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Abstract

A model of scattered seismic wavefields is derived from
direct-wave attenuation observations in a VSP in
Weyburn oilfield in Saskatchewan. P- and S-wave scattering at oblique angles is modeled by numerical and
analytical methods with the use of complete well logs.
Numerical results are in good agreement with predictions from the localization theory. Both approaches
reveal fluctuations in the transmitted-energy flux within
different depth intervals, and particularly at frequencies
above 60 Hz. Three key questions in interpreting these
observations and modeling are: 1) how to characterise
the contribution of spectral fluctuations in ‘scattering
attenuation’, 2) how to characterize the ‘random’ and
‘non-random’ parts of scattering for a specific zone of
interest, and 3) how to separate the effects of intrinsic
attenuation, scattering due to fine layering, and the variations of geometric spreading. These questions are
studied by randomization of the well logs, which
suggests that the upper envelope of the transmitted
energy flux (corresponding to strongest transmission) is
a reasonable estimate for random scattering. The lower
envelope corresponding to the strongest reflectivity
appears to be a useful characteristic of the fluctuations in
the scattered wavefields. Once these ‘random’ and ‘fluctuation’ attenuations are modeled, they can be isolated
from the intrinsic and geometric effects. The results from
Weyburn VSP show that the geometric spreading and
internal friction dominate the observed amplitude
decays above approximately1160 m depths, whereas the
fluctuations are the strongest at approximately11601390 m. The resulting models of internal friction and
elastic scattering and fluctuations should be useful for
true-amplitude studies, including seismic inversion and
AVO analysis. The model of scattering can also be useful
in petrophysical and stratigraphic studies of reservoirs.

Introduction

Attenuation of seismic-wave amplitudes is a complex phenomenon that is important to understand for many applications
such as true-amplitude imaging, inversion, Q-compensation,
and analysis of amplitude variations with offset (AVO).

Accurate accounting for wave attenuation helps in understanding the lithology, physical state, fracturing, fluid and gas
content of reservoir rock.

The process of energy dissipation in wave propagation is time(space-) and frequency-dependent. Physically, energy dissipation is caused by a combination of three factors: (1) local variations of geometric spreading, (2) scattering (such as transmission
losses and reflectivity), and (3) internal friction within the material, usually described by its intrinsic Q. Separation of these
three factors is important for the analysis of physical properties
of the reservoir and its surroundings. Scattering represents the
elastic part of attenuation, which means that it reduces the
recorded amplitudes of seismic arrivals whereas the total energy
of the wavefield remains constant (Shearer, 1999). By isolating
the effects of scattering, small-scale layering can be quantitatively characterized, which is important for stratigraphic interpretation. The geometric spreading similarly preserves the total
energy, but in addition to this, the energy is associated with a
continuously spreading wavefront. This effect needs to be
removed when estimating the petrophysical parameters, and it
also needs to be carefully corrected for during AVO analysis.
Finally, the intrinsic attenuation is a most valuable indicator of
the physical state of the rock.

Many studies have attempted separating the scattering and
intrinsic attenuation by using different theoretical approaches
and types of waves. Aki (1980) measured the amplitudes of
body S and coda waves within different frequency bands to test
whether the attenuation of S waves was caused by the loss of
energy by scattering due to small-scale heterogeneities. Using a
scattering model consisting of randomly distributed spheres,
Dainty’s (1981) modeled S-waves within the lithosphere.
Frankel and Wennerberg (1987) introduced an energy-flux
model of seismic coda based on the balance between the energy
scattered from the direct wave and the energy contained in the
seismic coda. This model resulted in a simple formula for the
amplitude and time decay of the seismic coda, which allowed
differentiation between the scattering and intrinsic attenuation
of the medium. Wu and Aki (1988) applied the radiative
transfer theory to determining the relative contributions of scattering and intrinsic absorption to total attenuation. Modeling of
seismic-wave scattering was also used in many studies, such as
seismic coda measurements by Mayeda et al. (1991), theoretical
studies of seismic wave propagation in random heterogeneous
media (Sato and Fehler, 1998), wavefield modeling using matrix
propagator methods (Stovas and Ursin, 2007), and separation of
scattering from intrinsic attenuation in the near surface
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(Mangriotis et al, 2013). In all of these approaches, both the
intrinsic and scattering effects were represented by the corresponding intrinsic and scattering Q-factors of the medium.

In our recent study (Baharvand Ahmadi and Morozov, 2013;
hereafter BAM13), we utilized an extension of the Q-based
paradigm and performed modeling of seismic amplitude
decays by treating the geometric-spreading, “intrinsic Q,” and
scattering parameters jointly (Morozov, 2008, 2010a). Forward
modeling of the amplitudes was performed by using minimal
assumptions, and in particular, without assuming any accurately known geometrical spreading model or a frequencyindependent Q. In this approach, the observed wave amplitude
u is written as:

u ( f , Π) = AR ( f ) AS ( f )G0 ( Π ) exp  − χ *( f , t )  ,,

(1)

where AS and AR are the source and receiver factors, G0(Π) is
some “background” geometric spreading (some theoretical
approximation for a known structure), t is the travel time, and
the logarithmic perturbation of the amplitude c* is accumulated
along the ray:

χ* ( f ,t) =

∫ χ ( f , t ′ ) dt ′ .

Ray

(2)

In this expression, c is the usual (temporal) differential attenuation coefficient, which is generally frequency dependent. For a
limited (practical) frequency band, this attenuation coefficient
can be written as (Morozov, 2010b):

χ ( f ) = γ +κ f

,

(3)

where g is the limit of c at f → 0. Parameters c and g in this equation are measured in frequency units, whereas k is dimensionless and can be transformed into an “effective” Qe of the
medium by: g = p/Qe (Morozov, 2008). This quantity is empirical
and includes the internal friction (energy dissipation into heat)
and frequency-dependent part of scattering (as in the conventional interpretations of Q). In some cases, c also contains the
frequency-dependent part of the geometric spreading (Yang,
2007). Parameter g contains the cumulative effects of geometric
spreading (relative to the background model G0) and/or scattering. Within the scattering part of g, we can further recognize:
1) back-scattering (predominantly backward-directed reflectivity in a layered structure) and 2) forward scattering (transmission). As shown in BAM13, anisotropic values can be
measured for g and k in a layered model by inverting the
spectra of downgoing direct arrivals in a VSP survey.

An intriguing question is whether the three key contributions to
wave attenuation (variations of geometric spreading, scattering,
and internal friction) can be separated in the observed g and k.
Separation of the “intrinsic” and “scattering” quality factors is
often performed in earthquake coda studies (e.g., Wu, 1985),
where it is based on correcting for the geometric-spreading
effects predicted by modeling. In exploration environments
(and in fact, in coda studies as well; see Morozov, 2010a),
geometric spreading can be difficult to model and/or constrain
from the data with sufficient accuracy. At the same time, scattering on fine-scale layering can be studied effectively by using
real well-log information. Such scattering contributes to both g
and k, and consequently, models of scattering could help of the
three physical attenuation effects.

Modeling of scattered wavefield conducted below suggests that
within the ‘scattering attenuation’, two types of processes can
be differentiated. The first type represents scattering on
random, small-scale layering, which is often associated with the
scattering Q (Aki, 1980). This small-scale heterogeneity is
presumed to be randomly distributed and therefore statistical
properties of random scattered waves are related to the statistical properties of this heterogeneity (Matsushima, 2012). At
larger scales, the heterogeneities cause fluctuations of the transmitted and reflected seismic waves, which we hereafter call
‘fluctuation attenuation’ or ‘fluctuation Q’. If the scales of
heterogeneity are comparable to the seismic wavelengths,
complicated waveforms often appear. These fluctuations manifest themselves in amplitude and travel time fluctuations of
direct or reflected waves. Quantifying these fluctuations can be
useful in investigation of the localized stratigraphy of layering.

In this paper, we attempt to separate the effects of geometrical
spreading, small-scale random scattering, fluctuations, and
intrinsic attenuation in a practical example of the anisotropic
attenuation c derived from direct-wave VSP records in BAM13.
Using well logs collected in the study area, we derive models of
oblique-angle P- and S- wave scattering by numerical and
analytical methods. The effects of fluctuations are derived by
characterizing the ‘random’ and ‘non-random’ parts of the scattered-wave spectra. Finally, the modeled effects of scattering’
and fluctuations allow us to constrain the intrinsic-attenuation
and geometric-spreading effects.

Data and Method

In BAM13, first arrival waveforms from 35 80-level VSP shots
acquired in 1999 as part of the Weyburn-Midale CO2
Monitoring and Storage Project in southern Saskatchewan,
Canada were used for inverting for a layered attenuation
model. Table 1 shows parameters of this model including the
inverted values of g and k in equation 3, which are denoted g1
and k1 for vertical propagation. These values contain contributions from scattering on small-scale layering, which are
modeled by using well-log data. A set of P- and S-wave velocity
and density logs acquired in a borehole in the VSP area are used
for this modeling. The logs are sampled at 10-cm intervals in the
range of depths from ~150 m to ~1390 m.

Numerical model of P and S-wave scattering

In order to correctly model scattering, one must consider the
combined effects of forward scattering (transmission), backscattering (reflectivity) and all multiples in the wavefield. This
can be achieved by utilizing the propagator method, which was
used by Richards and Menke (1983) and Morozov (2011) to
study the scattering of a P wave at normal incidence. The propagator method is briefly summarized below, where we also
extend it to oblique incidence and P- and S-wave conversions.
Consider two layers having a horizontal welded boundary, and
represent the combination of plane P- and SV-waves in each
T
layer number l =1,2 by vector , v ≡ u l u l u l u l
l

(

p+

s+

p−

s−

)

where uP and uS denote the wave amplitudes, and subscripts ‘+’
and ‘-‘ denote the waves traveling downward and upward,
respectively (Figure 1). For each layer l, we can express the two
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T

(7)
N 1 .
For n layers (Figure 2), a similar relation is obtained by
applying relation 7 recursively:

ux 

uz 
 =N
σ xx 
σ xz 

N

where the matrix Nl is:

l

l

v

l

,

(4)

The continuity of displacement and traction then relate the
amplitudes within the two layers as:

N

2

the transmission matrix is:

v

2

=N

v

1 1

,

(6)
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 ,, (9)




and DjlP and DjlS are the phase shifts of the downward-traveling P- and S waves across layer l. By recursively evaluating
expressions 8, one can construct “well-logs” of transmission
matrices T.

In order to evaluate the net transmission and reflection
responses for a stack of n layers, it is convenient to express the
relation 8 in the form of block matrices corresponding to downward- and upward-propagating P and S waves:


sin il
cos jl
sin il
cos jl

− sin jl
− cos il
cos il
sin jl

=
2
2 2
2
ρ l β l (1 − 2β l p ) −2 ρl β l p cos il − ρl β l (1 − 2β l 2 p 2 )
 2 ρl β l p cos il
 ρ α (1 − 2β 2 p 2 ) −2 ρ β 2 p cos j ρ α (1 − 2β 2 p 2 ) −2 ρ β 2 p cos j
l
l l
l
l l
l
l l
l
 l l

where i and j are P and S wave incidence angles measured from
the vertical direction, a and b are velocities of P and S waves, r
is density, and p is the horizontal slowness of the wave.

n

n

Figure 1. One-dimensional scattering model on a single boundary: a) Incident P
wave, b) Incident SV wave. Arrows indicate the convention for positive amplitudes
up and us.
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where:

components of displacement and traction on the boundary as
(Aki and Richards, 2002):

2,1
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(10)

where the subscripts ‘n,1’ in T are dropped for brevity. The
upward-propagating field below the stack of layers must equal
zero (Figure 2): vn- = 0, and the transmitted and reflected field
can be expressed through
the downgoing incident
field (v1+),
~
~
the transmission
matrix
T
and
reflection
matrix
R
,
respectively:
~
~
vn+ = T v1+ and v1- = Rv1+ . Consequently, from equation 10, the
matrices describing the total P- and S- wave reflection,
transmission, and all mode conversions equal:

R =− T

( )
−−

−1

T

−+

, and

T = T

++

+T

+−

R

. (11)

Finally, in the following analysis, we consider a P- or Swave of unit amplitude incident from the top, which is
given by v1+ ≡ (1 0)T or v1+ ≡ (0 1)T , respectively. Then, the
resulting amplitudes and phases of the transmitted P- and
S-wave fields equal:
Figure 2. One-dimensional scattering model on a sequence of N-1 boundaries,
a) incident P wave, b) incident SV wave.
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By using these amplitudes, the upward- and downwarddirected energy fluxes can be calculated at any angular
frequency of the wave w:

En

=

2
ω
α n ρ n u np + cos in
2

,

En

=

2
ω
β n ρ n usn+ cos jn
2

.

flux-P+

f l u x -S +

and

( )

( )

(13)

These are the final quantities used in our subsequent numerical
modeling.

In the modeling and data analysis, the frequency bands are
selected by using the power spectra of the first arrivals in
several VSP shots. For each depth interval, the highest used
frequency is where the noise amplitude is half of the signal.
These upper band frequencies start from 150 Hz for the upper-

most layer and decrease to 100 Hz for layer 6 (~1160-1390 m)
(Table 1). The ray parameter, p, (the horizontal component of
the slowness) varied from zero to 1.8×10-4 s/m, which corresponds to incidence angles from zero to ~35°. The reflection
coefficient across the different depth intervals (equation 10)
generally increases with frequency, with some fluctuations
present (Figure 3).

The resulting energy flux spectra computed across each of the
six layer of our model are shown in Figure 4 (for P waves) and
Figure 5 (S waves). Figure 4 shows strong fluctuations in the
transmitted P-wave energy flux within different depth intervals. The smallest fluctuations is observed in layer 4 (approximately 690-918 m), whereas layer 6 (approximately
1160-1390-m depths) shows the highest fluctuations. This can be
explained by the relatively smoothly increasing reflection coefficient spectrum of layer 4 compared to highly variable variations in layer 6 (Figure 3). The scattering model predicts similar
results for different incidence angles. Therefore, it appears that
an increase in the angle of incidence from zero to about 30°
causes no considerable systematic effect on the transmitted P-wave energy flux.
The transmitted S-wave energy fluxes across the different
depth intervals attenuate almost four times faster than for
a P wave, which means that the S-wave amplitude attenuates two times faster than the P wave (Figure 5). Since the
S-wave velocity is also about two times slower than Pwave velocity, this observation suggests that the S-wave
‘scattering Q’ is approximately equal that for P waves. The
transmitted S-wave energy flux also shows systematic
variations with the angle of incidence. It appears that S
waves scatter with a similar frequency dependence for
different angles, but the scattering attenuation at nearvertical incidence angle is stronger than at oblique angles
(Figure 5).

Analysis of scattering using localization theory

O’Doherty and Anstey (1971) suggested a simple relation
between the power spectrum of a one-dimensional reflection-coefficient series, R(w), and the amplitude spectrum
of the pulse transmitted through it, E(w), as
−R ω t
E (ω ) ∝ e ( )

Figure 3. Power spectra of the reflection coefficient versus frequency for different
depth intervals. Thick black line is the smoothed power spectrum. Note the strong
fluctuations in layer 6.

(14)

where t is the two-way travel time, and multiple scattering
is considered. In this study, we use our numerical experiment (equations 7-12) to differentiate the multiple scattering effects of thin layers from the intrinsic attenuation.
Shapiro et al. (1993, 1994) extended relation 14 to the
angle-dependent fluctuations of plane-wave transmissivity of an acoustic (pressure) wave in a random, finely
layered, medium with variable velocity and density. Here,
we refer to this approach as the localization theory for
fluctuations. These authors assumed that the variations of
the velocity and density with depth represent realizations
of a stationary random process. The fluctuations of both
velocity and density were considered relatively small
compared to their mean values, which were also taken
constant within the depth interval of interest. Shapiro et al.
(1993, 1994) combined the perturbation theory with the
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localization and self-averaging theory to obtain the amplitude
decay and the variations of the phase of the time-harmonic
transmissivity. They separated the density (rtrue) and the square
of the slowness (1/c2true) into the corresponding constant mean
and dimensionless fluctuating contributions m(z) and r(z):

c

1

2
true

=

1
1 + µ ( z ) 
c02 

,

(15)

ρ true = ρ0 1 + ρ ( z ) 

.

(16)

Figure 6 shows the velocity fluctuations calculated from equation 15 and its spectrum for layer 3 (~430-690 m). In the case of
large layer thickness (L), the time-harmonic transmissivity
rtrue (w,q, x, L, t) of the pressure relates to the pressure
rtrue(w,q, x, 0, t) of the incident wave by:

ptrue ( w,θ , x, L, t ) = ptrue ( w,θ , x , 0, t ) exp ( iΦL − α L )
, (17)

where q is the angle of incidence, F and a are the angleand frequency-dependent (vertical) phase increment and
attenuation coefficient given by:

K
K2
Φ = K + Σ−
C (ξ ) sin(2 K ξ ) d ξ ,
2
4 ∫0
∞

K2
C (ξ ) cos(2 K ξ ) d ξ ,
4 ∫0
∞

α=

and (18)
(19)

where K = kcosq and k is the wavenumber: k ≡ w/c0 . The
quantities C and ∑ are linear combinations of the variances of fluctuations r and m:

C = 4Cρρ −

where

and

Figure 4. Transmitted P-wave energy flux across the different layers of the model.
Colours correspond to different incidence angles relative to the vertical direction.
Note that the scattering attenuation in layer 6 is almost 4 times higher than in the
other layers.

Layer
1
2
3
4
5
6

4Cρµ

cos θ
2

Σ = Cρρ (0) −

295

2185

690

2330

431
918

1162

1390

cos 4 θ

Cρµ (0)
cos2 θ

,

,

(20)
(21)

Cρ c (ξ ) =< ρ ( z )c( z + ξ ) >,

Ccc (ξ ) =< c( z )c( z + ξ ) >

are the cross-correlation functions and the brackets denote
statistical (ensemble) averages.

g1(s-1)
-2

2230

-0.35

2405

-0.24

3834

2.76

2970

Cµµ

Cρρ (ξ ) =< ρ ( z ) ρ ( z + ξ ) >,

Table 1: Layered Attenuation model for a VSP from BAM13*

Depth to bottom (m) Velocity (m/s)

+

k1

Qe = p/k

0.135

23

0.12

1.23

0.0473

3.92

0.0255

0.0163
0.1437

*) g1 and k1 are attenuation parameters in equation 1 for vertical rays.

CJEG 25 June 2014

26
66

192

123
22

Amin Baharvand Ahmadi and Igor Morozov
Similar to the numerical method, we analyzed transmitted
energy flux at the bottom of each of the layers in our depth
model (Table 1) using equation 17 for normal incidence
angle (Figure 8). It can be seen that the localization-theory
results are in good agreement with the exact numerical
computations (Figure 8). This shows that the observed
strong fluctuations in the transmitted-energy flux, and
particularly at frequencies above 60 Hz, are due to the
autocorrelation of the velocity/density series, i.e. to the
locally-predominant layering within the structure.

Although indicating the physical cause of scattering attenuation, the localization theory is limited to the case thick
layers, near uniform background velocities and densities,
and small perturbations from this background (Shapiro et
al, 1994). In practice, the variances of fluctuation variances
are sometimes too large for this approximation, such as in
layer 6 in our model (Figure 3). However, numerical
modeling described in the preceding section produces accurate results for all values of parameters of the subsurface.

Randomization of the well log

So far, we investigated the transmitted energy flux in the
layered medium represented by the actual well log. Let us
now hypothesize that the spectral amplitude decays
observed within the depth ranges of interest (Figure 4 and
Figure 5) contain contributions from two statistical
phenomena: 1) random heterogeneity (distribution of
densities and seismic velocities), and 2) fluctuations
caused by spatial correlations between these random
values, as discussed in the preceding section. The first of
these contributions would correspond to the traditional
‘scattering Q’(Aki, 1980), whereas the second could
perhaps be called ‘fluctuation Q’.

Figure 5. Transmitted S-wave energy flux across different layers of the model by
BAM13. Colours show different incidence angles relative to the vertical direction.

The difference between the above two statistical types of
scattering can be examined by performing layer permutations within different depth intervals. The permutations
destroy the spatial correlations within the log and thereby
isolate the ‘scattering Q’ above. While performing the
permutations, we keep the reflection-coefficient spectrum
matching that of the true well log. This assures preservation
of the observed reflectivity spectrum within each depth
interval, and therefore the transmission and reflectivity
from the randomized medium can be good estimation of
the “random-scattering” properties of the medium. We
perform 100 random permutations of each layer, after each
if which the analysis described above is repeated and the
resulting transmitted P-wave energy flux spectra are aver- Figure 6. a) Relative velocity fluctuation (m(z) in equation 15) calculated for layer 3.
aged. Figure 7 shows the transmitted vertical and after such b) Power spectrum of velocity fluctuations in layer 3 in log-log scale.
averaging of layer 3 (approximately 431-690m). A comparattenuation, and elastic scattering (of which the latter also
ison of Figure 7 to Figure 4 shows that replacing the geologic
contains statistical fluctuations). Each of these contributions to
medium with such an ‘equivalent’ random medium causes a
the attenuation coefficient can also be subdivided into the zerosignificantly smaller attenuation of the transmitted energy.
frequency (g) and frequency-dependent parts (k f). In practical
cases of interest for exploration, the geometric spreading can be
Separation of Geometric Spreading, Scattering,
taken as frequency-independent (and therefore not contributing
Fluctuations, and Intrinsic Attenuation
to k ; Morozov, 2008). Conversely, the intrinsic dissipation
within the subsurface rocks does not contribute to g (ibid).
Thus, the attenuation coefficientin c equation (3) can be subdiScattering and fluctuations contribute to both g and k , and
vided into contributions from geometrical spreading, intrinsic
consequently by using the models of these effects in the
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where c s( f) is given by:

χs ( f ) = γ s + κ s f

,

(23)

and gs and k s are responsible for the frequency-independent and dependent parts of scattering attenuation.

Figure 7. Transmitted P-wave energy flux across layer 3 after 100 permutations of
velocity and density logs. Colours represent the incidence angles.

Both numerical and localization approaches reveal strong
fluctuations in the transmitted-energy flux within
different depth intervals, and particularly at frequencies
above 60 Hz (Figure 4, Figure 5 and Figure 8). The key
challenge is how to treat these fluctuations when measuring the average ‘scattering attenuation’ for a particular
sequence of reflectors using equation 22. It appears
reasonable that we subdivide scattering (gs and k s) into
“random-scattering” (gs-random and k s-random) and “nonrandom scattering”, or fluctuations (gs-fluctuations and k sfluctuations). Randomization of the well log (Figure 7)
suggests that such differentiation can be achieved by
taking the upper envelope of the transmitted energy flux
(the envelope corresponding to the weakest scattering) as
an estimate for the attenuation caused by random scattering (Figure 8). The lower linear envelope (strongest
reflectivity and scattering) might then be a useful characteristic of the fluctuations in the scattered wavefields
(Figure 8). Therefore, random-scattering attenuation (gsrandom and k s-random) and fluctuation-attenuation (gs-fluctuations
and k s-fluctuations) can be estimated by fitting straight lines
(equation 23) to the upper and lower spectral-power
envelopes, respectively (Figure 4 and Figure 5). Once the
‘random-scattering’ and ‘fluctuation’ attenuation is quantified, the intrinsic and geometric parameters can be
isolated from the observed attenuation frequency-dependent coefficient, c.

Results

Figure 8. Transmitted P-wave energy flux across layer 3 estimated by the numerical
method (red) and estimated by using the localization theory (blue). Note the good
agreement between the two models. Green line is the average response of 100
permutations of velocity and density logs.

preceding sections. Therefore, in order to separate the scattering
effects from the intrinsic attenuation, we can use the above
model of scattering during seismic wave propagation in a finely
layered medium.

The decrease in the transmitted energy flux caused by scattering can be treated similar to the general amplitude-decay
equation 1. All of the above models of scattering show generally
exponential decreases of the energy flux with frequency, which
can be described as:

E ( f ) ∝ exp  −2 χ s ( f ) t 

,

(22)

Table 2 shows the “vertical” part of the attenuation model
by BAM13 with geometric spreading, random-scattering,
fluctuation, and internal-friction contributions. This is the
case where geometric spreading, intrinsic attenuations
and only “random” or “fluctuation” part of scattering,
contribute to the total observed decay of propagating
amplitude. We also show the effective quality factors estimated for both random-scattering attenuation (Qs-random ≡
p/k s-random) and internal friction (Q ≡ p/k intrinsic) and
similar parameters for the fluctuation part of scattering.

From Table 2, it appears that frequency-independent scattering (gs-random and gs-fluctuations) is weak (gs≪0.3 s–1), but gsfluctuations is approximately 3-7 times stronger than gs-random
(Figure 9b). The geometric spreading has generally stronger
effects than both types of scattering from the surface to the
depths of ~1160m:⎟gs-random⎟≪⎢gs-fluctuations⎟≪⎢gGS . However,
gs-fluctuations is stronger than geometric spreading in layer 6
(approximately 1160-1390 m). This layer also has the strongest
scattering fluctuations when compared with other layers
(Figure 9a). This is in agreement with high reflection coefficient
fluctuations within this depth interval (Figure 9e).
Figure 9c compares two cases of separation of the intrinsic
attenuation and scattering: (1) assuming that scattering is
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purely random (kintrinsic-random), and (2) assuming that scattering
is entirely due to fluctuations (kintrinsic-fluctuations). In both cases,
the attenuation measured in the data is predominantly intrinsic
within all depth intervals: kintrinsic ≫ ks , except within layer 6, in
which the fluctuation-attenuation is ~1.3 times stronger than
the intrinsic one (Figure 9c). In all depth intervals, scattering
fluctuation dominates over random scattering, with k s-fluctuations
≈ (3–7)ks-random (Figure 9d).

Discussion

In this section, we discuss some practical applications of the
above analysis. In BAM2013, a layered depth model combining
geometric spreading, scattering, and effects of attenuation on
body seismic waves was proposed. The model was formulated
in terms of two empirical physical parameters, which
contribute to path integrals along the rays. The inversion of first
arrival amplitude data showed that geometric attenuation
(wavefront curvatures and scattering) and the effective Q−1
(also including frequency-dependent reflectivity and scattering) are variable with depth and anisotropic. The attenuation
model allowed reproducing the variations of the first-arrival
amplitudes and spectra across the entire depth interval with
good accuracy (BAM13).

In summary, the results of this study show that the geometric
spreading and internal friction are primarily responsible for the
observed amplitude decays above ~1160 m. However, fluctuation-type scattering plays an important role at depths of ~11601390 m, where the scattering effects exceed both the geometric
spreading and intrinsic attenuation. This trend can also be
noticed from log data, in which the reflectivity generally
increases with depth and reaches the highest level within this
depth interval.

The numerical modeling above allows interpreting the measured spreading effects by using well-log data from the same or
adjacent borehole. This approach also allows us to differentiate
between random- and statistical-fluctuation effects
inherent in scattering. “Fluctuation” scattering can be
dominant in attenuating the seismic amplitude, while it is
often ignored in the more empirical types of analysis and
potentially included in ‘scattering Q’.

Figure 9. Model of geometric spreading, scattering and intrinsic attenuation: (a)
Frequency-independent γv (black), GSs-random (red), and GSs-fluctuations (green), (b)
Frequency-independent random scattering γs-random (red), and fluctuation scattering
γs-fluctuations (green), (c) Attenuation parameter κv (black) κintrinsic-random (red) and
κintrinsic-fluctuations (green), (d) Random scattering attenuation, κs-random (red), fluctuation
scattering attenuation κs-fluctuations (green); (e) velocity log for comparison.

The models of scattering developed in this study can be
applied to the conventional methods for reservoir characterization using seismic attenuation. The potential of this
approach is in a more complete characterization of the
macroscopic attenuation parameters (spatially variable,
anisotropic g and k), which are associated with the subsurface structure. The fundamental criterion by which we
differentiate between these effects consists in their
frequency dependences, which may provide an important
guidance for precise interpretation of the petrophysical
causes of attenuation. For example, the internal friction
related to mobile dislocations or grain-boundary sliding
should lead to effects similar to solid and fluid viscosity

Table 2: Resulting separated geometric-spreading, random scattering, fluctuations and intrinsic-attenuation model*

Layer
1
2
3
4
5
6

random

gs-

fluctuations

random

fluctuations

Qs-random
= p/k s–
random

0.05

-0.05

0.002

0.014

1570

0.06

gs-

0.07

0.01

0.106

0.13

0.26

0.06
0.28

ks-

0.002
0.003

0.05

0.0003

1.43

0.02

0.003

ks-

0.013
0.009

1570
1047

Qse =
p/k s–

k

fluctuations

intrinsic–
random

224

-0.4

-0.3

241

-2.06

349

1.22

285

3.79

10047

1570

0.08

157

39

1047

gGS–

fluctuations
(s-1)

0.002
0.011

gGS–

random
(s-1)

-2.07

fluctuations

=p/k v

0.133

0.121

24

25

0.016

0.014

196

224

0.064

25

49

0.118

3.66

0.0225

2.48

1.33

Qintrinsic-

fluctuations

0.0443

-0.29

Qintrinsicrandom

1.12

-0.3

k

0.1237

intrinsic–

0.107

0.039
0.014

27

71

140

=p/k v
29

82

224

*) gs-random and ks-random are the corresponding parameters for random scattering, gGS-random is the estimated geometric spreading,
kintrinsic-random is the internal friction, Qs-random and Qintrinsic-random are the effective quality factors for random scattering and internal
friction in the case that only random-scattering component contributing to the scattering model. gs–fluctuations , ks-fluctuations , gGS-fluctuations ,
kintrinsic-fluctuations , Qs-fluctuations and Qintrinsic-fluctuations are the corresponding parameters for the fluctuations in the case that only fluctuation scattering component contributing to the scattering model.
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(Landau and Lifshitz, 1986),whereas mobile pore fluids and
‘mesoscopic’ heterogeneities should lead to dissipation by
means of Darcy flows and slow ‘fluid waves’ (Biot, 1956).

Finally, many restrictions in applying the localization theory
(for example, large layer thickness, small perturbation approximation, etc.) are overcome by using the numerical propagator
approach. Implementation of the method by using matrix series
is only slightly more complex than any other processing of well
logs and producing waveform synthetics. The matrix approach
can be readily implemented in many modern programming
packages, such as Matlab (as done in this study), Octave,
Mathematica, and it can also be compactly and efficiently coded
in high-level computer languages such as C++.

Conclusions

A model of geometric spreading, scattering, statistical fluctuations, and effects of intrinsic attenuation on body seismic waves
is proposed. The numerical model is formulated to study
normal and oblique-incidence P and S wave propagation in a
finely layered medium. This model includes forward scattering
(transmission), back scattering (reflectivity) and multiples, and
mode conversions which predict transmitted oblique P and S
energy flux spectra. As an application, complete a geologic
model of Weyburn oilfield in Saskatchewan, Canada. These
results are in good agreement with those obtained by using the
approach of O’Doherty and Anstey (1971) and from the localization theory. At the same time, the numerical approach is not
restricted by the limitations of these analytical models. The
approach was used to separate the random–scattering and fluctuation effects from combined geometric spreading, scattering
and frequency-dependent attenuation parameters measured in
a previous study. The results show that geometric spreading
and intrinsic attenuation are the primary causes of attenuation
above ~1160 m in the area of Weyburn VSP. However, fluctuation scattering effects are stronger than geometric spreading
and intrinsic attenuation within the area of strong reflectivity at
approximately 1160–1390-m depths, just above the reservoir.
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