS ANGLE OF INCI-
DENCE

In this section, the characteristics of the AVO coef-
ficient (Ra) are discussed according to equation (1) with
the angle of incidence θ being varied from normal inci-
dence up to 60 degrees. Generally, Ra increases with
increasing angle of incidence. The ratio φ1/φ2 is varied
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Figure 1. Geologic model used in the present study. α is the
P-wave velocity. φ is the porosity. ρ means density. C is the
clay content. Subscripts 1 and 2 refer to shale and sandstone,
respectively.



from 0.4 (high porosity sandstone) to 3.0 (low porosity
sandstone) demonstrating that Ra increases with
increasing φ1/φ2 ratio, as shown in figure 3.

The AVO coefficient (Ra) is investigated as a func-
tion of the ratios φ1/φ2, ρ1/ρ2, c1/c2 , σ1/σ2 and α1/α2
for different incidence angles from zero to 60 degrees

applying the given model parameters. The subscripts 1
and 2 designate the shale and the sandstone layers,
respectively. Figure 4 shows that for θ ranging from 0
to 60 degrees, Ra increases with increasing θ and
increasing φ1/φ2. When φ1/φ2 equals unity, there is an
abrupt increase in the AVO coefficient after which it
begins to gradually decrease for φ1/φ2 greater than
unity, then continues its general increase for higher
angles of incidence as shown in figure 4. The ratio
ρ1/ρ2, is related to the AVO coefficient (Ra) as displayed
in figure 5. The AVO coefficient decreases with increas-
ing ρ1/ρ2 and increases with increasing angle of inci-
dence θ . At θ equals 60 degrees, the decrease in Ra
was steeper than for θ < 60 degrees, as illustrated in
figure 5. When ρ1/ρ2 > 1.2, Ra shows smaller values
than for θ angles higher than 30 degrees. An abrupt
increase in Ra  at ρ1/ρ2 = 0.94 is followed by a decrease
for higher ρ1/ρ2 ratios, then a continuation of its gen-
eral decrease trend.

The effect of Poisson's ratio (σ1/σ2) on Ra across
the interface between the two model layers is demon-
strated in figure 6. Ra increases with increasing σ1/σ2
as well as with increasing incidence angle θ , from 0 to
60 degrees. The peak value of Ra at σ1/σ2 = 1.08 is evi-
dent on the generally increasing curve, as seen in figure
6.

AVO coefficients decrease with increasing velocities
ratio (α1/α2) and it increases with increasing incident
angle, as shown in figure 7. At α1/α2 = 1.012, a small
increase is noticed for the AVO coefficient, but for
higher α1/α2 ratios the AVO coefficient decreases as it
continues its general downward trend. A sharp
decrease in AVO values beginning at α1/α2 = 1.11 is
similar to the relation between the AVO coefficient and
ρ1/ρ2, as shown in figure 5.

AVO COEFFICIENT VERSUS OFFSET
Variations in the AVO coefficient relative to the off-

set, via the suggested model, are the main target in the
present section. Applying equation (11) on the given
model results in the curves shown in figures 8A, B and
C. The ratio φ1/φ2 is investigated in three ranges, name-
ly, φ1/φ2 <1.0, φ1/φ2 = 1.0 and φ1/φ2 > 1.0. For the
ratio φ1/φ2 <1.0, Ra increases with increasing the off-
set figure 8A. The ratio σ1/σ2 is less than 1.0 when
φ1/φ2 ranges between 0.4 to 0.85. The ratio σ1/σ2 is
greater than 1.0 for φ1/φ2 ranging from 0.85 to less
than unity. The ratio ρ1/ρ2 is higher than 1.0 for the dis-
played curves. P-wave velocity ratio (α1/α2) is higher
than unity when φ1/φ2 varies from 0.4 to less than 0.8,
but it is lower than unity when the ratio φ1/φ2 is varied
between 0.8 and less than unity. Thus Ra increases with
increasing φ1/φ2 from 0.4 to 0.8. In the case of φ1/φ2 =
1.0, Ra decreases with increasing offset only when
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Figure 2. Relationships between α1/α2, ρ1/ρ2, and σ1/σ2
and the ratio φ1/φ2 in the applied geologic model.

Figure 3. The AVO coefficient as a function of the angle of
incidence for different φ1/φ2 values ranging from 0.4 up to
3.0.



σ1/σ2 is larger than 1.0, ρ1/ρ2 > 1.0 and α1/α2 is less
than unity, as shown in figure 8B.

Ra increases with increasing offset when φ1/φ2 >
1.0, as illustrated in figure 8C. When φ1/φ2 increases
from 2.0 to 3.0, the AVO coefficient increases up to the
inflection point at offset 250 m (half the upper layer
thickness). Above the inflection point, Ra decreases with
increasing ratio of φ1/φ2. In the third range of φ1/φ2
>1.0, σ1/σ2 is greater than unity and α1/α2 is less than

one. The density ratio (ρ1/ρ2) is greater than unity when
φ1/φ2 ranges from 1.0 to 1.8; and is less than unity for
φ1/φ2 ranging between 1.8 and 3.0.

The dependence of the AVO coefficient on elastic
and petrophysical parameters are discussed for the two
layers on either side of the interface on which P- waves
are incident. Three ratios φ1/φ2, σ1/σ2 and ρ1/ρ2 are
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Figure 4. The AVO coefficient as a function of φ1/φ2 for diffe-
rent values of the angle of incidence ranging between 0 and
60 degrees.

Figure 5. The AVO coefficient as a function of ρ1/ρ2 for diffe-
rent values of the angle of incidence ranging between 0 and
60 degrees.

Figure 6. The AVO coefficient as a function of σ1/σ2 for dif-
ferent values of the angle of incidence ranging between 0 and
60 degrees.

Figure 7. The AVO coefficient as a function of α1/α2 for diffe-
rent values of the angle of incidence ranging between 0 and
60 degrees.



considered. The AVO coefficient expressed as a function
of φ1/φ2 is demonstrated in figure 9. For φ1/φ2 < 1.0, Ra
increases with increasing offset and increasing φ1/φ2.At
φ1/φ2 = 1.2, Ra shows negative values and increases
with decreasing offset. For o 1/ 2 higher than 1.2, the
coefficient is generally positive, initially with increasing
values of Ra, followed by a decrease with increasing
ratio of φ1/φ2, as displayed in figure 9.

As illustrated in figure 10, the effect of the ratio
σ1/σ2 on Ra may be described as a regular increase of

the coefficient values with increasing σ1/σ2 and offset.
For σ1/σ2 < 0.95, Ra increases with increasing offset,
but for σ1/σ2 near unity, Ra decreases with increasing
offset. For the condition σ1/σ2 greater than 1.1, Ra
decreases gradually with increasing φ1/φ2, and increa-
ses with increasing offset, as shown in figure 10.

Ra is shown as a function of ρ1/ρ2 in figure 11. In
this figure Ra shows a general decrease with increasing
values of ρ1/ρ2. For ρ1/ρ2 less than 1.01, Ra increases
with increasing ρ1/ρ2 and offset, giving positive Ra va-
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Figure 8A. The AVO coefficient as a function of offset for dif-
ferent φ1/φ2 values ranging between 0.4 and 0.8.

Figure 8B. The AVO coefficient as a function of offset for
φ1/φ2 = 1.0. Figure 9. The AVO coefficient as a function of φ1/φ2 for diffe-

rent values of offset ranging between 100 and 1200 m.

Figure 8C. The AVO coefficient as function of offset for diffe-
rent φ1/φ2 values ranging between 2 and 3.



lues. For ρ1/ρ2 = 1.02, Ra shows a sign reversal and
decreases with increasing offset. For ρ1/ρ2 > 1.035, Ra
increases with increasing offset, in the studied model.

DISCUSSION AND CONCLUSION
The above analyses clearly demonstrate that the

range of values of porosity, density, Poisson's ratio and
P-wave velocities in both sides of an interface between

shale and sandstone influence the AVO coefficient. Ra
is strongly modified by changing the angle of incidence
from 0 to 60 degrees in the present study. By changing
the porosity ratio (φ1/φ2) from 0.4 to 3, Ra increases
fourfold, representing an obvious effect of porosity vari-
ation on AVO coefficient computation.

Where Ra is related to offset, it increases with
increasing offset and its value at φ1/φ2 = 0.4 is three
times higher than its value at φ1/φ2 = 0.8. The situation
is reversed by increasing offset for φ1/φ2 = 1, which
leads to a general decrease of AVO coefficient as offset
(distance) increases. The effect of porosity on Ra is neg-
lected or obscured at this special condition. For φ1/φ2 >
1, i.e. where the shale is more porous than the sand-
stone, Ra increases with increasing offset and shows an
inflection point at offset equal to half the shale thick-
ness ( half the thickness of the overlying layer).

Generally, Ra has larger values when φ1/φ2 and
σ1/σ2 are increased, and it has lower values when
ρ1/ρ2 and α1/α2 are increased. By increasing the inci-
dent angle from 0 to 60 degrees, Ra increases for all the
intervals of the studied ratios (φ1/φ2, σ1/σ2 , α1/α2 and
ρ1/ρ2). The relationship between Ra and φ1/φ2 for sev-
eral offset values shows Ra increasing with increasing
ratio of φ1/φ2, until this ratio reaches unity. For φ1/φ2 >
1.0 and φ1/φ2 < 1.3 Ra decreases with increasing offset
values. For φ1/φ2 values greater than 1.3, Ra increases
with increasing offset.An analogous interdependence is
evident between Ra and σ1/σ2. For σ1/σ2 > 1.0 Ra
increases with increasing offset. For transitional σ1/σ2
values, i.e. 1.0 < σ1/σ2 < 1.02, Ra decreases with
increasing offset. For higher σ1/σ2 values than 1.025,
Ra increases with increasing offset.

Density ratios (ρ1/ρ2) have obvious influence on
the AVO coefficient. For ρ1/ρ2 < 1.01, Ra increases with
increasing ρ1/ρ2 and increasing offset giving positive
Ra values. For ρ1/ρ2 = 1.02, Ra changes its sign to neg-
ative, and is reduced by greater values of offset. For
ρ1/ρ2 > 1.035, Ra increases, again as offset increases,
and shows positive values.
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