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Abstract. A geologic model was proposed for studying the effects of fluid saturation upon seismic veloc-
ity, and consequently seismic amplitudes. Partial gas-saturation as well as partial oil-saturation were intro-
duced. Synthetic seismograms were calculated to show the desired effects. Attenuation effects were intro-
duced and calculated.

Computations revealed that higher concentration values of water in pores decreases the amplitude of
seismic waves. Also, low gas saturation mixed with water causes relatively large decrease of relative
amplitude, and that is higher than that caused by introducing oil in pores.

Introduction

The interstitial water in rocks and soils have little or no effects on the density, mag-
netism, and radioactivity. It causes large changes in elastic moduli and electrical con-
ductivity, as stated in previous works. Many studies have been carried out to show
the effect of water saturations on propagated seismic waves. An attention was given
to study the seismic waves ranges from simultaneous inversion of velocity and attenu-
ation data to obtain improved earth models [1]. The study of “bright spots™ in hydro-
carbon exploration was also considered by Sheriff [2]. However, to make full use of
seismic data, it is crucial to interpret the effects of water saturation in terms of phys-
ical properties of rocks.

Desai and Moore [3] have reported laboratory measurements of compressional
wave velocity in Berea Sandstone. They used a time average equation [4] and
observed a decrease in the matrix travel time.
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The influence of pore fluids on seismic waves have been reported by several
investigators [5-8]. Among recent works in this area are those of Ogushwitz [9], and
Dunn [10]. Halpern and Christian [11] studied numerically the contact between a
disk and the fluid-saturated half-space. Philippacopoulos [12; 13] discussed the prop-
agation of Rayleigh waves in fully saturated uniform half-spaces. The impedance
contrast between gas and rock is so high that the dominant effect would be P-wave
reflection or refraction with relatively little S-wave generation [14]. The present
work investigates the compressional wave propagation in rocks, as an aid in seismic
exploration, and the action of water saturation under different conditions of porosity
and attenuation cases on the seismic amplitude throughout synthetic seismograms.

Propagation of Elastic Waves in a Partially Fluid-saturated Rocks

The seismic wave motion equation can be discussed in terms of the concept of
normal incidence reflection in saturated case. The wave equation for acoustic wave
propagation in a non-porous solid may be termed in general form as follow:

2,2 Zi,
0(3 B/At) = (\Hp) V'O + uV' 4 (1)
with
B=Vu
and ,
VU =V(VU) — VX(VXu) (2)
Then X 2 2
p(B URN) = +p)V(VU) +uV u (3)
2
0@ W) =(A+2m)V(VE) —pV XV XU (4)

In the last four equations, p is the density of the rock, u is particle displacement vec-
tor, t is the time, A and  are the Lame’s constatns. Biot’s theory predicts three kinds
of body waves, two dilatational and one shear Biot [15; 16]. One of the dilatational
waves, which is called the first kind, and the shear wave are similar to waves found
in ordinary elastic media. The second kind of compressional wave is highly-atenuated
in the nature of a diffusion process Stoll [17]. For geophysical studies in fluid satu-
rated sediments waves of the first kind are of principal interest. In the present study,
the first kind p-waves propagated in porous media will be discussed by introducing u
as irrotational vector (i.e. V X u = 0), thus:

V(Vu)=V-Vu (5)
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and by introducing the partially saturation condition by applying the time average
equation, the wave will take the form:

FUBE = [V, +(1-DYV * V5 (6)

where @ is the fractional porosity, Vv, 1s matrix velocity, and V. is fluid velocity. A
solution of the wave equation in the X-direction may be presented as follow:

u=uexp {ik (X-V,V t[®(V,-V) + V] (7)

where u is a constant, i=(-1)'?, k is wave number, and x is distance. But in gas-satu-
rated media, the modified time average equation Marschall [18], may change the
form of equation (7) into:

u=uexp (ik(X-BV,V, V. A®V, (BV S, +V VS )+BVV (1-0)")} (8)

where S_ is water saturation, V., is velocity of propagated wave in the water, V
is velocity of wave in gas, and B is equal to log (C /C ). C_is the gas compressibility,
and C_ is the matrix compressibility in dyne/cm?. The subscripts f and, m refer to fluid
(oil, gas, and water), matrix (the mineral grains of the rock frame), respectively.

Many mathematical operations will be made to establish a synthetic seismogram
applying the reflectivity technique to follow changes of the seismic amplitudes due to
changes of degree of water saturation. A geological model is therefore designed (Fig.
1). In this Figure; a three layer model is illustrated. There is a non-porous shale at the
top and bottom of the model. Whereas limestone, sandstone or dolomite is the com-
posite of the middle layer. The suggested seismic velocities applied in the designed
model as follow: for limestone is equal to 6400 m/sec, and for dolomite is 7000 m/sec;
but for sandstone is 5500 m/sec. Finally, for the shale the seismic velocity is supposed
to be 4500 m/sec. The abbreviated symbols SH, LS, DOL, and SS denote shale,
limestone, dolomite, and sandstone; respectively. Those symbols will be used hereaf-
ter for the rest of the work as well as used in the next Fi gures. Another group of
abbreviations are applied in the present work as G which denotes gas, O means oil,
and W denotes water. The symbol SW which appears in every figure, containing syn-
thetic seismograms, and beside the upper trace, denotes the applied source wavelet.

A ray striking the upper interface between layer 1 and layer 2 is partly reflected
from the top of layer 2 and partly travelled to the base of layer 2, where the latter is
then reflected and transmitted through layer 1. By changing the physical parameters
in layer 2, many variations arose.
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Fig. 1. Geologic model used to compute the synthetic seismograms in
the present work.

Elastic Wave Velocities at Partially Saturated Conditions

Generally, the calculated porosity values of the studied three rocks are the aver-
age values from the selected porosity ranges. For dolomite, the porosity range is 5%
to 15%, while for limestone, from 10% to 20%. In case of sandstone, the range is
selected as 15% to 35%. Therefore, the calculations of velocity in Fig.2 have been
carried out at porosities of 10% for dolomite, 15% for limestone, and 25% for
sandstone.

The velocity of seismic waves is strongly dependent on pore fluid content. The
degree of wave interactions with fluids is determined by the shape of the pores within
the solid matrix of mineral grains. In the low frequency limit, pore fluids influence the
velocity through compressibility. Dependence of velocity on fluid porosities can
serve as a diagensis of material structure in situ as well as in the laboratory.

The goal in oil and gas exploration is to distinguish between gas, oil, and water
in situ, as well as to infer their relative concentrations, rock type, porosity, and per-
meability. Water saturation as inspected from the time average equation or from the
modified one, has effects on seismic velocity. These effects are calculated for both
gas- oil-filling pores mixed with water.

Figure 2 illustrates velocity as a function of water saturation for the modelled
three rocks. Velocity of the hydrocarbon-filled portions of a reservoir is low relative
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to the water saturated condition as shown in the Figure. Velocities show higher values
in oil-saturated rocks than of gas saturated one. Generally, velocity values in partially
saturated dolomite are larger than those calculated in the other two rocks. Also, vel-
ocity is slightly affected by water saturation in sandstone.

As shown in Fig. 2, seismic velocity increases as saturation of the pore volume
with water increases in the rock. Differences between values of velocities in both gas-
and oil-saturated cases decrease by increasing water saturation percentage. It is equal
to zero at fully water saturated state.

Seismic velocity in the matrix of a rock as written in Fig. 1, is highly affected by
porosity value and pore filling liquid type. These calculations agreed with those of
Elliot and Wiley (7], which indicate that the velocity of a liquid saturated rock can
vary from that in the same rock containing a partial saturation of a free gaseous
phase.

Analysis of Waveforms Aided by Synthetic Seismograms

In seismic measurements, for a given lithologic contrast, the reflection coeffi-
cient (RC) depends on the angle of incidence, incident and reflected wave types. The
resultant convolution of the reflectivity function R(t) and source signature W(t) rep-
resent the synthetic seismogram S(t). Synthetic seismogram may be expressed in a
mathematical formulation as:

S(t) = W(v)R(t-1) dv
= W(t) * R(t) 9)

If noise N(t) is considered, equation (9) can be rewritten as follows:
S(t) = W(t) = R(t) + N(t) (10)

The noise includes multiple reflections, combined effect of all instruments, pulse
geophone coupling, and others.

A geological model was proposed to calculate synthetic seismograms, Fig. 1. As
known, models are only approximations to reality, while mathematical relations are
precise but they do not correspond to reality under all conditions. Any model is useful
because it provides a framework for the description of deviations from ideality and
may lead to a better model. The suggested model is transeversally isotropic, and the
source pulse propagates as a plane wave, thus striking the layers at normal incidence.
In the studied model, all types of noise are excluded.
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Source signature waveform is time-invariant; so, its shape and amplitude are
constant and do not change with travel time. Synthetic reflection trace have been cal-
culated to evaluate reflection amplitude variations in terms of corresponding changes
of water saturations at definite porosity value.

These computations have been carried out for dolomite, limestone and
sandstone, in layer 2 encased by non-poruous shale layer, Fig. 1. For every rock, the
pores are supposed to be filled with either gas or oil in addition to water at different
degrees of concentration. The porosity values are changed in the selected range for
every rock.

In Figs 3 to 8, dolomite was chosen to emphasize the effect of fluid content. In
the porosity range (5-15%), two mixed saturated cases were studied. Gas and/or oil
are mixed with water. When porosity equal to 5% and a wide range of water satura-
tion is considered, a series of synthetic traces were plotted in Fig. 3. The limiting con-
ditions of zero gas saturation (i.e., S w — 100%), and full gas saturation (i.e., S, =
0%), show no polarity reversals, and a decrease of the travel time of the second event
which is reflected from base of layer 2. At a mixed saturated case, polarity reversals
appear where porosity value is raised up to 10%, as seen in the box of Fig. 4. Greater
travel time is observed at 5% porosity value. In Fig. 5, a reversal of polarity is
observed all over the saturation range and also increase of travel time is occurred.
The reversals, are considered with respect to the case of porosity equal to zero and is
plotted at the upper part of the figure. The zero porosity trace is plotted in all the fol-
lowing calculated seismograms for comparison. Oil-water mixtures are introduced in
the pores of dolomite. Synthetic seismograms have been calculated and plotted as
shown in Figs 6 to 8. Polarity reversals are observed at high porosity values (i.e.,

porosity = 15%). Travel times are increased by increasing porosity all over water sat-
uration range.

Relative amplitude of seismic events to the incident one were calculated at both
gas and oil mixed with water and are shown in semi-log scale in Fig. 9. Relative
amplitude changes are almost small at low water saturation percentage. Polarity
reversals appear at higher porosities. Also, a low gas saturation in partially water
saturated dolomite, causes a relatively large decrease of relative amplitudes, but a
low oil saturation causes a larger decrease of relative amplitudes than that of gas sat-
uration one.

With regard to limestone, a series of synthetic seismograms have been plotted by
full gas- or oil-saturated limestone (i.e., S, = 0%), and ended by full water-saturated
one (i.e.,, S = 100%). Three Figures (10, 11, and 12}, show the changes of seismic
amplitudes against changes of water saturations at porosities equal to 10%, 15%, and
20%. It is obvious that, the travel time of the second event was increased by increas-
ing porosity values, and decreased by increasing water saturations. There are polarity



Adel A.A. Othman

DOL

. N "

g 10 2 = 18
3 ; :

S I8 : o N
E‘. R .‘BH-SI
5 % : 'Eg
TR YN

¢ M \RW 5 : . 8 g
T E : - . : 80

* o9 BNAWE %
108——— 5\53/\’\,—:1'9

i : S8 : 188
T XITHME MSEC)

Fig.3. Synthetic seismograms computed to partially gas-satruratea dole-
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Fig. 5. Synthetic seismograms computed to partially gas-saturated dolo-
mite, for different §_ values (0 - 100%): at porosity equal to 15%.
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Fig.7. Synthetic seismograms computed to partially oil-saturated dolo-
mite, for different S_ values (0-100%) at porosity equal to 10%.
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Fig. 10. Synthetic amplitudes in partially gas-saturaed limestone over
wide range of S_ values, for porosity equal to 10%
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Fig. 12. Seismic amplitude in partially gas-saturated limestone over wide
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Fig. 13. Seismic amplitudes in partially oil-saturated limestone over wide
range of §_ values, for porosity equal to 10%.
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Fig. 14. Seismic amplitudes in partially oil-saturated limestone over wide
range of S_ values, for porosity equal to 15%.
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Fig.17. Amplitudes as a function of S_ in partially gas-saturated
sandstone for porosity equal to 15%.
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Fig. 19. Amplitudes as a function of S, in partially gas-saturated
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reversals all over the selected porosity range which could be observed by comparing
the plotted seismograms with the most upper one of every drawing when porosity
equals zero (i.e., massive case). The same pattern was obtained with small gas con-
tents at low porosity as well as shown in Fig. 10. The same conditions may occurr at
partially oil-saturated case, but the polarity reversals appear at some higher water
concentrations (S, = 60%) than those of gas (Sw=90%), as shown in Figs 13, 14, and
15.

Relative amplitudes of the studied limestone and water saturation are plotted in
Fig. 16. As shown small quantities of gas in pores decreases the amplitude faster than
the equivalent values of oil. Low porosity shows low relative amplitudes.

In sandstone, the reversals are recorded as well as the arrival times of the second
event were increased by increasing porosity values. Second event in sandstone, as
shown in Figs 17 to 22, is reached later than that in dolomite or limestone. A com-
parative representation of relative amplitude with water saturation at three porosity
values are shown in Fig. 23. Seismic amplitudes suffer small changes in high porous
sandstone, at small water saturations. A low gas saturation causes a large decrease of

relative amplitudes. This decrease is larger at low porosity values (i.e., porosity =
15%). :

Variations of seismic amplitudes against pore volume saturated with water are
collected together in one plot, as shown in Fig. 24. The presence of gas in porous
sandstone gives higher amplitudes than that of a partially oil saturated case.
Amplitudes at both gas or oil mixed with water in sandstone are higher than that in
limestone or dolomite. Low gas saturation causes a relatively large decrease of rela-
tive amplitudes in the three studied rocks. Nevertheless, effects of gas saturation on
seismic amplitudes are larger than that of oil.

Influence of Attenuation and Partial Saturation on Velocity

As stated in several previous works [19-21] and others, attenuation of waves in
fluid saturated porous meterial may be due to the sum of the loss caused by the fluid
motion and the loss caused by the solid framework. The solid framework loss may be
regarded as two parts, a dry loss of the solid friction type and a viscous loss resulting
from the chemical and physical effect of the fluid on the cementing material of the
solid and within cracks of the grains themselves [4]. In low frequency limit, pore fluids
influence the propagated waves throughout their density, compressibility, etc. But at
higher frequencies, viscous and inertial interactions are introduced [15] and [16]. In
the studied model, the source wavelet is set to be of low predominant frequency.

By neglecting the effects of chemical and physical interaction of the fluid with the
adjacent material, the attenuation is only considered according to the solid friction
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“type. Therefore, a nearly constant Q-model is needed to claculate the effects of
attenuation in saturated material on velocity.

The suggested nearly constant Q-model by Kjartansson [22], was used for the
next computations. In this model, the dependence of the velocity upon frequency is

considered to be of the form:
V=V ()" (11)
with
A = (tan” [1/Q))/n (12)

and equation (11) may be written as:

V=V_(ff )"0 (13)
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where fis the frequency, f is a reference frequency, V_is calculated velocity by using
time average or modified time average equation, at the reference frequency. Qis the
quality factor. Mavko and Nur [23] experimentally reported that for certain rocks
with at least a small concentration of very flat pores, even a small amount of water,
can enhance the dissipation of energy of compressional waves,

Effects of attenuation on seismic velocity in partially saturated case are clacu-
lated and plotted in Fig. 25. A three values of Q are applied in the constant Q equa-
tion (13) to calculate velocity. These values of Q are equal to 10, 50, and 100 in both
partially gas- and oil-saturated cases.

Generally, all calculations were executed in both elastic (no dissipation effects),
and anelastic cases, as shown in Fig. 25 (A, B, and C). Figure 25A displays seismic
velocity as function of water saturation for porosity equal to 10%, in partially satu-
rated dolomite. As shown in the figure; velocity in high-absorbing oil-saturated case
(Q=10) increased by increasing water saturation values, and it is higher than that of
partially saturated gas. By increasing Q-values; the velocities in both oil- and gas-
saturated cases were decreased. It is obvious that the velocity curves are shifted
downwards on the graph, by increasing Q-values, i.e. decreasing attenuation effects.
Velocities of elastic media are of lower values with respect to anelastic one, and that
is noticed in both gas and oil partially saturated cases.

The last description may be applied for Figs. 25B and 25C, which show the
characters of velocity in both gas and oil saturated cases, at elastic media, and also
after introducing attenuation parameters in calculations. In Table 1, a comparative
presentation for some calculations were carried out for the three studied rocks to
show the velocities in elastic and anelastic media at both partially gas- and oil-satu-
rated cases, at Q equal to 10, and S_ equal to 50% (mixture case). These calculations
explained that velocity in a massive media decreases the value of seismic velocity
according to the fluid content and fluid type. The relation between the velocity and
water saturation in the presence of attenuation effects, show that seismic velocity is
highly affected by the degree of fluid concentration.

Discussion and Conclusion

The study deals with effects of water content in rock pores on seismic velocity as
well as gas and/or oil mixed with water. Attenuation effects arc studied at the predo-
minant frequency of the source event. A flow chart, Fig. 26, describes the processing
steps needed to execute the computation operations to model a geophysical problem
which could be useful for determining the water saturation concentrations from seis-
mic measurements, using the applied technique.
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Conclusively, a low water saturation causes a large decrease of seismic velocity,
but higher concentration values of water decrease the relative amplitudes. A low gas
saturation mixed with water causes a relatively large decrease of relative amplitude
values. Low oil saturations, causes also a decrease of relative seismic amplitudes but
lower than that of partial gas-saturated casc.

By introducing attenuation effects in the computations, seismic velocity
decreases by increasing Q-values (i.e. decreasing the attenuation) in a partially satu-
rated medium. :
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