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Summary
Seismic surveys are widely employed to study the Earth’s subsurface for
applications that include oil and gas exploration, monitoring of geological sequestration of
CO2 and investigation of nuclear waste disposal sites. Ideally, all aspects of the recorded
seismic waves, such as amplitude, phase and frequency content could be utilized to infer
information about subsurface properties such as permeability, porosity, fluid content and
fracture connectivity. Attenuation of seismic waves is the fraction of energy lost due to
anelastic absorption and it is known to be strongly dependent on rock/fluid properties. The
physical mechanisms causing attenuation determine the relationship between attenuation
and rock/fluid properties. In order to determine the predominant physical mechanisms
responsible for attenuation in reservoir rocks, i.e., sandstones and carbonates, systematic
laboratory studies are necessary.
Laboratory studies in the past have mostly focused on investigating attenuation in
sandstones. There is a broad understanding that the high and frequency dependent
attenuation observed in sandstones could be attributed to viscous fluid flow occurring in the
rock at various scales. In carbonates, the controlling mechanisms are still largely unknown.
Hence, more data is needed to deepen the current understanding of attenuation in fluid
saturated reservoir rocks. In this thesis, I present several experimental datasets of attenuation
and dispersion, acquired in the seismic frequency range (1-100 Hz). The Seismic Wave
Attenuation Module (SWAM), which works on the principle of forced oscillation was
employed to measure Young’s modulus (E) and the corresponding attenuation (1/QE) in
carbonates and sandstones at the confining pressures of 5, 10 and 15 MPa. Though these
pressures may seem low when compared to the overburden pressure typical reservoirs are
subjected to, since the pore pressure in the reservoir acts against the overburden pressure,
the resultant pressure, i.e., the effective pressure is of the order as the confining pressure
chosen in the experiments. Attenuation/dispersion was measured in rock samples under dry
as well as fluid saturated conditions and mixtures of glycerin and water were used to
simulate hydrocarbon oils as they are more viscous than water.
First, an overview of forced oscillation based experimental setups built in the last 30
years and used to measure attenuation in fluid saturated and/or dry reservoir rocks under
small strains (10−8-10−5) is presented. As technical challenges kept the forced oscillation
vii

technique from being widely used, there is a need for the standardization of devices
employing this method and a comparison of existing setups is a step towards it. A brief
summary of attenuation measurements is then presented, followed by a discussion of
technical aspects to be taken into account while conducting these experiments.
Second, attenuation/dispersion data in a carbonate (porosity: 15.5% and
permeability: 45 mD) is presented. To assess the role of pore fluids, the carbonate was
partially and fully saturated with water (viscosity: 1 cP) and fully saturated with a glycerinwater mixture (viscosity: 8 cP). Attenuation varied in the range ~0-0.04 for both the dry and
fluid saturated cases and increased with an increase in frequency. At any particular confining
pressure, the attenuation data seemed to represent the lower flank of a bell-shaped attenuation
curve, which shifted to lower frequencies as the confining pressure was increased. This is
probably due to the reduction in aspect ratio of the compliant pores in the carbonate, as
suggested by the squirt flow mechanism.

Third, attenuation/dispersion data in a Fontainebleau sandstone (porosity: 10%,
permeability: 10 mD), including a study of the effect of sample strain on attenuation are
presented. At the confining pressure of 5 MPa, the strain effect on attenuation was
investigated in the sandstone for 11 different strains across the range 10-6 to ~10-5. This
comparison showed that a strain of at least 5×10-6 is necessary to obtain a good signal to
noise ratio, while a strain as high as 8×10-6 can be applied on the sample without causing
nonlinear effects in the rock. At all confining pressures, attenuation in the dry sandstone
varied in the range ~0-0.02. Partial and full saturation with water yielded a higher magnitude
and frequency dependence of attenuation that can be interpreted as being caused by squirt
flow.
Last, attenuation/dispersion data in a Fontainebleau sandstone (porosity: 8%,
permeability: 12 mD), involving a gradual increase in the viscosity of pore fluids are
presented. At all confining pressures, while the dry rock exhibited negligible attenuation,
partial and full saturation with water (viscosity: 1 cP) led to attenuation values that gradually
increased from nearly zero to ~0.02 with increasing frequency. The sample was then fully
saturated with glycerin-water mixtures of varying viscosities, up to that of glycerin (8, 92,
485 and 1414 cP). At the confining pressure of 5 MPa, a bell-shaped attenuation curve
peaking at ~6 Hz with a magnitude of ~0.11 was observed when the sample was fully
saturated with glycerin (viscosity: 1414 cP). A decrease in viscosity of the saturating fluid
shifted the attenuation curve to higher frequencies and an increase in confining pressure
caused a decrease in the overall magnitude of attenuation. The data obtained for glycerin
viii

was then compared to a simple squirt flow model with sufficient agreement, implying that
squirt flow is the dominant mechanism responsible for the observed attenuation. The simple
squirt flow model used is based on the assumption of a compliant crack being connected to
a stiff pore, as the building block of the pore network. The corresponding rock/fluid
parameters required as input for the model were derived using additional ultrasonic velocity
data, acquired for the sandstone. Upon the introduction of a Gaussian distribution of aspect
ratios for the compliant cracks, the squirt flow model traced the shape of the
attenuation/dispersion data for full saturation with glycerin very well, with an offset in
magnitude, which decreased with an increase in confining pressure.
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Zusammenfassung
Seismische Messungen werden vielfach angewendet um den Erduntergrund mit
Hilfe von Schallwellen zu charakterisieren. Solche Messungen kommen zum Beispiel in der
Erdöl- und Erdgasexploration, für die Überwachung von geologischer CO2-Bindung oder
bei der Erforschung möglicher Endlagerstätten radioaktiver Abfälle zum Einsatz. Um
möglichst viel über den Untergrund zu erfahren, wie zum Beispiel Permeabilität, Porosität,
Flüssigkeitsgehalt oder die Konnektivität von Klüften, werden idealerweise sämtliche
Aspekte des aufgezeichneten seismischen Wellenfelds berücksichtigt, zum Beispiel
Amplitude, Phase oder Frequenzgehalt. Unelastisches Materialverhalten führt zur
Abschwächung seismischer Wellenenergie. Dieser auch als seismische Dämpfung bekannte
Prozess hängt stark von den Gesteins- und Flüssigkeitseigenschaften ab. Dabei spielt der
physikalische Prozess, der die seismische Dämpfung hervorruft, eine zentrale Rolle. Um die
vorherrschenden physikalischen Prozesse zu bestimmen, die für die seismische Dämpfung
in unterschiedlichen Gesteinstypen verantwortlich sind, sind systematische Laborversuche
notwendig.
Der Grossteil vergangener Laborversuche haben sich auf die seismische Dämpfung
in Sandsteinen konzentriert. Folglich existiert auch ein fundiertes Wissen über die
Mechanismen, die für die starke und frequenzabhängige Dämpfung in Sandsteinen
verantwortlich sind. In erster Linie ist dies die Bewegung von viskosen Flüssigkeiten auf
unterschiedlichen Längenskalen. Im Gegensatz dazu sind die kontrollierenden
Mechanismen in Karbonatgesteinen weitgehend unbekannt. Weiterführende Laborversuche
sind daher nötig um die seismische Dämpfung in flüssigkeitsgesättigten Reservoirgesteinen
besser zu verstehen. In der vorliegenden Doktorarbeit präsentiere ich unterschiedliche
experimentelle Datensätze über die seismische Dämpfung und Dispersion im seismischen
Frequenzbereich (1-100 Hz). Dabei verwendete ich ein spezielles Labormodul (Seismic
Wave Attenuation Module; SWAM) um das Elastizitätsmodul (E) und die entsprechende
Dämpfung (1/QE) in Karbonatgesteinen und Sandsteinen zu messen. Das SWAM basiert auf
dem Prinzip der erzwungenen Oszillation und die Gesteinsproben wurden einem
Umgebungsdruck von 5, 10 und 15 MPa ausgesetzt. Die seismische Dämpfung und
Dispersion wurde in trockenen sowie in flüssigkeitsgesättigten Gesteinen gemessen und ich
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verwendete Glyzerin-Wasser-Gemische um Flüssigkeiten mit einer höheren Viskosität als
Wasser zu simulieren.
Die Doktorarbeit beginnt mit einem Überblick über Laborexperimente der
vergangenen 30 Jahre, welche das Prinzip der erzwungenen Oszillation für seismische
Dämpfungsstudien genutzt haben. Diese Experimente haben trockene und/oder
flüssigkeitsgesättigte Reservoirgesteine bei kleinen Verformungen (10−8-10−5) untersucht.
Technische Hürden verhinderten, dass diese spezielle Labormethode im grossen Stil
Verwendung fand. Umso mehr besteht ein Bedarf nach Standardisierung. Meine
Vergleichsstudie der existierenden Laborgeräte ist ein erster Schritt in diese Richtung. Des
Weiteren fasse ich die existierenden Datensätze über die seismische Dämpfung zusammen
und diskutiere die technischen Aspekte, die es bei den jeweiligen Messungen zu
berücksichtigen gilt.
Als zweites werden Labordaten zur seismischen Dämpfung und Dispersion in einem
Karbonatgestein (Porosität: 15.5% und Permeabilität: 45 mD) präsentiert. Um den Einfluss
von Porenflüssigkeiten zu untersuchen, wurde das Karbonat teilweise und vollständig mit
Wasser (Viskosität: 1 cP) und ebenfalls vollständig mit einem Glyzerin-Wasser-Gemisch
(Viskosität: 8 cP) gesättigt. Die seismische Dämpfung variierte im Bereich ~0-0.04 sowohl
für den trockenen als auch den flüssigkeitsgesättigten Zustand. Mit erhöhtem Frequenzen
nahm die seismische Dämpfung leicht zu. Bei jedem beliebigen Umgebungsdruck
repräsentierten die Dämpfungsdaten die auslaufende Flanke einer glockenförmigen
Dämpfungskurve, welche sich zu niedrigeren Frequenzen verschiebt wenn der
Umgebungsdruck erhöht wird. Dies ist vermutlich auf die Reduzierung des Länge-Breite
Verhältnisses der Mikrobrüche im Karbonate zurückzuführen, wie es der squirt flow
Mechanismus vorhersagt.
Als drittes werden Labordaten zur seismischen Dämpfung und Dispersion im
Fontainebleau Sandstein (Porosität: 10% und Permeabilität: 10 mD) präsentiert. Ferner
wurde untersucht ob und wie sich die seismische Dämpfung bei unterschiedlichen
Verformungsintensitäten verändert. Dieser Verformungseffekt im Sandstein wurde bei 5
MPa Umgebungsdruck und 11 verschiedene Verformungsintensitäten zwischen 10–6 und
~10–5 untersucht. Ein Vergleich zeigt, dass eine Verformung von mindestens 5×10–6 nötig
ist um ein gutes Verhältnis von Nutz- zu Rauschsignal zu erzielen. Zudem kann eine
Verformung von bis zu 8×10–6 angesetzt werden ohne dabei eine permanente Deformation
der Gesteinsprobe hervorzurufen. Im trockenen Zustand variierte die seismische Dämpfung
bei allen Umgebungsdrucken im Bereich ~0-0.02 ohne erkennbare Frequenzabhängigkeit.
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Eine teilweise oder vollständige Sättigung des Porenraums mit Wasser ergab eine höhere
Magnitude sowie Frequenzabhängigkeit der seismischen Dämpfung, welches durch das
squirt flow Model erklärt werden kann.
Zuletzt präsentiere ich weitere Labordaten über die seismische Dämpfung und
Dispersion in Fontainebleau Sandstein (Porosität: 8%; Permeabilität: 12 mD) und
untersuche den Einfluss der Viskosität der Porenflüssigkeit. Im trockenen Zustand war die
seismische Dämpfung vernachlässigbar. Im teilweise oder vollständig mit Wasser
(Viskosität: 1 cP) gesättigten Zustand jedoch nahm die seismische Dämpfung mit
ansteigender Frequenz von nahezu Null bis ~0.02 zu, und dies bei allen Umgebungsdrucken.
Anschliessend sättigte ich die Gesteinsprobe vollständig mit einem Glyzerin-WasserGemisch mit unterschiedlichen Viskositäten (8, 92, 485 und 1414 cP). Bei einer
vollständigen Sättigung mit Glyzerin (Viskosität: 1414 cP) und einem Umgebungsdruck
von 5 MPa beschrieben die seismischen Dämpfungsdaten eine frequenzabhängige
Glockenkurve mit einem Maximalwert von ~0.11 bei ~6 Hz. Eine Erniedrigung der
Viskosität der Porenflüssigkeit führte dazu, dass sich die Glockenkurve zu höheren
Frequenzen verschiebt. Eine Erhöhung des Umgebungsdrucks verringerte hingegen die
Magnitude der seismischen Dämpfung. Für das Experiment mit reinem Glyzerin verglich
ich die experimentellen Daten mit einem einfachen physikalischen Modell (squirt flow
Modell). Die gute Übereinstimmung deutet darauf hin, dass bei den gegebenen Parametern
die seismische Dämpfung durch squirt-flow dominiert wird. Das verwendete physikalische
Modell nimmt an, dass der Grundbaustein des Porennetzwerks aus einem leicht
komprimierbaren Riss besteht, der mit einer weniger leicht komprimierbaren Gesteinspore
verbunden ist. Dabei wurde für das Seitenverhältnis des Risses eine Gaussverteilung
angenommen. In zusätzlichen Ultraschall-Experimenten an Fontainebleau Sandsteinproben
bestimmte ich die nötigen Gesteins- und Flüssigkeitsparameter, die dem Modell zugrunde
liegen. Das so generierte squirt-flow Modell bildet die frequenzabhängige seismische
Dämpfungs- und Dispersionskurve für den vollständig mit Glyzerin gesättigten Sandstein
sehr gut ab. Einzig ein kleiner Unterschied in der Magnitude existiert zwischen dem Modell
und den Daten, welcher jedoch mit zunehmendem Umgebungsdruck abnimmt.
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1 Introduction
In this thesis, I study the frequency and pore fluid dependence of attenuation in
reservoir rocks, i.e., sandstones and carbonates, from a laboratory perspective. The goal is
to understand mechanisms that cause attenuation in reservoir rocks filled with pore fluids,
so that information regarding rock physical properties may be extracted from seismic
datasets, using attenuation as an attribute [e.g., Chapman et al. 2006; Lambert et al. 2013].
The setup used for the experiments works on the principle of forced oscillation [e.g., Batzle
et al. 2006]. The Seismic Wave Attenuation Module [Madonna and Tisato 2013] was
employed to measure Young’s modulus and the corresponding attenuation in rock samples,
at simulated reservoir pressures. The following sections provide an introduction to the
concept of attenuation and a brief summary of theoretical mechanisms known to cause
attenuation in reservoir rocks. Laboratory measurements of attenuation in reservoir rocks
are then briefly addressed, leading to an elaboration of the experimental methodology used
in this work.

1.1 Anelastic attenuation
While propagating in the Earth’s subsurface, the energy of a seismic wave is damped
and this phenomenon is known as attenuation. It can be of two types: (i) elastic, and (ii)
anelastic attenuation. Elastic attenuation corresponds to the conversion of wave energy into
different wave modes (S-waves, P-S waves), for example, when a wave encounters a change
in lithology in the layering of the Earth. However, the topic of interest in this thesis is
anelastic attenuation, where the wave energy is lost due to conversion into heat, on account
of viscous dissipation. It is represented as the inverse quality factor (1/Q, O’Connell and
Budiansky [1978]). As the subsurface is not perfectly elastic, energy is trapped and lost.
Moreover, reservoir rocks having sufficient porosity/permeability to allow storage/transport
of fluids such as gas, oil and CO2 may result in frequency dependent attenuation that is
characteristic of the reservoir properties.

1

1.2 Theoretical models explaining attenuation
A seismic wave passing through any rock causes compression and rarefaction in
adjoining regions of the rock at the wavelength scale, inducing different fluid pressures and
fluid flow with respect to the solid as a result. This fluid flow causes energy loss and is
known as the Biot attenuation (global attenuation). This was a direct consequence of the
theory developed by Biot [1956a; 1956b; 1962] for wave propagation in poroelastic media.
The frequency range at which this global attenuation occurs is only significant beyond 100
kHz [Müller et al. 2010] for common sedimentary rocks and saturating fluids. Biot’s theory
assumes a homogeneous and isotropic medium, single fluid saturating the pores, pore
connectivity and the wavelength of the seismic wave to be significantly greater than the pore
size. The generalized Biot equations lead to the Gassmann equation [Gassmann 1951] at
low frequencies (quasi-static limit). Gassmann equations express the moduli of a fluid
saturated rock in terms of the dry rock and fluid parameters. These equations are frequently
used in the oil and gas industry to calculate the moduli of the saturated rock from the dry
moduli [Wang 2001]. Gassmann equations assume that the frequencies are low enough,
providing enough time for equilibration of fluid pressure gradients that might arise.
However, this is often not the case when more than one fluid saturates the medium or when
the medium itself is heterogeneous. The presence of heterogeneities in the rock frame or in
saturation can cause significant attenuation, peaking at a characteristic frequency. At
frequencies much lower than the characteristic frequency, attenuation is negligible and the
lower limit of the modulus (Gasmann-Wood limit) corresponds to the relaxed regime, i.e.,
when the fluid pressures are equilibrated. At frequencies much higher than the characteristic
frequency, the upper limit of modulus (Gassmann-Hill limit) corresponds to the unrelaxed
regime, i.e., when the fluid pressures remain unequilibrated. Many wave induced fluid flow
models connect these two limits using different approaches to quantify attenuation and
dispersion occurring in between.
Mavko and Nur [1975; 1979] modelled attenuation due to wave induced fluid flow
at the micro scale (squirt flow) by considering a compliant crack connected to a stiff pore.
When the crack is squeezed, fluid flows out into the stiff pore as a result of pressure
diffusion. Pride et al. [2004] derived analytical solutions for three major classes of
rock/fluid heterogeneities causing attenuation/dispersion in rocks. At the microscopic scale,
the first class corresponds to squirt flow. At the mesoscopic scale, the other two classes
correspond to (i) a rock with lithological variations and saturated with a single fluid (double
2

porosity), e.g., rock with fractures [Gurevich et al. 2009; Galvin and Gurevich 2015] and
(ii) a homogeneous rock saturated with two immiscible fluids (patchy saturation).
The case of partial saturation (patchy saturation) is based on White’s model. White
et al. [1975] modelled attenuation in the seismic frequency range using a periodically
layered medium. White [1975] brought forward a model consisting of periodically
distributed spherical patches of gas in a liquid saturated medium. The presence of two fluids
with quite a contrast in compressibilities such as air and water creates imbalance in pressure
in adjoining layers and results in viscous fluid flow. These models provide a starting point
for numerical modelling based on finite difference and finite element methodologies to
study attenuation by solving Biot’s equations [Masson and Pride 2007; Rubino et al. 2009;
Quintal et al. 2011]. For numerical modelling of attenuation in poroelastic media, Biot’s
equations [1941; 1956a; 1956b; 1962] serve as the foundation and, by incorporating various
random/periodic heterogeneities in fluid saturation or in the solid frame, at all scales greater
than the pore size, various models of wave induced fluid flow at the mesoscopic scale can
be studied.

1.3 Laboratory measurements of attenuation
Attenuation can be investigated in the laboratory using three techniques: (i)
ultrasonics [e.g., Agersborg et al. 2008], (ii) resonant bar [e.g., McCann and Sothcott 2009]
and (iii) forced oscillation [Adam et al. 2009; Madonna and Tisato 2013; Tisato and Quintal
2013; 2014; Mikhaltsevitch et al. 2014; Pimienta et al. 2015a]. These methods correspond
to different frequency ranges and hence complement each other, providing an overview of
attenuation trends across a broad frequency range. Of interest in this thesis is the forced
oscillation technique, as it provides measurements of attenuation/dispersion in the frequency
range corresponding to seismic exploration (1-100 Hz). In this method, the rock sample is
set into a sinusoidal motion, and the resulting displacement is recorded. The stress applied
and strain thus measured have a definite phase shift, which is the result of attenuation in the
rock sample.
So far, most of the investigations of attenuation have been conducted in sandstones.
Attenuation in dry sandstones is of low magnitude and frequency independent, while in fluid
saturated rocks, the magnitude is higher with a frequency dependence, owing to fluid flow,
at different scales in the rock [Tisato and Quintal 2013; Mikhaltsevitch et al. 2014]. The
underlying mechanisms responsible for these observations are yet to be revealed in their
3

fullest clarity. However, for the case of carbonates, there is not even a clear distinction of
attenuation patterns when dry and fluid saturated cases are compared [Adam et al. 2009].
Hence, more investigations need to be carried out in both the commonly occurring reservoir
rocks, i.e., sandstones and carbonates, to shed light upon the underlying physics that causes
attenuation, more so due to the fluids saturating the pore space.

1.4 Seismic Wave Attenuation Module (SWAM)
The Seismic Wave Attenuation Module (SWAM, Figure 1) which works on the
principle of forced oscillation, was employed to measure seismic attenuation (1/QE) and
Young’s modulus (E) in a cylindrical rock sample, measuring ~25 mm in diameter and ~60
mm in length.

Figure 1. Seismic Wave Attenuation Module: SWAM [after Madonna and Tisato 2013].

4

Figure 2 shows the acquisition system employed for attenuation measurements. The
SWAM incorporates a piezo actuator for the generation of a sinusoidal force signal. The
force applied is measured by employing a high-Q standard made of a low attenuating
material (aluminum alloy-AL 6023) to serve as a reference. The displacements of both the
standard and the sample are measured using sensors known as Linear Variable Differential
Transformers, LVDT-1 and LVDT-2, respectively. A core moves inside the LVDT and
displacement of the core is recorded as a peak-to-peak voltage (sinusoidal). As the
aluminum standard is in phase with the applied stress, values of E and 1/QE for the sample
can be obtained through the comparison of the displacement signals obtained from the
sample and the aluminum standard. A waveform generator feeds the desired shape and
frequency of input signal to the piezo amplifier which in turn excites the piezo actuator in
the SWAM. The input voltage to the piezo actuator is decided based on the strain it creates
in the sample. The core of the LVDTs are brought into position by a DC motor before
commencement of the measurement as they are calibrated to be sensitive only in a particular
voltage range. The calibration of LVDTs (voltage to displacement) is done prior to the
measurements. The movement of the core in the LVDT during measurements is recorded
and amplified by the LVDT amplifier and sent to the oscilloscope. The oscilloscope then
records the time signals as per the desired periods and sweeps (Figure 3).

Figure 2. Acquisition system for attenuation measurements.

5

Figure 3. Waveforms during acquisition (aluminum standard: yellow; rock sample: pink).

Attenuation (1/QE) is calculated as the tangent of the phase shift (ϕ) between the
displacement signals of the rock sample and aluminum standard [Paffenholz and Burkhardt
1989]:

1
= tan(φ ) .
QE

(1)

The real-valued Young’s modulus (E), simply referred to as Young’s modulus, is calculated
as a function of sample strain (ε) as:
ε
E = E Al  Al
 ε


,


(2)

where EAl and εAl are the Young’s modulus and strain of the aluminum standard. The
Young’s modulus of the aluminum standard (EAl) is 69.4 GPa. The strain (ε, εAl) is
calculated from the peak-to-peak displacement (u in Volts) recorded on the oscilloscope,
the corresponding calibration factor (c in mm/Volt) of the LVDT, and the length of the
sample (l in mm):
c

ε , ε Al = u   .
l

(3)

The SWAM was built to be introduced into a high pressure rig (Paterson rig: Figure
4a, Paterson and Olgaard [2000]), where argon gas is used as the medium to attain
confining pressures of up to 50 MPa. For sample jacketing, appropriate options were
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adopted to obtain a closed boundary condition, i.e., to prevent argon seepage into the sample
and avoid flow of pore fluid across the curved surface of the sample when it is saturated. A
syringe pump with a capacity of 266 ml (Figure 4b, 260D Syringe Pump, Teledyne Isco)
was connected to the fluid lines emerging from the bottom plug to introduce fluid into the
sample. Once the results for the dry sample were obtained, it was saturated with different
pore fluids. In order to ensure full saturation of a specific fluid, the sample was flushed up
to ~10-15 times its pore volume under constant pore pressure. A mixture of water and
glycerin was used to obtain a fluid of higher viscosity, compared to that of water.

Figure 4. (a) Paterson rig [after Madonna and Tisato 2013]; (b) Syringe pump.

Saenger et al. [2014] performed numerical experiments using a 2D model, thereby
simulating experiments conducted in the SWAM. These simulations show that the vertical
stresses occurring in the module during experiments are uniform. The displacements
recorded by the LVDTs in the module are not of the rock sample alone, but include part of
the steel frame, which is needed to accommodate the jacket. The simulations compared the
actual case to an ideal scenario, where the displacements recorded are of the sample alone.
The results show that attenuation values calculated using the ideal scenario are slightly
higher than those measured using the SWAM and higher the stiffness of the rock sample,
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higher is the error. In a rock sample with a Young’s modulus of 63 GPa, the attenuation
values obtained using the SWAM can be under estimated by ~0.01.

1.5 Improvement of the experimental setup
During the course of this thesis, different facets of the experimental procedure were
improved, such as the optimization of sample strain at which the experiment is conducted
and the determination of parameters to be adopted in acquisition and processing of the raw
signals. The sample strain investigation is discussed in one of the main chapters of this
thesis, while the rest will be discussed in this section.
For the acquisition of raw signals on the oscilloscope, the number of periods and
sweeps were chosen to be 30 each after a series of tests, as they were sufficient to obtain
good data quality and a reasonable duration of acquisition. A typical experiment (1-100 Hz)
quantified at 20 points, with five repetitions of each data point, lasted 7 hours. This provided
one curve of attenuation across the frequency range measured and a corresponding curve of
dispersion.
The force shown by the external load cell was calibrated against the actual internal
force being applied on the SWAM using the aluminum’s LVDT signal as a reference before
each measurement. Some electronic components such as connecting wires, LVDT-2 motor
and the velocity reducer corresponding to the LVDT-2 motor were replaced and as a result,
the calibration of LVDT-2 had to be repeated.
The Linear Variable Differential Transformers (LVDTs) were calibrated with a
micrometer (µm precision) to obtain a calibration value between the measured voltage (V)
and the position (mm). Since the SWAM measurements involve displacements of the order
of 100-300 nm, the calibration curve had to be exhaustive. As the voltage was measured
electronically and the corresponding micrometer readings changed manually, uncertainty
lied in the value of the micrometer reading and it was chosen as the ordinate for statistical
analysis. Figures 5, 6 and 7 display the calibration plots for the LVDTs and the regression
values thus obtained. The calibration value is the slope (mm/V) obtained from the linear fit.
LVDT-2 had to be re-calibrated after one series of measurements due to change of
electronics.
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Figure 5. Calibration plot for LVDT-1 and fit of linear regression.

Figure 6. Calibration plot for LVDT-2 (first run) and fit of linear regression.
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Figure 7. Calibration plot for LVDT-2 (second run) and fit of linear regression.

Uncertainties in the micrometer readings were quantified using a Boot strapping
approach. Simulations (Nsim) were run to resample the same number of data points acquired
in the calibration process by randomly choosing the indexes and allowing repetition, to
assess the range of slope variation. Figure 8 displays the slope distributions for all the runs
of the LVDTs. The distributions can be approximated to be Gaussian and the standard
deviations obtained from this method were used to propagate error in the calibration value
into the calculation of Young’s Modulus (E).
Since the confining medium was gas, a slight leak (0.01-0.05 MPa/hour, as per the
pump reading) ensued through the pore fluid lines as a result of gas dissipation into the
sample, no matter what jacket was used to confine the sample. This forced all experimental
investigations to be conducted under atmospheric pore pressure as the pore fluid pipes were
always left open during measurements to let the leaking gas flow out of the system.
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Figure 8. Slope distributions of LVDT-1, LVDT-2 (first run) and LVDT-2 (second run)
(Nsim=2000) using Bootstrap approach (SD: standard deviation).

1.6 Thesis organization
Chapters 2, 3 and 4 and 5 of this thesis are written as independent articles, published
or to be published in peer-reviewed journals in the area relating to physical properties of
rocks. In general, they contain the sequence of sections commonly used in scientific articles,
i.e., abstract, introduction, methods, results, discussion and conclusions. The content of each
of them is shortly summarized below.
Chapter 2, published in Geophysical Prospecting, presents an overview of
experimental apparatuses, employed to measure attenuation/dispersion in reservoir rocks,
with a focus on the forced oscillation technique. Technical components of these apparatuses
are tabulated along with a brief description, as they are grouped based on the stress sensor
and mode of oscillation adopted. A summary of results pertaining to attenuation studies in
the past in sandstones and carbonates is provided, followed by a discussion of various
aspects of laboratory related issues to be taken care of while conducting such experiments.
Chapter 3 presents investigation of attenuation/dispersion in a carbonate. Partial/full
saturation of the carbonate with water (viscosity: 1 cP) and full saturation with a fluid having
a higher viscosity (8 cP) led to frequency dependent datasets.
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Chapter 4 presents a study of attenuation with increasing sample strain in addition
to attenuation/dispersion data in a Fontainebleau sandstone. The analysis of sample strain,
by varying it in the range 10-6-10-5, discusses the issue of optimal strain, low enough not to
cause nonlinear effects and high enough to ensure good data quality. Partial/full saturation
of the sandstone with water led to higher and frequency dependent attenuation when
compared to the dry sandstone.
Chapter 5, published in Journal of Geophysical Research: Solid Earth, presents a
systematic study of attenuation in a Fontainebleau sandstone, where the sample is fully
saturated with glycerin-water mixtures having viscosities in the range 1 cP to 1414 cP. The
experiment produced datasets clearly suggestive of a fluid flow mechanism. The laboratory
data was then compared to a simple squirt flow model [Gurevich et al. 2010], resulting in a
relatively good agreement.
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2 An overview of laboratory apparatuses to measure seismic attenuation
in reservoir rocks
This chapter was published in Geophysical Prospecting, 2014
Authored by Shankar Subramaniyan, Beatriz Quintal, Nicola Tisato, Erik H. Saenger, and
Claudio Madonna
Abstract
Intrinsic wave attenuation at seismic frequencies is strongly dependent on rock
permeability, fluid properties and saturation. However, in order to use attenuation as an
attribute to extract information on rock/fluid properties from seismic data, experimental
studies on attenuation are necessary for a better understanding of physical mechanisms
which are dominant at those frequencies. An appropriate laboratory methodology to
measure attenuation at seismic frequencies is the forced oscillation method, but technical
challenges kept this technique from being widely used. There is a need for the
standardization of devices employing this method and a comparison of existing setups is a
step towards it. Here we summarize the apparatuses based on the forced oscillation method
that were built in the last 30 years and were used to measure frequency dependent
attenuation in fluid saturated and/or dry reservoir rocks under small strains (10-8-10-5). We
list and discuss important technical aspects to be taken into account when working with
these devices or in the course of designing a new one. We also present a summary of the
attenuation measurements in reservoir rock samples performed with these apparatuses so
far.

2.1 Introduction
Exploration geophysics has relied on the seismic method to image most of the
information available on the structure and composition of the subsurface. In order to infer
structural, stratigraphic and petrophysical information from seismic datasets, many
amplitude and frequency attributes are studied. When a seismic wave propagates through a
medium, an amplitude decrease can be observed which is due to a combination of geometric
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elastic effects, or extrinsic attenuation, and anelastic absorption in the material, termed
intrinsic attenuation, often referred to as just attenuation. Intrinsic attenuation depends on
the characteristics of the rock and its saturating pore fluid. In particular, the presence of pore
fluids can cause significant attenuation in rocks. Therefore, information about rock
properties and the degree of saturation could potentially be obtained from seismic data by
using attenuation as a seismic attribute [e.g., Chapman et al. 2006; Lambert et al. 2013].
For that, attenuation in fluid saturated rocks needs to be first quantified in systematic
laboratory experiments and well understood.
The laboratory studies of attenuation in rocks began in the early 20th century [Ide
1936], mainly with purposes associated to earthquake seismology, and it gained pace in the
80’s [e.g., Spencer 1981; Paffenholz and Burkhardt 1989] with the increased interest of the
oil industry to exploit this attribute from seismic (1-100 Hz) field data. Birch and Bancroft
[1938] measured attenuation in Quincy granite and found, roughly, a frequency independent
attenuation in the frequency range 140-4500 Hz. Bruckshaw and Mahanta [1954] performed
measurements over a lower frequency range (40-120 Hz) and observed a slight increase in
attenuation with frequency for six different dry rocks. These results suggested a possible
frequency dependence of attenuation. Born [1941] was the first to observe a marked increase
in attenuation upon the slight addition of water in Amherst sandstone in the frequency range
~1000-4000 Hz, suggesting the role of pore fluids in causing attenuation. Usher [1962]
observed a strong frequency dependence of attenuation, besides an increase in magnitude,
with the addition of water/oil in several rocks, but over a lower frequency range (2-40 Hz).
These observations illustrate two main aspects about attenuation: (1) It increases in
magnitude and is frequency dependent when a fluid saturates the rock; and (2) the
employment of different methodologies result in different frequency ranges as a
consequence. Since then, many experimental studies have revolved around these aspects to
measure attenuation in different rock types [e.g., Winkler and Nur 1979; Spencer 1981; Best
et al. 1994; Batzle et al. 2006; Tisato and Madonna 2012].
Various theories and models were proposed in the last century to explain seismic
attenuation. The focus is on the role of the rock matrix and the pore saturating fluids in
inducing frequency dependent seismic attenuation in the rock. Wave induced fluid flow
[e.g., Pride et al. 2004] has emerged as a potential dominant mechanism that can explain
the observed high levels and frequency dependence of attenuation. Wave induced fluid flow
takes place when the passing seismic wave induces fluid pressure differences in a medium
due to its heterogeneities. The resulting pressure gradients induce flow of the viscous fluid
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causing seismic attenuation. Several models based on this mechanism were derived,
considering petrophysical heterogeneities at different scales [e.g., White 1975; Pride and
Berryman 2003a; 2003b; Müller et al. 2010]. Combining results from laboratory
experiments and numerical simulations, Tisato and Quintal [2013] recently verified that
wave induced fluid flow at the mesoscopic scale may indeed be the dominant seismic
attenuation mechanism in partially fluid saturated sandstone. The term mesoscopic refers to
scales that are smaller than the involved wavelengths but larger than the dominant pore
sizes. There are an entire range of fluid and rock types, however, to be studied for which
other models or even other fluid related attenuation mechanisms could be dominant.
Different models or different physical mechanisms imply different relationships between
petrophysical properties and attenuation and, thus, changing the rules for translating the
attenuation attribute recovered from seismic field data into information about rock and fluid
properties of a subsurface reservoir.
Despite the large interest on studying seismic attenuation in fluid saturated rocks,
technical challenges held back this area of study. Here, we first briefly introduce the
different techniques commonly adopted to measure attenuation in the laboratory and their
related frequency ranges. Then, we proceed to the focus of this paper, i.e. the forced
oscillation method as it deals with measurements at seismic frequencies. We present an
overview of the apparatuses developed in the recent years based on this method. A summary
of results obtained using such apparatuses is also discussed to give an overview of the
inferences that can be deduced from the existing data. Finally, we discuss some
experimental challenges faced by the methodology and by each of the differently designed
apparatuses and suggest steps to circumvent them. Our main goal is to provide guidance for
future designs aiming to get a laboratory perspective of frequency dependent seismic
attenuation in fluid saturated reservoir rocks.

2.2 Techniques of attenuation measurements
Laboratory techniques developed to measure attenuation can be grouped into three
main categories, depending on their experimental methodology and the frequency range of
measurements (Figure 1): (1) Ultrasonics (~0.1-2 MHz) [Toksöz et al. 1979; Winkler 1983;
Best et al. 1994], (2) Resonant bar (~0.1-50 kHz) [Birch and Bancroft 1938; Born 1941;
Gardner et al. 1964; Winkler and Nur 1979; Tittmann et al. 1981; O’Hara 1985; 1989; Yin
et al. 1992; Cadoret et al. 1995; McCann and Sothcott 2009], and (3) Forced oscillation
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(~10-4-2000 Hz) [Bruckshaw and Mahanta 1954; Usher 1962; Spencer 1981; Liu and
Peselnick 1983; Jackson et al. 1984; 2011; Guéguen et al. 1989; Batzle et al. 2006; Behura
et al. 2007; Takei et al. 2011; Tisato and Madonna 2012; Madonna and Tisato 2013;
Mikhaltsevitch et al. 2014; Pimienta et al. 2015a].
(1) Ultrasonics: Two ultrasonic transducers are employed on either side of the rock
sample, one as a source and the other as a receiver. Attenuation is calculated either from the
dissipation of the wave energy through multiple reflections within the sample [Winkler and
Plona 1982], or by the spectral ratio method, where the amplitude response of the
transmitted pulse is compared to the spectrum of a geometrically identical reference with
low attenuation [Toksöz et al. 1979]. The high frequencies at which attenuation is measured
makes this method not adequate to study seismic attenuation.
(2) Resonant bar: The sample is mechanically excited, causing it to vibrate at its
resonant frequency, which being characteristic of its length and the longitudinal wave
velocity, yields measurements in the corresponding frequency range. Attenuation is either
measured from the width of the resonance peak or from the time constant of the resonant
decay [Murphy 1982]. The drawback of this method is the necessity of very long samples
to go sufficiently low in frequency, i.e., length of 85.3 cm for a sample of Amherst
Sandstone to achieve a frequency of 1260 Hz [Born 1941].
(3) Forced oscillation: The experiments based on this method have piqued interest
in the recent years as the frequency range of measurements correspond to that of seismic
field data acquired for hydrocarbon exploration. This method allows attenuation
measurements as the phase shift between the (sinusoidal) applied stress and the measured
strain. In principle, this method is straightforward, but since the magnitudes of measured
values of attenuation are relatively low (1/Q~0.01-0.1) and the amplitudes of strain applied
to the rock samples are especially very low, of the order ~10-6 (i.e., similar orders of
magnitude to seismic waves), it is experimentally challenging. Although there have been
several setups designed and implemented to measure attenuation based on the forced
oscillation method, here we closely look at only those which were used to study reservoir
rocks and reported attenuation as function of frequency. The term forced deformation is
frequently also used to describe this method.
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Figure 1. Frequency ranges of different measurement techniques.

2.3 Forced oscillation setups
The forced oscillation setups are composed of three main components: (i) force
generator; (ii) displacement sensor to record the sample strain response; and (iii) force
sensor to estimate the applied stress (Figure 2). Attenuation (1/Q) and elastic moduli
(Young’s modulus: E, bulk modulus: K, shear modulus: G) are obtained from the phase and
amplitude, respectively, of the recorded stress and strain signals [e.g., McKavanagh and
Stacey 1974; Lakes 2009]. Attenuation is a measure of the energy dissipated while the elastic
moduli characterize the resistance of a rock to external stresses. Attenuation and elastic
moduli are linked by causality (Kramers-Kronig relation, Lakes [2009]). Because the latter
is also defined as the stress to strain ratio and materials always exhibit attenuation, stress
and strain are out of phase and their ratio can be expressed as a complex number in the
frequency domain (i.e., complex modulus). Attenuation is equal to the ratio of the imaginary
part to the real part of the complex modulus. The moduli and attenuation measurements
always correspond to a particular mode of oscillation, i.e., values measured in a longitudinal
mode experiment correspond to the Young’s modulus (E, 1/QE), where the sample is either
in axial compression or extension. In the longitudinal mode, the elastic parameter ν
(Poisson’s ratio) can also be measured from the ratio of lateral and longitudinal strains in
the sample [Batzle et al. 2006]. Two complex elastic parameters are required to quantify
attenuation corresponding to the P-wave modulus (1/QP) and the shear modulus (1/QS) in
an isotropic rock. For example, they can be derived from E and ν [White 1965; Winkler and
Nur 1982]. The laboratory methods normally employ the torsional (G, 1/QS), volumetric (K,
1/QK) or longitudinal (E, 1/QE) modes of oscillation.
Figures 2a and 2b portray sections of a few laboratory devices for comparison. The
force generator can be an electromechanical shaker [e.g. Spencer 1981] or a stack of
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piezoelectric elements (piezo-stack) [Paffenholz and Burkhardt 1989]. So far, the
displacement sensors used in forced oscillation apparatuses include strain gauges mounted
on the sample [Batzle et al. 2006] or on a cantilever [Tisato and Madonna 2012], capacitive
[Spencer 1981] and inductive [Paffenholz and Burkhardt 1989; Madonna and Tisato 2013]
transducers. Nevertheless, transducers based on new technologies such as fiber optics,
magnetostrictive or hall effect might improve the measurement quality. The force applied
can be measured in two ways: (a) with a pre-calibrated load cell/transducer; (b) by
employing a low attenuating material to serve as a reference. In the latter case, the
displacement of the standard is measured with a strain sensor and the calibration, which
allows the conversion of voltage to displacement, must be defined prior to the
measurements. As the standard is in phase with the applied stress, values for the modulus
and the corresponding attenuation (e.g., E, 1/QE) can be obtained through the comparison
of the displacement signals obtained from the sample and the standard [e.g., Madonna and
Tisato 2013].
Tables 1a and 1b list laboratory apparatuses that measure attenuation/dispersion in
reservoir rocks, including the ones shown in Figure 2 and their major characteristics. Here
we mention only the contributions that report attenuation for, at least, a few different
frequencies within the seismic range. Although the principle is the same, a comparison of
these machines illustrate how the implementation has changed over the years, eventually
enabling more accurate measurements by overcoming previous drawbacks. The following
overview of apparatuses is grouped based on the stress sensor used (load cell/transducer;
standard) and the mode (longitudinal; torsional; volumetric) of experiment.
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Figure 2a. Sections of experimental setups and main components (Part-1).
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Figure 2b. Sections of experimental setups and main components (Part-2).
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Table 1a. Comparison of forced oscillation setups (Part-1)
*Adam et al. [2009]; **personal communication
Parameters
measured

Sample
jacketing

Force
generator

Force sensor

Displacement
sensor

Rubber;

Electromechanical
shaker

Piezoelectric
transducer

Capacitive
transducer

Piezoceramic
displacement
elements

Piezoceramic
transducer

Inductive
transducer

Spencer [1981];
Spencer et al.
[1994]

E, 1/QE;
E, 1/QE, ν

Mylar
tubing

Paffenholz and
Burkhardt
[1989]

E, 1/QE

Aluminum
foil

Lienert and
Manghnani
[1990]

E, 1/QE

No

Electromechanical
shaker

Piezoelectric
transducer

Capacitative
probe

Batzle et al.
[2006]

E, 1/QE, ν

Kapton
layer*

Electromechanical
shaker

Aluminum
standard

Strain gauge

E, 1/QE

Aluminum
foil,
Piezoelectric
fluoroplastic actuator
shrink tube

Load cell

Strain gauge

Madonna and
Tisato [2013]

E, 1/QE

Copper
jacket,
Piezoelectric
fluoroplastic actuator
shrink tube

Aluminum
standard

Linear
Variable
Differential
Transformer

Mikhaltsevitch
et al. [2014]

E, 1/QE , ν

Elastomer
sleeve

Piezoelectric
actuator

Aluminum
standard

Strain gauge

Paffenholz and
Burkhardt
[1989]

G, 1/QS

Aluminum
foil

Piezoceramic
displacement
elements

Aluminum
standard

Inductive
transducer

G, 1/QS

No**

Spindle

NA

Transducer

Rubber

Confining
pump (and
confining oil)

Pressure
sensor

Strain gauge

Tisato and
Madonna
[2012]

Behura et al.
[2007]
Pimienta et al.
[2015a]

K, 1/QK
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Table 1b. Comparison of forced oscillation setups (Part-2)
*Adam et al. [2009]; **Mikhaltsevitch et al. [2012]; ***sample length×breadth×width
Confining
medium
Spencer [1981];

Strain
amplitude

No;

Sample length ×
diameter (mm)

Frequency
range (Hz)

140×38.1;

4-400;

110×38.1

0.2-155

Spencer et al. [1994]

Nitrogen (Up to
70 MPa)

Around 10-7

Paffenholz and
Burkhardt [1989]

No

10-8-5×10-6

150×50

0.03-300

Lienert and
Manghnani [1990]

No

Around 10-7

175×49.5

0.1-100

Batzle et al. [2006]

Nitrogen

Around 10-7

Tisato and Madonna
[2012]

Oil (Up to 25
MPa)

Around 10-6

250×76

0.01-100

Madonna and Tisato
[2013]

Argon (Up to 50
MPa)

Around 10-6

60×25.4

0.01-100

Mikhaltsevitch et al.
[2014]

Oil (Up to 70
MPa)

10-8-10-6

70×38

0.1-400**

Paffenholz and
Burkhardt [1989]

No

2×10-7-10-5

150×50

0.03-100

Behura et al. [2007]

No

45×12.8×3.2***

0.01-80

Pimienta et al. [2015a]

Oil (0-50 MPa)

80×40

0.005-0.5

6×10-58×10-5
5×10-7-10-5

(43-55)×
(25-37.5)*

1-2000

2.3.1 Longitudinal mode experiments employing a load cell/transducer
Spencer [1981] designed a setup (Figure 2a) to measure E and 1/QE in the
longitudinal mode, in the frequency range 4-400 Hz and at strain amplitudes of the order
10-7. The device consists of an electromechanical shaker for the application of the sinusoidal
force while a capacitive transducer measures the ensuing displacement. An in-line
piezoelectric transducer measures the applied stress. The sample is enclosed within a thin
rubber jacket and stressed at ambient pressure. It is glued to steel billets on both ends using
a thin layer (<0.1 mm) of epoxy (E=9.1 GPa), neglecting its effect on the measurements. A
Nicolet signal averager is used to improve signal to noise ratio. Radial transducers were later
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introduced [Spencer et al. 1994] into the same apparatus to measure the Poisson‘s ratio (ν)
in addition to E, 1/QE at frequencies 0.2-155 Hz. A pressure vessel was also incorporated to
achieve confining pressures up to 70 MPa (high pressure nitrogen gas), while two layers of
heat shrinkable mylar tubing (combined thickness of 0.23 mm) served as the jacket for the
sample.
Lienert and Manghnani [1990] designed an apparatus, very similar to the one of
Spencer [1981], to measure E, 1/QE in the frequency range 0.1-100 Hz and at strain
amplitudes around 10-7.
Paffenholz and Burkhardt [1989] developed a device (Figure 2a, right-hand-side,
top) to measure E, 1/QE, with the stress signal being recorded by a piezoceramic force
transducer. The frequency range is 0.03-300 Hz and strain amplitudes are around 10-6. A set
of piezoceramic displacement elements glued together act as the force generator while
inductive transducers measure sample displacements at atmospheric pressure. The sample
is glued using epoxy on both sides and a pre-stress of 1.5 MPa is applied in the axial
direction, to ensure proper contact of surfaces.
Tisato and Madonna [2012] developed an apparatus (Figure 2b), named Broad Band
Attenuation Vessel (BBAV) to measure E, 1/QE in the frequency range 0.01-100 Hz with
strains around 10-6. A multilayer piezo stack enclosed inside a stainless steel chassis serves
as the force generator. A strain gauge cantilever measures the displacement of the top of the
sample with respect to the bottom, under confining pressures up to 25 MPa, with oil as the
confining medium. A load cell employing strain gauges measures the applied stress. A heat
shrinkable fluoroplastic tube acts as the outer jacket to seal the sample from the confining
medium while an aluminum foil serves as the inner jacket and imposes a closed boundary
condition. An array of fluid pressure sensors were incorporated into the BBAV to measure
transient fluid pressure at five positions within the sample [Tisato and Quintal 2013]. This
was introduced in order to improve the data interpretation by comparing attenuation
measurements to fluid pressure differences (and consequent fluid flow) between sensors.

2.3.2 Longitudinal mode experiments employing a standard
The apparatus (Figure 2b) used by Batzle et al. [2006] measures Poisson’s ratio (ν)
in addition to E, 1/QE. It incorporates a shaker for force application and strain gauges for
strain measurements (around 10-7), which are glued to the sample to record both the vertical
and horizontal strains. Frequency range is broadband, 1-2000 Hz, and high pressure nitrogen
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gas serves as the medium for hydrostatic confining pressure. An aluminum standard acts as
the stress sensor. An impermeable polyimide film (Kapton) serves as the jacket for the
samples [Adam et al. 2009].
Madonna and Tisato [2013] devised an apparatus (Figure 2b) named Seismic Wave
Attenuation Module (SWAM) to measure E, 1/QE in rock samples. The device was built to
be introduced into a high pressure rig (Paterson rig) with argon gas as the medium to attain
confining pressures of up to 50 MPa. A heat shrinkable fluoroplastic tube acts as the outer
jacket to seal the sample from the confining medium, while a thin copper jacket (0.1 mm)
serves as the inner jacket. It uses a piezoelectric actuator for force generation and LVDTs
for displacement measurements on both the sample and an aluminum standard (stress
sensor). The frequency range is 0.01-100 Hz while the strains are around 10-6.
Mikhaltsevitch et al. [2014] developed an apparatus (Figure 2b) to measure ν, E,
1/QE at strain amplitudes 10-8-10-6. The device employs a piezoelectric actuator for the
sinusoidal stress while an aluminum standard acts as the stress sensor. Axial and radial strain
gauges are glued to the sample (enclosed in an elastomer sleeve), while confining pressures
go up to 70 MPa. The frequency range was described to be 0-20 kHz, but since the published
measurements [Mikhaltsevitch et al. 2012] were in the range 0.1-400 Hz, the latter is shown
as the measurable frequency range.

2.3.3 Torsional and volumetric mode experiments
Torsional experiments yield the shear modulus G and the shear attenuation 1/QS.
The results obtained from such experiments can be directly applied to S-waves as they solely
depend on a single modulus. Volumetric mode experiments use an imposed oscillation of
the confining pressure to induce an isotropic stress. This mode yields the bulk modulus K
and attenuation 1/QK.
Paffenholz and Burkhardt [1989], besides the device that measures E and 1/QE,
designed a device (Figure 2a, left-hand-side, bottom) to measure G, 1/QS for rock samples
using the displacement signal output from an aluminum standard as reference. The
frequency range is 0.03-100 Hz and strain amplitudes are around 10-6. The stress application
and strain acquisition procedures are the same as for the longitudinal mode experiment (refer
to 2.3.1). Epoxy is used to glue the sample and the standard to the apparatus.
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Behura et al. [2007; 2009] employ a shear rheometer to measure G and 1/QS. The
frequency range is 0.01-80 Hz and strain amplitudes are in the range 6×10-5 to 8×10-5. The
spindle provides the sinusoidal stress while a transducer measures the resulting strain.
Adelinet et al. [2010] and David et al. [2013] measured a low frequency bulk
modulus that was then compared to ultrasonic measurements. The variation of confining
pressure was imposed by a programmable syringe pump. This apparatus was further
extended and calibrated by Pimienta et al. [2015a], yielding measurements of both bulk
modulus K and attenuation 1/QK as functions of frequency. The frequency range is 0.0050.5 Hz and the strain amplitudes are around 10-6. They employ strain gauges to measure the
displacements and a calibrated pressure sensor to measure the confining pressure.

2.4 Measurements of attenuation in reservoir rocks
Several datasets using the forced oscillation method have been obtained for various
types of reservoir rocks, mainly sandstones and carbonates. Here, we summarize the results.

2.4.1 Sandstones
Most of the published attenuation measurements in reservoir rocks using the forced
oscillation method were performed for sandstones [Spencer 1981; 2013; Paffenholz and
Burkhardt 1989; Lienert and Manghnani 1990; Mikhalsevitch et al. 2012; Tisato and
Madonna 2012; Madonna and Tisato 2013]. Negligible values of 1/QE were observed in
vacuum dried Navajo sandstone [Spencer 1981]. Low and approximately frequency
independent 1/QE was measured at room conditions for dry Berea sandstone [Lienert and
Manghnani 1990; Tisato and Madonna 2012; Madonna and Tisato 2013; Tisato and Quintal
2013; 2014]. For fluid (e.g., water, ethanol, and solution of water and glycerin) saturations
above about 50%, attenuation becomes higher and frequency dependent [Mikhalsevitch et
al. 2012; Tisato and Madonna 2012; Madonna and Tisato 2013; Kuteynikova et al. 2014].
Tisato and Quintal [2013] showed that wave induced fluid flow at the mesoscopic scale
explain their high and frequency dependent 1/QE measurements for a 97% water saturated
Berea sandstone. In fully water saturated Donnybrook sandstone, Mikhalsevitch et al. [2012]
observed a frequency dependent 1/QE peaking at about 1 Hz and exhibiting a decrease in
magnitude with an increase in the confining pressure.
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Spencer [2013] measured 1/QE and the complex ν in samples of McMurray bitumen
sand containing residual air. The curves obtained from the calculated 1/QP, 1/QK, and 1/QS,
showed a peak that shifted to lower frequencies as the viscosity was increased (by
decreasing temperature). A close agreement between those frequency shifts and the change
of bitumen viscosity with temperature was visible. This provided clear evidence that the
attenuation mechanism active in the McMurray bitumen sand was strongly dependent on
the bitumen viscosity.

2.4.2 Carbonates
A few authors measured attenuation in carbonates using the forced oscillation
method [Spencer 1981; Paffenholz and Burkhardt 1989; Behura et al. 2007; Adam et al.
2009]. Adam et al. [2009] measured 1/QE and the complex ν and calculated 1/QK, 1/QP, and
1/QS. Differently as observed for sandstones, they noticed that 1/QE can be higher when the
sample is room condition dry than when it is saturated with about 100% water. Additionally,
1/QE is frequency dependent in both dry and saturated scenarios.
Behura et al. [2007] measured 1/QS in Uvalde bitumen saturated carbonate and in
Uvalde bitumen. Their data showed, as was the case reported by Spencer [2013] for
McMurray bitumen sand, a strong temperature (and thus viscosity) dependence of
attenuation in the heavy oil saturated rock and a similar frequency shift with temperature of
the attenuation peak in the heavy oil.

2.5 Discussion
There are certain precautions to be taken while implementing the forced oscillation
technique as the values measured are sensitive to several errors in the acquisition process.
The following sections attempt to provide guidelines to ensure accurate measurements when
adopting this technique.

2.5.1 Order of magnitude of strain
Gordon and Davis [1968] observed amplitude dependence of attenuation in different
dry and fluid saturated rocks for the order of magnitude of strains beyond 10-6. Winkler et
al. [1979] observed that for effective pressures higher than 5 MPa, attenuation is
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independent of strain amplitude for strains lower than 10-6 in dry and fluid saturated Berea
sandstone. Lienert and Manghnani [1990] observed a constant 1/QE over the strain
amplitude range 10-8-10-6 for dry Berea sandstone. Tisato and Quintal [2014] verified that,
for fluid saturated Berea sandstone, the resulting frequency dependent attenuation is the sum
of a frequency dependent component caused by wave induced fluid flow and a frequency
independent component which is equal to the attenuation measured in the dry rock.
Therefore, the fluid related component of attenuation is independent of strain. Overall,
incorporating strains of the order of 10−6 or less has been the general trend in all the setups
developed so far, although different techniques have been adopted to measure attenuation.
This trend is also pertaining to the fact that seismic waves generate strains of the order of
10−6 while propagating through rocks.

2.5.2 Jacketing and boundary effects
Results from Spencer [1981] were reproduced by White [1986] in accordance with
the Biot-Gardner theory, i.e., macroscopic fluid flow out of the sample due to an open pore
boundary condition [Gardner et al. 1964; Dunn 1987; Mörig and Burkhardt 1989]. This
demonstrates that improper jacketing can lead to erroneous results. Paffenholz and
Burkhardt [1989] attributed the frequency dependence they observed in fluid saturated rocks
partly to fluid flow out of the sample. In order to ensure that the measurements entirely
correspond to the intrinsic attenuation of samples, proper jacketing has to be done. It is a
difficult task as the sealing serves two purposes: preventing fluid flow at the boundary when
the sample is saturated and isolating the sample from the confining medium. Yin et al. [1992]
observed a prominent effect of open pore boundary condition for saturations greater than
70% in Berea sandstone (porosity: 23.5%, permeability: 568 mD), when compared to the
case of a closed boundary condition. They observed lower values of 1/QE (~0.03) at 2000
Hz using the forced oscillation method in comparison to values of 1/QE (~0.05) at 16001800 Hz using the resonant bar method. This discrepancy was attributed to the presence of
a copper jacket in the former case. This implies that the type of jacket used can also have an
impact on the magnitude of the values being measured and it is important to take this into
account while comparing measurements made under similar conditions.
To get an idea of the attenuation magnitude and the frequency range being affected
by the open boundary condition, attenuation curves based on the Biot-Gardner theory [Dunn
1986] have been plotted in Figure 3. The curves show 1/QE due to Biot-Gardner theory for
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varying permeabilities and diameters of the sample, keeping one of them constant (constant
diameter of 30 mm, Figure 3a, and constant permeability of 50 mD, Figure 3b). We used
typical parameters for a water saturated rock (water bulk modulus: 2.2 GPa, viscosity of
water: 0.001 Pa-s; frame bulk modulus: 7 GPa, frame shear modulus: 6 GPa, grain bulk
modulus: 35 GPa, porosity: 15%). It is to be noted that the porosity changes the magnitude
of attenuation, but not the frequency at which the peak in 1/QE occurs. From Figure 3a, it
can be observed that an increase in permeability shifts the Dunn based curve to higher
frequencies. Although not shown, fluid viscosity has the inverse effect of permeability, i.e.,
increase in viscosity shifts the curve to lower frequencies. With the perspective of varying
sample diameters taken from the setups designed so far, it can be observed that a larger
diameter sample shifts the curve to lower frequencies (Figure 3b).

Figure 3. Attenuation curves due to an open pore boundary condition based on Dunn (1986): (a)
Variation of permeability with constant diameter (30 mm); (b) Variation of diameter of sample with
constant permeability (50 mD).
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2.5.3 Force generator
For the purpose of inducing a sinusoidal stress in the sample, when compared to
magnetic coil systems, piezoceramic displacement elements have low power consumption
and greater stability, preventing sample tilting [Paffenholz and Burkhardt 1989]. A
piezoelectric actuator is also a good choice as it is sensitive to a small variation of voltage,
leading to high resolution in the resulting oscillation. No threshold voltage is required and
it has a fast response in the time domain.

2.5.4 Force sensor
Piezoelectric transducers can be used to measure the in-line force, as the extreme
linearity and insensitivity to electromagnetic noise and radiation makes it a good choice for
dynamic measurements [Fintland et al. 2011]. The advantage of using an elastic standard
over the employment of a transducer is that both the sample and the standard have identical
electronic paths during acquisition of the strain signals and hence, the calculation of phase
difference for attenuation will minimize the systemic errors induced in the pathways [e.g.,
Madonna and Tisato 2013].

2.5.5 Strain/position sensor
Methods employing strain gauges as the displacement sensors use them glued to the
sample [e.g., Batzle et al. 2006]. This results in a measurement of local rather than the bulk
parameters, yielding an error in the estimated properties, especially for heterogeneous rocks.
On the other hand, strain gauges are less sensitive to equipment resonance [Batzle et al.
2006] and can be mounted on the sample in different orientations (radial, axial) to measure
Poisson’s ratio (ν) in addition to the Young’s Modulus (E). LVDTs allow the measurement
of the bulk shortening of the sample instead of local deformation, making it suitable even
for samples exhibiting high degree of heterogeneity like carbonates [e.g., Madonna and
Tisato 2013]. Strain gauges can also be applied to cantilevers which enable measurement of
bulk shortening in a longitudinal mode experiment [e.g., Tisato and Madonna 2012].
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2.5.6 Errors and limitations encountered due to the experimental setup
Sample surface asperities and roughness of the sample end faces where the stress is
applied can induce a significant error in the measurements. As friction at each surface can
be a dissipative source of energy [Peselnick and Liu 1987], fine polishing of such end faces
has to be done to ensure proper contact of all interfaces and continuity of stresses across the
setup. In longitudinal mode experiments, a pre-stress of the order 1-3 MPa can be applied
in the axial direction in addition to the confining pressure. Another way to ensure continuity
at the interface is to use an adhesive to glue the sample to the setup [e.g., Spencer 1981].
Sample flexure can occur due to the misalignment of the sample. This can be cancelled out
by using more than one displacement sensor to measure the axial/radial displacements
[Spencer et al. 1994].
Madonna and Tisato [2013] performed tests on the SWAM on a benchtop and found
that the data were scattered above 20-30 Hz due to resonant frequencies of the apparatus.
The use of the device inside the Paterson rig resulted in reduction of such effects, providing
a higher stiffness to the setup. In most cases, resonance of the mechanical apparatus sets an
upper limit for the frequency range that can be measured. In order to be able to measure
attenuation across a broader range of frequencies, the frame holding the setup must be rigid
in order to not cause resonances at frequencies we desire to measure.

2.6 Conclusions
Since every apparatus has a unique design, there could be systematic errors in the
measured values due to misalignments of sample/standard or the presence of spurious phase
shifts induced by the electronics. Hence, it is important to calibrate the apparatus using a
reference material. For example, low 1/Q material (e.g., 7075 series aluminum alloy) can be
used as a reference to test the device. Having implemented the same mode of measurement,
the results obtained by different apparatuses on the same rock under same conditions can
vary appreciably due to the limitations of the individual components. Since certain
components favor the measurement of mechanical properties of certain types of rock, while
designing a new apparatus, the components can be chosen according to the desired
application. Measurements obtained from new devices must be compared to previous results
with caution as the assumptions and experimental conditions back then may not be as precise
as they are now.
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3 Forced oscillation measurements of seismic attenuation in fluid
saturated carbonate
Abstract
Forced oscillation based laboratory measurements were conducted in a carbonate
(porosity: 15.5%, permeability: 45 mD) to investigate attenuation in the seismic frequency
range 1-100 Hz, at the confining pressures of 5, 10 and 15 MPa. To assess the role of pore
fluids, the carbonate was partially and fully saturated with water (viscosity of 1 cP) and fully
saturated with a more viscous fluid (8 cP). Frequency dependent attenuation (~0-0.04) was
observed in all cases and attenuation increased with increasing frequency. Upon a closer
look, the data at any particular confining pressure seemed to represent the lower flank of a
bell-shaped attenuation curve that shifted to lower frequencies as the confining pressure was
increased. This can probably be explained by the reduction in aspect ratio of compliant pores
in the carbonate, which is in line with the squirt flow mechanism. However, the change in
viscosity of the fluid saturating the carbonate did not affect attenuation, which could suggest
the existence of squirt flow in hydraulically isolated porous regions.
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3.1 Introduction
Attenuation (1/Q, O’Connell and Budiansky [1978]) quantifies the intrinsic property
of rocks to convert mechanical energy from a propagating wave into heat. If its relationship
with rock physical properties is well understood, it can potentially aid in monitoring fluid
pathways in subsurface reservoirs [Chapman et al. 2006; Lambert et al. 2013]. Attenuation
has been studied using laboratory techniques such as forced oscillation, resonant-bar and
ultrasonics, spanning a frequency bandwidth of several orders of magnitude [Usher 1962;
Gardner et al. 1964; Toksöz et al. 1979; Winkler and Nur 1979; Liu and Peselnick 1983;
Best et al. 1994; Batzle et al. 2006]. The forced oscillation technique [e.g., Subramaniyan
et al. 2014] has the advantage that it provides measurements at low frequencies (i.e., 1-100
Hz), corresponding to seismic exploration, and with a large frequency sampling.
It has been observed from previous studies based on the forced oscillation technique
that seismic attenuation in sandstones follows a consistent pattern. Dry sandstones exhibit
frequency independent attenuation, whereas sandstones partially/fully saturated with
different types of liquids may result in high and frequency dependent attenuation [Tisato
and Madonna 2012; Tisato and Quintal 2013; Madonna and Tisato 2013; Mikhaltsevitch et
al. 2014; Pimienta et al. 2015; Subramaniyan et al. 2015; Chapman et al. 2016]. This allows
a relatively straightforward interpretation of results as the frequency dependent component
of attenuation can be attributed to fluid flow mechanisms at the mesoscopic [White 1975]
or microscopic [Mavko and Jizba 1991; Jones 1986; Murphy et al. 1986; Dvorkin et al.
1995] scale, in addition to a frequency independent component associated to the solid frame
[Tisato and Quintal 2014], which can be measured on a dry specimen at room humidity
condition.
Carbonates, on the other hand, have a much less clear picture, owing to the lack of
sufficient information and to the complex nature of their pore structure. Earlier
investigations indicated an increase in attenuation upon saturation with pore fluids [Toksöz
et al. 1979; Spencer 1981; Paffenholz and Burkhardt 1989]. Recently, at ultrasonic
frequencies, Assefa et al. [1999] measured attenuation in oolitic limestones and found a
tendency for attenuation of fluid saturated rocks to increase as porosity and permeability of
the limestones increased. In limestones with porosities ≥ 15% and permeability as high as
1000 mD, attenuation was mainly attributed to global fluid flow [Biot 1956a; 1956b],
whereas the squirt-type effect [Dvorkin et al. 1995] was suggested to dominate attenuation
in limestones with lower porosities. Best et al. [2007] found that compared to ultrasonic
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velocity anisotropy, the corresponding attenuation anisotropy is more sensitive to pressure
changes in limestones. At 750 kHz, Agersborg et al. [2008] measured similar Q-values in
dry as well as brine saturated limestones. Under reservoir pressure conditions and using the
forced oscillation technique, Adam et al. [2009] measured attenuation in five dry as well as
fluid saturated carbonates at frequencies of 10-1000 Hz and found that attenuation was
practically constant at the seismic exploration frequency range (10-100 Hz). It appears that
attenuation in carbonates does not follow a consistent trend as observed for sandstones and
further measurements are necessary to delineate the underlying mechanisms.
In an effort to further the understanding of attenuation behavior in carbonates, we
undertook the measurement of attenuation/dispersion in a carbonate sample retrieved from
ETH collection. The Seismic Wave Attenuation Module (SWAM, Madonna and Tisato
[2013]), which works on the principle of forced oscillation, was employed for the
experiments. The measurements were acquired for the dry rock first, which was then
gradually saturated with fluid until full saturation. All the measurements were performed
for frequencies in the seismic range (1-100 Hz) and under confining pressures of 5, 10 and
15 MPa, thereby simulating reservoir pressure conditions.

3.2 Methods and Materials
3.2.1 Seismic Wave Attenuation Module (SWAM)
The forced oscillation based apparatus, SWAM [Madonna and Tisato 2013],
measures Young’s modulus (E) and the corresponding attenuation (1/QE) of a rock sample.
The apparatus incorporates a piezo actuator to produce a sinusoidal vertical stress, while
Linear Variable Differential Transformers (LVDTs) measure the bulk displacements of the
sample and an aluminum standard, recorded on an oscilloscope after amplification (Figure
1). As aluminum is elastic, its deformation is in phase with the applied stress. The ratio and
the phase shift between the deformation of i) the standard and ii) the rock sample allows the
calculation of the sample’s Young's modulus and attenuation, respectively.
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Figure 1. Displacement signals of the sample and aluminum standard at 100 Hz.

3.2.2 Calculation of attenuation and Young’s Modulus
Attenuation (1/QE) is calculated as the tangent of the phase shift (ϕ) between the
displacement signals of the rock sample and aluminum standard [Paffenholz and Burkhardt
1989]:

1
= tan(φ ) .
QE

(1)

The real-valued Young’s modulus (E), simply referred to as Young’s modulus, is calculated
as a function of sample strain (ε) as:

ε
E = E Al  Al
 ε


,


(2)

where EAl and εAl are the Young’s modulus and strain of the aluminum standard. The
Young’s modulus of the aluminum standard (EAl) is 69.4 GPa. The strains (ε, εAl) are
calculated from the peak-to-peak displacement (u in Volts) recorded on the oscilloscope,
the corresponding calibration factor (c in mm/Volt) of the LVDT, and the length of the
sample (l in mm):
c

ε , ε Al = u   .
l

34

(3)

3.2.3 Sample description
Table 1 lists the physical properties of the carbonate and of the aluminum standard
used as reference.
Sample
Carbonate

Table 1. Properties of the carbonate sample and aluminum standard
Permeability Porosity
Length
Diameter (mm) Jacketing
(mD)

(%)

(mm)

45

15.5

62.4

25.4

Copper

-

59.9

25.4

Shrink tube

Aluminum standard -

Figure 2. Core from which the carbonate sample was drilled and a standard micro-CT scan of an
arbitrary cross-section. Pores are represented by the darkest regions.

Figure 2 shows images of the dry sample core as well as a standard microcomputed
tomography (micro-CT) scan of an arbitrary cross-section. The resolution of 10 µm brought
about by this standard micro-CT technique is not good enough to resolve all the pores. Only
the bigger pores can be visualized, which appear as black portions in the micro-CT scan.
The gray scale in these scans can be interpreted as an indicator of density. We have also
acquired non-standard synchrotron-based scans having a considerably higher resolution of
0.65 µm, as shown in Figure 3, employing synchrotron radiation X-ray tomographic
microscopy [e.g., Madonna et al. 2013]. These scans were acquired at the TOMCAT
(Tomographic Microscopy and Coherent rAdiology experimenTs, Stampanoni et al. [2006])
beam-line at the Swiss Light Source (SLS, Paul Scherrer Institute, Villigen, Switzerland).
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In these gray-scale images of the carbonate sample, we can observe the nature of the
microstructure.

Figure 3. Synchrotron-based scans of the carbonate at four arbitrary locations in a millimeter-scale
subsample, with pores represented by the darkest regions.

Figure 4. Mercury porosimetry data for the carbonate sample investigated.
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Based on the correlation of porosity and permeability data [Assefa et al. 1999], the
carbonate is grain supported, hence either a grainstone or a packstone [Dunham 1962].
Mercury porosimetry test (Figure 4), performed on the sub-sample, indicates that the
carbonate has pore radii typically below 50 µm. Most of the pore throats lie in the range 0.150 µm, while few of them are in the range 0.004-0.1 µm.

3.2.4 Confining medium and jacketing
The SWAM is placed in a Paterson pressure rig [Paterson and Olgaard 2000], which
employs argon gas to attain confining pressures of up to 50 MPa. In our case, the experiment
was conducted at 5, 10 and 15 MPa confining pressures. In order to provide a closed
boundary condition, i.e., to avoid flow of pore fluid across the curved side of the sample and
to prevent argon from seeping into the sample, a 0.1 mm thick copper jacket was used for
the carbonate sample sealing (Figure 5a). The aluminium standard was enclosed in a 0.75
mm thick heat shrinkable fluorinated ethylene propylene (FEP) tube (Figure 5b). The
SWAM was connected to a syringe pump using pipes of 1 mm diameter to saturate the
sample. In any case, over time, there was a tiny leak of argon into the sample (0.01-0.05
MPa/hour, as per the pump reading) and this forced us to keep the pore pressure system
open to the atmosphere during measurements and hence in all measurements, the pore
pressure was equal to atmospheric pressure and there was a possibility of fluid flow out of
the sample and into the fluid pipes.

3.2.5 Saturation with pore fluids
The fluid volume corresponding to the desired saturation was introduced into the
sample for partial saturation once measurements on the dry sample were completed. When
partial saturation attenuation measurements were complete, the sample was then fully
saturated with water. In order to ensure full saturation, the sample was flushed up to ~10-15
times its pore volume at a constant pore pressure (~2 MPa). At each saturation,
measurements were obtained at the confining pressures of 5, 10, 15 MPa, in that order,
before moving on to the next fluid saturation. In addition to water saturation, the carbonate
was also saturated with a higher viscous fluid, obtained from mixing glycerin and water in
equal proportions, yielding a viscosity of 8 cP [Segur and Oberstar 1951], compared to 1
cP water viscosity. Once the saturation was complete, the pore fluid valves were left open,
37

thereby resulting in pore pressure equal to atmospheric pressure in all of the performed
experiments. These valves were also kept open during the measurements.

Figure 5. Jacketing: (a) Copper jacket, used for the carbonate; (b) FEP shrink tube, used for the
aluminum standard.

3.2.6 Experimental conditions
All measurements were conducted at 20oC. The sample was oven dried before
performing measurements. A uniaxial stress of 1.5 MPa was provided in addition to the
confining pressure to ensure proper contact of interfaces in the SWAM. Each series of
measurements resulted in 20 data points across the frequency range 1-100 Hz, with a
repetition of five for each of these points, done by looping five times over the frequency
range. Errors corresponding to sample length and the calibration of LVDT were propagated
into the results of Young’s modulus. The sample strain in the carbonate was 2×10-6, hence
of the order of strain caused by seismic waves while propagating in the earth.
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Figure 6. Laboratory measurements of Young’s modulus (E) and attenuation (1/QE) for the
carbonate under dry conditions, partial (90%)/full saturation (100%) with water (1 cP) and full
saturation (100%) with a glycerin-water mixture (8 cP), at confining pressures of 5, 10 and 15 MPa.
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3.3 Results and Discussion
In the data acquired for the carbonate (Figure 6), a visual inspection of attenuation
highlights two main points. First, for all cases, dry (0%), partial (90%) and full saturation
(100%) with water and full saturation with glycerin-water mixture, we observe an increase
in attenuation with frequency. Second, upon a closer look, it can be observed that while at
5 MPa confining pressure, the attenuation range for the whole dataset is around ~0-0.03, as
the confining pressure is increased to as high as 15 MPa, these set of curves gradually move
up, to a range of ~0.01-0.04. Young’s modulus patterns are quite erratic with a notable
dispersion in each case, with the values being within the range ~24-30 GPa. It can also be
observed that saturating the sample with a pore fluid resulted in an increase in the values of
Young’s modulus in almost all of the cases.
In order to ensure that the measured data is causal, i.e., attenuation and dispersion
observed is due to a common physical mechanism occurring in the rock sample, the data
has to satisfy the Kramers-Kronig relations [O’Donnell et al. 1981]. These relations
represent the inherent coupling of attenuation and dispersion, that allows for one to be
derived from the other. They are not valid in cases where the dispersion is caused by
geometric effects, e.g., surface waves along a stratified elastic half-space are strongly
dispersive but exhibit no attenuation [Mikhaltsevitch et al. 2014]. Hence, the agreement with
these relations rules out the possibility of our data resulting from resonances in the
laboratory apparatus. Equation (4) displays the relation between the longitudinal phase
velocity (CE) and the spatial attenuation coefficient (α) [O’Donnell et al. 1981]:

α=

πω 2 dCE
2CE 2 d ω

(4)

where ω is the angular frequency, which relates to the linear frequency f through ω = 2πf.
For low loss materials (QE >> 1), the attenuation we measure in the laboratory (1/QE) is
related to the spatial attenuation coefficient (α) as [Carcione 2007]:
QE −1 =
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2α CE

ω

.

(5)

Figure 7. Young’s modulus derived from the Kramers-Kronig relations using 1/QE as input (solid
lines), compared to the Young’ modulus obtained from laboratory measurements (circles and error
bars), at the confining pressures of 5, 10 and 15 MPa.

Equation (6) relates the longitudinal phase velocity (CE) to Young’s modulus (E) and the
density of the medium (ρ) [Mikhaltsevitch et al. 2014]:
CE =

E

ρ

.

(6)

Combining equations (4)-(6), the Kramers-Kronig relation between attenuation (1/QE) and
Young’s modulus (E) can be written as:
E f = E0 eb ,
b=

f

QE −1 '
df ,
π ∫f0 f '
2

(7)

41

where E0 represents the Young’s modulus at a reference frequency f0. Using equation (7),
the theoretical values of Young’s modulus (Ef) can be derived from attenuation (1/QE)
measured in the laboratory through numerical integration, assuming the reference frequency
to be the lowest one in our measurement range, i.e., 1 Hz. Mikhalesevitch et al. [2014]
derived a similar approximation for the Kramers-Kronig relation, also based on the work of
O’Donnell [1981]. Figure 7 shows a good match between measured values of Young’s
modulus and the corresponding Young’s modulus obtained using equation (7) for all cases
of saturation, thus ensuring data consistency.
Squirt flow [Mavko and Nur 1979; Jones 1986; Murphy et al. 1986; Mavko and Jizba
1991; Dvorkin et al. 1995] refers to viscous fluid flow at the pore scale. The pore network
is assumed to be consisting of two classes, i.e., compliant and stiff pores. Compliant pores
correspond to the space along grain contacts as well as to micro-cracks, while the stiff pores
are those with much larger aspect ratios. When these pores are interconnected, pressure
gradients created by the passing seismic wave results in fluid flow from compliant pores to
the stiffer pores, causing attenuation. Considering this squirt flow mechanism, equation (8)
shows the dependence of the characteristic frequency (fc) of an attenuation peak to the rock
bulk modulus (K), aspect ratio of the compliant pores (α) and viscosity of the saturating
fluid (η) [Gurevich et al. 2010]:

fc =

Kα 3

η

.

(8)

Concerning the attenuation data of the carbonate (Figure 6), we can speculate that an
increase in confining pressure causes a reduction in the aspect ratio of the compliant pores,
resulting in a shift of the characteristic frequency to lower frequencies. This shift is
portrayed by the decrease in slope as well as a slight increase in magnitude of the attenuation
curve at 15 MPa, when compared to that of 5 and 10 MPa. Though attenuation behavior
with respect to confining pressure insinuates towards the squirt flow mechanism at pore
scale, the approximate independence of attenuation with respect to the viscosity of the
saturating fluid is puzzling as it doesn’t follow equation (8). A possible explanation could
be the occurrence of squirt flow within porous regions which are hydraulically isolated from
the interconnected pore network of the rock sample, at least for the frequencies of our
experiments.
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3.4 Conclusions
Frequency dependent attenuation was observed in a carbonate saturated
partially/fully with water as well as fully saturated with a glycerin-water mixture at the
confining pressures of 5, 10 and 15 MPa. The attenuation curves appear to shift to lower
frequencies with increasing confining pressure, probably owing to the reduction in the
aspect ratio of compliant pores in the carbonate. From a saturation point of view, dry and
saturated cases result in a similar behavior of increasing attenuation with an increase in
frequency.

Appendix A: Additional measurements in another carbonate
The data presented in this section was acquired for a low permeable carbonate
(porosity: 15%, permeability: 2.3 mD). Table A1 lists the rock properties of the carbonate
along with the jacketing technique adopted for the sample as well as the aluminum standard
used for attenuation/dispersion measurements. Figure A1 shows an image of the dry sample
core as well as the corresponding standard microcomputed tomography (micro-CT) scan.
The gray scale in the scan can be interpreted as an indicator of density with the darkest
portions representing pore space. From mercury porosimetry data (Figure A2), it can be
observed that the dominant pore throat distribution in the carbonate is narrow, in the range
0.2-50 µm, with a tail end towards lower pore throats in the range 0.005-0.2 µm.
Sample
Carbonate

Table A1. Properties of the carbonate sample and aluminum standard
Permeability Porosity Length
Diameter
Jacketing
(mD)

(%)

(mm)

(mm)

2.3

15

61.3

25.4

Aluminum foil and
shrink tube

Aluminum

-

-

59.9

25.4

Shrink tube

standard

Attenuation/dispersion measured for this carbonate under the confining pressures of
5, 10 and 15 MPa (Figure A3) shows a peculiar trend where attenuation in the dry sample
is greater than the cases of partial (50, 90%) and full (100%) water saturation. The sample
strain was 4×10-6. Most of the fluid saturated attenuation data at 5 MPa lies below zero.
When the datasets were investigated for data consistency using the Kramers-Kronig
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relations, the Young’s modulus predictions do not align well with those measured in the
laboratory (Figure A4). In order to probe into the dataset further, we show
attenuation/dispersion data run-wise, i.e., by plotting each of the individual runs for a
particular state of saturation. The run-wise data (Figures A5-A8) show a gradual shift with
time. This behaviour could be resulting from pore collapse during the measurements. Hence,
this data cannot be indicative of underlying attenuation mechanisms and has been presented
as additional information. It is important to note that all the other datasets presented in this
thesis are consistently invariant with time, or run-wise.

Figure A1. Core from which the carbonate sample was drilled and a standard micro-CT scan.

Figure A2. Mercury porosimetry data for the carbonate sample investigated.
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Figure A3. Laboratory measurements of Young’s modulus (E) and attenuation (1/QE) for the
carbonate under dry conditions and partial (50%, 90%)/full saturation (100%) with water, at
confining pressures of 5, 10 and 15 MPa.
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Figure A4. Young’s modulus derived from the Kramers-Kronig relations using 1/QE as input (solid
lines), compared to the Young’ modulus obtained from laboratory measurements (circles and error
bars), at the confining pressures of 5, 10 and 15 MPa.
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Figure A5. Laboratory measurements of Young’s modulus (E) and attenuation (1/QE) for the dry
carbonate at confining pressures of 5, 10 and 15 MPa, looked at run-wise.
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Figure A6. Laboratory measurements of Young’s modulus (E) and attenuation (1/QE) for the
carbonate under partial (50%) saturation, at confining pressures of 5, 10 and 15 MPa, looked at runwise.
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Figure A7. Laboratory measurements of Young’s modulus (E) and attenuation (1/QE) for the
carbonate under partial (90%) saturation, at confining pressures of 5, 10 and 15 MPa, looked at runwise.
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Figure A8. Laboratory measurements of Young’s modulus (E) and attenuation (1/QE) for the
carbonate under full (100%) saturation with water, at confining pressures of 5, 10 and 15 MPa,
looked at run-wise.
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4 Forced oscillation measurements of seismic attenuation in fluid
saturated sandstone
Abstract
Adopting the method of forced oscillation, attenuation was studied in Fontainebleau
sandstone (porosity: 10%, permeability: 10 mD) at seismic frequencies (1-100 Hz) and
under the confining pressures of 5, 10 and 15 MPa. First, the strain effect on attenuation
was investigated in the dry sample for 11 different strains across the range 10-6 to ~10-5, at
a confining pressure of 5 MPa. The comparison showed that a strain of at least 5×10-6 is
necessary to obtain a good signal to noise ratio when using Linear Variable Differential
Transformers (LVDTs) as the strain sensors. These results also indicate that nonlinear
effects are absent for strains up to ~10-5. For the confining pressures of 5, 10 and 15 MPa,
attenuation in the dry rock was low and partial (90%) and full (100%) saturation with water
yielded a higher magnitude and frequency dependence of attenuation. The observed high
and frequency dependent attenuation was interpreted as being caused by squirt flow.
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4.1 Introduction
Attenuation is the anelastic absorption of the seismic wave in the subsurface,
commonly represented by the inverse quality factor (1/Q, O’ Connell and Budiansky
[1978]). It can be a potential indicator of pore fluid content in a reservoir if its magnitude as
well as frequency dependence on rock physical properties is understood well [Chapman et
al. 2006; Lambert et al. 2013]. At seismic frequencies (e.g., 1-100 Hz), laboratory based
attenuation can be studied by implementing the principle of forced oscillation [e.g.,
Subramaniyan et al. 2014]. A few studies have been performed in the past using this
technique with the aim of understanding the cause of frequency dependent attenuation in
fluid saturated rocks [Spencer 1981; Paffenholz and Burkhardt 1989; Batzle et al. 2006;
Tisato and Quintal 2013; Mikhaltsevitch et al. 2014; Pimienta et al. 2015a; Subramaniyan
et al. 2015; Chapman et al. 2016].
Wave induced fluid flow [Pride et al. 2004] is considered to be the dominant factor
causing frequency dependent attenuation in fluid saturated rocks. Fluid flow is driven by
pressure gradients developed on account of varying local compliances in the rock. These
compliances can occur at various scales, corresponding to the different scales of
heterogeneities in the rock frame such as fractures, cracks, voids or due to the combination
of immiscible pore fluids in liquid and gaseous states. Müller et al. [2010] provide a
summary of the mechanisms that exist at all scales. More laboratory data is required to
narrow down mechanisms responsible for the predominant attenuation observed under
conditions that are characteristic of deep reservoir rocks.
Sandstones have a relatively simple granular structure and have been extensively
characterized [Zimmerman 1991], which make them ideal for our study. Laboratory studies
performed so far highlight the fact that dry sandstones exhibit low magnitude and frequency
independent attenuation, whereas those either partially or fully saturated with a liquid may
exhibit large and frequency dependent attenuation [Born 1941; Usher 1962; Winkler and
Nur 1982; O’Hara 1985; Winkler 1985; Lienert and Manghnani 1990; Tisato and Quintal
2013; 2014; Pimienta et al. 2015a; Subramaniyan et al. 2015; Chapman et al. 2016]. We
aim to deepen this understanding by studying attenuation/dispersion in Fontainebleau
sandstone, a homogeneous rock at the sample scale, mainly consisting of randomly oriented
quartz grains (> 99%) with varying levels of cementation, providing it a range of porosities
[Bourbié and Zinszner 1985].
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We conducted a series of laboratory experiments in Fontainebleau sandstone, using
the Seismic Wave Attenuation Module (SWAM, Madonna and Tisato [2013]), based on the
principle of forced oscillation. The measurements were performed at seismic frequencies
(1-100 Hz) and under confining pressures of 5, 10 and 15 MPa, thereby simulating reservoir
pressure conditions. A strain study was performed by measuring attenuation in the dry rock
across the strain range 10-6-10-5, at the confining pressure of 5 MPa. For studying the effect
of pore fluids, the sample was saturated, first partially, then fully, with water.

4.2 Methods
4.2.1 Seismic Wave Attenuation Module (SWAM)
The SWAM is comprised of a piezo actuator to generate a vertical sinusoidal stress
in the sample as well as in an aluminum standard. The voltage fed to the piezo actuator
corresponds to the desired strain in the sample. The resulting displacements of both the
standard and the sample are measured by Linear Variable Differential Transformers
(LVDTs), recorded on an oscilloscope after amplification. The module was calibrated using
plexiglass and aluminum [Madonna and Tisato 2013].

4.2.2 Description of the rock sample
The cylindrical rock sample used for the experiments measured 25.4 mm in diameter
and 60 mm in length. It is a low porosity Fontainebleau sandstone with properties listed in
Table 1. The permeability was measured by flushing the sample with water under controlled
pore pressure, in accordance with Darcy’s law. The porosity was measured using a Helium
Pycnometer 1330 (Micrometrics Instrument Corp., Belgium).
Table 1. Physical properties of the rock sample
Value
Porosity

10%

Permeability

10 mD

Bulk density of the dry sample

2386 kg/m3
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4.2.3 Calculation of attenuation and Young’s modulus
Attenuation (1/QE) is calculated as the tangent of the phase shift (ϕ) between the

displacement signals of the rock sample and the aluminum standard [Paffenholz and
Burkhardt 1989]:

1
= tan(φ ) .
QE

(1)

The real-valued Young’s modulus (E), simply referred to as Young’s modulus, is calculated
as a function of sample strain (ε) as:

ε
E = E Al  Al
 ε


,


(2)

where EAl and εAl are the Young’s modulus and strain of the aluminum standard. The
Young’s modulus of the aluminum standard (EAl) is 69.4 GPa. The strain (ε, εAl) is calculated
from the peak-to-peak displacement (u in Volts) recorded on the oscilloscope, the
corresponding calibration factor (c in mm/Volt) of the LVDT, and the length of the sample
(l in mm):
c

ε , ε Al = u   .
l

(3)

4.2.4 Confining medium and sample sealing
The SWAM is placed in a Paterson pressure rig [Paterson and Olgaard 2000] that
uses argon gas to attain confining pressures up to 50 MPa. An aluminium foil was glued
around the curved surface of the sample to create a closed boundary condition, preventing
fluid flow. The sample was then enclosed in a heat shrinkable fluorinated ethylene propylene
(FEP) tube in order to prevent argon from seeping into the sample. The aluminum standard
was also enclosed in a shrink tube. The SWAM was connected to a syringe pump using
pipes of 1 mm diameter to saturate the sample. However, the shrink tube still allowed for a
tiny leak of argon gas into the sample as the experiment progressed (0.01-0.05 MPa/hour,
as per the pump reading). To allow argon gas to escape through the fluid pipes, valves on
either side of the sample were kept open during the measurements and hence in all
measurements, the pore pressure was equal to atmospheric pressure and there was a
possibility of fluid flow out of the sample and into the fluid pipes.
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4.2.5 Saturation with pore fluids
Once measurements on the dry rock sample were complete, the sample was partially
saturated with water, by allowing the corresponding volume of water into the sample. When
partial saturation attenuation measurements were complete, the sample was then fully
saturated with water. In order to ensure full saturation of a pore fluid, the sample was flushed
up to ~10-15 times its pore volume, under a constant pore pressure (~2 MPa). At each
saturation, measurements were obtained at the confining pressures of 5, 10, 15 MPa, in that
order, before moving on to the next fluid saturation. After each change in saturation, the
valves on either side of the sample were left open, allowing the pore pressure to be equal to
atmospheric pressure before performing the measurements. These valves were also kept
open during the measurements.

4.2.6 Experimental conditions
The sample was oven dried before the experiments. All experiments were performed
at 20ºC. After performing the investigation of the effect of sample strain on attenuation, all
subsequent measurements were conducted at a sample strain of 5×10-6. A uniaxial load of
1.5 MPa was imposed on the sample, in addition to the confining pressure, to ensure proper
contact across the many vertically aligned interfaces in the SWAM. Each dataset acquired
displays 20 points in the frequency range 1-100 Hz, with a repetition of five for each of
these points, done by looping five times over the frequency range. Errors in parameters such
as sample length and calibration of the LVDT, which were used to calculate sample strain,
have been propagated into the presented results of Young’s modulus.

4.3 Results and Discussion
4.3.1 Effect of strain
Figure 1 displays attenuation and dispersion data obtained for the dry sandstone, at
a confining pressure of 5 MPa, for a series of sample strains from 1×10-6 to 8×10-6 (~10-5).
In the first strain range 1×10-6 - 2.5×10-6 (top plot), the attenuation signals are barely
discernible with enormous error bars, while the Young’s modulus values show an erratic
trend. When the strain is increased to the range of 3×10-6 - 4.5×10-6 (middle plot), the
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attenuation signals are better, quite similar in magnitude, but still with large error bars.
Additionally, the Young’s modulus varies significantly for this strain range. However, when
the strain is increased to the range of 5×10-6 - 8×10-6 (bottom plot), attenuation data overlaps
well, exhibiting considerably smaller error bars and the Young’s modulus values converge.
These results indicate that a strain of at least 5×10-6 should be applied to the sample to
provide a good quality signal. They also indicate that a strain as high as 8×10-6 (~10-5) can
be imposed on the sample without resulting in nonlinear effects, i.e., an increase in
attenuation magnitude with an increase in strain (Figure 1).
Winkler et al. [1979] observed that attenuation remains constant with strain
amplitude up to a certain cut-off value, after which it begins to increase with an increase in
strain, resulting in nonlinearity. They also observed that this cut-off value shifts to higher
strains as the confining pressure is increased, i.e., nonlinear effects begin to operate at higher
strains when the confining pressure (effective stress) is increased. This implies that, for our
study, it is sufficient to obtain an optimal strain value at 5 MPa and the measurements will
lie in the linear range also for 10 and 15 MPa.
It is important to avoid strain related nonlinear effects so that attenuation
measurements can be compared to intrinsic attenuation observed in seismic field data. In
surface reflection seismic, strains are typically expected to be about 10-6 [Karato and
Spetzler 1990]. So, the strain magnitude can be high enough to ensure high signal quality
(small error bars), but it should be low enough to exclude nonlinear effects.
Figure 2 displays the displacement signals of the dry sample for selected strain cases
for the frequencies of 1, 11 and 100 Hz, at the confining pressure of 5 MPa. Even though
18-20 periods were recorded for each frequency, only ~4 periods are shown in Figure 2. For
all displayed frequencies, it is visible that the quality of data improves as the strain is
increased, correlating well with the observations of attenuation/dispersion in Figure 1.
Meanwhile, the signals are much smoother at 1 Hz than at 100 Hz due to the constant
sampling rate, resulting in a worsening sampling with increasing frequency.
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Figure 1. Laboratory measurements of Young’s modulus (E) and attenuation (1/QE) for dry
Fontainebleau sandstone at increasing sample strains from 1×10-6 to 8×10-6 (~10-5) at the confining
pressure of 5 MPa.
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Figure 2. Displacement signals of the dry Fontainebleau sandstone for varying sample strains in the
range 1×10-6-8×10-6, for the frequencies of 1, 11 and 100 Hz, at the confining pressure of 5 MPa.
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Figure 3. Laboratory measurements of Young’s modulus (E) and attenuation (1/QE) for dry
Fontainebleau sandstone as well as the cases of partial (50, 90%) and full (100%) saturation with
water, at the confining pressures of 5, 10 and 15 MPa.
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4.3.2 Effect of fluid saturation
Figure 3 displays attenuation/dispersion data acquired for the Fontainebleau
sandstone, for the cases of dry rock and partial (50, 90%) as well as full (100%) saturation
with water. At all the three confining pressures, 5, 10, and 15 MPa, the dry Fontainebleau
exhibits low attenuation. For 50% water saturation, attenuation increases at 5 and 10 MPa,
with no change in magnitude at 15 MPa. For 90% water saturation, attenuation increases
further at all confining pressures. When the sandstone is fully (100%) saturated, results are
similar to 90% water saturation at 5 and 15 MPa, but we observe remarkable attenuation
increase and frequency dependence at 10 MPa. In general, attenuation is approximately
frequency independent at 5 MPa while it exhibits frequency dependence at higher confining
pressures for both dry and saturated cases. For Young’s modulus, we observe an increase in
its value with increasing saturation, leading to values in the range ~26-30 GPa, compared to
~22-23 GPa for the dry case.
Overall, a gradual increase in the magnitude of attenuation can be observed as the
amount of water is increased in the rock sample (Figure 3). This could be explained as an
increase in local fluid flow within the sample as air is substituted with water. Replacing air
with water also leads to stiffening of the rock, observed as the increasing values of Young’s
modulus.
Concerning the fluid flow mechanism responsible for the observed frequency
dependent attenuation, the microscopic squirt flow [Mavko and Nur 1979] is most likely the
predominant mechanism. We should not, however, ignore the fact that the attenuation for
the water saturated cases are probably also influenced by some fluid flow occurring at the
(mesoscopic) sample scale, from the sample into the fluid pipes [Gardner et al. 1964; Dunn
1987]. To some extent, our results are in conformity with those obtained by Subramaniyan
et al. [2015], where a similar low porosity Fontainebleau sandstone was saturated with water
(1 cP) and with high viscosity fluids (8 - 1414 cP), resulting in high and frequency dependent
bell-shaped attenuation curves in the seismic frequency range (1-100 Hz) for viscosities
above 8 cP. The data for full saturation with glycerin (1414 cP) was clearly suggestive of
squirt flow as the predominant mechanism, as indicated by the reasonable agreement with a
squirt flow analytical solution [Gurevich et al. 2010]. The attenuation measurements of
Subramaniyan et al. [2015] for full water saturation, however, exhibited a very modest
increase in magnitude and frequency dependence, compared to attenuation in the dry
sample. This behaviour is somewhat different from that of our data for confining pressures
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of 10 and 15 MPa (Figure 3), where the increase in attenuation is considerably more
pronounced. This difference could be explained by a lower aspect ratio of micro-cracks in
the sample used in this study, which would cause the attenuation to peak at a lower
frequency [e.g., Mavko et al. 2009; Gurevich et al. 2010] than that for the sample used by
Subramaniyan et al. [2015].
In the light of an interpretation of our data (Figure 3) based on the squirt flow
mechanism, the fact that the attenuation behaviour for full water saturation significantly
changes with confining pressure (5 MPa to 10 MPa) can probably be explained by a change
in the aspect ratio of some of the randomly distributed micro-cracks with changing confining
pressure. In addition, closing completely a portion of the micro-cracks with an increase in
confining pressure can cause a reduction of the attenuation magnitude and frequency
dependence, as observed when comparing the data for 10 and 15 MPa.

4.3.3 Data consistency
As discussed and suggested by several authors [O’Donnell et al. 1981; Spencer
1981; Mikhaltsevitch et al. 2014; Chapman et al. 2016], an important technique to validate
consistency of attenuation and dispersion datasets is to verify if they satisfy Kramers-Kronig
relations, thereby confirming their inherent dependence on each other as they arise from the
same physical cause. Equation (4) describes the relationship between the spatial attenuation
co-efficient (α) and the longitudinal phase velocity (CE) [O’Donnell et al. 1981]:

πω 2 dCE
α=
2CE 2 d ω

(4)

where ω is the angular frequency, which relates to the linear frequency f through ω = 2πf.
For low loss materials (QE >> 1), the attenuation measured in the laboratory (1/QE) is related
to the attenuation coefficient (α) as [Carcione 2007]:
QE −1 =

2α CE

ω

.

(5)

Equation (6) relates the longitudinal phase velocity (CE) to Young’s modulus (E) and the
density of the medium (ρ) [Mikhaltsevitch et al. 2014]:
CE =

E

ρ

.

(6)
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Figure 4. Young’s modulus derived from Kramers-Kronig relations using QE-1 as input (solid lines),
compared to Young’ modulus obtained from laboratory measurements (circles and error bars), at the
confining pressures of 5, 10 and 15 MPa.

Combining equations (4)-(6), the Kramers-Kronig relations between attenuation (1/QE) and
Young’s modulus (E) can be obtained as:
E f = E0 eb ,
b=

f

QE −1 '
df ,
π ∫f0 f '
2

(7)

Mikhalesevitch et al. [2014] derived a similar approximation for the Kramers-Kronig
relation, also based on the work of O’Donnell [1981]. For the measurements shown in
Figure 3, Young’s modulus values were derived from the values of attenuation using the
Kramers-Kronig relations (equation 7). Figure 4 thus shows the resulting Young’s modulus
values at the confining pressures of 5, 10 and 15 MPa. We can observe that these predictions
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fit relatively well with the Young’s modulus values measured in the laboratory for the cases
of dry and partial (50, 90%) water saturation. At the confining pressures of 5 and 15 MPa,
the cases of full (100%) water saturation also show a reasonable fit. However, for the case
of full (100%) saturation with water at 10 MPa, Kramers-Kronig relations predict a higher
dispersion of Young’s modulus, which does not fit well the laboratory data acquired at
frequencies close to 100 Hz, when attenuation is quite high. This, together with the fact that
the laboratory measurements for Young’s modulus tend to show a slightly negative
dispersion for the dry sample at frequencies close to 100 Hz, indicate that the Young’s
modulus measurements at those frequencies are not very accurate or reliable. We expect the
attenuation data at those frequencies to be more reliable.

4.4 Conclusions
At the confining pressure of 5 MPa, a strain study performed on a dry Fontainebleau
sandstone revealed that a minimum sample strain of 5×10-6 is needed to obtain good signal
quality when using LVDTs as strain sensors. At confining pressures of 5, 10 and 15 MPa,
the dry sandstone exhibited low attenuation, while its magnitude increased upon partial
saturation with water. Full saturation with water increased attenuation further, particularly
at the highest confining pressures of 10 and 15 MPa. The observed high and frequency
dependent attenuation was interpreted as being caused by squirt flow.
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5 Laboratory based seismic attenuation in Fontainebleau sandstone:
Evidence of squirt flow
This chapter was published in Journal of Geophysical Research: Solid Earth, 2015
Authored by Shankar Subramaniyan, Beatriz Quintal, Claudio Madonna and Erik H.
Saenger
Abstract
At seismic frequencies (1-100 Hz), we studied attenuation in the laboratory using
the forced oscillation method. We adopted the longitudinal mode of oscillation, which yields
the Young’s modulus and the corresponding attenuation, here deﬁned as the inverse quality
factor. A Fontainebleau sandstone with a porosity of 8% and a permeability of 12 mD was
saturated with different ﬂuids and investigated at the conﬁning pressures of 5, 10, and 15
MPa. At all the measured conﬁning pressures, while attenuation was zero for the dry sample,
for partial and full water saturation, it gradually increased from nearly zero to ~0.02 with
increasing frequency. The sample was then fully saturated with glycerin-water mixtures of
varying viscosities, up to that of glycerin (8, 92, 485, and 1414 cP). At the conﬁning pressure
of 5 MPa, a bell-shaped attenuation curve peaking at ~6 Hz with a magnitude of ~0.11 was
observed when the sample was fully saturated with glycerin (1414 cP). A decrease in
viscosity of the saturating ﬂuid shifted the attenuation curve to higher frequencies and an
increase in conﬁning pressure caused a decrease in the overall magnitude of attenuation.
The data obtained for glycerin were compared to a simple squirt ﬂow model with sufﬁcient
agreement, implying that squirt ﬂow is the dominant mechanism responsible for the
observed attenuation.
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5.1 Introduction
Seismic attenuation is the absorption of mechanical energy of a seismic wave. It is
deﬁned here as the inverse quality factor (1/Q), which represents the fraction of energy
dissipated per cycle [O’Connell and Budiansky 1978]. Nonporous earth materials have
shown to exhibit frequency independent attenuation, leading to the usual employment of
constant-Q models [Kjartansson 1979] in seismic inversion. Nevertheless, the presence of
an intricate pore structure or an inhomogeneous ﬂuid saturation distribution in a reservoir
can dramatically inﬂuence the magnitude and frequency dependence of attenuation. Once
its trends are well quantiﬁed, attenuation could be employed as an attribute to aid existing
inversion techniques in seismic exploration and, particularly, in reservoir characterization
[Chapman et al. 2006; Li et al. 2011; Lambert et al. 2013; Wu et al. 2015]. In the laboratory,
the forced oscillation technique provides for the measurement of seismic attenuation and the
corresponding modulus dispersion from a sinusoidal stress/strain procedure [Subramaniyan
et al. 2014]. Adopting this method of investigation, it has been observed that attenuation
can be frequency dependent in ﬂuid saturated rocks [Spencer 1981; Paffenholz and
Burkhardt 1989; Batzle et al. 2006; Tisato and Quintal 2014; Mikhaltsevitch et al. 2014;
Pimienta et al. 2015a; 2015b]. However, in most cases, mechanisms governing this behavior
have not yet been clearly identiﬁed. Mechanisms for seismic attenuation in ﬂuid saturated
rocks have been proposed mainly based on pore ﬂuid motion causing viscous dissipation.
Either heterogeneities in the solid frame [White et al. 1975; Murphy et al. 1986] or the
presence of immiscible ﬂuids [White 1975] lead to a varying degree of local compliance in
the rock. On account of these differing compliances, a seismic wave induces pressure
gradients in the saturating ﬂuid, resulting in viscous ﬂuid ﬂow [Pride et al. 2004]. This wave
induced ﬂuid ﬂow can take place at various scales (microscopic and mesoscopic) and has
been speculated to be the main cause of frequency dependent attenuation [e.g., Müller et al.
2010]. A few theoretical models, based on this dissipation mechanism, relate the frequency
dependent attenuation to rock and ﬂuid properties.
Squirt ﬂow [Mavko and Nur 1979; Jones 1986; Murphy et al. 1986; Mavko and Jizba
1991; Dvorkin et al. 1995] refers to viscous ﬂuid ﬂow at the pore scale. An analytical
solution based on a simple squirt ﬂow model was derived by Gurevich et al. [2010]. The
presented equations for attenuation and dispersion in fully saturated granular rocks involve
parameters which can be easily measured in the laboratory. The pore network assumption
in the model comprises of stiff and compliant pores. The ﬂuid ﬂow between stiff and
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compliant pores results in a frequency dependent bell-shaped attenuation curve with a
characteristic transition frequency, i.e., at which the attenuation peaks. This characteristic
frequency, also referred to as peak frequency, corresponds to a situation in which the
pressure diffusion and the consequent viscous dissipation have optimal time to occur. In the
squirt ﬂow scenario, the peak frequency is directly proportional to the cubic root of the
aspect ratio of compliant pores and inversely proportional to the ﬂuid viscosity. Moreover,
an increase in conﬁning pressure causes a decrease in the attenuation magnitude because a
portion of the compliant pores are closed. In addition to the properties of the saturating ﬂuid,
the input rock frame properties required for this simple squirt ﬂow model are the bulk and
shear moduli of the dry rock (Kdry and μdry) at the measured conﬁning pressure; the bulk and
shear moduli of the dry rock at a high pressure (Kh and μh), i.e., when all the compliant pores
are closed; the aspect ratio of compliant pores (α); and the compliant porosity (Øc) at the
measured conﬁning pressure. Sams et al. [1997] acquired velocity and attenuation data in
the ﬁeld over a wide frequency range, using crosshole vertical seismic proﬁling, sonic
logging, and laboratory ultrasonic data. Their study was conducted for depths up to 250 m
and accounted for as conﬁning pressures as high as 1 MPa in the laboratory. Each of the
employed methods yielded an attenuation estimate for a single frequency, and the data
points were ﬁtted to three possible local squirt ﬂow models based on Jones [1986]. The
shortcoming of their work was the small number of data points over a very wide frequency
range (30 Hz to 900 kHz). In investigations of seismic attenuation so far, there have been
very few data sets with high frequency sampling, in general, measured for different types of
sandstone [Tisato and Quintal 2013; Mikhaltsevitch et al. 2014; Pimienta et al. 2015a;
2015b].
Sandstones have a relatively simple granular structure and have been extensively
characterized, which make them ideal for our study. Once the attenuation mechanisms
involved in sandstones are well understood, the investigation can be further extended to
more complex and heterogeneous rocks. Attenuation experiments performed on sandstones
over a range of frequencies demonstrate the fact that dry sandstones exhibit low magnitude
and frequency independent attenuation, whereas those partially or fully saturated with
liquids may exhibit large and frequency dependent attenuation [Born 1941; Usher 1962;
Winkler and Nur 1982; O’Hara 1985; Winkler 1985; Lienert and Manghnani 1990; Tisato
and Quintal 2013; 2014; Pimienta et al. 2015a; 2015b]. Fontainebleau sandstone is a good
reference rock as it is homogeneous at the sample scale, mainly consisting of randomly
oriented quartz grains (>99%), with varying levels of cementation, that provides it a range
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of porosities [Bourbie and Zinszner 1985]. We conducted experiments on a Fontainebleau
sandstone, using the Seismic Wave Attenuation Module (SWAM) [Madonna and Tisato
2013], based on the principle of forced oscillation. Our measurements were performed at
conﬁning pressures of 5, 10, and 15 MPa, thereby simulating reservoir pressure conditions.
For studying the effect of pore ﬂuids, we increased the viscosity of the saturating ﬂuid
gradually, using water, water-glycerin mixtures, and pure glycerin. We observed frequency
dependent attenuation/dispersion upon saturation with various pore ﬂuids. The data obtained
for full saturation with glycerin have been explained using the simple squirt ﬂow model,
proposed by Gurevich et al. [2010].

5.2 Methods
5.2.1 Seismic Wave Attenuation Module (SWAM)
The Seismic Wave Attenuation Module (SWAM, Madonna and Tisato [2013])
incorporates a piezo actuator to generate a uniaxial sinusoidal stress signal. The resulting
displacements of an aluminum standard and the sample are measured using sensors known
as Linear Variable Differential Transformers, LVDT-1 and LVDT-2, respectively. As the
aluminum standard is in phase with the applied stress, it acts as the stress sensor and the
strain in the sample can be obtained through the comparison of the displacement signals
obtained from the sample and the standard. Young’s modulus (E) and the corresponding
attenuation (1/QE) are inferred from the stress and strain signals. A bottom plug, locked
below the SWAM, contains the pore ﬂuid lines that connect the sample to a syringe pump,
which is used to saturate the sample. The SWAM was calibrated using samples of plexiglass
and aluminum [Madonna and Tisato 2013].

5.2.2 Input/Output system
A waveform generator is connected to the SWAM through a piezo ampliﬁer. It feeds
the desired shape and frequency of the (sinusoidal) input signal, which is then enhanced by
the ampliﬁer for stress application in the SWAM. The voltage of the input signal is chosen
based on the strain it creates in the sample. A core moves inside the LVDT, and the
displacement of the core is recorded as a peak-to-peak voltage (sinusoidal). The calibration
of LVDTs, i.e., voltage to displacement conversion, is done prior to the measurements. The
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cores of the LVDTs are brought into position by a motor before commencement of the
measurements. The output signal generated by the LVDTs is further ampliﬁed by the LVDT
ampliﬁer and sent to the oscilloscope, where it is recorded. Sample LVDT signals are shown
in the detailed description of the measurement apparatus [Madonna and Tisato 2013].

5.2.3 Sample description
The cylindrical rock sample used for the experiments measures 25.4 mm in diameter
and 60 mm in length. It is a low porosity Fontainebleau sandstone with properties listed in
Table 1. The porosity was measured using a Helium Pycnometer 1330 (Micrometrics
Instrument Corp., Belgium), and the permeability was measured by ﬂushing the sample with
water under controlled pore pressure, in accordance with Darcy’s law.
Table 1. Physical properties of the rock sample
Value
Porosity

8%

Permeability

12 mD

Bulk density of the dry sample

2435 kg/m3

5.2.4 Conﬁning medium and sample sealing
The SWAM was built to be introduced into a high pressure Paterson rig [Paterson
and Olgaard 2000]. Argon gas is employed as the medium to attain conﬁning pressures of
up to 50 MPa. An aluminum foil is glued around the curved surface of the sample to create
a closed boundary condition and avoid ﬂuid ﬂow along the sides of the sample. The sample
is then enclosed in a heat shrinkable ﬂuorinated ethylene propylene tube to isolate it from
the conﬁning medium. The aluminum standard is also enclosed in a shrink tube, in the same
manner as the sample. However, over time, the shrink tube allows for a tiny leak of the
conﬁning medium, i.e., gas, into the sample, which forced us to keep the pore pressure pipes
open to atmosphere during measurements, so that the gas which leaks into the sample
escapes out through the pipes which are used to saturate the sample. Hence, as a result, in
all the measurements undertaken, the pore pressure during measurements is equal to
atmospheric pressure.
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5.2.5 Saturation with pore fluids
Once the measurements were performed on the dry sample, it was partially saturated
with water, leading to full saturation with water, glycerin-water mixtures, and pure glycerin,
in that order. At each step of saturation with a particular ﬂuid, measurements were obtained
at all the conﬁning pressures of 5, 10, and 15 MPa, before moving on to the next higher
viscosity ﬂuid. The viscosities of the mixtures, 1 cP (water); 8, 92, and 485 cP (glycerinwater mixtures); and 1414 cP (glycerin), were calculated prior to the experiments [Segur
and Oberstar 1951]. In order to ensure full saturation of a speciﬁc ﬂuid, the sample was
ﬂushed up to ~10-15 times its pore volume, under a pore pressure that increased (2-12 MPa)
as the viscosities of the pore ﬂuids increased (1-1414 cP). After ﬂushing, the pore pressure
valves were left open, allowing the pore pressure to be equal to atmospheric pressure before
performing the measurements. These valves were also kept open during the measurements.

5.2.6 Calculation of attenuation and Young’s Modulus
The attenuation (1/QE) is calculated as the tangent of the phase shift (ϕ) between the

applied stress and the resulting stain [Paffenholz and Burkhardt 1989]:

1
= tan(φ ) .
QE

(1)

The real-valued Young’s modulus (E), simply referred to as Young’s modulus, is calculated
as a function of sample strain (ε) as:

ε
E = E Al  Al
 ε


,


(2)

where EAl and εAl are the Young’s modulus and strain of the aluminium standard. The
Young’s modulus of the aluminum standard (EAl) is 69.4 GPa. The strains (ε, εAl) are
calculated from the peak-to-peak displacement (u in Volts) recorded on the oscilloscope,
the corresponding calibration factor (c in mm/Volt) of the LVDT, and the length of the
sample (l in mm):

c

ε , ε Al = u   .
l
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(3)

5.2.7 Experimental conditions
All the measurements were performed at 20°C and with a sample strain of 5×10-6.
Winkler and Nur [1982] showed that the attenuation magnitude in sandstones does not vary
with strain amplitude, for values up to 10-5, considering conﬁning pressures equal or greater
than 5 MPa, as is the case in our experiments. The sample was oven dried before the
experiments. A uniaxial load of 1.5 MPa was imposed on the sample, in addition to the
conﬁning pressure, to ensure proper contact across the many interfaces in the SWAM. Our
study was conducted under the conﬁning pressures of 5, 10, and 15 MPa. Each dataset
acquired displays 20 points in the frequency range of 1-100 Hz, with a repetition of 5 times
for each of these points. Errors in parameters such as sample length and calibration of the
LVDT used to calculate the sample strain have been propagated into the presented results
of dispersion. It is to be noted here that the pore ﬂuid valves were left open during the
experiments. The shortcoming associated to these open valves is a possible ﬂow out of the
sample and into the ﬂuid pipes, during measurements. However, for a sandstone with
properties similar to those of our sample, it has been observed by Pimienta et al. [2015b]
that there is no ﬂuid ﬂow out of the sample for full saturation with glycerin. Hence, for full
saturation with glycerin, the sample is in an undrained state. For the measurements using
ﬂuids with lower viscosities, there might be an effect of ﬂuid ﬂow out of the sample, which
cannot be quantiﬁed.

5.3 Results
5.3.1 Dry/Saturation with water
Figure 1 displays the attenuation and dispersion data obtained for the dry sandstone
and for two levels of water saturation, 77% and 100%, at three confining pressures, 5, 10
and 15 MPa. It can be observed that for all the confining pressures, the dry rock exhibits
negligible attenuation and dispersion. The attenuation values of the dry rock at certain
frequencies are below zero due to the limited precision of the experimental setup. This was
also observed by other authors [e.g., Spencer 1981; Mikhalsevitch et al. 2014]. The value of
the Young’s modulus of the dry rock increases from ~32 to ~44 GPa with an increase in
confining pressure from 5 to 15 MPa. In the case of both partial (77%) and full (100%) water
saturation, the attenuation magnitude is low but a clear frequency dependence can be
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observed as it increases with increasing frequency (0 to ~0.02). When compared to the dry
sandstone, the Young’s modulus of the water saturated rock is slightly higher at 5 and 10
MPa, but very similar at 15 MPa.

5.3.2 Saturation with high viscosity fluids
Figure 2 displays attenuation and dispersion data acquired for full saturation with
glycerin-water mixtures (8, 92, 485 cP) and glycerin (1414 cP) at the confining pressures of
5, 10 and 15 MPa. At the confining pressure of 5 MPa, a bell-shaped attenuation curve can
be observed when the sample is saturated with glycerin (1414 cP). This curve reaches a
remarkably large magnitude of ~0.11 at its peak, which occurs at ~6 Hz. A corresponding

Young’s modulus dispersion from ~41 to ~53 GPa is observed from 1 to 100 Hz. A higher

magnitude of attenuation results in a higher dispersion of Young’s modulus, an inherent
behavior of a pair of attenuation and dispersion curves according to Kramers-Kronig

relations [O’Donnell et al. 1981]. As the viscosity of the fluid is gradually decreased, the
attenuation curve seems to shift to the right, with only the left flank of the curve being visible
for the viscosities of 8 and 92 cP. This indicates an inverse relation between the fluid
viscosity and the characteristic frequency. Moreover, it can be observed that when the fluid
viscosity changes from 485 to 1414 cP, there is a huge leap in the attenuation magnitude, as
well as a corresponding increase in Young’s modulus dispersion. As the confining pressure
is increased to 10 and 15 MPa, it can be observed that the pattern of attenuation behavior is
very similar, with a decrease in the overall magnitude. Clear bell-shaped attenuation curves
occur again for the viscosity of 1414 cP with a peak magnitude of ~0.08 at 10 MPa and
~0.06 at 15 MPa. The inverse relation of viscosity and the characteristic frequency is
observed again. The dispersion behavior goes well in line with attenuation, including the

fact that the dispersion decreases with increasing confining pressure. As expected, the values
of Young’s modulus increase with increasing confining pressure.
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Figure 1. Laboratory measurements of Young’s modulus (E) and attenuation (1/QE) for dry
Fontainebleau sandstone as well as for two levels of water saturation, 77% and 100%, at confining
pressures of 5, 10 and 15 MPa.

73

Figure 2. Laboratory measurements of Young’s modulus (E) and attenuation (1/QE) for
Fontainebleau sandstone fully saturated with glycerin-water mixtures (8, 92 and 485 cP) and
glycerin (1414 cP), at confining pressures of 5, 10 and 15 MPa.
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5.3.3 Ultrasonic velocity data
Figure 3 displays the P-wave and S-wave ultrasonic velocity data acquired for the
dry Fontainebleau sandstone for increasing confining pressures from 10 up to 200 MPa. The
frequency corresponding to the ultrasonic data is 1 MHz. These measurements were
performed in order to obtain additional parameters required as input to the simple squirt
flow model that will be used to interpret our attenuation data for full saturation with glycerin.
It can be observed that above 80 MPa, both the P- and S-wave velocities become nearly
independent of pressure. At this point, we assume that all the compliant pores present in the
sandstone are closed and, thus, cease to exist.

Figure 3. Ultrasonic P-wave and S-wave velocities of dry Fontainebleau sandstone as a function of
confining pressure.

5.4 Interpretation and Discussion
Attenuation data from the partially and fully water saturated rock display only a
slight frequency dependence, suggesting the role of pore fluid movement as a cause for the
viscous dissipation, when compared to the frequency independent dry rock. When the rock
is saturated with high viscosity fluids, we clearly observe a pattern where an increase in
viscosity causes a shift in the attenuation peak towards lower frequencies, implying an
inverse relation between the peak frequency and fluid viscosity. Also, as the confining
pressure increases, the magnitude of observed attenuation goes down, in agreement with the
existence of an underlying fluid flow mechanism as the closure of compliant cracks with an
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increase in confining pressure limits the amount of viscous fluid flow. In fact, the large
abundance of pores having very low aspect ratio (compliant pores) can be visually observed
in pore scale images of low porosity Fontainebleau sandstone [Bourbié and Zinszner 1985;
Madonna et al. 2013]. These observations suggest the role of a pore scale fluid flow, the socalled squirt flow.
For the full saturation with glycerin-water mixtures (8, 92, 485 cP), the observed
magnitude of the attenuation peak does not correlate well with that for full saturation with
glycerin (1414 cP). This cannot be explained only with a squirt flow model. In fact, having
a probable drained state of the rock, we are unaware of a mechanism or a combination of
mechanisms that can explain the data that we acquired for the water-glycerin mixtures. The
results for full saturation with glycerin, however, have no influence of fluid flow out of the
sample [Pimienta et al. 2015b]. Since the results for glycerin point to pore scale fluid flow,
it can be tested against several theoretical models available in literature [Müller et al. 2010].
We decided to compare it with the simple squirt flow model derived by Gurevich et al.
[2010] as the analytical solution uses as inputs laboratory based parameters that makes it
easier to constrain the model with parameters which are realistic and representative of our
rock sample.
The simple squirt flow model derived by Gurevich et al. [2010] obeys Gassmann’s
[1951] laws of fluid substitution at the low-frequency limit and is consistent with Mavko
and Jizba’s [1991] predictions at the high-frequency limit. Tables 2 and 3 list all the
parameters used as input for the model, derived from laboratory measurements. The amount
of compliant porosity (Øc) at each confining pressure was the only parameter toggled with
to fit the laboratory data with the model. The high pressure moduli (Kh and μh) were derived
from the P- and S-wave ultrasonic velocities obtained at 80 MPa (Figure 3), i.e., when the
compliant pores are supposedly closed. From the same velocity data at 80 MPa, two
additional parameters were obtained: (i) the Poisson’s ratio (σ), assumed constant in the
model, and (ii) the aspect ratio of the compliant pore (α), derived from the Young’s modulus
[Walsh 1965]. The aspect ratio obtained is in the range of 10-3-10-4, as expected for
compliant pores that can contribute to squirt flow [Jones 1986]. The dry bulk and shear
moduli (Kdry and μdry) were calculated from the laboratory measurements of Young’s
modulus of the dry rock (at 5, 10 and 15 MPa) at 1 Hz. Values of bulk moduli for glycerin
(Kglycerin), water (Kwater) and quartz grain (Kgrain) were easily found from literature [e.g.,
Saxena and Mavko 2015; Mavko et al. 2009].
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Table 2. Squirt flow model inputs independent of confining pressure
Symbol

Value

Bulk modulus at high pressure

Kh

29.4 GPa

Shear modulus at high pressure

μh

33.5 GPa

Bulk modulus of water

Kwater

2.2 GPa

Bulk modulus of glycerin

Kglycerin

4.3 GPa

Grain bulk modulus

Kgrain

37 GPa

Poisson’s ratio

σ

0.09

Aspect ratio of compliant pores

α

0.0011

Table 3. Squirt flow model inputs that vary with confining pressure
Symbol
At 5 MPa
At 10 MPa

At 15 MPa

Bulk modulus of dry rock

Kdry

12.5 GPa

15.1 GPa

17.1 GPa

Shear modulus of dry rock

μdry

14.2 GPa

17.2 GPa

19.6 GPa

Compliant porosity

Øc

0.06%

0.04%

0.03%

Figure 4. Laboratory measurements (circles) of Young’s modulus (E) and attenuation (1/QE) for
Fontainebleau sandstone fully saturated with glycerin (1414 cP) at varying confining pressures (5,
10, and 15 MPa), compared to the corresponding solutions of the simple squirt flow model (solid
curves). The laboratory data shown here represent a selection of data shown in Figure 2.

Figure 4 shows laboratory data as well as the corresponding solutions of the squirt
flow model at confining pressures of 5, 10, and 15 MPa, when the sample is fully saturated
with glycerin. The frequency dependence of the curves calculated with the analytical model
correlate reasonably well with those of the laboratory data with a small offset in terms of
magnitude. Nevertheless, the decreasing magnitude of attenuation with increasing confining
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pressure, which is observed in the laboratory data, is also predicted by the model. When
compared to the laboratory data, the Young’s modulus prediction is also reasonable as far
as dispersive behaviour is concerned, with a small shift in the absolute magnitude. In Figure
4, it can also be observed that the laboratory data yield attenuation curves that seem much
broader than the predictions.
In the curves derived from the simple squirt flow model so far, we assumed a single
aspect ratio for the compliant pores, whereas in nature it is usually expected to be a
distribution. Additionally, most likely this distribution will change as the confining pressure
is increased and the aspect ratios are rearranged. Hence, we looked into the effect of aspect
ratio distribution upon the squirt flow predictions. The distributions used were Gaussians
centred around the aspect ratio (0.0011), that was deduced from the laboratory
measurements, as shown in Figure 5 (the weights sum up to 1).

Figure 5. Gaussian distributions of aspect ratios of compliant pores used to recalculate the
corresponding solutions of the simple squirt flow model in Figure 6.

Figure 6 shows the corresponding theoretically predicted attenuation accounting for
the aspect ratio distributions of compliant pores. The shapes of these curves reproduce well
the laboratory data, with a small difference in the magnitude, which further decreases as the
confining pressure is increased. One possible explanation for this offset is the fact that the
squirt flow model that we use, as all analytical solutions, is based on an idealized geometry
of the pore space and many other assumptions, clearly not precisely reproducing the real
conditions.
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Figure 6. Laboratory measurements (circles, same that were shown in Figure 4) of Young’s modulus
(E) and attenuation (1/QE) for Fontainebleau sandstone fully saturated with glycerin (1414 cP) at
varying confining pressures (5, 10, 15 MPa), compared to the corresponding solutions of the simple
squirt flow model (solid curves), considering the aspect ratio distributions of compliant pores shown
in Figure 5.

5.5 Conclusions
Controlled measurements of seismic attenuation and Young’s modulus dispersion
were performed in the laboratory on a Fontainebleau sandstone by varying the viscosity of
the pore fluid as well as the confining pressure. These measurements yielded a
comprehensive dataset for attenuation and Young’s modulus as functions of frequency, in
the range of 1 to 100 Hz, for each considered value of viscosity and confining pressure. For
viscosities a few hundred times larger than that of water, bell-shaped attenuation curves
were observed along with an inverse relation between the fluid viscosity and the
characteristic frequency. Moreover, attenuation and dispersion tended to decrease with an
increase in the confining pressure. The general trends visible in our laboratory data strongly
pointed to the effect of a fluid flow mechanism.
A published analytical solution for a simple squirt flow model was compared to the
laboratory based attenuation curves obtained for full saturation with glycerin. This
comparison exhibited a reasonable agreement, indicating the predominance of squirt flow
as the physical mechanism responsible for the measured attenuation and associated
dispersion. Squirt flow is commonly expected to cause attenuation at frequencies well
beyond the range relevant to seismic exploration. However, for fluids having viscosities one
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to three orders of magnitude higher than that of water, which is the case for standard
hydrocarbon oils, and of course also bitumen, squirt flow may become dominant at
frequencies between 1 and 100 Hz.
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6 Conclusions and Outlook
Technical improvements were made in the laboratory setup used for attenuation
measurements in fluid saturated rock samples. Acquisition and processing related
parameters were optimized in order to standardize the procedure. Attenuation was studied
against varying sample strain and a strain value of 5×10-6 was determined to be appropriate
for the forced oscillation experiments.
In sandstones, frame related anelasticity had a negligible impact and saturation with
pore fluids resulted in high and frequency dependent attenuation, more so with high
viscosity fluids. In the investigated carbonate, fluid saturation led to a similar increase in
attenuation with frequency as the dry case. An increase in confining pressure decreased
attenuation in sandstones as the compliant parts of the pore network responsible for
attenuation reduced in number. Investigations in sandstones show that if the reservoir is
saturated with fluids having viscosities one to three orders of magnitude higher than that of
water, which is the case for standard hydrocarbon oils, and of course also bitumen, high
attenuation can be expected in the seismic frequency range 1-100 Hz in a rock which is
homogeneous at the mesoscopic scale.
Squirt flow, a microscopic scale fluid flow mechanism, was the dominant
mechanism responsible for attenuation in Fontainebleau sandstone. Attenuation data was
compared to a squirt flow model that used as inputs laboratory based parameters. This made
it easier to constrain the model with parameters which are realistic and representative of the
rock. A Gaussian distribution of aspect ratios for the compliant cracks resulted in predictions
that traced well the broad curves of attenuation acquired in the laboratory for full saturation
with glycerin, with a small difference in magnitude that decreased with an increase in
confining pressure. One possible explanation for this offset is the fact that the squirt flow
model used, as all analytical solutions, is based on an idealized geometry of the pore space
and many other assumptions, clearly not precisely reproducing the real conditions.
Poroelastic modelling based on realistic pore geometries, such as using CT-scan
images of rocks, could take the understanding of physical mechanisms causing attenuation
beyond analytical solutions. Further experiments on different types of reservoir rocks in the
laboratory and in the field could provide additional information, thereby unravelling the
underlying mechanisms at various scales. In seismic waveform tomography, velocity
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models are obtained by inversion of seismic datasets. When anelastic attenuation is
considered, it is accounted for using an over simplified mathematical formulation such as a
constant-Q model. However, if a model representing the physical mechanism is employed
instead, forward modelling will be more realistic and accurate velocity tomograms can thus
be obtained. Since elastic attenuation (scattering) remains constant over time, anelastic
attenuation can be used as an indicator of pore fluid movement in the monitoring of
reservoirs during processes such as enhanced oil recovery.
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