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ACOUSTIC SEISMIC WAVE ATTENUATION IN ROCKS: ESTIMATES INSTABILITIES,
FREQUENCY-DEPENDENCE AND INCOHERENCES

Julian Peldez Quifiones and Luis Montes Vides

ABSTRACT. Seismic wave attenuation (Q —1) values indicate relevant media properties, such as fluid content and porosity. Q@ —1 estimates, obtained using both
VSP and conventional well log data, did not exhibit comparable trends, nor values. Whereas VSP results represent total attenuation, well log @ —1, which, theoretically,
should represent scattering losses, displayed a low percentage correlation with transmission coefficients and other well logs. The influence of processing routines,
chosen methodology and input parameters on @ —*-values suggest that ASR (Amplitude Spectral Ratio) and CFS (Centroid Frequency Shift) attenuation estimates
should be regarded, in practical terms, as relative quantities instead of absolute ones. Seemingly incoherent negative values are frequent, nonetheless these could hold a
physical meaning related to elastic amplification at interfaces. Considering that quality factor (@) values obtained were more unstable than @ —1-values, it is advisable
to report the latter.

Keywords: Vertical Seismic Profiles, well logs, transmission coefficients, scattering, amplification.

RESUMO. Os valores de atenuagdo da onda sismica (Q — 1) indicam propriedades relevantes dos meios, tais como contetdo de fluido e porosidade. As estimativas
do @1, obtidas usando dados de VSP e dados de pogos convencionais, ndo apresentaram tendéncias nem valores comparaveis. Enguanto os resultados de VSP rep-
resentam atenuagdo total, os resultados dos dados de pogos, que teoricamente deveriam representar perdas de dispersdo, apresentaram uma baixa correlagdo percentual
com os coeficientes de transmissdo e outros dados de pogos. A influéncia das rotinas de processamento, da metodologia escolhida e dos parametros de entrada nos
valores @ —1 sugerem que as estimativas de atenuagao ASR (Amplitude Spectral Ratio) e CFS (Centroid Frequency Shift) devem ser, em termos praticos, consideradas
como quantidades relativas em vez de absolutas. Valores negativos aparentemente incoerentes sdo frequentes, no entanto estes poderiam conter um significado fisico
relacionado a amplificagdo eldstica nas interfaces. Considerando que os valores do fator de qualidade () obtidos foram mais instaveis do que os valores de Q 1,
& aconselhavel documentar o tltimo.
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INTRODUCTION

Seismic wave attenuation reduces field data quality and compli-
cates deep data interpretations. On the other hand, quantifying
attenuation supports rock (and its fluid content) characterization;
indicating permeability, liquid/gas presence and saturation. Al-
though Vertical Seismic Profiling (VSP) data is usually employed
to estimate attenuation, authors have proposed to employ con-
ventional well logs for such task, since these are usually cheaper
and easier to acquire. Nonetheless, debate persists regarding the
validity of velocity-based attenuation estimates, as opposed to
the waveform methodology. Even if full-waveform Sonic logs are
used to measure attenuation, it is generally accepted that high-
frequency waves do not obey the same absorption phenomena
as those of seismic frequencies. Liner (2014) proposes to apply
Backus averaging of conventional Sonic log along with Density
log to obtain seismic-frequency scattering attenuation.

We study the meaning of attenuation results obtained by ve-
locity dispersion analysis of conventional Sonic log using Liner’s
(2014) method. These are compared to VSP attenuation results
(using Amplitude Spectral Ratio and Centroid Frequency Shift
methodologies), transmission coefficients, and other well logs.
Additionally, we depict the influgnce of input parameters and pro-
cessing routines on attenuation estimates, and their eventual limi-
tations and apparent incoherences are analyzed, such as the insta-
bility of quality factor values; the use of attenuation as a relative
quantity instead of an absolute rock property in practical appli-
cations; and the recurrence of negative attenuation values, which
might hold a physical meaning.

THEORETICAL BACKGROUND

Besides geometrical spreading, experimental issues and noise,
only absorption should be responsible for amplitude variations
of waves in homogeneous media. Nevertheless, wave mode con-
version and elastic effects attenuate wave pulses in heteroge-
neous media only apparently, since their total energy is conserved
though spatially redistributed. The degree of absorption is ex-
pressed through the Quality factor (@), defined in Aki & Richards,
2002 (pgs. 162—171). Whereas @ is, by definition, related to vis-
coelasticity alone, in practice it is a superposition of all mech-
anisms that alter wave amplitude, including scattering. There-
fore, ignoring experimental issues; interference; and geometrical
spreading, attenuation (Q 1) is often broken down into the fol-
lowing linear superposition (Alasbali et al., 2016):

-1 _ -1 -1
Qtotal — wintrinsic + Qscattering’ (1)

where @,1, represents effective attenuation. The Scattering
term ( ;C{mmng) represents elastic attenuation related to
acoustic impedance contrasts between adjacent media. If constant
Q theory (Kjartansson, 1979) is assumed within the appropri-
ate frequency range, Q' becomes frequency-independent, al-
though this is only valid within seismic frequencies (whose exact
limits are medium-dependent). High intrinsic attenuation is re-
lated to fluid content, low permeability and vuggy porosity (Parra
etal., 2015).

METHODS

Qv & p estimation

VSP and well logs dataset in this study belong to colombian
Llanos Orientales sedimentary succession, comprising interbed-
ded sandstones and mudstones with minor variations of grain
size and vertical thickness. VSP data comprises the Y component
of a zero-offset VSP survey. In total, 57 Traces were available.
Shallowest trace is 305 m-deep and deepest one is at 983 m. To-
tal record time equals 3,6 seconds, and fsampiing =1000 Hz.
The processing consisted of static corrections and application of
b-trace-wide alpha-trimmed spatial 2D filter to separate downgo-
ing and upgoing wavefields. Deterministic deconvolution and a
Ormshy band-pass filtering were both applied equally for all traces
within 10 and 100 Hz in order to suppress multiples, instrumen-
tal effects and noise. These processes do not corrupt ASR re-
sults and CFS trends are only weakly affected, while on the other
hand they considerably improve the accuracy of the first-break
picks, fundamental for the reliability of both methods.

Cumulative values (@} 1.rive) @' ODtained by using a
fixed reference trace, whereas interval values (Q;,%_ .. .,) are
obtained by comparison of successive traces. Attenuation is as-
sumed nearly constant within seismic domain, so that VSP anal-
yses are carried out at depth, not in frequency. Various reference
traces were tested for @} - estimates. Frequency ranges
(bandwidth) for ASR regression remained between 10 and 90 Hz.
A Daniell window for amplitude spectra smoothing was useful to
avoid noisy peaks.

Time windows for smoothing with various sizes were ap-
plied to check their influence on Q% . and QL . -
results. The first VSP method employed is Amplitude Spectral
Ratio method (ASR — Rutledge & Winkler, 1989), whose funda-
mental equation is:

Av(f) G —

A represents amplitude spectrum of an arrival, B equals
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7r(:1:1 — xg)/vQASR = 71'(t1 — to)/QASR, where v is ef-
fective velocity and ¢ is the first-break pick time. One notices that
this relationship expresses a straight-line equation, being G the
vertical intercept and — B the slope in a frequency (f) against
In(A1(f)/Ao(f)) plot. Having the arrival time (¢1) up to cer-
tain depth 1 and using another trace as reference (zg, to), it is
possible to determine Q@ & - The second VSP method here em-
ployed is Centroid Frequency Shift (CFS — Quan & Harris, 1997),
whose fundamental idea is to compare the centroid frequencies of
the direct wave spectra (assumed Gaussian) at increasing depths,
which should decrease since the high-frequency components are
eliminated as the wave propagates. The CFS main equation is:

nos At

ch - fcl7

where At is the travel time difference between arrivals of a given
and a reference trace with centroid frequencies f.o1 and feo,
respectively. o3 is the variance of the reference arrival. Both
methods were chosen in view that these are usually employed to
estimate attenuation from VSP data, plus, probably the ones that
yield highest quality-to-procedural complexity ratio.

(3)

QCFS =

Q,,, estimation

Well logs (Caliper; SP; Gamma Ray; Resistivity; Density; Neutron
Porosity and Sonic P-wave), allowed correlation with attenuation
logs, as well as lithology interpretation. Well log sampling inter-
val (dz) is 0.5 ft (=~ 15 cm). Data is quality-checked and corrected
for borehole width, temperature, pressure and mud weight. Sonic
log was available from depths 878 to 990 m (2880 to 3250 ft).

Log attenuation estimation method

Liner (2014) methodology relies on Backus long-wave theory
(Backus, 1962) and Kjartansson’s constant-@Q theory (Kjartans-
son, 1979). Liner specifies that this method yields scattering at-
tenuation alone. VSP methods account for total attenuation.

The procedure consists of approximating normal-incidence
seismic P-wave velocity (vs6's™) from Sonic P-wave veloc-
ity (vsemé) by using the linearized velocity formulation of a
vertically-traveling wave in a medium with vertical symmetry axis

(<> denotes average):
1 1 s
4
<p> <p(’v§°””)2> } “

via the relationship Cs3 =< ¢35 >~ (Backus, 1962), where
ez = p(v5°™i€)?, pis density and Ci3 is one of the seismic

vseismic _ 033 o
0 = =
P <p>
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elastic moduli of the stiffness tensor for orthorhombic or higher
symmetry rock layer, isotropic and with principal axes consistently
oriented (Tiwary etal., 2009).

After randomly defining L g, constrained by the relationship
Higyer < Lp < Amin (Hiayer 1S mean layer thickness and
Amin 1S Minimum seismic wavelength), applying Kjartansson’s
dispersion relationship (Kjartansson, 1979) yields:

T ln(v;;g“m“/vo)

ln(vzgismic/vg) +1n(Ao/N) ©)

-1
Qlog = tan

Ao and vg are reference wavelength and reference velocity, re-
spectively. Liner (2014) proposes to use A\g = Lg, A = dz,
and vy as the sonic velocity; nevertheless, if coherence between
domains is to be kept, wavelength values should be exchanged:
Ao = dzand X\ = L (or velocities could be switched instead);
inthis study, Ao ~ 0.15mand A ~ 9.1 m.

RESULTS

Qusp

ASR method

Different smoothing functions yield the trends shown in Figure 1.
Due to the low attenuation values obtained, slight Q! varia-
tions mean significant @ variations and peaks (Fig. 1a). Nega-
tive Q values are progressively higher for Hamming, Hann and
Blackman windows, with abundant |@Q| >100 (the typical maxi-
mum value for rocks), while flat-top window generated the highest
positive values in overall, except for a peak with inverted polarity
(with respect to the former windows) around 2200 ft (Fig. 1a).
This evidences the fact that @ peaks and negative values can also
result from windowing.

Whereas Q" (Fig. 1b) emphasizes strata which attenuate
(or, apparently, amplify) seismic waves considerably, @ peaks
(regardless of their polarity) only point out intervals which pre-
serve wave amplitude. Moreover, according to Density-Neutron
crossplot (not shown), most negative @~ peaks coincide with
gas-saturated intervals, while @ peaks presented no clear corre-
lation with lithology anomalies.

Bandwidths below 70 Hz yielded a smaller amount of nega-
tive values than those reaching 90 Hz (Fig. 2a). The lowest band-
width (10-70 Hz) had the highest values, while the bandwidth in-
between (30-60 Hz) behaved more or less as their average. Shift-
ing and scaling of trends is observed. @;.%. . was also sen-
sitive to bandwidth chosen: numerical values of peaks differ con-
siderably, and inversions for different bandwidths is present (see
peak just above 3000 ft in Fig. 3a). Here, 10-70 Hz bandwidth
exaggerates interval attenuation values, in overall, the least.
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Figure 1 — Influence of time windowing on Q and Q — 1 estimations: a) Q cumulative estimated through ASR method
using the 5th trace as reference (out of the 57 traces) and bandwidth 15 to 90 Hz; b) Q@ —1 for the same interval.
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Time window chosen was the parameter least prone to gener-
ate instabilities in both, cumulative and interval values, although
widening the time window slightly upscales the attenuation re-
sponse while the trend remains unaltered (Figs. 2b and 3b). Refer-
ence trace chosen affected @, ... values (more than band-
width choice did) by exaggerating peaks and shifting the plots
“downward” as reference trace was deeper (Fig. 2c).

QL PrESENtS nuMerous peaks more than a magnitude
order higher than those of @0 - (Figs. 2and 3), specially
in the deepest part of the section, although a careful compari-
son of both graphs indicates comparable trends. Q% ...
represent the cumulative effect of each layer and interface on the
traveling pulse, thus their values should be higher than those of

e THIS @nomalous result can be explained in terms of
ASR regression slope: if the travel time difference between traces
is low, as it is between neighbor receivers, attenuation is overes-
timated. Moreover, the use of deeper traces as comparison ref-
erence yields unreliable values, receiver sensitiveness and noise
play an increasingly important role on the subsequently smaller
amplitudes measured at depth. Nevertheless, it is remarkable that
Qcumulative €Xceeded the expected range of values for rocks

(10 ~ 200), while Q;ntervar Values remained below this range.

CFS method

Similar parameters to those of ASR were tested for CFS method.
Relatively small @~ fluctuations appear when using different
time windows (Fig. 4a); the values generated by the shortest
(80 ms) and the largest (150 ms) windows tend to enclose those
of the windows in-between. Reference trace, again, yielded the
highest instability on the results, as it is depicted in Figure 4b.
Shallowest reference traces returned few peaks and acceptable
values, while using the rest of them generated unstable and exag-
gerated values. It is thus recommended to employ shallower refer-
ence traces for @1 .. estimations, although this implies
a trial-and-error procedure, considering that shallowest traces
are sometimes saturated or noisy.

Centroid frequencies calculated over the entire time range
yielded a coherent decreasing trend at depth in some sections,
yet, source decoupling and aliasing might result on the opposite
trend. In order to obtain decreasing frequencies, it was necessary
to restrict the spectral window for calculations to a range between
0-35 Hz, otherwise, depth-increasing centroid frequencies were
common.

Figures 2 and 4 depict the similarity between ASR and
CFS @~ trends and values.

Brazilian Journal of Geophysics, Vol. 35(3), 2017

Qiog

Q;O; analysis is carried out within the Sonic log interval. The
influence of weighting function on Sonic velocity is shown in Fig-
ure 5. Using rectangular or Gaussian function is almost indis-
tinguishable, nonetheless, Blackman and Hanning functions do
conserve relative peaks polarity, while the former invert them as a
function of window size owing to the relationship between sonic
log spatial frequency variations and window size (the wider the
window, the more probable are peak inversions). Blackman and
Hanning functions do not fulfill all weighting average conditions
stated in Backus (1962); however, their results do not alter the raw
data trend. Dependence of Density log on weighting function and
window size is the same as for sonic velocity.

The influence of averaging type for our dataset is show in
Figure 6; it does not appear necessary to apply Backus-type
average of velocities, since these do not differ considerably from
the arithmetic average results. A direct implication is that Density
log may not be necessary as a parameter for this method, un-
less very large or very small density outliers are present, in which
case, harmonic and arithmetic averages of density will differ
considerably in Eqg. (4).

L g choice has few constraints, other than the requirement
of being comparable to common seismic wavelengths, which are
in the range 10 ~ 300 m. Moreover, L also depends on the
distance covered by field data, in our case, it comprised ~110 m,
thus if averaging windows as wide as 60 m are applied, less than
half of the interval would allow Q;O; estimations.

Figure 7a illustrates the attenuation results (in green), along
with VSP and Sonic transmission coefficients (7g 7, Tgome).
Attenuation includes negative and near-zero values (infinite qual-
ity factor). The antisymmetric (around zero-offset) normalized
cross-correlation between Log attenuation and ;o™ (Fig. 7b)
indicates that, although their trends are comparable, the two sig-
nals are ~2 ft shifted (also evident in Fig. 7a). The ambiguity at
zero-offset can be related to averaging window width used previ-
ously to determine w35 ™, resulting in shifted attenuation es-
timates. A maximum negative match of nearly —20% occurs at
zero offset. It is assumed that the correct fit should be the nega-
tive one instead of the positive, since the latter would imply that
amplification corresponded to transmission coefficients < 1.

Fit between Log attenuation and 7S* is maximum
(~ —20%) at zero-offset, even though they present a sampling
mismatch and, consequently, depth of sharp interfaces have un-
certainties of about 25 ft (mean receiver separation). 7, S* were
obtained from a VSP velocity model. Although these percentages
of maximum correlation are somewhat low, they are negative,
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Figure 3 — Parameter-dependency of Q% estimated through ASR method, on: a) bandwidth (df=10-70 Hz), and b) time window for analysis (dt=150 ms).

interval’

partially agreeing with the fact that Q —* might represent scatter-
ing attenuation. Nonetheless, high and low frequency impedances
are generally not equivalent, so that Q;O; response could de-
pict Sonic-frequency regime, but not necessarily that of seismic
frequency.

DISCUSSION
Negative attenuation

Negative @~ values were found for all of the methods em-
ployed. It is considered as non-physical for Q;, %, ... ... o take
these values, since absorption does not amplify waves; neverthe-
less, it appears inherent to the methodologies employed, along
with source/ receiver decoupling, interference and noise, to gen-
erate these negative values, which are often reported (Suzuki &
Matsushima, 2013; Bouchaala et al., 2016). Even so, wave am-

plification could correspond to a phenomenon unrelated to en-

ergy creation during propagation, if we consider that @' es-
timation through these methods yields a combined response of
intrinsic and scattering effects. Since only elastic effects should
generate Q.. iorin ,» the normal-incidence oscillation velocity

transmission coefficient (Fox Smith, 2010) is, thus, a proxy for
scattering losses:

AT 27

T = — =
2TA T Zi+ Zo

(6)

where Z; = wv;p; and Ar, Ao are transmitted and incident
amplitudes, respectively. Eq. (6) applies for normally-inciding
waves traveling from medium 1 into medium 2, although normal-
incidence is approximate for zero-offset VSP ray-paths. By taking
Zs — 0in Eq. (6), it follows that 732 — 2, leading to the
inequality 0 < Tyo < 2 (King, 2009). Under these conditions,
Tio > 1implies Z1 > Z and that local amplification is possi-
ble; yet, does this imply a violation of the conservation of energy
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Figure 4 — Q;}mulame estimated through CFS method and its dependence on: a) time window (dt=80 ms), and b) reference trace (Tref=4).

principle? Let us consider the total instantaneous energy density
of an isotropic elastic medium during the propagation of a plane
wave, given by (Sheriff & Geldart, 1995):

W = %;)Azw2 (7)

It Zy # Zs, itis necessary that the energy density of the
incident wave is higher than that of the transmitted wave (Wo >
Wr); thus for any frequency w:

1 1
§p1A%w2 > EpgA%wz (8)
Accordingly, the normal-incidence energy transmission coef-
ficient (E7,) satisfy (Pain, 2005)

47,7 A
2o =221 <1, (9)

0<El— 2122
RU(Zi+ 2. 7y
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along with the condition EY, + Ef = 1 (Ef is normal-
incidence energy reflection coefficient), which confirms that
Eq. (6) does not lead to energy creation, since Eq. (9) is an im-
plication of the former. Wave pulses that amplify at interfaces si-
multaneously reduce their intensity. Using Eq. (6), a substitution
of Ar in Eq. (8) yields:

p1 > p2T%s, (10)
which, in turn, combined with Eq. (9) yields:
vy > v1 By, (1)

meaning that when medium 1 has a higher density, specifically
greater than 7°Z, times that of medium 2, or equivalently, if 2-to-1
media velocity ratio is higher than the fraction of energy transmit-
ted, amplification could occur; keeping in mind that geological
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Velocity average using different moving weighting windows
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Figure 5 — Sonic log raw data (red) and Backus-averaged velocities in a segment of the interval of

interest after different weighting functions. Averaging window width is & 9, 1 m ~ 30 ft.
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Figure 6 — Averaged Sonic velocity and Density log; the influence of average methodology on the former is depicted. 60-samples Blackman window was applied.

media are not completely elastic and that geometrical spreading
also affects wave amplitude, preventing indefinite amplification.

Alternatively, the amplification condition can also be ex-
pressed in terms of density and elastic moduli (A£), considering
v; =+/ M/ p;. For normal-incidence oscillation velocity coef-
ficients, condition Z; > Z5 becomes:

M.
P M

—— 12
p2 M 12

while such condition for normal-incidence pressure amplitude,

whose transmission coefficient is 27, /(Z1 + Z2), would be:

p1 Mo
p < A, (13)

Moreover, Liner (2014) shows that his negative @ —* results
do not lead to a divergent wavefield, and relates them to local am-
plification due to elastic phenomena. Gas-saturated rock intervals
have lower densities and impedances than the same compacted
rocks, such that negative Q —* values could suggest these marked
acoustic impedance contrasts.
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Comparison between nglg and Normal incidence transmission coefficients (Sonic and VSP)
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Figure 7 — a) comparison between Liner attenuation estimates and normal-incidence transmission coefficients (from Sonic log and VSP). b) normalized cross-corre-

lation between L-B-K attenuation and normal-incidence transmission coefficients.

Attenuation logs and comparisons

Figure 8 depicts attenuation estimates obtained using the differ-
ent methods here applied. The degree of similarity between ASR
and CFS interval attenuation results can be appreciated, as well as
the low similarity between Log and VSP results. This might point
out that:

1) because @~ is constant only within a low frequency
range and seismic and log domains presents differ-
ent wavelength-heterogeneity size relationships and, ac-
cordingly, different attenuation phenomena, their results
should not be taken as equivalent; or

2) the interpretation for each case is different, e.g. while VSP
results indicate total attenuation, those of Log method
could provide, at least partly, scattering attenuation.

For comparison, relative shale volume along the interval of in-
terest is included in Figure 8. Clavier et al. estimation (Bassiouni,
1994), using Gamma Ray log, is employed. High shale volumes
are clearly related to high porosity, but only partially to VSP at-
tenuation. Figure 8 also depicts the sampling mismatch between
VSP attenuation and well logs. Around 2990 ft there is a back-
ground variation from high to low shale volume which coincides
with a high VSP attenuation interval, as expected. A sandy above
a shaly interface (low to high porosity) around 3020 ft matches a

Brazilian Journal of Geophysics, Vol. 35(3), 2017

VSP amplification but, still, clear correlation is not always possi-
ble. On the other hand, a couple negative Log attenuation peaks
coincide with shale volume and porosity anomalies (3035, 3090
and 3170 ft), while steady intervals are comparable (above 3000 ft
and between 3100 and 3160 ft). Nevertheless, it is unclear from
Liner's method attenuation log whether attenuation or amplifica-
tions occurs at each of the depths mentioned.

Resistivity log is sensitive to fluid content, and although it
does not have a good correlation with Q;O; in Figure 8, its
3020 ft-peak coincide with Q5 < 0 (ASR and CFS); this
could be interpreted as local intrinsic amplification owing to fluid
content; yet the 3000 ft Resistivity peak, on the contrary, coin-
cides with a high attenuation, introducing ambiguity into interpre-
tations. Moreover, some Q& > anomalies (e.g. 2970 ft) are not
reproduced in any well log. The deepest interval (3170 ft) has an
underlying high impedance and low porosity formation that co-
incides with a VSP amplification, while Log attenuation depicts
a mixed trend: an amplification related to a high porosity (high
shale volume) followed by a decay until 3180 ft, where porosity
drops. This behavior of Q;O; is consistent with the transmission
coefficients and their amplification condition.

If Liner method is to be used for @ ! estimation, it is debat-
able whether it brings additional information that the transmission
coefficients, or the Sonic log itself (whose inverse trend is almost
identical to that of Q;O; inFig. 8), do not. Regarding A, it is rea-
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Figure 8 — Different attenuation results obtained, together with different well logs for comparison. General lithology column interpreted from well
logs altogether. The deepest sandstone differs from the overlying on account of its higher cementation and density, and low porosity. Depth in feets.
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sonable to think that since v varies, so should X, yet, Liner (2014)
chooses A as constant for every velocity. This simplification ap-
pears necessary in order to apply Eq. (5), but poses a limitation
of the method itself, along with the assumption of a VTl layered
Earth.

Final remarks

ASR method is very sensitive to bandwidth, e.g. when using
a range 15~100 Hz, Q45 had an exactly opposite (nega-
tive) trend compared to that of Q@ }.; When it was reduced to
20~70 Hz, both plots had same signs at each depth. This shows
the sensitiveness of some datasets to linear regression of ampli-
tude ratio. In overall, CFS method is simpler than ASR, but both
yielded very similar trends for our data, being the largest differ-
ence their numerical values, which may not be a determinant sig-
nature, unlike their relative trends.

These methods are useful for practical applications, such as
correlations, but the values they yield may be meaningless or un-
reliable if a determinant property related to a specific lithology,
fluid content or another rock signature, is intended. Bearing this
inmind, it can be appropriate to report attenuation as a normalized
quantity at depth for a given survey.

It is advisable to try out different windows, yet, weighted
windows (such as Blackman) are preferable over rectangular for
smoothing. In our case, time windows from 100 to 150 ms and
bandwidths from 20 to 70 Hz performed well (frequencies above
~90 Hz should be avoided). For CFS method, static deconvolu-
tion suppresses multiples while distorting the raw spectra, so it is
advisable to compare results with and without these procedures to
detect intervals with lesser degree of confidence; in our case, vari-
ations were only locally substantial in comparison to ASR results,
which in turn has the advantage of remaining unaffected by such
routine. Special care should be taken when first-break picking to
avoid further instabilities.

Assuming that Q;,; = Qxentsering the significant differ-
ence between Q7§ » and Q;,, values challenges Eq. (1);is this
linear superposition generally valid? If so, scattering attenuation
would be negligible and intrinsic attenuation could be found di-
rectly from VSP, at least in our case.

CONCLUSIONS

(Q-values presented a numerical variation higher than that of
Q~"-values in response to input parameters. @ peaks indicate
only rock successions that do not attenuate (nor amplify) seismic
waves considerably, while Q! peaks do depict them. More-
over, attenuation values express a more straight-forward physical
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meaning. ASR and CFS methods appear useful to find relative
Q" values, rather than absolute attenuation; this fact should be
considered, in particular, by the interpreter of seismic data.

Liner's (Log) and VSP attenuation estimates differ consider-
ably, indicating that their results did not correspond to the same
rock property. Log attenuation correlates partially with sonic
transmission coefficients and other well logs, thus it could be
used as an (approximate) proxy for scattering attenuation. Nev-
ertheless, its trend mimics that of Sonic log, which would be
sufficient for analyses. Moreover, transmission coefficients rep-
resent normal-incidence scattering more clearly.

Negative Q' values, although apparently incoherent, could
correspond to the added effect of error sources and the scatter-
ing process itself, which can locally amplify oscillation (particle)
velocity of downward-traveling wave pulses at interfaces if the
acoustic impedance of the underlying medium is lower than that
of the overlying medium, while conserving its transmitted elastic
energy.
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