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ACOUSTIC PROPERTIES AS FUNCTION OF DEPTH

IN THE GULF OF SUEZ, EGYPT
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ABSTRACT

Seismic wave attenuation and seismic wave velocity
are related to the physical properties of rocks.
The controlling factors of these properties are vary-
ing, depending upon the physical conditions of the
rocks.

In the present study, a detailed correlation between
the seismic wave attenuation, seismic wave velocity,
and propagating frequency has been reported. The
sensitivity of the acoustical parameters to the change
of lithology is well tested. The effect of depth on
the degree of sensitivity of these parameters is also
studied.

INTRODUCTION

The relative sensitivity of velocity and attenuation
as a function of lithology has been a contro-versial
matter. Extensive processing and analysis of the re-
corded seismic data and integrating the results with
geological information from other sources like well
logs, can often make accurate estimates of the subsur-
face geology, together with lithology, depositional
environment and, in some cases, the fluid content.

*Geology Dept., Al-Azhar University, Nasr City, Cairo, Egypt.
**Min. Pet. and Metal. Dept., Cairo University, Giza, Egypt.

27

Many attempts have been made by the seismol-
ogists throughout the history of seismic exploration,
to reduce the amount of uncertainty and the number
of unresolvable problems. The exact nature of the
travelling seismic signal or its waveform, and its
distortion and attenuation by the medium are not
quite clear and are still questionable.

Vertical seismic profile (VSP) data can provide
information that decrease some types of uncertain-
ties and can help to resolve many of them. McDonal
et al. (1958), and Tullos et al (1969) have
measured in-situ attenuation of seismic frequen-
cies. Attwell et al. (1966) and Hamilton (1967)
have conducted experiments on attenuation and
they found a linear relationship between attenua-
tion and frequency. An important contribution
using VSP was made by Hauge (1981).

The objective of the present study is to measure the
cumulative attenuation termed by Hauge (1981) on
one VSP, the average velocity and the average fre-
quency. These parameters were plotted against depth
and were shown side by side with the composite log
to emphasize the response of each parameter to
variations in lithology.

GEOLOGIC SYNOPSIS

The topmost 1200 feet of the geologic section
encountered in the studied well is predominantly
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sandstones with a limestone bed occupying the depth
interval from 1525 to 1800 feet and minor shale,
limestone and anhydrite intercalations through the
rest of the interval. At the base of this interval,
another type of anhydrites and shales of cyclic nature
starts which was deposited alternatively, with one salt
intercalation. This interval goes down to a depth of
4825 feet, The depth interval from 4825 down to 7100
feet is occupied by rock salt with five minor interca-
lations of anhydrites and shales. Below 7100 feet and
to a depth of 10450 feet, the section is dominated by
shaly sandstones with frequent thin beds of limestone
sandstones with frequent thin beds of limestone
through the entire depth interval. The interval in-
cludes also a 300 feet thick anhydrite-shale bed at the
upper part, and another one 30 feet thick at 10000
feet depth.

THEORETICAL CONCEPTS

The displacements associated with propagated
seismic waves in a medium can be written as:

U, ([)=G(x)U,,([) e glot =G0y, >x, (1)

where « is the spatial attenuation between distance
Xy and x,. U, (f) is the reference spectral amplitude.
x is the distance difference from the reference event.
v is the velocity of the propagated wave in the
medium. © is angular frequency. G,(x) is a geometri-
cal factor which includes spherical divergence, reflec-
tions, transmissions, between distances x; and X.
Knopoff (1964) and McDonal et al (1958)
assumed that the spatial attenuation is a linear
function of frequency. In the present study, we will
assume that ¢, varies linearly with frequency and is
expressed in decibel as:

o,(F) = B,£/8.686 (2)
with:
B.— j "By dx )

Where the factor B, is a function of the separation
distance (x, —X,), and cannot be considered as intrin-
sic rock property. By considering the constant Q-
model in this work, this leads to express B, as
frequency independent factor.

This factor B, will be refered as cumnulative attenu-
ation (Schoenberger et al., 1978; Hauge 1981). B, is
the interval attenuation over the separation interval
[x1, x4]. It is equal to ’

o=1Qi" !/v; (4)

where v; is the interval velocity over the separation
interval [x,,x,] and Q; ! is the specific dissipation
factor also over the same separation interval.

An important concept is the validity of the assump-
tion that the geometric factor has the same fre-
quency independence allower the separation interval
[X1, X2]. The spatial attenuation may be expressed as
function of delay time between the sample event
and the reference one (Tullos et al, 1969; Hauge,
1981).

By using the decibel units (dB) for calculating the
interval attenuation P, equation (4) will take the
following form:

Bo=27.2878 Qi !/v; 5
Combining equations (1), (2) and (3) leads to:
U, ()= G,(X)le(f) o~ xB:f/8.686 ©)

The spectral ratio method is merely a rearrangement
of equation (6) as:

InU,,—InU,, = — xB,[/8.686 + InG, (7)

where U, is now taken as the reference pulse, the
pulse to which all other pulses are referenced. Equa-
tion (7) may be written as follows:

In (3—) = —xP,{/8.686+InG, 8)

X1

The ratio on the left side of equation (8) is
linear with respect to frequency and has negative
slope xP, which can be determined via least-squares
technique. After values of B, are determined for all
depths, they are plotted versus depth to produce
cumulative attenuation curve.

MEASUREMENT OF ACOUSTIC PROPERTIES

The lateral subsurface stratigraphic changes, re-
lated to water or petroleum presence, might be ob-
served on surface or VSP seismic profile. In the
present study a trial to measure acoustic properties at
different depths in a well drilled in Gulf of Suez
offshore area, to determine if significant lateral
changes in stratigraphic horizons correspond to
acoustic changes in these horizons.

(1) Measurement of Attenuation

Attenuation is the observed decrease in the ampli-
tude of a transmitted seismic wave that cannot be
calculated by geometric effects. Attenuation is usually
a small quantity that is difficult to measure, especially
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in-situ. This attenuation includes losses in amplitude
due to anelastic effects and to scattering.

VSP can be used to correlate the relationship
between attenuation and significant rock parameters
such as sand percentage or sand-shale ratio. There-
fore, attenuation can be a useful diagnostic property
in seismic stratigraphy and reservoir investigations.

The relation between attenuation and lithology
was made by Hauge (1981). The accuracy of the slope
of cumulative attenuation curve depends on the den-
sity of observations (Spencer et al., 1981).

By using Eq. (8), the estimated B, values for all
depths are plotted in Fig. 9. The cumulative attenu-
ation, increased by increasing depths (Fig. 9). The
values range from 0.025 to 0.08 dB/Hz.

(2) Predominant Frequency Calculation

Average frequency is the parameter that normally
describes the predominant frequency, which is the
frequency with maximum amplitude spectrum. Since
higher frequencies decay faster than lower ones, this
parameter is expected to decrease with travel path.

The average frequency changes with depth may
be used as a measure for the wavelet shape changes
also with depth. Sheriff (1983), has defined an ex-
pression for calculating the average frequency of
a downhole event as follows:

o= { 3 00} H vie| o)

In Eq. (9), f.. is the average or predominant
frequency of the wavelet at depth or distance equal
to x from source. f; is the i-th frequency value of
the amplitude spectrum. U,(f) is the amplitude
spectrum at distance x. The low and the upper
boundaries of the summations run over all the
discrete frequencies f; up to the Nyquist fre-
quency. The calculated average f[requency are
plotted against depth and shown in Fig. 10.

(3) Estimation of Average Velocity

Velocity analysis for real seismic surveys is neces-
sary. The main sources of velocity information are
the velocity log and a check-shot survey that should
have been run in the borehole, and the travel time
of the VSP direct wave. Kohler and Koenig
(1986) found errors by comparing the calculated
traveltimes of the direct wave with the travel-
times picked in the VSP records. These errors are
quite clear for large offsets, while for zero offset
the traveltime were correct. They explained these
differences as due to a laminated structure velo-

city anisotropy. Salo and Schuster (1989) demons-
trated that the velocity structure can be reconstructed
using both reflected and direct-wave traveltimes
from VSP data. The velocity errors estimated by
using only direct-arrival traveltimes are 6.08%
but are 4.72 percent in case of using direct- and
primary-arrival traveltimes in VSP velocity in-
version (when the layers are horizontal). Kennett
et al. (1971) discussed the velocity measured {rom well
velocity surveys and the use of calibrated acoustic
logs.

In the present study, the first arrivals were de-
tected at different levels in a well drilled in the
Gulf of Suez. The average velocity along the source-
receiver offset is given by the general form (Al-
Chalabi, 1974):

T

Vave :(I/T) J‘ Vinsl(t) dt (10)

0

where v, is the instantaneous velocity, defined as
the velocity in an infinitesimally small interval, and T
is the total travel time.

The next expression will be used for the average
velocity along the normal incidence trajectory for the
VSP data:

Vavc=(1/T0) i Vn(tnftn—l) (11)

where T, is the total zero offset time. v, is the
n-th interval velocity over the interval time [t,—,, t.].
N is number of sample intervals. Tp can be written
as:

N
To= 3, ti—ti=1 (12)

n=1

Figure (11) shows the average velocity measured in
feet per second plotted against the depth in feet.

DATA HANDLING AND DISCUSSION

The analysed VSP, acquired off-shore in the
Gulf of Suez, was digitized only for the direct,
downgoing events at an equal sampling rate equal
to 0.0025 second. The spectral band-width equals
to 200 Hz. This sampling interval turned out to be
most suitable; because spectral amplitudes at fre-
quencies higher than 120Hz are negligibly small.
Deconvoluting the source pulse was conducted on
the assumption that since the firing pressure was
constant, at 120 bars, throughout the recording,
the spectral ratios should eliminate its effect.

The reference pulse and the frequency range in
this technique over which the cumulative attenua-
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tion is calculated are chosen by trial and error. The
best results were obtained, with the reference pulse at
1200 feet and a least-squares fit of the spectral ampli-
tude ratio taken between 10 and 100 Hz. To smooth
out the spectra for the effect of finite pulse duration,
a time domain filter is considered. The Hanning
window was used, which is given by:
u(t)=0.5—0.5 cos(2nt/T.); 0<t<T, (13)
where the T. is the truncation interval. Different time
windows were tried out; e.g. the Hanning, trap-
ezoidal, and the rectangular window. The Hanning
proved to be most appropriate and did not alter the
original spectral texture, at least not below 140 Hz.
The amplitude spectra were calculated using the
discrete Fourier transform which is given by
(Brigham, 1974)

N-1
Um/No= ¥ ufkt) g~ 12k (14)

K=0

n=0,1,2,....,N—1

where N is the number of digits, t is the sampling
interval, u(kt) is the sample amplitude, U(n/Nt) is the
Fourier transform which was normalized for varying
truncation intervals.

Figures 1-7 show plots of frequency spectra of the
downward-travelling first arrival at different depths
of 1200, 1800, 2600, 4400, 5600, 7600, and 10400 feet,
respectively. The plots show the spectral amplitude
in decibel which is normalized to the maximum
amplitude. In general, the amplitudes have been
normalized, trace by trace, so the amplitude loss
due to the increase of depth cannot be seen in these
figures. This can be easily seen in the composite
plot in Fig, 8,

Having accepted the assumption that the attenua-
tion is roughly proportional to frequency, the cumu-
lative attenuation at different depths has been calcu-
lated. The overall picture of the cumulative attenua-
tion curve increases with increasing depth. Generally,

lithologic zonation can be established. Rate of
cumulative attenuation increases over the intervals
dominated by sandstones. On the other hand, it is
relatively constant, with the rate of interval attenu-
ation being approximately zero over the intervals
occupied by anhydrites and rock salt.

Another important point is the lateral changes of
the recorded event from a target stratigraphic hor-
izon. This might indicate significant change in rock
lithology like porosity build up or sand pinch out.
These changes may be expressed also in frequency
domain; i.e. the propagating predominant frequen-
cies. According to Fig. 10, it is noticed that higher
frequencies events are shown in shallow depths.
Hence, the higher frequency events suffer small at-
tenuation. (Figs 9 and 10).

The average velocity as a function of depth, shown
in Fig. 11, could be differentiated on the basis of the
curve gradient into five distinct zones, which roughly
correspond to the topmost sandstone zone (from
1000 to 3200 feet), the anhydrite-shale zone (from
3200 to 4800 feet), the salt-zone (from 4800 to 7100
feet), the shaly sandstone-limestone zone (from 7100
to 9600 feet); and the bottom of sandstone zone (from
10400 to 10700 feet). No further information on the
variations in lithology through each zone could be
drawn from the plot.

A closer look into the fine texture of the cumulative
attenuation curve, Fig. 13, reveals two outstanding
phenomena that correlate well with two lithologic
identities, consequently meriting some detailed dis-
cussion. First the physical unrealisable phenomenon
of negative attenuation, which is confirmed by in-
creasing average frequency. This is particularly
prominent over the depth intervals 5600 to 6000 feet
and 7200 to 7600 feet. On the composite log, the only
common thing at these two intervals is the presence
of anhydrites. This anhydrites caused some sort of
compensation and attenuation to the propagated
waveforms. Secondly, the leaps of cumulative attenu-
ation values at depths equal to 1400 and 8800 feet,
correspond to limestone beds. The average frequency
curve, Fig. 13, shows the leap at 8800 feet which is of
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FIG. 1. Amplitude spectrum of seismic pulse at depth
equal to 1200 feet.

FIG. 2. Amplitude spectrum of seismic pulse at depth
equal to 1800 feet,
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FIG. 3. Amplitude spectrum of seismic pulse at depth
equal to 2600 feet.
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FIG. 5. Amplitude spectrum of seismic pulse at depth
equal to 5600 feet.

FIG. 4. Amplitude spectrum of seismic pulse at depth
equal to 4400 feet.
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FIG. 6. Amplitude spectrum of seismic pulse at depth
equal to 7600 feet.
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FIG. 7. Amplitude spectrum of seismic pulse at depth
equal to 10400 feet.
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FIG. 8. Amplitude spectra of seismic pulses at some selected depths equal to 1200, 1800, 2600, 4400, 7600, and 10400 feet.
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FIG. 9. Cumulative attenuation at different depths cal-

culated over the frequency interval 10-100 Hz.
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FIG. 10. Predominant frequency calculated over the fre-
quency interval 10-100 Hz.
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FIG. 11. Average velocity calculated as function of depth
in a Well drilled in Gulf of Suez.
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FIG. 12. Correlation coefficients calculated over the fre-
quency interval 10-100 Hz, at selected depths.

a magnitude less than that at 1400 feet, as normally
expected for attenuation which tends to decrease with
depth due to increasing confining pressure.

The correlation coefficient of the determined
attenuation is plotted faced to the geologic com-
posite log  (Fig. 12). Their values range between 0.5
up to 075, and have increased as cumulative
attenuation and depth increased.

CONCLUSION

Attenuation represented by the cumulative attenu-
ation is a far mere sensitive parameter to variation in
lithology than velocity and frequency. Two lithologic
identities were associated with two prominent phe-
nomena on the cumulative curve. Anhydrites were
associated with the phenomenon of negative attenu-
ation and were interpreted as responsible for partial
compensation of attenuated downhole pulses.

Limestones were engaged to sudden jumps in
values of cumulative attenuation with lower average
frequencies, and were interpreted as sources of high
attenuative effects. An evident point scatter is shown
on the average frequency.
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