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Abstract

Studies of passive seismic data in the frequency range below 20Hz have shown
that the frequency content of the ever-present seismic background noise changes
above hydrocarbon reservoirs. Different explanations for this observation have
been proposed. In this study, it is shown that oscillating pore fluids, i.e. oil, can
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as a possible explanation for observed spectral modifications above hydrocar-

bon reservoirs.

Data Examples

Key points of this study

e Change of frequency content of seismic background noise above hydrocar-
bon reservoirs observed around the worla
* Physical explanation subject to current discussions

e Numerical model developed to simulate oscillations of trapped oil blobs in
pores coupled with elastic wave propagation.

* [ncident elastic wave initiates oscillations of pore fluid.

* Micro-scale pore fluid oscillations can change frequency content of seismic
background noise.

Spectraseis survey for Petrobras, Potiguar Basin,
Brazil, 2004: Spectra of continuous passive mea-
surements of seismic background noise above
(red) and nearby (blue) a proven oil reservoir. The
measurement above the reservoir shows addi-
tional energy in the low frequency range.
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Application

Spectraseis survey for RAG, Voitsdortf area, Austria,
2005: Measurements of seismic background noise
are done with a three-component-seismometer.
Shown are spectra of the vertical component of
two different measurement locations, one above
a known oil reservoir (red) and one away from
the reservoir (blue).
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Spectraseis survey for RAG, Voitsdorf area, Aus- Taken from Dangel et al., 2003: Spectra of con-  Spectraseis survey for Pemex, Burgos Basin, Mexi-
tria, 2005: Measurements of seismic background tinuous passive measurements of seismic back- co, 2006: Spectra of continuous passive measure-
noise are done with a three-component-seismom-  ground noise above (red) and nearby (blue) proven  ments of seismic background noise above (red)
eter. Ratio between vertical and the two horizon-  oil reservoirs. All measurement above reservoirs and nearby (blue) a proven oil reservoir Linear
tal spectra shows additional energy in the low shows additional energy in the low frequency representation of the spectra and logarithmic rep-
frequency range (upper figure) above the oil res-  range compared to measurements nearby. a) Jor-  resentation in the inlay. The measurement above
ervoir that is known from an active seismic survey dan, b) Italy, ¢) Ukraine and d) Morocco the reservoir shows additional energy in the low
(lower figure).
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Working hypotheses

Spectral modifications of seismic background noise in the frequency range below 20Hz have been observed above hydrocarbon
reservoirs in many places around the world (e.g. Dangel et al.). These spectral modifications are used as direct hydrocarbon
indicator (Holzner et al., 2005; Akrawi and Bloch, 2006; Suntsov et al., 2006). A general workflow (e.g. Spectraseis AG) starts
with data acquisition and ends with two dimensional maps indicating hydrocarbon potential.

Data processing in time domain

-ourier transformation

Data processing in Fourier domain
Spectral Analysis of data

Data interpretation, production of maps
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The physical explanation for the observed spectral modifications is the subject of current discussions (Graf et al. 2007). Seismic
attenuation phenomena in poro-elastic media, subsurface reflection patterns, resonant amplification due to oscillations and
phase transition effects (Suntsov et al. 2006) have been discussed as possible causes. The ongoing research project can be di-
vided into two main branches.

oot amfcaton joise  PSD Sensor
guencies of incoming waves are amplified due
t illati t th le. F i I
o e econance easeney ow nates hsdes  VEIOCILY \ 4
in the velocity spectra. A broad
resonance T
> Reservoir

frequency ?

Resopant scattering P S D Se NSor

Incoming waves are reflected at the surface and the res-

ervoir due to heterogeneities. I
The characteristic two-way travel time between reservoir VeIOCIty
and surface causes peaks in the velocity spectra. A resonances

1 Reservol
frequency v




I [ [

Pore fluid oscillations

Coupling of pore fluid oscillations with elastic rock
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Numerical model setup

To understand first order effects, pore shapes are simplified (Holzner, 2007, Hilpert,
2007). Yellow fluid fills the pore only partially. That allows oscillations of the fluid.
Surface tension acts as the restoring force driving the oscillations. Geometries on
the left and the right result in a nonlinear relation between displacement and re-
storing force, i.e. a nonlinear oscillation. Geometry in the middle results in a linear
oscillation.

v Egore radius

h pore length
Z, fill level

In this study, only the linear geometry is considered. Given are the surface tension
force, spring constant, mass and eigenfrequency.
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Results

Oscillatory behavior of pore fluid is coupled to standard elastic wave propagation
equations. This is done using Hamilton's variational principle applied to the Lan-
grangian functional (Bourbie et al., 1987). Two partial differential equations result.
The schematic rheological model for the coupling between elastic deformation and
pore fluid oscillations consists of an elastic bar with Young's modulus E and a lin-
ear oscillator of eigenfrequency w,. Two displacements have to be considered, one
for the elastic subsystem u® and one for the oscillatory fluid subsystem u'.

Coupled linear system of equations for two unknown displacements u® and u'.
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Model equations are discretized using finite difference method on a staggered

grid and an explicit predictor-corrector method in time (Virieux, 1986). One-dimen-
sional model setup for numerical simulations consists of three receivers R1-R3 and
one source S identical with position of receiver R1. The model is homogeneous and
is described by coupled system of Equations. Lower and upper boundaries can be
rigid (zero displacement) or non-reflecting (lonescu and Igel, 2003). All physical
parameters used are listed in the table.

rigid or non-reflecting boundary
ig 5. 10°m
@ 10° m
= R 10° N m’?
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rigid or non-reflecting boundary

Energy conservation and transfer

In the presented model four different energies exist. Their evolution is plotted for
a time interval of two seconds. In this simulation both boundaries were rigid. No
external source was applied but a Gaussian curve for the solid velocity was used
as initial condition. Total enerqy, i.e. the sum of all energies (thick black line) stays
constant over time. Energy in the system is conserved. Internally energy is trans-
ferred between solid and fluid.

Incident elastic wave

In this simulation both boundaries were non-reflecting. External source applied at
position S is a Gaussian curve in time with a very short width that is symmetric at
10 seconds. The spectrum of this source function is shown in the inlay. At R, both
fluid and solid velocities are recorded and spectrograms are calculated. Due to the
algorithm calculating the spectrogram, the signal of the external source is visible
for 10 seconds (between 5 and 15 seconds). Over this interval the spectrogram of
the solid velocity (upper figure) shows a trough at the eigenfrequency of the fluid
oscillations. The second half of the spectrogram shows a peak at this frequency.
The spectrogram of the velocity of the fluid (lower figure) always shows a peak at
the eigenfrequency of the fluid oscillations.

Resonace curves

In these simulations both boundaries were non-reflecting. The external sources ap-
plied at S are sinusoidal curves with changing frequencies. At R, both fluid and sol-
id velocities are recorded and spectra are calculated. In both spectra two distinct
peaks are present, one at the external frequency, and one at the eigenfrequency of
the fluid oscillations. These two spectral peaks are picked for each simulation. That
leads to the four resonance curves shown. The closer the external frequency is to
the eigenfrequency of the pore fluid oscillations the stronger the response of the
fluid phase becomes, both at the eigenfrequency (b) and at the external frequency
(d). The response of the solid phase at the eigenfrequency of the pore fluid oscilla-
tions (a) is almost proportional to the response of the fluid phase at the same fre-
quency. The resonance curve for the solid response at the external frequency (c) is
characterized by a trough at the eigenfrequency of the pore fluid oscillations.
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Spectra of solid velocity at receiver Ry are shown for a 50m thick porous layer. Dit-  » _*P [nereasngemountetime _ Time evolution of amplitude ratio between 3Hz-peak and 0.3Hz-peak in Thickness of

ferent spectra are calculated after different simulation lengths. Longest time sig-
nal is 120s (black spectra), shortest is 3.5s (red spectra). Dash-dotted vertical line:
Frequency of external force; Solid vertical line: Eigenfrequency of pore fluid oscilla-
tions.

Discussion / Conclusions

Porous layer thickness = 50m

Eigenfrequency o, of
pore oscillations: 3Hz

Red spectra: short time signal |
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the spectra are represented double-logarithmically. Different colors rep-
resent different porous layer thicknesses. Spectra are calculated with the
solid velocity time signal at receiver R..
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Acknowledgement

At the moment of incidence of the elastic wave, the fluid immediately starts to oscillate with its eigenfrequency. To initiate the oscillations, energy at the eigenfrequency
of the oscillations is transferred from the solid to the fluid. Therefore a trough in the spectrogram of the solid velocity occurs at this frequency. After the elastic wave has
passed, the fluid continues to oscillate with its eigenfrequency. Energy at the eigenfrequency of the oscillations is continuously transferred from the fluid to the solid.

The trough in the resonance curve for the solid response at the external frequency develops because energy is transferred from the solid to the fluid to drive the fluid os-
cillations. This energy transfer is not evenly distributed over all frequencies but focuses on the eigenfrequency of the pore fluid oscillations.

Oscillations of the pore fluid decay after their initialization. This decay is different for different reservoir thicknesses and may be used to extract thickness information.
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