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Abstract Quantifying seismic attenuation during laboratory imbibition experiments can provide useful
information toward the use of seismic waves for monitoring injection and extraction of fluids in the Earth’s
crust. However, a deeper understanding of the physical causes producing the observed attenuation is
needed for this purpose. In this work, we analyze seismic attenuation due to mesoscopic wave-induced fluid
flow (WIFF) produced by realistic fluid distributions representative of imbibition experiments. To do so, we
first perform two-phase flow simulations in a heterogeneous rock sample to emulate a forced imbibition
experiment. We then select a subsample of the considered rock containing the resulting time-dependent
saturation fields and apply a numerical upscaling procedure to compute the associated seismic attenuation.
By exploring both saturation distributions and seismic attenuation, we observe that two manifestations
of WIFF arise during imbibition experiments: the first one is produced by the compressibility contrast
associated with the saturation front, whereas the second one is due to the presence of patches containing
very high amounts of water that are located behind the saturation front. We demonstrate that while the
former process is expected to play a significant role in the case of high injection rates, which are associated
with viscous-dominated imbibition processes, the latter becomes predominant during capillary-dominated
processes, that is, for relatively low injection rates. We conclude that this kind of joint numerical analysis
constitutes a useful tool for improving our understanding of the physical mechanisms producing seismic
attenuation during laboratory imbibition experiments.

1. Introduction

Immiscible two-phase flow processes in porous media are very common in the Earth’s crust. Notably, they
play a prominent role during the injection and extraction of fluids, as a result of which complex distributions
of patches of the associated fluid phases tend to be formed (e.g., Alemu et al., 2013). The spatial distribution
and, in particular, the geometrical details of these patches are controlled by the physical properties of the
fluid phases and rock matrix, the geometrical characteristics of the heterogeneities present in the geological
formation, the initial fluid distribution, and the fluid injection or extraction rates. Knowledge regarding the
temporal evolution of the pore fluid distribution is of significant importance in many fields of Earth engineer-
ing and environmental sciences, including groundwater management and remediation, characterization of
gas hydrate reservoirs, enhanced oil and gas recovery, and monitoring of CO2 sequestration in brine-saturated
formations.

If, during fluid injection/extraction operations, one pore fluid phase is replaced by another one having a differ-
ent compressibility, the effective stiffness of the material changes and so does the velocity of compressional
seismic waves propagating through the medium. Moreover, in the presence of mesoscopic heterogeneities
associated with the fluid distributions, that is, regions predominantly saturated with one fluid phase and
having sizes larger than the typical pore diameter but smaller than the prevailing seismic wavelengths, seismic
waves can experience significant attenuation and velocity dispersion due to mesoscopic wave-induced fluid
flow (WIFF) (e.g., Müller et al., 2010). This implies that seismic data contain information not only about the
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presence of different fluid phases but also on the geometrical characteristics of the fluid saturation patterns.
For these reasons, seismic methods are becoming increasingly important for monitoring injection or extrac-
tion of fluids in the Earth’s crust. However, to retrieve this kind of information from seismic data, we need a
profound knowledge on the characteristics of fluid distributions expected to arise during such operations as
well as on the physical processes governing the propagation of seismic waves in such environments.

Laboratory experiments provide unique opportunities for broadening the current understanding of multi-
phase flow, the resulting fluid distribution patterns, and their impact on seismic signatures. In particular,
imbibition processes, where an injected wetting fluid phase displaces an already present nonwetting phase
from the rock pores, can provide valuable information in this regard. These kinds of experiments generate
pore fluid distribution patterns determined by the host rock heterogeneity through the combined effects of
capillary, gravity, and viscous forces (e.g., Shi et al., 2011). Experimental evidence indicates that the result-
ing heterogeneous saturation patterns can produce significant seismic attenuation (e.g., Tisato & Quintal,
2013). One of the key parameters involved in imbibition experiments is the fluid injection rate. Indeed,
laboratory imbibition experiments performed on pore-scale networks indicate that high injection rates lead
to viscous-dominated stable fluid displacements, characterized by a piston-like advance, whereas low injec-
tion rates lead to capillary-dominated discontinuous displacements, characterized by a disconnected advance
(e.g., Lenormand, 1990; Lenormand & Zarcone, 1984). Also, changing the injection rate has significant effects
on the seismic response, as recently observed in laboratory experiments (Lopes & Lebedev, 2012; Lopes et al.,
2014). However, the details of the physical causes of the seismic attenuation observed during imbibition
processes and, in particular, its relation with the injection rate remain enigmatic.

The quantitative interpretation of the physical mechanisms contributing to the seismic attenuation observed
during imbibition experiments is not a simple task. A key aspect of the WIFF attenuation mechanism is that it
scales with the compressibility contrasts between the different mesoscopic regions (e.g., Müller et al., 2010).
In the case of partially saturated porous media, attenuation levels are expected to be significant if the pore
fluids have contrasting compressibilities, such as those employed in typical imbibition experiments. Indeed,
WIFF is currently considered to be a predominant seismic attenuation mechanism arising during imbibition
experiments (e.g., Tisato & Quintal, 2013; Yin et al., 1992). Corresponding interpretation efforts performed in
the framework of WIFF can be based on analytical models (e.g., Pride et al., 2004; White, 1975) or numerical
upscaling procedures (e.g., Masson & Pride, 2007; Rubino et al., 2009). However, these approaches are either
inherently limited or have so far only been used with very simple fluid distributions. For instance, some ana-
lytical models are restricted to porous rocks containing binary patches of two types of fluids (e.g., Johnson,
2001; Pride et al., 2004; White, 1975). Numerical upscaling approaches are more flexible in this regard, but,
so far, most related works only considered binary patchy saturation patterns based on stochastic processes
(e.g., Masson & Pride, 2011; Rubino et al., 2011). However, there are physical reasons that render the exis-
tence of binary gas-water distributions unlikely. In fact, laboratory studies show that core samples subjected
to injection processes involving immiscible fluids evidence spatially continuous patchy saturation patterns
(e.g., Cadoret et al., 1995; Toms-Stewart et al., 2009). As far as the authors know, very little work has so far
been done with regard to the interpretation of seismic signatures of partially saturated rocks in the presence
of realistic saturation patterns in general and in the case of imbibition processes in particular. Qi et al. (2014)
modeled seismic attenuation using a continuous random media (CRM) model of patchy saturation including
capillary effects. The information required by the CRM model was derived from binarized X-ray images of the
pore fluid distribution during a laboratory imbibition test. Recently, Liu et al. (2016) incorporated patch size
variability into the CRM model. Particularly, they proposed a model to explain the experimental results of
Lopes and Lebedev (2012) and Lopes et al. (2014), where ultrasonic velocities were measured during imbi-
bition experiments performed with variable injection rates. Their results suggest that a relation may exist
between injection rate and patch size. Kuteynikova et al. (2014) modeled WIFF in homogenous rock samples
saturated with continuous air-water distributions. They observed that even relatively small variations in the
spatial distribution of the pore fluids can significantly change the attenuation values. Rubino and Holliger
(2012) explored seismic attenuation in heterogeneous rocks containing spatially continuous gas-water sat-
uration fields. However, these authors linked the rock frame heterogeneities to the saturation of the fluid
phases by assuming that the rock sample was in capillary pressure equilibrium, a condition that is not satisfied
during imbibition experiments. Imbibition processes evidence time-dependent saturation distributions that
can be modeled by solving the two-phase flow equations under adequate initial and boundary conditions.
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Figure 1. (a) Two-dimensional heterogeneous porosity field considered in the numerical imbibition tests and
(b) subsample considered to analyze seismic attenuation. (c) Histogram of the porosity of the subsample characterized
by a mean of 0.3 and a standard deviation of 0.029.

A joint analysis considering two-phase flow processes and the quantification of the associated seismic
attenuation due to WIFF is therefore needed to shed light onto the importance of this energy dissipation
mechanism.

In this work, we analyze the characteristics of the saturation fields that arise during imbibition experiments
and their impact on seismic signatures. To do so, we first perform numerical simulations of imbibition pro-
cesses in a heterogeneous sandstone sample by solving the 2-D two-phase flow equations using an implicit
pressure-explicit saturation approach. We then select a subsample of the considered rock frame, containing
the time-dependent saturation fields obtained from the flow simulations, and apply a numerical upscaling
procedure that allows to quantify the associated seismic attenuation in response to WIFF. A comprehensive
numerical analysis is performed to explore the importance of this seismic attenuation mechanism during
imbibition experiments, its temporal evolution, and the role played by the injection rate.

2. Numerical Models and Theoretical Background
2.1. Heterogeneous Rock Sample and Physical Properties
To explore the geometrical characteristics of partial gas-water distributions during imbibition processes and
their impact on the resulting attenuation of seismic waves, we consider a rectangular 2-D synthetic rock sam-
ple with a height of 36 cm and a width of 18 cm. The sample represents a heterogeneous sandstone containing
spatially continuous variations of the dry frame properties, which are parameterized as functions of porosity
(Figure 1a). Following Tronicke and Holliger (2005), the porosity field is obtained using a stochastic proce-
dure based on a von Karman-type spectral density function. We consider a stochastic process with a spatially
isotropic correlation length of 1.05 cm. While the sample shown in Figure 1a is employed to perform numeri-
cal imbibition experiments, the associated seismic signatures are computed for a square subsample of 18 cm
side length (Figure 1b), whose porosity distribution has a mean value of 0.3 and a standard deviation of 0.029.
Figure 1c shows the corresponding histogram. We assume that the rock frame is composed of quartz grains
with the physical properties given in Table 1.

Variations in porosity imply changes in other physical properties of the rock sample, including permeability,
entry pressure, and frame elastic moduli. We use the Kozeny-Carman equation to relate the porosity value
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Table 1
Material Properties for the Models Considered in This Study

Material Properties

Solid phase Bulk Modulus Shear Modulus

Quartz Ks = 37 GPa 𝜇s = 44 GPa

Fluid phases Bulk Modulus Viscosity Density

Water Kw = 2.3 GPa 𝜂w = 0.001 Pa s 𝜌w = 1.09 g/cm3

Gas Kg = 0.012 GPa 𝜂g = 0.00015 Pa s 𝜌g = 0.078 g/cm3

Note. Adopted from Rubino and Holliger (2012) and Rubino et al. (2011).

𝜙 of the rock sample to the permeability 𝜅 (Carman, 1937; Kozeny, 1927). This relation can be expressed as
(Mavko et al., 2009)

𝜅(𝜙) = B
𝜙3

(1 − 𝜙)2
d2

s , (1)

where B = 1∕72𝜏2 is a geometric factor that depends on the tortuosity 𝜏 of the porous sample and ds denotes
the mean diameter of the solid grains. For the numerical simulations considered in our work, we assume
ds =130 μm, which constitutes a representative value for quartz-grained sandstones (e.g., Renaud et al., 2013).
Also, we take 𝜏=3.45, in agreement with the approximate tortuosity of Fontainebleau sandstone (Mair et al.,
1999), which is widely regarded as a representative example of a clean quartz sandstone.

The entry pressure pd , which is the capillary pressure value at full saturation, partly determines the capillary
behavior of imbibition processes. In fact, the entry pressure is conditioned by the porosity structure (e.g., Bear,
1972). We use Leverett scaling to determine the entry pressure values (Leverett, 1941)

pd(𝜙) = 𝛾

√
𝜙

𝜅(𝜙)
, (2)

where 𝛾 is the interfacial tension between gas and water. This parameter is taken as 𝛾 ≃ 65 × 10−3 N/m, in
accordance with the values reported for methane-water interfaces at 10 MPa (Ren et al., 2000).

Finally, to link the porosity 𝜙 with the bulk and shear moduli of the dry rock, we use the model proposed by
Pride (2005)

Km = Ks
(1 − 𝜙)
(1 + cs𝜙)

, (3)

𝜇m = 𝜇s
(1 − 𝜙)

(1 + 1.5cs𝜙)
, (4)

where 𝜇m is the undrained shear modulus of the material, which is equal to that of the dry frame, and Km is
the bulk modulus of the dry matrix. Ks and 𝜇s denote the bulk and shear moduli of the quartz solid grains,
respectively. Corresponding values are given in Table 1. The degree of consolidation between the grains is
given by the so-called consolidation parameter cs. In the case of consolidated sandstones, cs ranges from 2 to
20 (Pride, 2005). Following the work of Pride and Berryman (2003), we take cs =10 .

2.2. Two-Phase Immiscible Flow Equations and Imbibition Processes
In the following, we model a forced imbibition process where water is injected at a constant rate into a het-
erogeneous porous rock sample mostly saturated with gas. The mathematical model of two-phase flow in
porous media is commonly based on the assumption that each fluid phase is governed by mass conservation
equation and Darcy’s law (e.g., Bear, 1972). We consider water as a wetting phase and gas as a nonwetting
phase, indexed by w and g, respectively. The mass balance equation and Darcy’s law for the two immiscible
fluid phases are given by

𝜕
(
𝜙𝜌𝛽S𝛽

)
𝜕t

+ ∇ ⋅
(
𝜌𝛽q𝛽

)
= 0, (5)
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q𝛽 = −
𝜅 kr,𝛽

𝜂𝛽

(
∇p𝛽 − 𝜌𝛽g

)
, (6)

where 𝛽 ∈ {w, g}, t denotes the time, and g the gravitational acceleration vector. The symbols 𝜌𝛽 , S𝛽 , q𝛽 ,
𝜂𝛽 , kr,𝛽 , and p𝛽 stand for the density, saturation, Darcy velocity, dynamic viscosity, relative permeability, and
pressure of phase 𝛽 , respectively. The saturations of the two fluid phases are constrained by

Sw + Sg = 1, (7)

whereas their pressures are related by the capillary pressure

pc = pg − pw. (8)

The above mentioned equations need to be complemented with constitutive relations that effectively capture
the complexities of pore-scale processes. In this case, equations (5)–(8) are solved together with two nonlinear
constitutive models that quantify the relative permeability and the capillary pressure as functions of water
saturation.

Capillary pressure is assumed to obey the nonhysteric Brooks and Corey (1964) relation

pc

(
Swe

)
= pdS

− 1
𝜆

we , (9)

where𝜆 is a parameter that characterizes the pore size distribution. In the case of consolidated sandstones, the
capillary behavior has been successfully described with 𝜆 values ranging from 1.4 to 2.7 (Pini & Benson, 2017).
For the numerical simulations considered in this work, we therefore employ 𝜆=2. The effective saturation of
the wetting fluid is given by Swe =(Sw − Swr)∕(1 − Swr), where Swr is the irreducible water saturation. We take
Swr =5%, in accordance with the approximate irreducible water saturation of Fontainebleau sandstone (Mavko
et al., 2009).

The relative permeability-saturation relationships can be obtained using equation (9) in the predictive model
of Burdine (1953)

kr,w

(
Swe

)
= S

3+ 2
𝜆

we , (10)

kr,g

(
Swe

)
=
(

1 − Swe

)2
(

1 − S
1+ 2

𝜆

we

)
. (11)

The aforementioned two-phase flow equations are subjected to appropriate initial and boundary conditions
to describe the initial state and injection rates that mimic laboratory experiments. As we intend to emulate a
forced imbibition process, we impose a constant Darcy velocity for the water phase along the top boundary
−qT

w , whereas that corresponding to the gas phase is forced to be null. The left and right boundaries of the
sample are sealed; that is, we impose no-flow boundary conditions. A constant pressure for the wetting phase
and a constant saturation are defined along the bottom of the sample. More detailed information with regard
to the initial and boundary conditions employed in the flow simulations is provided in Appendix A.

The system of equations (5)–(11), together with the selected initial and boundary conditions, is solved by
means of an implicit pressure-explicit saturation approach. The pressure equation and the saturation equation
are solved sequentially by means of a hybridized mixed finite element method combined with a discontinuous
Galerkin approach (Hoteit & Firoozabadi, 2008). We use a zero-order Raviart-Thomas space (Raviart & Thomas,
1977) to represent the Darcy velocities and a first-order polynomial approximation to represent the wetting
phase saturation. An explicit forward Euler method is employed for the time discretization of the partial
differential equations arising from equation (5). The time step is selected adaptatively satisfying the Courant-
Friderichs-Lewy condition (Courant et al., 1928), that is, using a criterion that ensures the stability of the
saturation equation.

It is important to remark here that although we perform the flow simulations in a rectangular sample, shown
in Figure 1a, we choose a subsample of the domain far enough from the bottom boundary (Figure 1b) to
analyze the associated seismic signatures. This allows for studying the characteristics of seismic attenuation
in a region where saturation patterns are not influenced by the constant saturation condition imposed along
the bottom boundary.
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2.3. Numerical Upscaling Procedure for Quantifying WIFF Effects
When a seismic wave propagates through a fluid-saturated porous rock that contains mesoscopic hetero-
geneities with contrasting compressibilities, pore fluid pressure gradients arise due to the stresses associated
with the passing wavefield. These pressure gradients induce fluid flow and energy dissipation through internal
friction, which manifests itself in the form of seismic attenuation.

In order to quantify the WIFF effects produced by the heterogeneous saturation patterns resulting from the
previously described numerical imbibition experiments, we choose a subsample (Figure 1b) of the original
rock sample where the flow equations were solved. We then saturate the subsample with the fluid distribu-
tions obtained from the flow simulations for a certain instant of interest and apply the numerical upscaling
procedure proposed by Rubino et al. (2009) to compute the associated WIFF effects. That is, we impose a
homogeneous time-harmonic vertical solid displacement of the form −Δu ei𝜔t along the top boundary of the
subsample (Figure 1b), where 𝜔 is the angular frequency. In addition, no-flow conditions are imposed on the
four boundaries and no tangential forces are applied. The solid, on the other hand, is not allowed to move ver-
tically on the bottom boundary nor to have horizontal displacements on the lateral boundaries. The response
of the sample subjected to this relaxation test is obtained by solving Biot’s (1941) consolidation equations
under appropriate boundary conditions. Under the assumption that the volume average response of the
sample can be represented with an equivalent homogeneous viscoelastic solid, an equivalent complex-
valued frequency-dependent plane wave modulus is obtained, which permits to compute the seismic
attenuation and phase velocity. We include in Appendix B the details of this numerical upscaling procedure.

It is important to notice here that Biot’s (1941) theory locally considers the existence of a single pore fluid
phase. However, during an imbibition experiment, each cell of the numerical rock sample can be saturated
by a mixture of gas and water. In order to overcome this limitation, we locally employ an effective fluid phase
when solving equations B1–(B4). That is, following Rubino and Holliger (2012), at each computational cell
containing a mixture of gas and water with saturations Sg and Sw , we define an effective single-phase fluid
with properties determined by those of the individual fluid phases and weighted by their saturation values.
The compressibility of the effective fluid is a crucial parameter in the WIFF process. As we consider computa-
tional cells having sizes much smaller than the diffusion lengths involved in the considered WIFF analysis, the
pressure perturbations caused by the seismic wavefield have enough time to equilibrate within each compu-
tational cell. Hence, the fluid pressure within each cell is uniform and we can use Wood’s law (Wood, 1955) to
obtain the bulk modulus of the effective fluid

1
Kf

=
Sg

Kg
+

Sw

Kw
, (12)

where Kg and Kw are the bulk moduli of the gas and water, respectively.

On the other hand, following the work of Rubino and Holliger (2012), we use the relation of Teja and Rice
(1981) to obtain the viscosity of the two-phase pore fluid mixture

𝜂f = 𝜂g

(
𝜂w

𝜂g

)Sw

. (13)

It is important to remark here that although the effects of gravity and capillary pressure on the fluid distri-
butions are taken into account when solving the two-phase flow equations, they are not considered when
quantifying WIFF effects.

3. Numerical Analysis
3.1. Time Lapse Seismic Attenuation Estimates
We first subject the rock sample shown in Figure 1a to an imbibition experiment with a constant injection rate
of qT

w = 1 × 10−4 m/s upon achievement of a steady state. We consider an initial homogeneous saturation
field mostly containing gas, with a water saturation value Sw =8%, which is slightly above the residual satura-
tion considered in the analysis. For this test we select the fluid properties of water and methane gas, listed in
Table 1. Also, we select a constant pressure of pB

w =10 MPa and a constant saturation of SB
w =8% as boundary

conditions at the bottom. As previously mentioned, we analyze the evolution of the resulting gas-water
distributions and of the associated seismic signatures of the subsample shown in Figure 1b.

SOLAZZI ET AL. WIFF DURING IMBIBITION PROCESSES 6
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Figure 2. Water saturation fields obtained from the numerical imbibition experiment for a constant injection rate
qT

w = 1 × 10−4 m/s and associated inverse quality factor 1∕Qp as a function of frequency. (a) Green, light blue, and dark
blue lines denote overall water saturation levels of 30%, 50%, and 70%, respectively ; (b) black, violet, and red lines
denote overall water saturation levels of 90%, 94%, and 98%, respectively.

Figure 2a (top row) shows the evolution of the saturation fields as a result of the imbibition process. In order
to characterize this evolution, we compute, in each case, the overall saturation of the sample

Sw =
∑

ij Sw

(
Ωij

)
𝜙
(
Ωij

)
∑

ij 𝜙
(
Ωij

) , (14)

with Ωij denoting the ijth cell of the employed regular computational mesh. For a given overall saturation, we
observe a clear transition between a region containing high values of water saturation and the rest of the sam-
ple containing mostly gas. The interface separating these two zones is commonly referred to as the saturation

SOLAZZI ET AL. WIFF DURING IMBIBITION PROCESSES 7
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front. We observe in Figure 2a that the front advances as the imbibition process evolves or, in other words, as

the overall water saturation of the sample increases from Sw =30% to 70%. In detail, it can be seen that as water

invades different regions of the heterogeneous sample, local values of water saturation increase and capillary

pressure values drop, following equation (9). As each cell of the numerical rock sample is characterized by a

distinct porosity, permeability, and capillary pressure curve, the geometrical patterns of the regions locally

containing high values of water saturation behind the saturation front as well as the saturation front itself turn

out to be heterogeneous. The resulting saturation field produces compressibility contrasts between the differ-

ent parts of the sample, and, therefore, it may be associated with seismic attenuation due to WIFF. In order to

explore this, Figure 2a (bottom) depicts, for the previously described stages of the imbibition process, the

associated seismic attenuation as a function of frequency. We observe that indeed, seismic attenuation due

to WIFF arises. Further inspection of the curves allows us to observe two attenuation peaks: one located at

frequencies between 10 and 100 Hz and a second one at frequencies around 6 kHz. We observe that with

increasing values of overall water saturation, the levels of attenuation of both peaks increase. Moreover, the

first attenuation peak shifts toward lower frequencies with increasing values of overall water saturation.

Figure 2b shows the results for later stages of the imbibition process, for which the saturation front has passed

through the subsample. We observe in Figure 2b (top row) that gas patches were trapped behind the front,

and regions having locally very high levels of water saturation appear. Figure 2b (bottom) indicates that for

these stages of the imbibition process, the first attenuation peak is virtually inexistent, whereas the level of

attenuation of the second peak got stronger if compared to previous stages. Moreover, the second peak gets

higher and shifts toward higher frequencies with increasing values of overall water saturation.

By comparing the attenuation curves shown in Figures 2a and 2b, it can be argued that the first attenuation

peak is produced by the presence of the saturation front, whereas the second one is associated with residual

patches located behind the saturation front. In the case of the low-frequency peak, the saturation front divides

the medium into two layers with contrasting compressibilities, generating a spatial distribution that resem-

bles White’s double-layer model (White et al., 1975). On the other hand, the high-frequency peak is produced

by the presence of regions with very high values of water saturation surrounded by zones containing a mix-

ture of water and gas in the pore space. The numerical simulations show that the heterogeneous saturation

distributions resulting from the imbibition experiment produce relatively low levels of seismic attenuation.

Even though there is no consensus on the lowest measurable attenuation levels in laboratory experiments,

according to Tisato and Madonna (2012) extensional attenuation values 1∕QE above 0.003 can be measured.

In addition, based on the works of Winkler and Nur (1979) and Spencer and Shine (2016), we conclude that

1∕Qp > 1∕QE for the partially saturated rock samples considered in our analysis. This implies that the attenu-

ation levels obtained in this subsection are, at best, experimentally measurable only for the first peak of the

case Sw = 70% (Figure 2a) and for the peaks arising in the cases Sw = 94% and Sw = 98% (Figure 2b).

It is important to recall that the saturation distribution of a porous sample depends on the characteristics of

the injection process. In this sense, imbibition and drainage processes constitute two extreme regimes, which

are characterized by particular capillary pressure and relative permeability curves (e.g., Soldi et al., 2017).

This, in turn, generates a hysteresis effect, which has significant consequences for the associated seismic

response (Le Ravalec et al., 1996; Yin et al., 1992; Zhang et al., 2015). In particular, imbibition experiments seem

to be associated with lower levels of attenuation than drainage experiments (e.g., Cadoret et al., 1995, 1998).

The general tendency to have low levels of seismic attenuation during imbibition processes observed in our

simulations is due to the fact that as initially the whole sample contains very high values of gas saturation, it

is very difficult to produce regions fully saturated with water. Regions that are fully, or almost fully, saturated

with water are crucial for generating compressibility contrasts within the rock sample because the bulk modu-

lus of the effective fluid is given by the harmonic average of the individual bulk moduli (equation (12)). Figure 3

shows the behavior of the bulk modulus of the effective fluid as a function of water saturation. Note that

the local presence of very low amounts of gas is enough to produce a bulk modulus of the effective fluid

very close to that of the gas. In other words, this implies that unless there are essentially fully water-saturated

patches, the compressibility contrasts between the different parts of the sample tend to be rather weak and

thus associated with low levels of WIFF attenuation.

SOLAZZI ET AL. WIFF DURING IMBIBITION PROCESSES 8
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Figure 3. Bulk modulus of the effective fluid Kf as a function of water
saturation Sw . Note that Kf varies from Kg to Kw for saturation levels
ranging between 0% and 100%, respectively. The physical properties
of gas and water are given in Table 1.

3.2. Physical Interpretation of the Attenuation Curves
In order to further explore the physical reasons for the attenuation behavior
observed in Figure 2, we compute the local contribution to the overall seismic
attenuation of the sample (Solazzi et al., 2016)

q−1
ij (𝜔) =

Δij(𝜔)
2𝛿2𝜔(𝜔)

. (15)

In this equation, the parameter Δij(𝜔) denotes the local dissipated power
averaged over one wave cycle of oscillation and can be computed as

Δij(𝜔) = 𝜔2

(
𝜂f ||w||2

2𝜅

)
ij

𝛿2, (16)

with 𝛿2 being the area of the cell Ωij , and w is the average relative fluid dis-
placement. In addition, (𝜔) denotes the average strain energy over one
wave cycle and is given by

(𝜔) = 𝛿2

4

∑
ij

ℜ
{
𝝈 ∶ 𝝐

∗ + pf 𝜉
∗}

ij
, (17)

where 𝝈 is the stress tensor, 𝝐 the strain tensor, pf the fluid pressure, and 𝜉 = −∇ ⋅ w the local change in
fluid content. The symbol ∗ denotes the complex conjugate, ∶ the double dot product of the corresponding
tensors, and ℜ the corresponding real part. The spatial distribution of the parameter q−1

ij allows us to
determine the regions that effectively contribute to the overall attenuation.

The local contribution to attenuation for Sw = 70% is displayed in Figures 4b and 4c, for frequencies of
flow =13.74 Hz and fhigh =6, 210 Hz, respectively. These two frequencies correspond to the approximate loca-
tions of the two attenuation peaks (Figure 2a). To facilitate the analysis, we include in Figure 4a the saturation
distribution for this overall saturation. Comparing Figures 4a and 4b, we observe that for the frequency of the
first attenuation peak, energy dissipation mainly occurs in the region located in the vicinity of the saturation
front and containing high values of water saturation. Here there is an abrupt change from a zone character-
ized by high values of water saturation to another one mostly saturated with gas, which is responsible for a
corresponding compressibility contrast and WIFF. In the case of the frequency of the second attenuation peak,
energy dissipation occurs behind the saturation front (Figure 4c). Comparing Figures 4a and 4c, we observe
that these dissipating zones correspond to the boundaries of patches characterized by very high values of
water saturation. This analysis therefore demonstrates that as suggested before, the first attenuation peak
observed in Figure 2a corresponds to the saturation contrast produced by the saturation front, whereas the
second one is associated with regions having very high levels of water saturation and located behind the front.

Figure 4e shows the local contribution to attenuation for Sw =98% for a frequency of fhigh =1.8×104 Hz, which
corresponds to the location of the single attenuation peak that arose in this case (Figure 2b). We observe
that significant energy dissipation arises. Comparisons between Figure 4d, where the corresponding satura-
tion distribution is shown, and Figure 4e show that the regions where dissipation occurs correspond to the
boundaries of patches characterized by very high levels of water saturation. Moreover, comparing Figures 4c
and 4e, we observe that the presence of higher local values of water saturation for Sw =98% implies stronger
compressibility contrasts with respect to the surrounding areas and, therefore, higher levels of attenuation.
It is also interesting to note that as water saturation increases from Sw =70% to Sw =98%, the fraction of the
rock containing essentially fully water-saturated regions increases, which, in turn, also favors the increase of
the attenuation levels.

The frequency associated with the attenuation peak is strongly influenced by the characteristic size of the het-
erogeneities that generate the fluid pressure relaxation (e.g., Müller et al., 2010). That is, maximum attenuation
occurs at a frequency

fmax ≃
D

2𝜋a2
meso

, (18)
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Figure 4. Spatial distribution of q−1
ij for the sample subjected to a numerical imbibition experiment (a) for Sw = 70% computed at the frequency of the (b) first

and (c) second attenuation peaks and that (d) for Sw = 98% computed at the (e) frequency of the associated single attenuation peak.

where D is the diffusivity of the medium, given by equation (B8), and ameso is the characteristic size of the
heterogeneities. As the size of the region having high levels of water saturation and associated with the front
is larger than that of the isolated patches located behind the front, equation (18) implies that the attenuation
peak related to the saturation front occurs at lower frequencies than that produced by the isolated patches.
Equation (18) also explains the shift toward lower frequencies of the first peak with increasing overall water
saturation of the sample (Figure 2a). That is, as the imbibition process evolves, the front advances and the
associated region having high levels of water saturation grows. This implies that the characteristic size ameso

increases its value, and, therefore, fmax decreases. It is important to remark here that the diffusivity D is a
parameter that depends on the physical properties of the matrix and the effective fluid. Indeed, this parameter
assumes higher values as water saturation increases, and the increase rate is especially strong for situations
close to Sw =100%. According to equation (18), this implies that the frequency associated with the attenu-
ation peak should increase with the saturation. Thus, there is a competition between the effects produced
by the size of the heterogeneity and those related to the local water saturation value. The results shown in
Figure 2a indicate that in the case of the saturation front, the changes of ameso play a more important role
than the variations of D.

The attenuation peaks in Figure 2b, on the other hand, are associated with the presence of isolated patches
characterized by high levels of water saturation. Interestingly, as the overall saturation of the sample increases
from Sw = 90% to 98%, we observe that the frequency peak moves toward higher frequencies. Taking into
account that both the size of the patches and the local levels of water saturation are expected to increase with
increasing values of overall water saturation, the behaviors shown in Figure 2b indicate that in this case, the
frequency shift is dominated by a local increase of the diffusivity.

Equation (18) also allows us to estimate the characteristic size of the heterogeneities by using approximate
values of fmax and D. As an example, we can employ equation (18) to analyze the cases represented by
Figures 4b and 4e. In each case, we select the corresponding peak frequency from Figure 2, and the fluid
and host rock properties are computed for a mean porosity value of 0.3 following the procedure described
in the work. Considering an approximate saturation of 0.8 for the region where energy dissipation occurs in
the situation depicted by Figure 4b, we obtain, by means of an exhaustive search, a characteristic size for
the heterogeneities ameso ≃6 cm. It is interesting to notice that this size is comparable to the thickness of the
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Figure 5. Water saturation fields resulting from numerical imbibition experiments with injection rates of (a, d, g)
qT

w1
=1 × 10−4 m/s, (b, e, h) qT

w2
=5 × 10−4 m/s, and (c, f, i) qT

w3
=1 × 10−3 m/s. The different rows correspond to different

instants of the imbibition processes characterized by overall water saturation levels of Sw =50% (Figures 5a–5c),
Sw =70% (Figures 5d–5f ), and Sw =93% (Figures 5g–5i). White contour lines delimit the regions where local water
saturation is above 97%.

region responsible for the overall attenuation (Figure 4b). Conversely, considering a saturation of 0.99 for the
patches controlling the energy dissipation shown in Figure 4e, we obtain a characteristic size of ameso≃0.5 cm.
By comparing Figures 4d and 4e, we observe that also in this case this characteristic size is representative of
the water-saturated patches that effectively contribute to the overall attenuation of the sample.

3.3. Injection Rate Effects on Seismic Attenuation
The flow regime of imbibition processes is determined by the balance between viscous, gravitational, and
capillary forces (Lopes et al., 2014; Riaz et al., 2007). The injection rate is a crucial parameter because it affects
the relation between these forces and, thus, it partly determines the evolution of the saturation field within
the porous sample (Helmig et al., 2006). In the following, we explore the effects of changing the injection
rate on the characteristics of the fluid distributions and the impact on the associated seismic attenuation due
to WIFF. Hence, we repeat the analysis presented in the previous subsection but considering three different
injection rates: qT

w1
=1 × 10−4 m/s, qT

w2
=5 × 10−4 m/s, and qT

w3
=1 × 10−3 m/s. The employed rock sample and

physical properties remain unchanged.

Figure 5 shows the resulting water saturation fields, with columns from left to right corresponding to increas-
ing values of water injection rates. Moreover, the rows correspond to different overall water saturation of the
sample, with increasing values from top to bottom. Given the importance of regions with locally very high
levels of water saturation for producing WIFF effects, we include in each panel a white contour line to delimit
the regions where local water saturation is above 97%. This corresponds to a bulk modulus of 0.35 GPa for the
effective fluid, as indicated by Figure 3.
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Figure 6. Inverse P wave quality factor 1∕Qp as a function of overall water saturation and frequency for the fluid
distributions obtained with injection rates of (a) qT

w1
=1 × 10−4 m/s, (b) qT

w2
=5 × 10−4 m/s, and (c) qT

w3
=1 × 10−3 m/s.
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We observe in Figure 5 that as the injection rate increases, the saturation fields change from an injection pro-
cess with substantial gas and water trapping and an irregular saturation front (Figures 5a, 5d, and 5g) to one
where the main characteristic is the presence of a sharp saturation front (Figures 5c, 5f, and 5i). The reason
for this is that when the imbibition process is characterized by a slow injection rate, the induced pressure
gradients are rather weak. Hence, the invading phase tends to flow through preferential paths, where there
is less resistance to the flow. Consequently, the imbibition process presents a dendritic saturation front.
In this scenario, regions with very high local water saturation levels are formed behind the front, as observed
in Figures 5a, 5d, and 5g. Conversely, when the imbibition process is characterized by a high injection
rate, the induced pressure gradients generate a rapid saturation of all the regions of the probed sample.
Correspondingly, the invading phase evolves following a compact piston-like displacement, as evidenced in
Figures 5c, 5f, and 5i. We observe that behind the front, patches with high values of water saturation are rather
absent and tend to appear for very high values of overall water saturation.

Seismic waves are expected to respond to the evolution of the saturation field in each imbibition process
differently. In order to explore this, we include in Figure 6 the resulting P wave attenuation as a function of
overall water saturation and frequency for the three injection rates employed in Figure 5. Please note that each
numerical imbibition process reaches a different maximum overall saturation value. We observe that at very
low injection rates, the low-frequency peak associated with the saturation front is not significant (Figure 6a).
This is possibly due to the fact that for such low injection rates, the saturation front is rather irregular and, thus,
the pressure relaxation process taking place at a certain region of the front tends to interact with those arising
in the surrounding regions, which in turn diminishes WIFF effects. Conversely, the attenuation peak produced
by isolated water patches formed behind the saturation front is significant, with Q values below 100 for Sw

values above 90%. The importance of this manifestation of WIFF is related to the fact that the considered
slow injection rate favors the formation of patches having high values of local water saturation behind the
saturation front, which creates strong compressibility contrast and WIFF.

When we increase the injection rate, seismic attenuation experiences significant changes, as shown in
Figures 6b and 6c. We observe that a low-frequency peak arises for overall saturations ranging from 30% to
80% and increases its magnitude with increasing injection rate. Note that this low-frequency peak presents
a transient behavior. That is, it grows as both the characteristic size of saturation front and the compress-
ibility contrast increase, and, finally, it disappears once the saturation front has passed through the sample.
In addition, as a higher injection rate hinders the formation of patches with high water saturation values
behind the saturation front, the associated high-frequency peak is reduced, as depicted by Figures 6b and 6c.

4. Discussion

To our knowledge, little work has so far been done to study in detail the causes of seismic attenuation
observed during imbibition processes in general and the role of the injection rate in particular. Our numer-
ical analysis indicates that the heterogeneous saturation fields produced during imbibition processes and
related to subsample-scale heterogeneities can lead to measurable levels of seismic attenuation due to WIFF.
In particular, we observe in Figure 6 that this dissipation mechanism gets more significant for overall water
saturations greater than 90%. This is in correspondence with laboratory measurements of seismic attenuation
(e.g., Murphy, 1984; Tisato & Quintal, 2013; Winkler & Nur, 1979; Yin et al., 1992). For example, Yin et al. (1992)
performed imbibition experiments in a Berea sandstone and observed an attenuation peak located at ∼97%
brine saturation. They attributed the frequency-dependent behavior of seismic attenuation to WIFF taking
place between isolated patches formed during the imbibition experiment. More recently, Tisato and Quintal
(2013) studied seismic attenuation in a partially saturated Berea sandstone for increasing water saturation
values. They observed frequency-dependent attenuation for overall water saturation values of 86.5% and
97.1%, and they argued that it was generated by mesoscopic WIFF due to a heterogeneous pore fluid
distribution.

It is important to notice here that while the Q values observed in the laboratory experiments considered
in the above mentioned studies are approximately 25, our simulations only produce values of 80 or higher.
To explore this discrepancy between the attenuation levels, we have performed an exhaustive analysis con-
sidering different lithologies, pore fluids for the nonwetting phase (methane, CO2, and air), porosity-elastic
moduli relations, and properties of the stochastic porosity field, and the general levels of seismic attenuation
turned out to be similar to or below those included in this work. In this context, it should be noticed that
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we compute Q−1
p using the complex-valued frequency-dependent equivalent modulus Mc, while the above

mentioned studies compute extensional attenuation Q−1
E using the complex-valued frequency-dependent

equivalent Young’s modulus E. The equivalent Young’s modulus and the extensional attenuation can be
calculated as (Tisato & Quintal, 2013)

E = 𝜇c

(
3Mc − 4𝜇c

)
Mc − 𝜇c

, Q−1
E = ℑ{E}

ℜ{E}
, (19)

where 𝜇c is the equivalent shear modulus of the heterogeneous saturated sample and ℑ denotes the corre-
sponding imaginary part. In our case, an approximation of E can be obtained by considering a constant 𝜇c,
equal to the mean shear modulus of the dry frame. This assumption is supported by the fact that the main
contrasting heterogeneities present in our numerical simulations are related to the fluid saturation field and
not to the rock properties. This approach leads to Q−1

E values for our simulations that are ∼40% lower than
those of Q−1

p which, in other words, implies that the discrepancies between the attenuation levels simulated in
this work and those observed in laboratory experiments are even more dramatic. These discrepancies there-
fore suggest that other energy dissipation mechanisms, such as squirt flow or anelasticity of the dry frame,
are expected to play a predominant role during imbibition processes. Some of these attenuation mechanisms
produced by microscopic characteristics of the rock frame can be incorporated into the numerical upscaling
procedure by employing complex-valued frequency-dependent bulk and shear moduli of the rock dry frame,
as proposed by Rubino and Holliger (2012).

Due to computational limitations, the analysis presented in this work has been limited to 2-D. Although the
associated assumptions with regard to the third dimension may indeed cause artifacts, the overall nature of
the results obtained in this paper is expected to remain valid. In this context, it is important to remark that the
attenuation behaviors derived from the numerical upscaling procedure can be considered comparable with
those obtained from laboratory subresonance experiments (e.g., Tisato & Madonna, 2012). Conversely, during
laboratory attenuation estimates based on the transmission of a seismic pulse, the attenuation peak produced
by the saturation front cannot be seen. Instead, the saturation front could be interpreted in the seismic data as
a reflective interface. The patches containing high levels of water saturation and located behind the saturation
front, on the other hand, could produce seismic attenuation due to WIFF. For sufficiently high frequencies,
however, instead of producing attenuation due to WIFF, they will generate scattering. In addition, although
the numerical analysis included in this work considers heterogeneous distributions of the properties of the
dry rock frame, the general findings are expected to be applicable to imbibition experiments applied to rocks
considered to be homogeneous. This statement is based on the fact that permeability is a highly fluctuating
parameter, which can vary over several orders of magnitude in short distances and whose local determination
within a porous rock is very difficult to achieve. Indeed, the permeability value commonly inferred from flow
tests in laboratory experiments corresponds to an effective hydraulic permeability at the sample’s scale, but
no detailed information on the permeability fluctuations possibly occurring at subsample scale is provided.
Taking into account that permeability is a key parameter controlling the fluid distributions in response to
imbibition experiments, heterogeneous saturation fields with characteristics comparable to those observed
in the numerical simulations are expected to arise.

It is clear from our numerical analysis that besides the overall saturation value, the detailed geometrical char-
acteristics of the fluids patches are of great importance with respect to the associated seismic attenuation due
to WIFF. As shown in Figure 5, different injection rates generate different distributions of gas patches for the
same overall saturation value. The impact of the injection rate on the generation of fluid patches can be ana-
lyzed by means of the capillary number Ca. This dimensionless number is used to quantify the ratio of viscous
to capillary forces. There are different definitions for the capillary number; however, for a Darcy-scale process
it can be expressed as (Hilfer & Øren, 1996)

Ca =
𝜂wqwl

𝜅 pd

, (20)

where l, qw , pd , and 𝜅 are characteristic values for the sample length, the Darcy velocity of the wetting phase,
the entry pressure, and the rock permeability, respectively. If an injection process has a capillary number
greater than 1, the viscous forces dominate the displacement. Conversely, if Ca <1, capillary forces dominate
the fluid displacement (Armstrong et al., 2014). We take l as the length of the subsample, qw as the injection
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rate, and 𝜅 and pd as the arithmetic mean of the permeability and entry pressure computed within the sub-
sample, respectively. We obtain three capillary numbers, Ca1

= 0.45, Ca2
= 2.24, and Ca3

= 4.45, in correspon-
dence with the chosen injection rates, qT

w1
=1×10−4 m/s, qT

w2
=5×10−4 m/s, and qT

w3
=1×10−3 m/s. Our results

show that viscous-dominated imbibition processes are characterized by a sharp saturation front discontinuity
(Figures 5c, 5f, and 5i) and, thus, present an associated dominating attenuation peak that shifts toward lower
frequencies with increasing overall saturation values (Figure 6c). This manifestation of WIFF can arise while the
saturation front is present in the sample. For capillary-dominated processes, on the other hand, the saturation
fields are characterized by substantial water and gas trapping and an irregular saturation front (Figures 5a, 5d,
and 5g). The associated seismic attenuation is mainly due to WIFF between isolated patches with very high
levels of water saturation and their surroundings. Our numerical analysis indicates that the corresponding
attenuation peak shifts toward higher frequencies with increasing values of overall water saturation of the
sample (Figure 6a). These contrasting behaviors indicate that it may be possible to discern whether a given
imbibition process is capillary dominated or viscous dominated by observing the evolution of the associated
seismic attenuation signatures.

5. Conclusions

In this paper, we have implemented a numerical procedure to emulate a laboratory-based forced imbibi-
tion process in a heterogeneous sandstone sample. We then selected a subsample of the considered rock
and, employing the resulting time-dependent saturation fields, we applied a numerical upscaling procedure
to quantify seismic attenuation due to WIFF. Based on this joint approach, we performed a comprehen-
sive numerical analysis to explore the geometrical characteristics of the fluid distributions in response to
imbibition experiments, the impact on seismic attenuation, and the role played by the injection rate.

Our results showed that measurable levels of seismic attenuation due to WIFF can arise during imbibition
processes, especially for high values of overall water saturation. Moreover, two attenuation peaks can arise.
Analysis of the local contribution to the overall seismic attenuation allowed us to demonstrate that the first
attenuation peak is produced by the compressibility contrast related to the presence of the saturation front
and tends to appear during viscous-dominated imbibition processes, which are produced by high injection
rates. Moreover, this attenuation peak vanishes when the saturation front has passed through the sample.
The second attenuation peak, on the other hand, arises at higher seismic frequencies and is produced by the
presence of patches characterized by very high local levels of water saturation located behind the saturation
front. This manifestation of WIFF plays an important role during capillary-dominated processes, that is, for rela-
tively low injection rates. The magnitude of the attenuation peaks produced by the two manifestations of WIFF
tends to increase with increasing overall water saturation. However, while the peak produced by the saturation
front shifts toward lower frequencies with increasing overall water saturation, the one related to patches of
high water saturation shifts toward higher frequencies. The results of this work, in combination with the pro-
posed joint numerical approach, constitute a useful framework for the interpretation of seismic attenuation
in partially saturated formations in general and during forced imbibition experiments in particular.

Appendix A: Boundary Conditions Related to the Two-Phase Fluid Flow Simulations

To obtain the saturation distribution of a numerical rock sample subjected to a forced imbibition procedure,
equations (5)–(11) are solved using a finite element procedure under corresponding initial and boundary
conditions. Let Ω = Lx × Ly be a domain that represents the probed sample. In addition, Γ is the boundary of
Ω, which is given by Γ = ΓL ∪ ΓB ∪ ΓR ∪ ΓT , where

ΓL = {(x, y) ∈ Ω ∶ x = 0}, (A1)

ΓR = {(x, y) ∈ Ω ∶ x = Lx}, (A2)

ΓB = {(x, y) ∈ Ω ∶ y = 0} , (A3)

ΓT =
{
(x, y) ∈ Ω ∶ y = Ly

}
. (A4)
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Moreover, 𝝂 denotes the unit outer normal on Γ and 𝝌 is a unit tangent so that {𝝂,𝝌} is an orthonormal
system on Γ.

To solve the two-phase flow equations, we consider the initial condition

Sw = 8% (x, y) ∈ Ω, (A5)

and boundary conditions

qw ⋅ 𝝂 = −qT
w, (x, y) ∈ ΓT , (A6)

qw ⋅ 𝝂 = 0, (x, y) ∈ ΓL ∪ ΓR, (A7)

qn ⋅ 𝝂 = 0, (x, y) ∈ ΓT ∪ ΓL ∪ ΓR, (A8)

pw = 10 MPa, (x, y) ∈ ΓB, (A9)

Sw = 8%, (x, y) ∈ ΓB. (A10)

Appendix B: Numerical Oscillatory Relaxation Test for Computing Seismic
Attenuation Due To WIFF
To compute the response of the sample subjected to the relaxation test, we solve Biot’s (1941) quasi-static
poroelastic equations, which in the space frequency domain results in the following system of equations

∇ ⋅ 𝝈 = 0, (B1)

∇pf = −i𝜔
𝜂

𝜅
w. (B2)

Equations (B1) and (B2) are coupled through the stress-strain constitutive relations (Biot, 1962)

𝝈 = 2𝜇m𝝐 + I
(
𝜆c∇ ⋅ u − 𝛼M𝜁

)
, (B3)

pf = −𝛼M∇ ⋅ u + M𝜁, (B4)

where I is the identity matrix and u the average solid displacement. The strain tensor is given by 𝝐 =
1
2

(
∇u + (∇u)T), with T denoting the transpose operator. The poroelastic Biot-Willis parameter 𝛼, the fluid

storage coefficient M, and the Lamé parameter 𝜆c are given by (e.g., Rubino et al., 2009)

𝛼 = 1 −
Km

Ks
, (B5)

M =
(
𝛼 − 𝜙

Ks
+ 𝜙

Kf

)−1

, (B6)

𝜆c = Km + 𝛼2M − 2
3
𝜇m. (B7)

The diffusivity D, employed in equation (18), can be expressed in terms of the poroelastic properties of the
fluid-saturated porous rock (e.g., Rubino & Holliger, 2012)

D = 𝜅

𝜂f

(
ML − 𝛼2M2

L

)
, (B8)

with L = 𝜆c + 2𝜇m.
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Equations (B1)–(B4) are numerically solved under corresponding boundary conditions. Let Ωsub be a domain
that represents the sample subjected to the oscillatory test. In addition, Γsub is the boundary of Ωsub. We
consider the following boundary conditions

u ⋅ 𝝂sub = −Δu, (x, y) ∈ ΓT
sub, (B9)

u ⋅ 𝝂sub = 0, (x, y) ∈ ΓL
sub ∪ ΓR

sub ∪ ΓB
sub, (B10)

(
𝝈 ⋅ 𝝂sub

)T
⋅ 𝝌 sub = 0, (x, y) ∈ Γsub, (B11)

w ⋅ 𝝂sub = 0, (x, y) ∈ Γsub, (B12)

where ΓL
sub, ΓR

sub, ΓB
sub, and ΓT

sub are the left, right, bottom, and top boundaries of the sample, respectively, and
𝝂sub and 𝝌 sub are the unit normal and the unit tangent of the sample’s boundary Γsub, respectively.

A finite element procedure is then employed to solve equations (B1)–(B4) under the previously described
boundary conditions. We use bilinear functions to approximate the solid displacement vector and a closed
subspace of the vector part of the Raviart-Thomas-Nedelec space of zero order for representing the rela-
tive fluid displacement (Nedelec, 1980; Raviart & Thomas, 1977). Assuming that the average response of the
probed sample can be represented by an equivalent homogeneous isotropic viscoelastic solid, the resulting
averages over the sample’s volume of the vertical components of the stress and strain fields, ⟨𝜎yy(𝜔)⟩ and⟨𝜖yy(𝜔)⟩, allow to compute a complex-valued frequency-dependent equivalent plane wave modulus

Mc(𝜔) =
⟨𝜎yy(𝜔)⟩⟨𝜖yy(𝜔)⟩ . (B13)

The P wave inverse quality factor 1∕Qp is then given by (e.g., Solazzi et al., 2016)

1
Qp

=
ℑ{Mc(𝜔)}
ℜ{Mc(𝜔)}

. (B14)
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