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Summary

Dispersion analysis of flexural waves in dipole sonic log
can reveal the anisotropy, shear velocity, and presence of
fractures within the formations adjacent to the borehole.
In this study, we implement the Phase Shift method to
compute the dispersion of dipole sonic log over the Bakken
and its adjacent formations. We found significant differ-
ences in the shear velocities of the shale members (the
Upper and Lower Bakken) versus the non-shale members
(the Lodgepole, Middle Bakken, and Three Forks). We
therefore, conclude that dispersion characteristics can be
used for lithology identification. We also found that the
existing method to analyze dispersion images based on
the assumption of HTT medium with a single set of frac-
tures is insufficient for characterizing the anisotropy of
more complex fractured media.

Introduction

Modern borehole sonic data are acoustic measurements
comprised of compressional, shear, Stoneley, and flexural
full waveforms. Compressional, shear, and Stoneley
waves are excited by a pulse of energy produced from
a monopole sonic tool. Compressional and shear waves
are characterized as body waves, which travel through
layers of rocks. Stoneley waves are tube waves, a type
of surface wave that travels along the borehole at the
interface between solid and liquid (Haldorsen et al., 2006).

In addition, modern sonic tools also excite flexural
waves through dipole sources. In order to excite vibra-
tions through a range of frequencies, a dipole source
emits a chirp, or a frequency sweep of energy. Flexural
waves are also characterized as a type of surface wave.
Their motion can be visualized as the same motion
produced along a tree when someone stands on the
ground and shakes it (Haldorsen et al., 2006). Flex-
ural waves are dispersive and are used in dispersion
analysis to characterize the anisotropy, shear velocity,
and the presence of fractures. Note that while body
waves exhibit intrinsic dispersion, surface waves exhibit
dispersion due to the medium’s heterogeneity, where
frequency is inversely proportional to the velocity of
wave propagation. In this study, we refer to dispersion as
the heterogeneity-dependent dispersion of surface waves.
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Fig. 1: a), b), and c) show simplified surface waves of a single
frequency propagating along the surface of the earth, generated
by three seismic sources with low, moderate, and high frequen-
cies, respectively (figure courtesy of Olafsdottir (2014)). Fach
surface wave samples the subsurface at a different depth.

A wave is dispersive if its various frequency compo-
nents travel with different velocities (Haldorsen et al.,
2006). Surface waves are generally dispersive; however,
they become non-dispersive in a homogeneous isotropic
medium. To understand the dispersive phenomena, we
illustrate the dispersion of a simplified surface wave in
Figure 1.

As shown, surface waves of different frequencies sample
the subsurface at different depths. The phase velocities of
surface waves depend on the elastic moduli of the layers
it propagates through. Hence, each frequency component
of a surface wave has a unique phase velocity. Dispersion
analysis of surface waves reveals information about
velocity, anisotropy and homogeneity of the medium
(Olafsdottir, 2014).

In surface seismic acquisition, because of the over-
burden pressure, wave velocities increase with depth. It
is expected that surface waves with lower frequencies
are faster and have greater depth of investigation.
Likewise, surface waves with higher frequencies sample
the shallower subsurface and are slower. In sonic logging,
the drilling process causes the sediments to be less
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Fig. 2: Left side: Isotropic model (top cube) and shear wave
velocities as a function of direction (bottom red oval) (figure
courtesy of Tinnin et al. (2008)). In isotropic media with no
fractures, shear wave velocity is azimuthally invariant. Right
side: As a result, the dispersion curves of two perpendicular
directions (X and Y dipoles) overlap.

compacted near the borehole. As a result, the surface
wave velocities increase away from the borehole along the
horizontal direction following the dispersive behavior.
These characteristics can be seen in dispersion curves in
Figure 2.

Franco et al. (2006) show that low frequency surface
wave velocities approach the shear wave velocity of the
virgin formation. Therefore, the low frequency part of
dispersion curves provide the shear velocity of the virgin
formation (shown in dashed line in Figure 2).

In a homogeneous isotropic medium with no fractures,
wave velocities are the same in all directions. Therefore,
we expect dispersion characteristics to be the same in all
directions. As a result, the dispersion curves of the two
perpendicular dipole components (X and Y) overlay, as
shown in Figure 2.

In a horizontal transverse isotropic (HTI) medium with
a single set of fractures, shear wave splits into fast and
slow components. The shear wave with the direction
of polarization parallel to the fractures travels at a
higher velocity than the shear wave with the direction of
polarization perpendicular to the fractures. Therefore,
we expect dispersion characteristics to be different for
different directions. As a result, the dispersion curves
of the two perpendicular dipole components (X and Y)
diverge, as shown in Figure 3.

Dispersion Analysis Methodology

Several methods are used to compute dispersion curves
(Park et al., 1998, 1999). We use the Phase Shift
method suggested by Olafsdottir (2014) based on Park
et al. (1998). This algorithm was chosen because of
its implementation simplicity, robustness, and high
accuracy. This technique involves two main steps: 1)
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Fig. 3: Left side: Anisotropic model with a single set of frac-
tures (top cube) and shear wave wvelocities as a function of
direction (bottom red oval) (figure courtesy of Tinnin et al.
(2008)). In anisotropic model with a single set of fractures,
shear wave velocity is strongly anisotropic. Right side: As a
result, the dispersion curves of two perpendicular directions
(X and Y dipoles) shows significant separation.

Fourier transform and amplitude normalization, and 2)
dispersion imaging. Below we describe the application of
this method to our data in details:

e Step 1: Our data comprises of 13 waveforms for each
perpendicular dipole orientation (X and Y). We di-
vided the waveforms to different formation depths,
where for each depth interval the waveforms are
transformed from time domain into frequency do-
main, using Fast Fourier Transform algorithm. In
the Fourier domain, the amplitudes are normalized
by dividing the amplitude by its absolute value as
shown:

(1)

aj,nov“m (U}) = 7=

, where @;(w) is the Fourier transform of the data,
Ujnorm (w) is the normalized amplitude, w is the an-
gular frequency, and j is the receiver number, where
j=1,2..n, n=13.

e Step 2: To compute the dispersion images, we select
a range of possible surface wave velocities V' for the
formation. In our case, we chose the velocity range
from 800 m/s to 3500 m/s. Using this velocity range
we compute the following phase shifts

wx (14 (J — 1) x Az)
\%

¢$j = (2)

, where ¢x; is the phase shift corresponding to the
jth receiver, x; represents the distance from the
source to a reference receiver, Az is the receiver spac-
ing. Next, using
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Fig. 4: a) shows X dipole dispersion image of the Middle
Bakken in hot color map (highest amplitude in red), b) shows
Y dipole dispersion image of the Middle Bakken in gray scale
color map (highest amplitude in black), c¢) shows an overlay of
X and Y dispersion images of the Middle Bakken with highest
amplitude in dark purple. The solid lines indicate the main
dispersion curves (overlap in this case) and the dashed lines
indicate low frequency dispersion tail approaching the forma-
tions shear velocity. The y-axis is in decreasing velocity (m/s)
and the z-azis is in increasing frequency (kHz).

we transform the data from Fourier domain to the
dispersion domain (w -V). The dispersion image ex-
hibit high amplitudes at the actual propagating wave
velocities.

In our study, we perform dispersion analysis of X and Y
dipole data separately. Figure 4a and 4b illustrate two
dispersion images of X and Y dipole. Figure 4c shows
the overlaid dispersion image of 4a and 4b. Note that the
darkest purple color represents the strongest amplitude in
the overlaid dispersion images.

Analysis and Discussion

We perform dispersion analysis on multiple depths of
the Lodgepole, Upper Bakken, Middle Bakken, Lower
Bakken, and the underlying Three Forks. The dispersion
images from the same formation are highly similar. We
choose a representative dispersion image from each of
these five intervals and plot them in Figure 5. Figure 5
shows dispersion images at different depths correspond-
ing to the Lodgepole, Upper Bakken, Middle Bakken,
Lower Bakken, and the underlying Three Forks. One can
observe that the Upper and Lower Bakken Shale mem-
bers have distinctly different dispersion characteristics
than the non-shale members (the Lodgepole, the Middle
Bakken and the Three Forks). For example, the shear
wave velocity of non-shale members are approximately
2800 m/s compared to the shear wave velocity of shale
members at approximately 2000 m/s.

Because the Bakken is heavily fractured and anisotropic
(Pitman et al., 2001), we expect separation between
dispersion curves for this formation. However, we did not
observe any separation in any of the studied formations.
Although closely overlaid dispersion curves show that
the above formation are all azimuthally isotropic, this
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Fig. 5: a), b), ¢), d), and e) show the overlay dispersion im-
ages of the Lodgepole, Upper Bakken, Middle Bakken, Lower
Bakken, and the underlying Three Forks, respectively. The
solid lines indicate the main dispersion curves with highest
amplitude in dark purple (they overlap in all studied forma-
tions). The dashed lines indicate low frequency dispersion tail
approaching the formations shear wvelocity. The y-axis is in
decreasing velocity (m/s) and the z-axis is in increasing fre-
quency (kHz).

result does not agree with the established findings on
Bakken (Pitman et al., 2001). We investigated further
and learned that the interpretation method of Franco
et al. (2006) is established based on the assumption of
an HTI medium with a single set of fractures. Since the
Bakken is heavily fractured by more than one fracture
set (Pitman et al., 2001), the interpretation from Franco
et al. (2006) is not sufficient and cannot give insights
into azimuthal anisotropy and the presence of fractures.

When the medium has more than one set of fractures,
the shear wave splitting becomes more complicated. The
fast and slow shear waves at certain directions can be
indistinguishable from each other. As a result, dispersion
curves of the two dipoles will overlay and appear as if
the medium is azimuthally isotropic with no fractures.
To overcome this challenge, we plan on using more
azimuthal data such as cross-line dipole, performing
Alford rotation, attenuation analysis, and flexural wave
modeling to find the anisotropy and fracture orientation
of complex fractured media.

Conclusions & Future Work

We compute dispersion images of the Bakken and its
adjacent formations using the phase shift method. Our
findings are as follows:

e There is significant difference in shear velocity of the
shale members (the Upper and Lower Bakken) ver-
sus the non-shale members (the Lodgepole, Middle
Bakken, and Three Forks). These results show that
formation geology can be differentiated through dis-
persion analysis.

e We also found that the existing method to analyze
dispersion images based on the assumption of HTI
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medium with a single set of fractures is insufficient
for characterizing the anisotropy of more complex
fractured media.

e A new method should be developed to overcome
simple fracture geometry assumptions. This will en-
able the use of dispersion analysis to find anisotropy
and the presence of fractures in more complex
fractured media.
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