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Disclaimer

This report was prepared as an account of work sponsored by the United States
Government.  Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, expressed or implied, or assumes any legd liaility
or respongbility for the accuracy, completeness, or usefulness of any information,
gpparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commerciad poduct, process, or
savice by trade name, trademark, manufacturer, or otherwise does not necessarily
conditute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein
do not necessarily date or reflect those of the United States Government or any agency
thereof.
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SECTION 1: ATTENUATION AT FULL WATER
SATURATION

ABSTRACT

In fully-saturated rock and a ultrasonic frequencies, the microscopic squirt flow
induced between the iff and soft pats of the pore space by an dadtic wave is
respongble for velocity—frequency disperson and atenuaion. In the sasmic frequency
range, it is the macroscopic cross-flow between the giffer and softer parts of the rock.
We use the latter hypothess to introduce smple approximate equations for veocity-
frequency disperson and attenuation in a fully water saturated reservoir. The equations
are based on the assumption that in heterogeneous rock and a a very low frequency, the
effective dagtic modulus of the fully-saturated rock can be estimated by gpplying a fluid
subgtitution procedure to the averaged (upscded) dry frame whose effective porogty is
the mean porosty and the effective dagsic modulus is the Backus-average (geometric
mean) of the individud dry-frame dagtic moduli of parts of the rock. At a higher
frequency, the effective dastic modulus of the saturated rock is the Backus-average of the
individud fully-saturated-rock eastic moduli of pats of the rock. The difference
between the effective dagstic modulus cdculated separately by these two methods
determines the vdocity-frequency dispersion. The corresponding attenuation is
cdculated from this dispersion by using (e.g.) the sandard linear solid attenuation mode!.

UPPER AND LOWER ELASTIC LIMITS AT FULL SATURATION
Let us assume tha a heterogeneous doman of rock includes a number of
homogeneous parts with porosity f and the dry-frame compressona modulus M, that
vay among those parts but are congtant within each individud pat. Then the effective
porosity f ., of the domain is the arithmetic average of individua porosties:

fen = (f >’ (@)

and the effective dry-frame compressond modulus is the Backus (geometric) average of
individua moduli:
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At a very low frequency and in saturated rock, the wave-induced pressure increments
equilibrate between the individua pats As a reault, the effective saturated-rock
compressonal modulus can be cdculated by egpplying the P-only fluid subditution

equation (Mavko et d., 1995) to the entire domain under examination:

fEff MDryEff - (1+f Eff) KF MDryEff / Ms + KF
(1' f Eff)KF +fEff Ms - KF MDryEff / Ms

MSatEffO = MS ’ (3)

where Mg is the minerd-phase compressond modulus, assumed the same for Al
individuad parts of the rock; and K is the bulk modulus of the pore fluid, dso the same
throughout the heterogeneous domain.

At a higher frequency, the individua pats of the doman ae undraned. The
saturated-rock compressond moduli of each individua pat can be cdculaed by
agoplying the P-only fluid subdtitution equation individudly. Then the effective saturated
rock compressona modulus is the Backus average of the individua saturated-rock

compressiona moduli:

IMg+K. \7

f MDry - (1+f )KFMDry ) (4)
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Condder an example where the heterogeneous domain includes two cleansand
individual parts of equal volumes. The porosties of the two parts are 0.35 and 0.30, the
respective dry-frame P-wave velocities are and 2.3 km/s and 2.9 km/s, and the respective
dry-frame compressond moduli are 911 GPa and 156 GPa  The compressona
modulus of the solid phase (quartz) is 100 GPa and the bulk modulus of the pore fluid
(brine) is2.7 GPa.

The effective porosity, according to Equation (1), is 0.325 and the effective dry-frame
compressona modulus, according to Equation (2), is 11.5 GPa. The corresponding low-
frequency saturated-rock compressona modulus Mg, IS according to Equation (3),
17.7 GPa.



The individud saturated-rock compressona moduli of the parts of the rock are 15.2
GPa and 21.7 GPa for porosity 0.35 and 0.3, respectively. Then the corresponding high-
frequency saturated-rock compressonal modulus Mg, IS according to Equation (4),
17.9 GPa

The corresponding maximum inverse qudity factor, according to the standard linear
solid modd,

1 M, - M

(Do =% [ ©)

Q 2/M M,

is 0.0056.

INVERSE QUALITY FACTOR FROM WELL LOG DATA
Exactly the same approach can be used if wel log data are avalable. First, the dry-

frame compressona modulus s caculated from the origind log dataas

1- (1- F)Mg, / M, - FM, /K,

M. =
PYTTS 14+ f - FMg /K, - Mg, / Mg

: (6)

where M, is the product of the measured bulk densty and the P-wave veocity
squared.

Then the above-described operation is applied to caculate Mg, o, Mg e » aNd the
maximum inverse qudity factor. The averaging required can be done dong a moving
window of adesired length, corresponding, eg., to a quarter-waveength.

An example of such cdculdion is given in Figure 1 for a 1-km-long shdey interva.
The resulting inverse quality factor appears to lie within a reasonable range between 0.01
and 0.02 which corresponds to the quality factor between 50 and 100.

EFFECT OF SAMPLING IN WELL LOG DATA
An important issue is the dtability of the proposed attenuation cadculation method
with respect to the sampling intervd in well log curves.  Will the cdculated attenuation
be the same if the sampling rate isahdf foot, a 1 foot, and two feet?
To address this issue we subsampled the origind well log data used in Figure 1,



whose sampling is a hdf-foot, with () aone-foot interva, and (b) atwo-foot intervd.
The resulting inverse quaity factor is plotted versus depth in the fifth frame of Figure
1 It is essentidly identicd to that computed from the data with the origind (hdf-foot)

sampling rate.

Figure 1. First three frames -- well log data from a water-saturated interval (gammaray, P-wave

velocity, and bulk density). Fourth frame -- calculated inverse P-wave quality factor for three
sizes of running window — 75, 38, and 19 m. Fifth frame -- inverse P-wave quality factor
calculated from undersampled well log data (red and blue) superimposed on the curve calculated
from the original data with the 38 m running window (bold gray curve). Also, in the same frame
the black curve is the inverse P-wave quality factor from the Koesoemadinata and McMechan
(2001) empirical model, labeled KOM.

COMPARISON TO AN EMPIRICAL MODEL
The Koesoemadinata and McMechan (2001) modd (KOM) is smply a datidtica
regresson to most of the avalable atenuation data  Unfortunately, no data are avalable



in the sasmic frequency range which makes this regresson no more than a guess at
saismic frequency. Nevertheless, we compare our modeling results to those predicted by
KOM, the latter gpplied to the wdl log data shown in Figure 1 and assuming congant
(50%) clay content and 30 Hz frequency. The KOM inverse qudity factor (Figure 1,
fifth frame) is larger than tha predicted by our modd. Stll, both curves lie in the same
range which indirectly indicates the rlevance of the rational modd introduced here.

CONCLUSION

Attenuaion remains an dusve propagaiond seismic atribute that is hard to measure
and theoreticdly modd. This paper presents an atempt to modd attenuation in fully
saturated rock usng a smple theoretical approach and first physicd principles. The main
purpose of modding is not just to predict attenuation but to establish what can be sad
about the reservoir properties from attenuation. In other words, our aspiration is to make
attenuation a reservoir characterization tool. In our previous report (second quarter 2002)
we proposed that attenuation is a measure of gas saturation.  Present work implies thet in
fully-saturated rock, attenuation is a measure of elastic heterogeneity.

The modd introduced here has to be vdidated by red data which only can come from

atenuation caculated from saismic.



SECTION 2: RELATIVE Q COMPUTATION BY
SPECTRAL BALANCING

INTRODUCTION:

We have included the spectrd baancing by the Gabor-Morlet decomposition as a part
of the software developed for compensating the Q effects. The results are very well
formed and the process is dtable. This shows that the procedure is adaptively adjusting
the seismic trace spectra as the process advances in time. While discussng the process
with Dr. Walls, it appeared that the corrections applied to the seismic trace can be used to
edtimate the apparent Q. Such a process was suggested by Dr. Koehler in early 1980's,
but we did not attempt to develop it further. Now, due to computationa difficulties, we
are interested in developing the absorption estimation as many different ways as possble.
Since we have a stable spectral balancing procedure, we assume that the related apparent
Q computation should also be reasonably stable. We have both agreed to develop the
method further and check its accuracy with controlled experiments.

METHOD:

A) SPECTRAL BALANCING:

Given seigmic trace, we compute Joint Time-Frequency decomposition by the Gabor-
Morlet method.(Taner,2001). The process provides amplitude spectra (as the envelope of
complex sub-band traces) for each sub-band continuoudy in time. A scdar is computed
from the ratio between the origina trace envelope and sub-band envelopes. The ratio is
computed over a running long window and agpplied to the sub-band traces. Amplitude
modified sub-band traces are summed to form the spectraly balanced output traces. By
badancing with respect to the origind trace amplitude profile, dl amplitude reations are
preserved, only the wavelet bandwidth is extended and baanced. Spectral balanced
sections are used as input to band limited relative acoudtic impedance inversons. Our
experiments with a number of sections from different parts of the world have shown that
gpectra balancing and band limited inverson workswell and is stable.

B) Q ESTIMATION:



We will invedigae severd processes before findizing the devdopment of the
method. The objective is to compute rdative Q from the spectra baancing scadars. Since
absorption reduces the amplitudes of higher frequencies more than lower frequencies, the
correction scaars will have inverse characteridtics of the absorption effects.  We will
observe the fallowing;

1) Given sagmic trace, generate and display joint tome-frequency amplitude
gpectra, Let f(t), E(t) be the seismic trace and its envelope, and S(f,t), ef,t) represent the
sub-band trace and its envelope respectively. Decompaosition is computed to satisfy;

F(t) @4 s(f.t) ()
f
Spectra baancing scae factor is computed from;
t+T/2 t+T/2
r(f.)=a E()/ q e(f.t) @)
t-T/2 t-T/2

whee T is time window.. The spectra baanced trace generated by the sum of
amplitude adjusted traces,

F(t)=a r(f,t)s(f,t) ©)

2) Compute and display correction scaars, as given in equdtion 2. In reative Q
edimation we will experiment with time windows of different length. Let us assume that
computations aong the window axis are performed with a moving time window. For the
ske of dmplicty, we will omit the time window notation form the following
expressons. We will study the attenuation process by the conventionad model’

e(f,t) =e,(f,t).a(t).exp( - pft/Q) 4

where g(ft) is the envelope magnitude at time t (corresponding to the totd energy) ,
€,(t) the energy leve a the initiation and at) absolute vaue of impedance contragt in

time. The trace envelope amplitude will dso be decaying with time, and it will be
proportiond to the alt). However trace envelope decay will be summed result of the
decays at various frequency band, However, the ratio of the trace envelope versus the
individud sub-band enveope s will retan the effects of the differing decay amount
veraus frequency. Since Q dso vaied with time, then to totd effect with time can be
express as,

e(f,t)/E(t) =e,(f,t).exp( - pf et/ Q(t))/E(t) 5)

t=0



We take the natura log of both sdes to the congtant and frequency varying parts
separated’

In{ e(f,t)/E()} = (- pf odt/Q(1)) +In{ & (1) / E(t)} (6)

The firg term of the right hand sSde of equation 6 is linear function of integrd inverse
Q with respect to frequency. The second term is weekly time varying. Let the integrd
inverse Q be represented by P(y);

P(t)= ot /Q(t) 7

Then the equation 6 can be smplified to;

In{ e(f,t)/ E(t)} =-pfP(t)+ C(t)} 8

Note that the naturd log of the envelope magnitude ratio is inverse of the scaar
computed in equation 2. Hence, the relation can be written as;

In{ r(f,t)} =pfP(t)- C(1)} ©)

We can fit a line to log of the baancing scadars, where C(t) will be intercept and P(t)
will be the dope of the line . We can line fit with a running window to obtan P(t)
continuoudy in time. Since P(t) is the accumulated inverse Q effect, then we can solve
for Q by taking the derivative of the computed P(t) function;

Q '(t) @TP(t)/ Tt (10)

Equation 10 gives us the indantaneous Q, (dmilar to indantaneous veocity)
mathematicdly definable, but physcdly hard to perceive. A more useful measurement is
theinterval Q measured over atime interva .’

Q '(t) @ P(t+ Dt) - P(t)} /Dt (12)

In the devdopment stage we will display dl of the intermediate computationd stages.
This will give us a good idea of the vdidity of the process and consstency of the data
flow.

CONCLUSIONS:

We have given a smple method based on the spectrd baancing procedure to
compute gpparent Q values continuoudy in time. The method given here is gpplicable to
gngle trace inputs. Our experience has shown us tha Q computation is generdly very
inconsgtent, he results have consderable variations. In order to have more consistent
results, it is recommended that Q estimates should be obtained aeridly, over a number of
neighboring traces. The method outlined in this report will be fast and economicd, with



little input from the user. Due to its single trace bass, it can be applied to dl kinds of
data, 2-D or 3-D.

WORK PLANNED FOR NEXT PERIOD

We have obtained a subgtantid data set from Burlington Resources and Seitel Data
that contains both well logs and saismic data from an offshore Gulf of Mexico gas fidd.
We will be usng this data to test both our rock physics modds of Q from wel logs and
the saismic methods.  In our next report we will show results from this data set and
demondtrate the functiondity of the combined forward modding and sgsmic inverson
processes for Q and attenuation.

PROBLEMSENCOUNTERED THISPERIOD

No sgnificant problems have been encountered in our work so far.  The only exception is
that we have not had as many contributed data sets from industry as we had anticipated.
One reason may be that the data quality requirements during this testing phase are farly
onerous.  Fortunatdy, we have the BurlingtonSeite data which seems to be very
acceptable.
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