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ow-frequency reflections from a thin layer with high
ttenuation caused by interlayer flow
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ABSTRACT

The 1D interlayer-flow �or White’s� model is based on Biot’s
theory of poroelasticity and explains low-frequency seismic
wave attenuation in partially saturated rocks by wave-induced
fluid flow between two alternating poroelastic layers, each satu-
rated with a different fluid. We have developed approximate
equations for both the minimum possible value of the quality fac-
tor, Q, and the corresponding fluid saturation for which Q is min-
imal. The simple approximate equations provide a better insight
into the dependence of Q on basic petrophysical parameters and
allow for a fast assessment of the minimal value of Q. The ap-
proximation is valid for a wide range of realistic petrophysical
parameter values for sandstones partially saturated with gas and
water, and shows that values of Q can be as small as two. We ap-
t
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N15
lied theinterlayer-flow model to study the reflection coefficient
f a thin �i.e., between 6 and 11 times smaller than the incident
avelength� layer that is partially saturated with gas and water.
he reflection coefficient of the layer, caused only by a contrast

n attenuation between the layer and the nonattenuating back-
round medium, can be larger than 10% for Q�4 within the lay-
r. The reflection coefficient was calculated with finite difference
imulations of wave propagation in heterogeneous, poroelastic
olids and in equivalent viscoelastic solids. The reflection coeffi-
ient of the layer is also estimated with an analytical solution us-
ng a complex velocity for the layer. The numerical and analytical
esults agree well. Our results indicate that reflection coefficients
f gas reservoirs can be significantly increased and frequency de-
endent in the low-frequency range because of attenuation with-
n the reservoir caused by wave-induced flow.
INTRODUCTION

Because the exploration industry continues efforts to extend the
andwidth of the seismic experiment, it is imperative to understand
he reflectivity structure of the subsurface at low frequencies. Rock
hysics models indicate that partially saturated reservoirs can exhib-
t high attenuation and dispersion characteristics at frequencies less
han about 10 Hz �e.g., White et al., 1975; Pride et al., 2004; Toms et
l., 2006; Carcione, 2007�. High attenuation �or low-quality factor,
� contrast can significantly increase the reflection coefficient at a
oundary, which has been shown by analytical �e.g., Bourbié et al.,
987�, numerical �e.g., Ganley, 1981; Bourbié and Gonzalez-Serra-
o, 1983; Carcione et al., 1998�, and laboratory �e.g., Bourbié and
ur, 1984� studies. The implication is that the low-frequency reflec-

ivity structure of the subsurface may be significantly different than
hat encountered thus far in seismic experiments. The additional re-
ectivity of porous rocks with multiphase fluid content �as opposed
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o those fully saturated with water�, because of attenuation, can sig-
ificantly increase the amplitude of reflections of hydrocarbon reser-
oirs.Attenuation-dominated reflection coefficients can even lead to
ignificant reflectivity when there is no acoustic impedance contrast
etween a reservoir and the surrounding country rock, and when the
avelengths of the seismic waves are much greater than the thick-
ess of the reservoir.

High values of attenuation in hydrocarbon reservoirs have often
een observed �e.g., Klimentos, 1995; Dasgupta and Clark, 1998;
apoport et al., 2004; Maultzsch et al., 2003�, and related reflections

n the low-frequency range have recently attracted an increased in-
erest in the scientific and industrial communities. Chapman et al.
2006� remark that hydrocarbon reservoirs often show abnormally
igh attenuation in the low-frequency range. Goloshubin et al.
2006� use some examples of field-data processing to show that oil-
ich reservoirs exhibit increased reflective properties at low frequen-
ies, and that expanding the active seismic bandwidth to low fre-

ust 2008; published online 17 December 2008.
erdw.ethz.ch; stefan.schmalholz@erdw.ethz.ch.
.podladchikov@fys.uio.no.
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N16 Quintal et al.
uencies has a strong potential for predicting fluid content. Korneev
t al. �2004� observed in both laboratory and field data that phase de-
ay associated with high attenuation allows increased reflectivity
rom thin layers at the low-frequency end of the spectra.

The major cause of seismic attenuation in porous media in the
ow-frequency range is presumably wave-induced fluid flow on the

esoscopic scale, i.e., the scale much larger than the pore size but
uch smaller than the wavelength �e.g., White et al., 1975; Pride et

l., 2004; Toms et al., 2006�.Attenuation and velocity dispersion can
e explained by the combined effect of mesoscopic-scale inhomoge-
eities and energy transfer between wave modes �conversion of fast
-wave to slow P-wave�. If the compressibility of the fluids varies
ignificantly in that scale, the flow of pore fluids between different
egions can be important at low �seismic� frequencies �e.g., 1 to
0 Hz�. White �1975� and White et al. �1975� were the first to intro-
uce the mesoscopic-loss mechanism providing a physically based
odel for low-frequency wave attenuation. White �1975� presents a

D model considering gas pockets in a water-saturated porous medi-
m. White et al. �1975� present a 1D version of the 3D model, re-
erred to as the interlayer-flow model. The analytical solution of

hite’s model yields the velocity dispersion and the frequency-de-
endent quality factor, Q, for a given set of rock properties. Dutta
nd Odé �1979a, b� and Dutta and Seriff �1979� solve the problem
xactly by using Biot’s theory �Biot, 1962� and confirm White’s re-
ults. They show that wave-induced flow of the pore fluid can be
odeled using Biot’s equations of poroelasticity �Biot, 1962� with

patially varying petrophysical parameters. Several laboratory ex-
eriments with porous rocks provided evidence of the existence of
esoscopic saturation heterogeneities �Murphy, 1984; Cadoret et

l., 1995, 1998�.
In this study, we use the 1D interlayer-flow model �White et al.,

975; Carcione and Picotti, 2006� to investigate if attenuation in a
eservoir can be high enough so that the reflection coefficient of a
hin reservoir layer caused only by attenuation can be significant,
.e., larger than 5%. The first aim of this study is to derive a simple,
pproximate equation to calculate the minimum value of Q for a few
ealistic petrophysical parameter values for a homogeneous rock
artially saturated with water and gas. To do so, we group the petro-
hysical parameters, required by the analytical solution of the 1D in-
erlayer-flow model, into two subsets: s and g. One group of petro-
hysical parameters, s �dominated by the flow parameters, viscosity
nd permeability�, controls the transition frequency f tr at which the
inimum value of Q is achieved; and the other group, g �consisting
ostly of elastic moduli and porosity�, dominates the calculation of

he value of the minimum Q. Using the approximate equation, we are
ble to quickly calculate lower bounds of Q for realistic earth param-
ters. The second aim of this work is to quantify the reflection coeffi-
ient of a thin �compared to the wavelength� attenuating layer repre-
enting a reservoir and exhibiting a small value of Q caused by inter-
ayer flow. We study the reflection coefficient of a thin layer having
igh attenuation but no �real part of� acoustic-impedance contrast
ith the surrounding background medium with: �1� finite-difference
odeling of wave propagation in a heterogeneous poroelastic medi-

m �Biot’s equations�, �2� finite-difference modeling of wave propa-
ation in an equivalent viscoelastic medium, and �3� an analytical
olution for the reflection coefficient of a thin elastic layer using a
omplex P-wave velocity for the layer.

We start with a description of the interlayer-flow model and the
erivation of a new approximation for the minimum value of the
uality factor, Qmin. Next, dispersion and attenuation resulting from
nterlayer flow are approximated with an equivalent viscoelastic

odel. Afterward, numerical simulations and an analytical solution
re used to quantify the reflection coefficient from a thin layer be-
ause of attenuation contrast caused by interlayer flow and vis-
oelasticity.

THE ANALYTICAL SOLUTION
OF WHITE’S MODEL

In the 1D interlayer-flow model �e.g., White et al., 1975; Norris,
993; Carcione and Picotti, 2006�, a partially saturated reservoir is
epresented by a laminated solid made of two periodically alternat-
ng layers of media 1 and 2. Each medium is a fully saturated po-
oelastic solid that differs by the pore fluid properties, here alternat-
ng water and gas saturation. Recent detailed descriptions of the 1D
nterlayer-flow model can be found in Carcione and Picotti �2006�
nd Carcione �2007�. Attenuation and the associated dispersion of
he phase velocity are caused by wave-induced viscous �dissipative�
uid flow, generated by fluid pressure differences between the lay-
rs. The analytical solution for the interlayer-flow model yields the
requency-dependent quality factor Q and phase velocity VP for a
iven set of rock properties �White et al., 1975; Carcione and Picotti,
006�. Q and VP are given by

Q �
Re�E�
Im�E�

, �1�

VP � �Re� 1

V
���1

, �2�

here E is the complex modulus for a P-wave traveling along the di-
ection perpendicular to the layering, also called plane-wave modu-
us, and V is the complex velocity, or

V ��E

�
, �3�

here � is the bulk density of the partially saturated poroelastic me-
ium. We rearrange the equations of the analytical solution for the
requency-dependent quality factor Q given by Carcione and Picotti
2006�. To better understand the controlling parameters, we begin by
efining the complex modulus E as the product of a real number E0

nd a complex number, b,

E � E0b , �4�

here

E0 � � p1

EG1
�

p2

EG2
��1

�5�

nd

b � �1 � �I1g1 � I2g2��1��1, �6�

o that we obtain the equation

Q �
Re�b�
Im�b�

. �7�
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Reflections from a layer with attenuation N17
he indexes 1 and 2 refer to the two different porous media, i.e., the
wo periodically alternating layers. For each saturated porous medi-
m �j � 1,2�

gj �
KEj

2E0�r2 � r1�2pj
, �8�

Ij � �i�sj coth� i�sj

2
� , �9�

nd

sj �
� jdj

2

KEjkj
. �10�

he quality factor Q �equation 7� was written as a function of two
roups of petrophysical parameters, s and g, and the angular fre-
uency, ���2� f�. Table 1 shows the symbols used for the basic
etrophysical parameters mentioned in this paper, and all remaining
arameters are defined below, with the index j omitted for clarity

p �
d

d1 � d2
, �11�

here d is the thickness of the layer, and the normalized layer thick-
ess p represents the saturation of the corresponding fluid in the par-
ially saturated reservoir. The plane-wave modulus of the saturated
ock is

EG � KG �
4

3
�m, �12�

n effective modulus is

KE �
EmM

EG
, �13�

he ratio of fast P-wave fluid tension to total normal stress is

r �
�M

EG
, �14�

able 1. Symbols used for the basic petrophysical
arameters.

Symbol Parameter

� Porosity

Km Bulk modulus of the dry frame

�m Shear modulus of the dry frame

Ks Bulk modulus of the grain

�s Shear modulus of the grain

Kf Bulk modulus of the fluid

� Viscosity

k Permeability

�s Density of the grain

� f Density of the fluid
he Gassmann modulus is

KG � Km � �2M , �15�

he dry-rock fast P-wave modulus is

Em � Km �
4

3
�m, �16�

he solid-grain bulk modulus is

M � �� � �

Ks
�

�

Kf
��1

, �17�

nd

� � 1 �
Km

Ks
. �18�

he subscripts m stands for matrix �or dry frame�, s and f for solid
nd fluid constituents, respectively, G for Gassmann, and E for ef-
ective. Equation 12 gives the low-frequency plane-wave modulus
hen the bulk modulus of the fluid is averaged according to Gas-

mann-Wood’s law, and equation 5 gives the high-frequency plane-
ave modulus, according to Gassmann-Hill’s law �e.g., Mavko et

l., 1998; Carcione and Picotti, 2006; Toms et al., 2006�.We present
ere a modified form of the equation for Q �equation 7� by only rear-
anging E in equation 4 to express Q as a function of two petrophysi-
al parameter groups, g and s, and the angular frequency �. The pa-
ameter s �equation 10� is dominated by the flow parameters, viscos-
ty and permeability, and g �equation 8� consists mostly of elastic

oduli and porosity. The frequency-dependent parameter Q has al-
ays a minimum at a certain frequency, referred to here as transition

requency, f tr.An approximation for f tr was given by Dutta and Seriff
1979� for a rock partially saturated with water and gas �i.e., one fluid
ompressibility much smaller than the other�:

f tr �
8k1KE1

��1d1
2 �

8

�s1
, �19�

here index 1 refers to the water-saturated layer. The transition fre-
uency is a function of the parameter s, which is one of the two petro-
hysical parameter groups introduced above when decomposing the
nalytical solution for Q. In the following section, we consider only
he value of Q at the transition frequency, which is minimal with re-
pect to all frequencies but can still vary significantly with varying
etrophysical parameters. With further insight into the expression
or Q �equation 7�, we provide here an approximate equation for the
inimum value of Q with respect to the petrophysical parameters

always at the transition frequency�, referred to here as Qmin.

he approximation for Qmin

The analytical solution of the interlayer-flow model �equations
–18� yields Q �equation 1 or 7� as a complicated function of petro-
hysical parameters, and it is not straightforward to evaluate the in-
uence of each one on the attenuation of a partially saturated rock
Carcione and Picotti, 2006�. It is therefore difficult to evaluate how
mall the value of Q can be for a partially saturated reservoir rock in
he low-frequency range. For a sinusoidal motion in a standard linear
olid, or a Zener �1948� viscoelastic material, the minimum quality
actor Qmin at the transition frequency can be approximated by �e.g.,
iu et al., 1976; Mavko et al., 1998�
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N18 Quintal et al.
Qmin � �Re�E�
Im�E��min

�
2�EHEW

EH � EW , �20�

here EW and EH are the low- and high-frequency limits of the com-
lex modulus E. At those limits, the modulus E becomes real and in-
ependent of frequency, and thus the material behaves elastically. If
e assume that the frequency-dependent behavior of Q in a Zener
iscoelastic material is similar to the frequency-dependent behavior
f Q in the interlayer-flow model, we can use saturation averaging
or calculating E in the low- and high-frequency limits, i.e., Gas-
mann-Wood and Gassmann-Hill limits, respectively �e.g., Mavko
t al., 1998; Toms et al., 2006�. This indicates that the value of Qmin is
ndependent of the ratio � /k, which is only part of the parameter s
equation 10� but not present in the Gassmann-Wood and Gas-
mann-Hill limits �equations 12 and 5, respectively�. We therefore
ested the dependence of Qmin on s using the analytical solution
equations 4–18�. We used typical parameters for reservoir rocks
aving partial water/gas saturation �Table 2� and varied the rock pa-
ameters independently within a realistic range �e.g., Ks from
5 to 40 GPa, � from 0.1 to 0.3, and d1 from 0.1 m to 1 m�. We
ound that the variation of Qmin with s is indeed negligible. Instead,
he amplitude of Qmin is effectively a linear function of only g �equa-
ion 8�, or more precisely, the sum g1 � g2 �Figure 1�

Qmin � 1.3 � 4.9�g1 � g2� . �21�

his approximation indicates that the value of Qmin should never be
maller than 1.3 because the parameter g1 � g2 is always positive.
he approximation also gives the order of magnitude of the mini-
um value of Qmin that can be expected for the interlayer-flow model

or typical reservoir rocks having partial water/gas saturation.
However, Qmin is still a complicated function of several basic

etrophysical parameters, for example Ks, Kf, p, and �, and we seek
simpler estimate for Qmin. Using equations 8 and 11,

g1 � g2 �
1

2E0�r2 � r1�2�KE1

p1
�

KE2

p2
� . �22�

e define the patch-size or saturation ratio

pr � p2/p1, �23�

nd substitute equations 5 and 23 in equation 22

able 2. Petrophysical parameters used in this study. See
able 1 for definition of the symbols.

Water-saturated
sandstone

Gas-saturated
sandstone

Background
medium

s �GPa� 37 37 8

s �GPa� 44 44 6

s �kg/m3� 2650 2650 1800

0.3 0.3 0.01

f �GPa� 2.4 0.022 2.4

f �kg/m3� 1000 100 1000

�Pa s� 0.001 10�5 0.001
g1 � g2 �
1

2�r2 � r1�2�KE1 �
KE2

pr
�� 1

EG1
�

pr

EG2
� .

�24�

ecause of the linear dependence in equation 21, Qmin is minimal if
1 � g2 is minimal. Inspecting equation 24, we see that g1 � g2

ust have a minimum for a certain value of pr which can be deter-
ined by setting the derivative of g1 � g2 with respect to pr to zero:

d

dpr
�g1 � g2� � 0. �25�

olving equation 25 for pr, we find the optimal patch-size ratio �or
ptimal saturation ratio� that minimizes g1 � g2,

pr
min ��EG2KE2

EG1KE1
. �26�

ubstituting equation 26 in equation 24, we eliminate the geometri-
al �or saturation� parameter involved in the formula for Qmin �equa-
ions 21 and 24�

g1 � g2 �
1

2�r2 � r1�2��KE1

EG1
��KE2

EG2
�2

. �27�

n addition, we want the approximation for Qmin �equation 21�, for
ypical reservoir rocks with partial water/gas saturation, expressed
n terms of the basic petrophysical parameters. We substitute the def-
nitions of EG, KE, r, and M �equations 12–14 and 17� in equation 27.

e make the approximation M2 � 0, based on the fact that
f2�Kf1, for gas/water saturation. Then g1 � g2 can be approxi-
ated as

g1 � g2 � q �

�Km

Ks
�

4�m

3Ks
��1 � � �

�Ks

Kf1
�

Km

Ks
�

2�1 �
Km

Ks
� .

�28�

he approximate parameter q is a function of the four parameters
m/Ks,�m/Ks,Kf1/Ks, and �. The ratios Km/Ks and �m/Ks are related

igure 1. Exact values of Qmin �the circles� calculated using the ana-
ytical solution of White’s interlayer-flow model for a wide variation
f realistic parameters for reservoir rocks having partial gas/water
aturation �Table 2� as a function of the parameter g1 � g2 �equation
2�. The approximately linear variation of Qmin with the value of g1

g is fitted accurately with the straight solid line.
2
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Reflections from a layer with attenuation N19
o the degree of consolidation of the rock �see next section�, and the
atio Kf1/Ks expresses the bulk modulus ratio of fluid �water� and sol-
d constituents. Using q, we fit the analytical value of Qmin with �Fig-
re 2�

Qmin � 1.8 � 6.3q . �29�

pplication of the approximation for Qmin

The approximate value of Qmin �equation 29� for a reservoir rock
ith partial water/gas saturation is a function of the four parameters
m/Ks,�m/Ks,Kf1/Ks, and �. However, the parameters Km and �m are

elated to Ks and �s, respectively, through �. There are empirically
erived equations for those relations in the literature �e.g., Krief et
l., 1990; Pride, 2003�. We use here Pride’s �2003� equations:

Km � Ks�1 � ��/�1 � c�� , �30�

�m � �s�1 � ��/�1 � 3c� /2� . �31�

he parameter c is related to the degree of consolidation between
rains and the greater it is, the less consolidated the rock is. The pa-
ameter c is considered to vary between two and 20 for consolidated
andstones �Pride, 2003�, but values of Ks, Km, and � found in the lit-
rature provide values of c about 40 and larger �e.g., Müller and
urevich, 2005; Carcione and Picotti, 2006�.
We fix the values for Ks, Kf1, and �s �Table 2, sandstone parame-

ers� and calculate the value of Qmin �with equation 29� in the space
m/Ks versus � �Figure 3a�. We apply Pride’s relations to evaluate if
ur independent variation of the two parameters Km/Ks and � gener-
tes acceptable values of c for reservoir rocks. We therefore plot the
alue of c, calculated from equation 30, also in the space Km/Ks ver-
us � �Figure 3b�. We consider here values of c as being acceptable
or realistic� if they are between two and 40. Figure 3b shows that
onacceptable values �i.e., c	40� only occur in a small area for
mall values of both Km/Ks and �. The contour line specifying c

40 is also plotted in Figure 3a to indicate the area of values of Qmin

orresponding to acceptable values of c. Values of Qmin can be as
mall as two for the petrophysical parameter values considered �Fig-
re 3a�. For the applied values, the optimal patch-size or saturation
atio �equation 26� is about 0.11, corresponding to about 9% gas sat-

igure 2. Exact values of Qmin �the circles� calculated using the ana-
ytical solution of White’s interlayer-flow model for a wide variation
f realistic parameters for reservoir rocks having partial gas/water
aturation �Table 2� as a function of the parameter q �equation 28�.
he parameter q is much simpler than the parameter g1 � g2 used in
igure 1. The approximately linear variation of Qmin with the value
f q is fitted accurately with the straight solid line.
ration �equation 23�. Figure 3a shows that the smallest values of

min occur for high values of c corresponding to less consolidated
ocks �according to Pride, 2003�. The error of the approximated val-
e of Qmin �equation 29� with respect to the exact value calculated
ith the analytical solution of the 1D interlayer-flow model �equa-

ion 1� is shown in Figure 3c, and we see that for realistic values of c,
t is smaller than 5%. The error is calculated using the values of Ks,

f1, and �s given in Table 2. A further variation of the values of Ks

nd �s within one order of magnitude, and a variation of Kf1 and Kf2

ithin a factor of two, provide approximations of Qmin �equation 29�

hat are still accurate within 10%, compared to the full analytical so-
ution �equation 1�. We therefore consider equation 29 a good ap-
roximation for most sandstones partially saturated with water and
as.

a)

b)

c)

igure 3. Contour plots of �a� Qmin �equation 29�, �b� the correspond-
ng value for c �equation 30�, and �c� the corresponding error of Qmin

ith respect to the exact analytical solution, all in the space Km/Ks

ersus �. For calculating the value of Qmin, the parameters Ks, Kf1,
nd �s are fixed and given in Table 2. The parameter c is the consoli-
ation parameter �equations 30 and 31; Pride, 2003�. Pride’s rela-
ions are used to evaluate if the independent variation of the two pa-
ameters, Km/Ks and �, generates acceptable �realistic� values of c
or reservoir rocks �i.e., between 2 and 40�. The bold contour line in
a� and �c� corresponds to c � 40 and realistic values of c occur
bove this line as shown in �b�. Qmin can be as small as two for c�40.
he error of Qmin in �c� is the absolute value of the difference between

he approximated �equation 29� and the exact analytical values of
, divided by the exact analytical value.
min
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N20 Quintal et al.
EQUIVALENT VISCOELASTIC MODEL

We use the Zener or standard linear solid model �Zener, 1948� for
viscoelastic solid to simulate an equivalent attenuation around the

ransition frequency in the reservoir, as the one provided by the inter-
ayer-flow model. The stress-strain relation for such viscoelastic

odel is �e.g., Carcione, 2007�


 � � 


�


� t
� ER�� � � �

��

� t
� , �32�

here 
 is stress, � is strain, ER is the relaxed modulus �obtained for
� 0�, and � 
 and � � �� � 
� 
 � are the relaxation times. These pa-

ameters are related to the properties of the three rheological ele-
ents �elasticity of the two springs and viscosity of the dashpot� of

he viscoelastic model �e.g., Carcione, 2007�. The frequency-depen-
ent complex modulus, E ��
 /��, is obtained by performing a Fou-
ier transform of equation 32, and

E � ER� 1 � i�� �

1 � i�� 

� . �33�

We calculate the parameters ER, � 
 , and � � for a specific mechan-
cal model that approximately fits the attenuation/dispersion behav-
or of the interlayer-flow model. We use the values of the minimum
uality factor �Qmin�, transition frequency �f tr�, and P-wave velocity
t the low-frequency Gassmann-Wood limit �VP

W, where the super-
cript W stands for Wood� of the interlayer-flow model to calculate

a)

b)

igure 4. �a� Frequency-dependent quality factor, Q, and �b� P-wave
elocity, VP, versus frequency. Q and VP are calculated by the analyt-
cal solution of the interlayer-flow model �White’s solution� and the
quivalent viscoelastic model �equations 32–36�. The petrophysical
arameters are for gas- and water-saturated sandstone �Table 2�, c

38, k � 170 mD, and the saturations have been calculated with
quation 26, providing about 9% gas saturation. For this set of pa-
ameters, the transition frequency is f tr � 6.5 Hz and the minimum
alue of Q is Q � 4.2.
min
hese parameters. The values of � 
 and � � are calculated by solving
wo equations for Qmin and f tr �Liu et al., 1976; Carcione, 2007�

Qmin � 2�� �� 
 /�� � � � 
 � , �34�

f tr � 1/�2��� �� 
 � , �35�

nd ER is calculated from

VP
W � �ER/� , �36�

here the P-wave velocity at the low-frequency limit �VP
W� is calcu-

ated using the Gassmann-Wood formula for averaging saturation
eterogeneities �Mavko et al., 1998; Toms et al., 2006� and � is the
ulk density of the partially saturated poroelastic medium, or the
ensity of the equivalent viscoelastic medium

� � �1 � ���s � �� f . �37�

nce the parameters ER, � 
 , and � � are known, the complex modu-
us, E, of the equivalent viscoelastic model can be calculated from
quation 33, and then the frequency-dependent Q and VP, using
quations 1–3. The frequency-dependent quality factor and P-wave
elocity of the partially saturated porous material �analytical solu-
ion of interlayer-flow model� and of the equivalent viscoelastic ma-
erial are shown in Figure 4. We used the parameters of a gas- and
ater-saturated sandstone, given in Table 2, with c � 38 and k
170 mD, to calculate the curves shown in Figure 4. Those physi-

al parameters provide Qmin � 4.2 and f tr � 6.5 Hz. For the equiva-
ent viscolastic model, we use the approximations given by equa-
ions 29 and 19, and the Gassmann-Wood formula to calculate the in-
ut Qmin, f tr, and VP

W, respectively. At frequencies higher than f tr, we
bserve a difference between the curves plotted using the analytical
olution of the interlayer-flow model and the equivalent viscoelastic
odel. This difference occurs because the value of Q for the vis-

oelastic model is proportional to the frequency �which can be ob-
erved in equation 33�, whereas the value of Q for the interlayer-flow
odel is proportional to the square root of the frequency �compare

quation 9�. Those differences are smaller than 5% for the P-wave
elocity and 25% for the quality factor if the frequencies are not larg-
r than four times the transition frequency. Because we are interested
ere only in frequencies closely around the transition frequency, this
iscoelastic approach yields a reasonably accurate approximation of
he quality factor for the purpose of our numerical simulations.

QUANTIFICATION OF REFLECTION
COEFFICIENT

We performed numerical simulations for seven different sets of
hysical properties, which provide different values of Qmin within a
ynthetic reservoir layer �Table 3�. However, for all simulations Qmin

ccurs at f tr � 6.5 Hz. The synthetic reservoir rock corresponds to
andstone partially saturated with water and gas �Table 2�. To quanti-
y the reflection coefficient of such reservoir layer with attenuation
aused by interlayer flow, we used the model setup shown in Figure
. The source is a sinusoidal signal with a frequency of 6.5 Hz and
he receiver is located close to the top of the synthetic reservoir. The
hin layer is located at a distance of 2.8 times the wavelength of the
inusoidal signal. The background medium is effectively elastic,
chieved by setting � � 0.01 for the poroelastic model. We want to
uantify the impact of only attenuation on the reflection coefficient
ithout any contrast in the real part of the acoustic impedance.
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Reflections from a layer with attenuation N21
herefore, we set for each simulation the impedance of the back-
round medium �having no attenuation� to the same value as the real
art of the impedance of the reservoir layer at the transition frequen-
y �which is also the frequency of the incident wave�. This is done by
nly changing the density of the background medium. We use the an-
lytical solution of the interlayer-flow model to determine the real
art of the impedance of the reservoir �i.e., impedance caused by the
eal part of velocity VP in equation 2�.

We model the wave propagation in poroelastic and equivalent vis-
olastic media using an explicit finite-difference scheme that is sec-
nd-order accurate both in time and space. For the porolastic simula-
ions we use the partition method �Carcione and Quiroga-Goode,
995� to solve Biot’s equations �Biot, 1962�. We successfully tested
he scheme versus White’s analytical solution �Quintal et al., 2007�.
or the viscoelastic simulations we use the standard linear solid
odel �Zener, 1948; Carcione, 2007� to simulate equivalent attenua-

ion in the viscoelastic reservoir as described in equations 32–37.
For the poroelastic simulations, the reservoir consists of 104 peri-

dically alternating couples of gas- and water-saturated layers, each
ouple being 48-cm thick providing a reservoir thickness of about
0 m. The optimal patch-size ratio �or saturation ratio�, which pro-
ides the value of Qmin, is determined with equation 26. In our simu-
ations with gas- and water-saturated sandstone about 9% of gas sat-
ration �i.e., 4.32-cm thick gas-saturated layer� yields the lowest
alue of Qmin. We used 16 numerical nodes for the thinner layer �the
as-saturated layer� and 32 nodes for the thicker layer �the water-sat-
rated layer�, i.e., 2496 nodal points in the reservoir. In the viscoelas-
ic case, the reservoir is a homogeneous solid and significantly less
odal points �200 nodal points� were required. The 50-m thick reser-
oir is considered a thin layer when compared to the wavelength in
he background medium � �Table 3�. For our seven experiments the
avelength � varies between 6.5 and 10.7 times the reservoir thick-
ess.

To numerically quantify the absolute value of the reflection coef-
cient and the phase shift, we performed additional simulations in

dentical setups, but without the reservoir. For each experiment with
different parameter set, first we subtract the amplitude of the re-

orded particle velocity field of the simulation with reservoir from
he one without reservoir �to remove the direct field, leaving only the
eflected field�, and second we divide the difference in amplitude by
he amplitude of the original incident particle velocity field to obtain
he absolute value of the reflection coefficient. To obtain the respec-
ive phase shifts between the reflected and incident signals, we mea-
ure the time shift in two different ways, and average them to reduce
he effect of distortion in the shape of the reflected signal. One way
as to measure the shift between the first maxima of reflected and in-

ident signals; the other way was to use in each signal the first zero
oint after the first maximum as reference. The phase shift is propor-
ional to the time shift.

able 3. Parameter variation for the reflection simulations (F
imulations at 6.5 Hz; � is the wavelength in the background

38 28 20

�mD� 170 152 138

min 4.2 5.0 6.2

�m� 535 504 464
We also analytically calculate the absolute value of the reflection
oefficient and the phase shift, using a 1D analytical solution for the
omplex, frequency-dependent, reflection coefficient of an elastic
ayer embedded in an elastic background medium given by �e.g.,
rekhovskikh, 1980�

R �
1 � z

1 � z
�1 �

4zu

�1 � z�2 � u�1 � z�2� , �38�

here u � exp��i2h� /V2�, h is the thickness of the layer �i.e., the
eservoir thickness�, and z � V2�2/V1�1 is the elastic impedance ra-
io. Index 2 represents the layer, and index 1 represents the back-
round medium. To account for the attenuation within the layer we
se the complex P-wave velocity given by White’s analytical solu-
ion �V in equation 3� for V2 in equation 38. The reflection coefficient
s complex and its magnitude is the absolute value of R. The phase

). The permeability k is changed to locate Qmin in all
m at that frequency.

14 10 7 5

125 117 110 105

8.1 10.7 14.7 20.2

427 389 354 324

igure 5. Model setup for numerical reflection simulations. The
ackground medium above and below the reservoir layer is effec-
ively elastic and the reservoir is either partially saturated poroelastic
r viscoelastic. The parameters used in the simulations are given in
ables 2 and 3. The wavelength in the background medium � is dif-
erent in each simulation �Table 3� due to a different set of parame-
ers. The density of the background medium is always changed in
uch a way so there is no elastic �real part of� impedance contrast be-
ween the reservoir and the background medium. The reservoir
epth is set to be a function of the wavelength in the background me-
ium so each wave always travels the same distance in terms of
avelength �here 2.8 �� from the receiver to the upper boundary of

he reservoir.
igure 5
mediu
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hift, associated with the reflection coefficient, is given by

� � tan�1 Im�R�
Re�R�

. �39�

Figure 6 shows the numerical and analytical results for the abso-
ute value of the reflection coefficient �Figure 6a� and the phase shift
Figure 6b� as a function of Qmin within the layer. We observe that the
bsolute value of the reflection coefficient increases with increasing
ttenuation �decreasing Q� within the layer, and the numerical re-
ults for poroelastic and equivalent viscoelastic media agree well
ith the analytical results. Changing the quality factor by a factor of
ve changes the absolute value of the reflection coefficient by about
factor of eight. The difference, in the absolute value of the reflec-

ion coefficient and the phase shift, between the numerical results for
he poroelastic simulation and the analytical results can be up to 25%
when Qmin � 20.2�. However, the analytical results are not the re-

a)

b)

igure 6. �a� Absolute value of the reflection coefficient of the 50-m
hin layer �Figure 5� and �b� the associated phase shift versus the

inimum value of quality factor Qmin within the layer.All axes are in
ogarithmic scale. Different values of Qmin have been generated by
arying the value of c �see Table 3�. The reflection is only caused by a
ontrast in attenuation. Changing the quality factor by a factor of five
hanges the absolute value of the reflection coefficient by about a
actor of eight. The reflection coefficient can be as high as 10% for a
alue the of Q of about four. The absolute value of the reflection co-
fficient and phase shift have been calculated using an analytical so-
ution �equation 38�, and numerical simulations of wave propagation
n both a partially saturated poroelastic medium and the equivalent
iscoelastic medium. The absolute values and the slope of the rela-
ion between the reflection coefficient and the quality factor agree
ell for all three models. The same is observed for the phase shift.
he maximal difference, in both the reflection coefficient and phase
hift, between the numerical interlayer-flow solution �poroelastic�
nd the simple analytical solution is about 25% �when Q � 20.2�.
min
ult for the same mathematical model describing interlayer flow in
oroelastic solids, which was solved with finite differences. There-
ore, the difference between analytical and numerical results here
oes not represent a numerical error, but rather the difference be-
ween the analytical approximation and the full numerical solution.

DISCUSSION

In this study we only considered interlayer flow caused by differ-
nces in the properties of the two pore fluids. For partial water/gas
aturation, the highest attenuation occurs for a small amount of gas
about 9% saturation�. We derived a new approximation for the
atch-size or saturation ratio �equation 26�, which enables calculat-
ng the water and gas saturations providing the minimum value of
he quality factor. We expect that this approximation is also valid for
ther combinations of pore fluids, such as partial water/oil or oil/gas
aturation, because Qmin can always be approximated as a linear
unction of g1 � g2, and only the values of the coefficients in equa-
ion 21 are expected to vary with different pore fluids.

At the transition frequency, the phase velocities predicted by the
assmann-Wood and Gassmann-Hill limits exhibit the largest dif-

erence, which means the largest dispersion and the largest attenua-
ion �or minimum quality factor�. Attenuation caused by interlayer
ow can also occur if the two fluid properties are identical but the
roperties of the rock alternate periodically, such as for example the
rain bulk modulus or the porosity �e.g., Pride et al., 2004�. For real-
stic petrophysical parameters the variations of pore fluid bulk mod-
lus and porosity most likely generate the highest values of attenua-
ion �Carcione and Picotti, 2006�.

The reflection coefficient from the thin layer with attenuation
Figure 6� is also affected by tuning. The applied layer thickness is
etween six to 11 times smaller than the wavelength of the incident
ave and therefore smaller than the tuning thickness, which is four

imes smaller than the wavelength �e.g., Brekhovskikh, 1980; Kall-
eit and Wood, 1982�. This means that the reflection coefficient can

ven be larger if the layer thickness corresponds to the tuning thick-
ess. In addition, the slope of the curve reflection coefficient versus
�Figure 6a� is also affected by tuning because the layer becomes

elatively thicker compared to the wavelength of the incident wave
or increasing values of Q �Table 3�.

The observed increased reflectivity of hydrocarbon reservoirs at
ow frequencies �e.g., Goloshubin et al., 2006� can be caused by
ave-induced fluid flow resulting from partial gas saturations at the
esoscopic scale. Zones of small gas saturation and high attenuation
ay be located around the hydrocarbon reservoir at the water/gas or

il/gas contacts where the saturation changes gradually. Low-fre-
uency reflections could be promising also for 4D �time-lapse� mon-
toring purposes, for example, to localize the gas/water front or to

onitor changes in the gas saturation through the corresponding
hange in attenuation and, hence, reflectivity.

Numerical modeling of wave propagation in a poroelastic partial-
y saturated �or patchy saturated� medium requires very high spatial
esolution because every patch has to be numerically resolved accu-
ately. An equivalent viscoelastic model, such as the one presented
ere, can be very useful for 2D and 3D numerical simulations in po-
oelastic partially saturated media with complicated geometries.
ur simple viscoelastic model provides a good approximation to the

nterlayer-flow model for frequencies lower than and around the
ransition frequency �Figure 4�.
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CONCLUSIONS

We derived a simple approximation for the minimum value of the
uality factor, Qmin, of the interlayer-flow model. The approximation
rovides accurate results for realistic values of parameters for sand-
tones partially saturated with water and gas. We also derived the op-
imal saturation ratio �or patch-size ratio� as a function of the elastic

oduli and the porosity, which provides the smallest value of Q. The
nterlayer-flow model can provide values of Q as small as 2 for real-
stic values of petrophysical parameters for sandstones partially sat-
rated with gas and water.

We presented a simple equivalent viscoelastic model for the inter-
ayer-flow model, which can be used when the maximum frequency
f the bandwidth of the numerical simulation is less than about four
imes the transition frequency �frequency at which Qmin occurs�.

We showed that the analytical solution for the reflection coeffi-
ient of a thin elastic layer embedded in an elastic medium can be
sed to estimate the reflection coefficient from a thin partially satu-
ated poroelastic layer with high attenuation caused by interlayer
ow.
The contrast only resulting from attenuation between a thin layer

thickness� wavelength� with attenuation �caused by interlayer
ow� and a background medium without attenuation can yield sig-
ificant reflections. High attenuation �e.g., Q�4� in thin layers can
ead to high reflection coefficients �R�10%� in the low-frequency
ange �f tr � 6.5 Hz�.
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