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SEISMIC ATTENUATION AND POISSON’S RATIOS IN OIL SANDS

FROM CHOSSHOLE MEASUREMENTS'

COSTAS G. MACRIDES®S AND ERNEST R. KANASEWICH?

ABSTRACT

Laboratory measurements of scismic attenuation are of inter-
est but interpreting the results in terms of behavior at scismic
frequencies can be problematic. In-situ measurements of atten-
uation in the Clearwater Formation near Cold Lake, Albertu,
betore and after ~ieam stimulation, are presented here. These
were extracted from data obtained during two well-to-well
seismic tomography surveys initiated by Esso Resources Cuan-
ada Limiled.

The spzctral ratio method as well as the concepl ol average
frequency were used i order to measure attenuation betore
steam stimulating the formation. The values of @, obtained
were close 1o 30 assuming a linear dependence of atlenuition
with frequency. By employing a modified spectral ratio tech-
nique and analysing “*before “and “tafter’ scismic truces, a
¢, value close to 10 was tound foc the steam-tnvaded 7one.
The Poisson’s ratio within the zone was caleulated to be as
high as O ). Thewe findings indicate the presence of substan-
tial amounts of viscous fluids introduced in the pore space by
the pracess of steam mjection. Furthermore, the increansed
alttenuation within the heated zone is explained in terms of the
dramatic increase of permeability within the Zone as aresult of
bitemen mobilization. The field measurements were not opti- i
mized tor determining attenuation or Poisson’s ratios. so the
results are significant in establishing that itis possible to obtain
such parameters Optimization of recording technigues will
certainly allow vre to obtain the spatial variation of these
variables.

INTRODUCTION

Seismic attenuation properties of rocks can be investi-
gated by laboratory studies (Toksoz er al., 1979). Such
studies employ frequencies in the kilo- and megahertz
range in order to determine physical propertics of very

small samples, but interpreting these results in terms of

behavior at seismic frequencics is problematic (Stewart

etal., 1984). The reasonis that the mechanisms responsi-
ble for attenuation at ultrasonic frequencics may be
entirely different from those in the scismic band. In
addition, one would like to have information on the
spatial variation of attenuation without having to obfain
core samples. Therefore, of more interest are in-situ
studies of sersmic attenuation, It should not be forgot-
ten that core samples are necessarily altered from their
in-situ state. This sampling problem is particularly sert-
ous in 01l sands due to their cohesionless character
{Dussecault and Van Domselaar, 1982).

The purpose of this paperis to present (7 s alues for oil
sands calculated by a varicty of {ecchniques using well-
to-well seismic measurements (Macrides et af., 1985:
Bregman cr ef ., 19861 Bregman, 1987). These measure-
ments were imtially taken as part of seismic tomogra-
phy studies for the purposes of imaging the Clearwater
FFormation before and after steam mjection (Macrides.
1987).

Geological description of the Clearwater Formation
The Clearwater Formation contains highly saturated
ot sands and accounts for approximately onc-halt of
the total bitumen in place at Cold Lake (Quttrim and
Evans. [977). The formatien is gradational in thickness
and ranges from 6 m in the south to over 60 m in the
north. This reservoir, which occurs atdepths 0o 410-450 m.
has been the target of most pilot operations at Cold
Lake todate. The Clearwater Formation has been inter-
preted as deltaic in origin (Outtrim and Fvans, 1977).
The Clearwater oil sands are only weukly cemented by
the bitumen, and the reservoir body can be character-
ized as cohesionless. Oil gravity is 9-12° APL (986 to
1007 kg/m?). absolute permeability is 1 Darcy (1 wm-},
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oil viscosity inthe reservoiris [0 000 ¢P (100 Pa.s), and
porosity is 30%. Under reservoir conditions the oil. or
bitumen. is immobile.

Bitumen saturation appears to be closely related to
depositional environment and varies from 6% 10 15% by
weight. Incontrast with the geologically older Athabasca
oil sands, which consist almost entirely of quartz grains
{and are characterized by higher degree of diagencsis
and reduced porosity), the Clearwater sunds contain. in
addition to quartz, high percentages of feldspar. vol-
canic rock fragments and chert. For more detailed
geological descriptions of the Cold Lake arca and the
Clearwater Formation the reader is referred to Harrison
et al. (1981) and Putnam and Pedskalny (1983).

THE EXPERIMENTS

The data we cmployed in this study were collected
from two well-to-well surveys. The first was a before
and after steam injection seismic experiment conducted
mthe Cold Lake arcain 1982, The second was a presteam
scismic tomography experiment also in the Cold Lake
area, executed i [985. The target formation in both
experiments was the Clearwater which had a thickness
of 30 m ar depths close to 450 m. The before and after
survey made use of u single eaplosive source (Pnimacord)
fired repeatedly at a fixed level within the one well for
tendifferent depths ofa single vertical-component receiver
clampced within the other well. The sampling interval in
the recording was | ms.

In the second cxperiment an airgun source at a pres-
sure of 2300 PST (16,000 kPa) was positioned at 24 dif-
ferent depths within the source well. Recording was
througha DFS-V unitin the University of Alberta Mobiie
Seismic {aborutory from a downhole string of 24
hydrophones. The sampling interval was 0.5 ms. The
spacing at sources and receivers was 3 m. A typical
example of the recorded signals is shown in Figure 2,
The horizontal distance, in both experiments, between
source and rece:ver wells was ¢lose to 200 m.

0 measurements from the presteam tomography
experiment

a) Using the spectral ratio method — QOur procedure
for measunng attenuation involved the spectral ratio
method. This method has been applied successtully for
measuring attenuation from vertical seismic profiles
(Hauge, 1981). The technique requires the choice of a
reference downhole pulse and the construction of spee-
tral ratios between this and another downhole pulse.

Applying the same technique to our hole-to-hole seis-
mic profilcs can be more problematic. Due to the geome-
try of the experiment, see Figure |, the range over
which the various distances between source and receiver
vary is limited. As a consequence, the success of the
spectral ratio method will rely heavily on the good
match between the frequency responses of the receivers.,
However, the use of a string of hydrophones receiving

seismic pulses from a single shot is in {avor of meeting
this requirement.

Let us call x, the distance a seismic ray travels from
source #1 torecerver #1,in Figure 1, and x the distance
between the same source and receiver #24. The sonic
logs, shown in Figure 3, indicate that there is no veloc-
ity contrast between the Clearwater Formation and the
formationabove it (Grand Rapids). Hence, norefraction
of seismic raysis expected tooccurat the interfuce. The
amplitude of the scismi¢ pulse at distance x, will be
given by

-y
vpQ
A(xo) = G(xo) e (n
and the amplitude at distance x will be
-nfix

vpQ
AX) = Gx)e | (2)

where fis frequency (in Hz). v is the phase velocity of
the P-wave and @ 1s the quality factor of the medium
characterizing its intrinsic attenuation. G(x) is afrequency-
independent function incorporating the effects of: )
spherical divergence, 2) dependence of the pulse ampli-
tude on impedance {Treitel and Robinson. 1966), 3)
source strength and recorder gain, and 4) angular depen-
dence of the radiation pattern, (Fehler and Pearson.
1984),

In order to construct spectral ratios between the two
puises we take the logarithm of the ratio of the two
amplitudes at cach frequency, choosing the pulse at x,
as reference. Then:

In { A(XO) G(xo)

()H(O)nf
o) (g )+

+Tp_

A plot of In{A(xy)/Alx)} versus frequency 7 will yield a
linear graph from the slope of which the value of Q can
be calculated. The implication is that ¢ and v, are
frequency independent. This can be a questionable
assumplion if & wide range of frequencies is considered
but it is a usetul first approximation for our purposes.
The power spectral estimates for the two P-wave pulscs
and their spectral ratios plotted versus frequency are
shown in Figure 4. It 15 worth mentioning that the
P-wave spectra of seismograms 2 to 23 exhibited the
same bimodal character as | and 24, From the slope
tand 1ts standard deviation) of the spectral ratio graph
the value of @ was found to be equal to 27+5. The
various steps that were taken for reaching this result are
summarized as follows:

1Y A cosine bell taper window 80 points long (40 ms)
was applied to the P-wave phases. The window was
carcfully applied as to avoid the high-frequency event
whichfollowsabout 25 msafter the first arrival in record
#1. Tapering 1s particularly essential tor the study of
individual phases in seismology in order to minimize
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Fig. 1. Geomelry of the presteam tomography expenment. The source well s separated from the recetver well by a distance of 180 m Thickness of

the Clearwater Formation 15 50 m,

the effects of other phases und to avond large discon-

tinuities that may occur at the beginning and the end off

the data vector (Kanasewich. 1981). Prior to this opera-
tion the low-frequency notse — up to 40 Hys - which
wias prominently prescut i the records was clhiminated
through band-pass {ilering.

2) The data vector was padded with zeros until the
total number of points in the time series was cqual to
N'=1256(=2%. The DU component of the time serics
wis removed and the power spectrum was calculated
using a fast Fourier transform and « Daniell (19469
window in the frequency domiin. The resultis given iy

N2
N
J

—_— W HEaw ) |
N 2m=+ 1) ' :

PwW) = |
W={}

W02 SN2

where N=80. &' =256 and m was chosen equal to 3.
The star indicates a complex comjugate.

3) Statistical analysis of the spectral ratios was car-
ried out 1n order to determine the probable error of the
distribution. Then, any data points with residuals exceed-
ing five times the probable crror were discarded,
{Margenau and Murphy. 19551 However, very few mica

surements quahified tor such a rejection. Subsequently,
the spectral ratio versus frequency graph was smoothed
using # moving average window 7 points wide. Then a
huavar feast-squares fit was applicd o the data, A Q
value of 27 + 5 was obtained from the slope of the incar
trend and equation (31 v, was 240040 m/is and was
determined by the tirst arvival times.

At frequencies higher than 130 Hy the spectral ratios
oscillate around the linear trend of the graph. This is
probably ciusced by geological interference. Forinstance,
although velocity contrast at the top of the Clearwater
15 zero. impedianee contrast may not be zero. Hence,
verv low-amplitude reflections are possible from that
mntertace mterfering with the spectral estimates of the
P-wave pulse arriving at receiver #1. Other iterfer-
ence is possible from a number of high-veloeity carbon-
ate stringers presentin the Clearwater. These are clearly
visible in thoe sonic fogs. They are rather randomly
distributed within the formation and are laterally
discontinuous. FThey are very thin — about 2 m: hence,
they will be vistble only 1o the highest freqguencies of the
seismic energy . The fact that oscillations of the spectral
ratios oceur at high frequencies indicates that they are
probably wtiributed to nmuerterence from these high-veloc-
iy stringers. ifone does not want to mclude the oscitla-
tory portion of the spectral ratos in the caleulation of
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¢. in which case the frequency range from 40 Hz to
150 Hzisconsidered, thenthe @ value obtained is 377,
It is of intcrest to mention that Schoenberger and Levin
(1978) have tested and confirmed the effect of geological
interference on spectral ratio calculations by construct-
ing synthctic seismograms from sonic and density logs.

b) Using the concept of average frequency — Due to
preferential absorption of higher frequencies, the shape
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of a travelling seismic pulse changes with distance from
the source. Hauge (1981) has shown that the ratc of
change is dependent upon the attenuation according (o
the formula

d<f>

—( {<f2 > - <f>f } (5

where <f> | is the average frequency of the pulse at
distance x from the source. The quantity in the bracket
in ¢quation (5) is equivalent to the variance function
F o= <(f—<f> 07>, which is always a positive
number. Hence the rate of change of <f>-, in equation
(5) is always negative, In addition, at greater attenua-
tion (smaller @) the rate of change will be increased.
Notice that the <f>, curve does not depend upon a
reference depth. Furthermore, the <f>, curve makes
use of information obtained from many channels, untike
the spectral ratio method which involves the analysis of
only two pulses,

A plot of P-pulse average frequency versus shot-lo-
recetver distance — for source #1 of the experiment —
is shown in Figure 5. The average frequency for each
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Fig. 2. Typical example of the recorded seismograms collected dur-
ing the presteam tomography experimeni using an airgun source and
a string of hydrophone detectors. Data shown are for source at the
uppermost location (#1).

Fig. 3. Sonic logs for the source well {(OB-1) and receiver weil (OB-4)
of the tomography experiment of Figure 1. Sonic log depths are with
respect to Kelly Bushing (K.B.). K.B. elevation for OB-1 well was
626.2 m. K.B. elevation tor OB-4 was 630.1 m. The two logs shown,
redigitized at 1.5 m, have been aligned to take into account this
difference in K.B. elevations.
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pulse was calculated according to the definition given

by Sheriff (1973): )
Zi{A®)
<> = —  ©
2{A®)}

where {A,(f)}° is the power spectrum of the pulse at
distance x from the source. The summation was carried
over all the discrete frequencies f; up to the Nyquist
frequency.
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Fig. 4. Power specira and speciral ratios of the P-wave pulses recorded
at receivers #1 and #24 from source #1.

According to equation (5), <f>, must be a monotoni-
cally decreasing function of the shot-to-receiver distance.
Otherwise, negative values of g will be encountered.
From the slope of the function, the value of the attenua-
tion can be calculated at each point of the graph. For the
data shown in Figure 4, the closest curve to give a
monotonic decrease of <f>_ is a straight line. This
was calculated according to a least-squares fit, In this
case d<f>./dx is a constant equal to the slope of the
linear trend. Hence, ¢, must also be a constant
(provided Q is a constant) and was taken to be equal to
the average variance of all the recorded pulses originat-
ing from source #1. Alternatively, one could let o, be
a variable, in which case a different @ value would be
obtained from each point of the <f>, versus x graph.
Then, one can compute an average Q for the examined
depth interval. However, Q is not expected to vary
significantly within the depth range considered.

From the value of the siope =—0.80 (s m)?, the
average variance =7300 s, and the P-wave velocity
of 2400 m/s, a value of Q equal to 24+8 was obtained.
This is in satisfactory agreement with the value of Q
which was obtained by the spectral ratio method (37+7).

CALCULATION OF (Q WITHIN THE
STEAM-INVADED ZONE

Our intention is to make use of the seismic data
obtained from the before and after steam injection experi-
ment shown in Figure 6. Analysis of the records —
displayed in Figure 7 — has identified clear changes of
the seismic signature after steam injection. There are
changes in amplitudes and spectral characteristics, as
well as time delays of the seismic pulses that have
travelled through the steam zone. These results have
formed the basis for suggesting that seismic tomogra-
phy experiments could provide high resolution images
of a steam-invaded zone, provided an adequately dense
coverage of the target has been achieved (Macrides et
al., 1988). It is worth mentioning that the terminology
“‘steam zone’’ is used to denote the zone of the seismic
anomaly caused by steam injection and production. It
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Fig. 5. Average downhole-pulse frequency versus shot-to-receiver
distance for source #1 of the presteam tormography experiment.
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should be noted that this zone will not necessarily coin-
cide with a zone in which steam is present as vapor in
the pore space.

Our purpose here is to show that a modified spectral
ratio technique can be used in order to calculate values
of seismic attenuation in the steam-invaded zone. Let
us consider the raypath to receiver #1 of the before and
after experiment of Figure 6. The before amplitude of
the P-wave pulse will be given by _nfx

Qv
A = Ge™" o
where x is the distance between source and receiver.
G(x) has the same meaning as in equation (1). Q,, is the
intrinsic P-wave attenuation of the medium through
which the seismic ray has travelied. In the poststeam
environment the seismic ray will travel a certain dis-
tance Ax with attenuation O, through the steam zone,
Then the after amplitude of the pulse, assuming the

total length of the raypath is still x, will be given by

~nif(x-Ax) -nfAx

Qv Qv
A = Gx)e "7 e "7 (g
Notice that G'(x) will not necessarily be identical to
G(x), mainly because of the reflectivity at the boundary
of the steam zone. Hence, the spectral ratio graph is
expected 1o show a small positive intercept with the
In {A(fVA'(f)} axis, after normalization of source
strength and recorder gain has been performed. Taking
the ratio of equations (7) and (8) and simplifying we

obtain:

AD
A (D

ln{

G(x) 1 i

b= i {gw! MAK{(W)—(E)“
%))

where Q,, v, and Q,', v,/ denote the values of
seismic attenuation and velocity outside and inside

the steam zone, respectively. Then, from a plot of
In{A (f/A,'(f)} versus f, the value of @, could be
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Flg. 6. Geometry ofthe before and after seismic experiment. The two
wells were separated by a distance of 200 m, The horizontal arrows
shown close 1o the bottom of the steam-injection well indicate the
interval over which steaminjection took place through the perforations.
According to the sonic logs, the Clearwater Formation has the same
velocity as the formation above it (Grand Rapids). Pressure during
steam injection was close to 10 MPa,

calculated from the slope of the graph, provided the
values of v,, v/, Ax and @, are known. v, is
2400 m/s as determined from the first arrivals of the
before traces. Q, was found in the previous para-
graphs to be close to 30.

A drop of 209 in the P-wave velocity is assumed to
occur within the steam zone, hence, v, =2000 m/s.
This assumption is based on recent experimental results
by Tosaya et af. (1984) who conducted an extensive
laboratory study on a number of tar sands samples in
order to determine the effect of elevated temperatures
and varying bitumen content on seismic velocities. The
results indicated that at high temperatures the magni-
tude of the drop in v, appears to be qualitatively
related to the decrease in o1l viscosity with temperature.
For instance, the drop in v, for an Athabasca tar sand
sample at 200° C was 70% compared to a base tempera-
ture of 20°, but for a tar sample with characteristics
similar to Cold Lake conditions the drop was between
20% and 30%. 1t should be noted that viscosities of both
the Athabasca and Cold Lake bitumen drop to about
10 cP(0.01 Pa.s) at 200° C but at initial reservoir condi-
tions the viscosity of the Athabasca bitumen is about
ten times greater.

From the observed P-phase delay of 1 ms at receiver
#1 and from 1 1
AT = Ax(-v—, V—) (10)

P P

Ax was found 1o be equal to about 12 m. A plot of
logarithm of amplitude ratio of the before and after
pulses at receiver #1 versus frequency is shown in
Figure 8. Attenuation was calculated from
TAX Q v
aQ v +rAx)v'
(aQ v tmAx)v,

where a is the slope of the least-squares linear trend of
the graph. Substitution of the known parameters in
equation (11} gave Q,"=7+2. The frequency band
considered was 30-240 Hz. For v,"=1800 m/s, A was
7.2 mand Q, was 5.5. We repeated the above calcula-
tions for the before and after seismic pulses arriving at
receiver #2. In this case AT, was 2 ms, hence Ax=24 m.
The plot of spectral ratios versus frequency is also
shown in Figure 8. The frequency band considered was
from 30 to 220 Hz. The calculation gave a value of @y’
equal to 8+2.

These low values of Q,' suggest considerable amounts
of attenuation of the seismic signals through the steam
zone. This could be explained by the increased satura-
tion of viscous fluids (mobilized heated bitumen) as
well as less viscous ones (steam condensate) within the
zone affected by the steam injection. It should be noted
that the bitumen in the Clearwater is immobile under
undisturbed reservoir conditions and froma hydrological
point of view can be considered as part of the skeleton,
because it reduces the permeability of the formation to
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water by a factor of at least 100 with respect to the
permeability of clean sands similar to the McMurray
Formation (Harris and Sobkowicz, 1977).

Normally, since attenuation @' is proportional to
viscosity (Nyland, 1985) one should expect a drop in
attenuation at higher temperatures. However, at ele-
vated temperatures bitumen is able to flow with the
result that permeability increases dramatically. This
could possibly explain our observed low ¢ values in the
heated zone. Attenuation has been found to increase
with permeability (Nur s al., 1980} in agreement with
the notion thatlocal flow is responsible for wave attenu-
ation (O’ Connell and Budiansky, 1977). In addition, the
increased microcrack porosity created in the heated
zone by the injection of highly pressurized steam is
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expected to further contribute to an increase of attenua-
tion in the anomalous zone,

Notice, in Figure 8, that in the frequency range of
140-200 Hz, the spectral ratios indicate a linear regres-
sion trend with greater slope, hence, lower @ and higher
attenuation. This might come in support of recent theo-
retical and experimental results showing evidence of an
absorption peak at high frequencies beyond which atten-
uation decreases (Winkler and Nur, 1982; Jones and
Nur, 1983). This peak is theoretically predicted for a
single relaxation time or a very narrow distribution of
relaxation times. According to results reported by Jones
(1986), this absorption peak is expected to occur, for a
tar sand material at a temperature of 200° C, at frequen-
cies close to 300 Hz. At normal reservoir temperatures

. y
i Q=8+2
+* p
0 50
FREQUENCY IN HZ
)
Q=7+2
P
0 250
FREQUENCY IN H/Z

Fig. 8. Before and after power spectra of the P-puises at receivers #1, #2, and their spectral ratios plotted versus frequency. The @ values were
calculated according to the linear regression results and equation (11) in the text.
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the characteristic frequency is shifted towards much
lower values {around 3 Hz).

Additional evidence of increased fluid saturation in
the heated zone was provided by the following calculation.
Clear before and after S-wave pulses have beenobserved
(Figure 7) in the records of receiver #2, in addition to
the P-waves. The S-wave pattern is highly complex
because of the large delays introduced by the large
relative velocity decrease after steam injection. Trace 6
shows the S-wave unmodified on rays not passing through
the steam zone and not obscured by a P-SV reflection as
on traces 7 to 10. Traces 1 to 3 show the S-wave with
large delays and lower frequency in the after steam
seismograms. While P-wave delay after injection was
2 ms in these records, the delay for the S-pulse was
10 ms. From these time delays, a known Poisson’s ratio
o =0.30(from laboratory measurements on core samples;
S. Bharatha, Esso Resources, pers. comm.} in the undis-
turbed formation, equation (10),

11
AT, = Ax(v—s._z.) (12)

and
v 0.5
S—-g'
—_—= e (13)
vzl. 1—6'
P

the Poisson’s ratio ¢’ within the steam-invaded zone
was found to be as high as 0.40. It may appear at first
sight that the logic behind this calculation is circular.
Equations (10) and (12), from which v,’ is dernived,
form a system of two equations with three unknowns:
vs', v,', and Ax. Therefore, one has to start with an
assumption for v,'. For v, 20% less than v, we
found o’ =0.40. For lower values of vy', ¢’ increases.
For example, for v,' 30% less than v, o' was 0.42.
Hence, our calculations are weakly dependent on the
choice of v,” and consistently lead to high Poisson’s
ratios within the zone of interest. Poisson’s ratio is an
excellent indicator of the presence or absence of steam
within a porous medium. This statement is supported
by experimental studies (Domenico, 1974; Nur et al.,
1980). There is good evidence of Poisson’s ratios as low
as 0.12 in steam-dominated geothermal fields (Maer
and McEvilly, 1979). The high Poisson’s ratios we have
identified in our steam-invaded zone indicates that the
zone is dominated by steam condensate rather than
steam. This is not surprising in view of the relatively
small injection period (48 days) and the fact that the
seismic measurements were taken during the first cycle
of the steam stimulation program.

Finally, we carried out spectral analysis of the before
and after S-wave pulses at receiver #2 in order to
calculate S-wave attenuation within the steam zone.
We emplovyed the technigque we discussed earlier for
calculating @,’. For the S case, v,, @, and v, In
equation (11) should be replaced by v;, O, and v,’.
Hence:

TAX Qv
Q' = Y, (14)
(astch Ax)vs'

v, was calculated from the presteam Poisson’s ratio to
be 1200 m/s and v," was found from equations (10) and
(12) to be 800 m/s for v,’ =2000 m/s.

Q. could not be determined from our seismic
experiments: direct S-arrivals were not recorded in the
presteam tomography experiment and were severcly
disturbed by reflections fromreflectors below the Clear-
water in records #7 to #10 of the before and after
experiment. However, we tound that the calculation of
Q. is only weakly dependent on ¢, in equation (14).
For Q,=60 we found ¢, =10.4, while for Q,=30,
0O, was 9.5. For v,"= 1800 m/s, we obtained Q,=8.3
and 7.6 respectively. These values of @, are close to
the values we obtained for @,'. This may be another
indicator of high fluid saturation within the steam zone.
Murphy (1982) has provided experimental evidence that
Q, is roughly equal to 0.5Q for fluid saturations less
than 90% (in agreement with the theoretical results of
Mavko and Nur, 1979) and that Q, is approaching
Q. at higher saturations. The spectra of the before and
after S-pulses at receiver #2, as well as their spectral
ratios, plotted versus frequency, are shown in Figure 9.

____BEF I
\ . RFTER

<y

=

ol \
i

HKECETVER
o |

L)
a |l

0 oua 54N
CREQUENCY (HZ

4.0
oy
- 41+
- s
)
—
—
on b
B Q=10
- T
1 +
b s
a e
£
&)
1

0 250
FREQUENCY IN H/
Flg. 9. Before and after power spectra of the S-pulses at receiver #2
and their spectral ratios plotted versus frequency. Notice the shift of
the spectra towards lower frequencies, compared to the spectra of the
P-waves of Figure 7.
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CONCLUSION

Well-to-weli seismic data were used to determine the
in-situ attenuation of the Clearwater Formation before
and after steam injection.

A variety of techniques were used involving the spec-
tral ratio method and the concept of average frequency
of a seismic pulse. It was found that ¢, in the presteam
environment is close to 30. Considerably higher values
of attenuation were found within the steam zone. These
are attributed to large amounts of viscous dissipation of
the seismic energy in the fluids introduced within the
pore space during the steam injection operation. In
addition there seems to be some evidence of a fre-
quency dependence of @, attenuation being greater in
the frequency band of 140-200 Hz. Normally, one should
expect higher O at higher temperatures. The observed
low Q values in the heated zone were explained in terms
of the dramatic increase of permeability in the zone due
to bitumen mobilization. If this is true, then it is entirely
possible that one could use an accurate mapping of Q
for the purposes of making in-situ measurements of
permeability during enhanced heavy oil recovery
operations,

By exploiting before and after P- and S-wave travel-
times, it was possible to obtain an estimate of Poisson’s
ratio within the steam zone. This was found to be quite
high, indicating the presence of large amounts of steam
condensate within the zone.
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