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eismic signature of a permeable, dual-porosity layer
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ABSTRACT

Of the key reservoir properties, permeability seems to be
the most elusive. Since the middle of the 90s, various seismic
attributes have been proposed to map permeability by using
detailed analysis of the frequency content of reflected
wavetrains. Some attributes are expected to show a relative
increase of high-frequency content with increased perme-
ability; other attributes assume the opposite. Actually, both
these trends were observed. A possible explanation of these
observations is here derived from an effective model of a per-
meable dual-porosity layer enclosed by impermeable rocks.
For such a model, the reflected wavetrain can be regarded as a
sum of three components, one of which is related to acoustic-
impedance contrasts, another to extra compliance caused by
P-wave-induced fluid flows between fractures and intergran-
ular pores with a high aspect ratio, and a third to the fluid-
flow-induced, inelastic attenuation. In layered reservoirs, all
the components tend to be frequency dependent, and the
well-known dependence of the first component on the reflect-
ing-layer thickness may strongly dominate the effects of per-
meability. Hence, predicting the behavior of a permeability
attribute in a particular environment requires a modeling for-
malism that can be called permeability substitution by analo-
gy with the widely used fluid-substitution technique.

INTRODUCTION

In dual-porosity rocks, the bulk of permeability is provided by
ractures connected with each other and with high-aspect-ratio inter-
ranular pores defined as equant pores by Thomsen �1995�. When a
-wave propagates through such a rock, a partial fluid exchange oc-
urs between fractures and pores. During the compression phase,
uid flows from the fractures to the pores, because the fractures are
ore compliant than are the pores. During the expansion phase, a

art of the fluid accumulated in the pores is sucked back into frac-
ures. The possibility of fluid exchange makes the rock more compli-
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nt than it is in the case of isolated pores and fractures. The more per-
eable the rock, the more extra compliance appears.
If rocks were infinitely permeable, this effect of compliance in-

rease and velocity decrease would be purely elastic. In rocks with
nite permeability, such fluid flow takes some energy from the prop-
gating wave, thus causing inelastic attenuation. As permeability
ends to zero, the fluid flow ceases to exist, so the fluid-flow-induced
nelastic attenuation should tend to zero as well. Hence, at some in-
ermediate permeability, the inelastic attenuation reaches its maxi-
um.
Supposedly, the decrease of P-wave velocity is an essential aspect

f the seismic signature of a permeability increase in the case of dual
orosity. A second aspect is the trend of inelastic attenuation. It has
ecome obvious that the attenuation can either increase or decrease
n response to the permeability increase, depending on which side of
he attenuation maximum the particular value of the rock permeabil-
ty is located. Also, when the fracturing is aligned, it is reasonable to
xpect both velocity and attenuation to be anisotropic.

These features of dual-porosity rocks have been intensely investi-
ated theoretically. Thomsen �1995� expresses the elastic effect of P-
ave-induced fluid exchange between �aligned� fractures and pores
ia an anisotropic fluid influence factor affecting the fracture-in-
uced extra compliance normal to the fracture faces. No explicit de-
endence on permeability is included in Thomsen’s �1995� formal-
sm, because the fracture network is assumed to be infinitely perme-
ble. Consequently, the fracture-induced extra compliance is just
hat of dry fractures, decreased to an extent that is defined by the rate
f equalization of P-wave-induced extra fluid pressure over all the
oids of the rock. At a very low frequency, when complete equaliza-
ion is reached at each cycle, the rock compliance tends to that of dry
ractures �maximum extra compliance�. At a very high frequency,
oo little time is available for a noticeable fluid exchange between
he fractures and the pores, so the rock behaves as if all the voids are
solated �minimum extra compliance�. Accordingly, separate ex-
ressions are proposed for the fluid-influence factor at low �seismic�,
oderate �sonic�, and high �ultrasonic� frequencies, thus giving a

ertain frequency dependence for the rock compliance normal to the
ractures and, hence, for P-wave velocity and velocity anisotropy.

dApril 28, 2007; published onlineAugust 23, 2007.
o.com.
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Hudson et al. �1996� and Hudson et al. �2001� propose an alterna-
ive model covering dual-porosity rocks with mobile pore fluid and
ligned fractures. The resultant anisotropic rock bulk modulus is a
omplex value, dependent, explicitly and continuously, on the rock-
atrix porosity and permeability, pore-fluid incompressibility and

iscosity, and frequency of the propagating P-wave. The imaginary
art of the rock bulk modulus reflects inelastic, anisotropic attenua-
ion. With regard to the Thomsen formalism, the attenuation is one

ore permeability-dependent aspect of the model.
The Thomsen �1995�, Hudson et al. �1996� and Hudson et al.

2001� theories are based on an ellipsoidal-fracture model. This
odel is simple and convenient when the external background effec-

ive stress can be assumed invariable. However, in some important
ases, e.g., in seismic monitoring of reservoir production �4D seis-
ic�, the fluid type and pore pressure, and sometimes permeability

s well, are time variable, and these variations are target characteris-
ics to be monitored. The model with ellipsoidal fractures is not quite
dequate in the environment of varying effective stress, because the
heoretical compliance of an ellipsoidal crack increases with com-
ressive stress normal to the crack faces, whereas real fractured
ocks exhibit just the opposite stress dependence, i.e., a decrease of
ompliance with increasing stress.

This latter, real form of effective-stress dependence is characteris-
ic of fractures with rough faces �e.g., Greenwood and Williamson,
966�. Kozlov �2004� develops a model of dual-porosity rock with
ough-face fractures accounting for Thomsen-style �i.e., elastic� flu-
d exchange between fractures and pores. Baransky et al. �2005�, on
he basis of the same arguments as in Hudson et al. �1996� and Hud-
on et al. �2001�, expand the model so as to include inelasticity. The
atter model depends on permeability exactly as in Hudson et al.
2001�, but to describe its response to effective stress, opposite faces
f fractures are assumed to be contacting each other via half-spheri-
al asperities on the fracture faces. Deformation of the asperities be-
ause of external stress is expressed via Hertz-Mindlin’s formalism
e.g., White, 1983�.

In the cited papers, no definite techniques for extracting perme-
bility estimates from reflection seismic data are discussed. Any
uch techniques suggested were based on rather general assump-
ions concerning the pattern of the seismic signature of fluid

obility.
Pisetski �1995� assumes that the reflection coefficients of seismic

orizons attributed to hydrocarbon-bearing reservoirs are dominat-
d by layering-concordant fractures. According to such a model, the
ncrease of fracture opening �resulting in increased permeability
nd, consequently, increased hydrocarbon productivity� would lead
o an increase of the absolute value of the reflection amplitude and a
elative increase of the high-frequency content of the wavetrain re-
ected from within the reservoir.
Lichman and Goloshubin �2003� use, as a starting point, the well-

nown fact of the relative increase of the low-frequency content of
he wavetrain reflected within �and in the vicinity of� a reservoir, es-
ecially if the latter is gas saturated. Among the parameters describ-
ng the reflected-wavetrain amplitude spectrum �S����, the steepness
�S����/����S�� of the spectrum’s left-hand slope is recommended
s the attribute providing information on the fluid mobility within
he reservoir. Later, the product ����S����/���, averaged over the
ntire seismic frequency band, was shown to be proportional to the
eservoir rock permeability �Silin et al., 2004�.

Another attribute is developed within the framework of parame-
erized spectral decomposition �Davydova et al., 2005�. Effective
ermeability �i.e., permeability times permeable reservoir-layer
hickness� is predicted by using the relationship K1 = S̄2/S̄1, where S̄1

s the reflected-wavetrain amplitude spectrum integrated from the
inimum frequency of the spectrum to its median frequency, and S̄2

s the amplitude spectrum integrated from its median frequency to
he maximum frequency. It should be noted that elements of the the-
ry for attribute �S�� and K1 time variant were initially developed �Si-
in et al., 2004; Baransky et al., 2006� by using models in which a sin-
le reflector is considered, whereas the reported successes are
chieved in regions where reservoirs are represented by stacks of
ather thin, alternating permeable and impermeable layers.

This paper concentrates on the effect of reservoir layering. An ex-
anded rough-face-fracture model �Kozlov, 2004� is used to com-
are the contributions of the elastic and inelastic effects of P-wave-
ropagation induced fluid flows with the seismic signature of a sin-
le reservoir layer. The rough-face-fracture model is not as simple as
hat of ellipsoidal fractures. However, this model is more applicable
o varying effective stress, which is important, e.g., in 4D seismic.
he single-layer model is chosen because it would be too difficult to
eal with an arbitrarily layered structure; on the other hand, a single
ayer is a better representative of a multilayered stack than is a single
eflector. Two cases are considered: �1� when the increase of perme-
bility increases the layer reflectivity �conventionally, type 1 layer�
nd �2� when the permeability increase leads to the opposite effect
type 2 layer�.

The message of this paper is that, even for such a simplistic rock
tructure, �1� either acoustic-impedance contrasts at the layer bound-
ries or elastic extra compliance caused by pore-fluid mobility dom-
nates the seismic signature of the layer, depending on the layer
hickness and frequency range; �2� either an increase or a decrease of
he relative high-to-low frequency content of the reflected wavetrain
an result from a permeability increase, depending on the layer
hickness and P-wave velocity, and �3� attributes �S�� and K1 respond
o layers of types 1 and 2 in a different way. Hence, for better under-
tanding of the geologic nature of permeability variations, perme-
bility replacement modeling would be helpful.

THE MODELING FORMALISM

Assuming fractures to be azimuthally aligned, I use, for a starting
oint, then the same elastic stiffness matrix C of an effective hori-
ontal transverse isotropy �HTI�, �as is used in Thomsen, 1995 and
udson et al., 1996�:

C = �
M�1 − �N� ��1 − �N� ��1 − �N� 0 0 0

��1 − �N� M�1 − �2�N� ��1 − ��N� 0 0 0

��1 − �N� ��1 − ��N� M�1 − �2�N� 0 0 0

0 0 0 � 0 0

0 0 0 0 ��1 − �T� 0

0 0 0 0 0 ��1 − �T�

� .

�1�

ere, �N = MZN/�1 + MZN� and �T = �ZT/�1 + �ZT� are normal
nd tangential weaknesses �Bakulin et al., 2000�, M = K + 4�/3
� + 2�, � and � are the Lamé constants, � = �/M, and ZN and ZT

re normal and tangential extra compliances. For a rock with rough-
ace fractures, the compliances can be expressed �Kozlov, 2004,
quation 2 after some simplifications� as
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ZN = �2/3�Bce�c/�K2p��1/3D , �2a�

nd

ZT = �1 − 0.5��ce	2c/�3�1 − ���2p�
1/3. �2b�

ere, e is a fracture density, c is the fracture roughness parameter, K
s dry-rock bulk modulus, p = ps − npf is effective stress, ps is the
ithostatic stress component normal to fracture faces, pf is pore pres-
ure, and n is the effective-stress coefficient, sometimes called Bi-
t’s parameter. Further, B = ��1 + ��/�1 − ���2/3, fluid-influence
actor D = �D1 + �1 − ��D2, � = �/�	, � is the Poisson’s ratio of
ry rock, � is open porosity, and �	 is total porosity.As seen, the first
nd second terms of the expression for fluid-influence factor D de-
cribe the effects of open and isolated porosities, respectively.

Of interest here is the open porosity only, i.e., the term with D1. By
ombining results of Thomsen �1995�, Hudson et al. �1996�, and Ko-
lov �2004�, it can be shown �Appendix A� that

D1 � 	1 + �2/3��Kf /��K���Ks/�Ks

− Kf��BFce�cK/�3p��1/3
−1, �3�

here Ks is bulk modulus of the rock-matrix material, Kf is pore-flu-
d bulk modulus, and

F = 	1 + �3/�2b���1 − i���Kf
/�2� f���1/2
−1

� �3/�8����a�c/e��1 + i��2� f�/��Kf
��1/2. �4�

ere, �c, a, and b are fracture �or crack� porosity, average size, and
verage opening, respectively, 
 is fractured-rock permeability, � f is
uid viscosity, � is angular frequency, and i = �−1�1/2. Expression 4

mplies rough-face penny-shaped fractures with an aspect ratio
/a�1/c.
The imaginary component of F introduces inelasticity into the
odel described by equations 1–3. In particular, the extra normal

ompliance ZN and P-wave velocity VP are replaced with complex
alues Z̃N and ṼP, respectively. �Tangential compliance is assumed
o remain real.� The inelasticity causes intrinsic attenuation, defined
y the inverse quality factor Q−1 = Im�ṼP

2�/Re�ṼP
2�, as well as

-wave velocity dispersion. This dispersion adds to the velocity al-
eration caused by the extra compliance that results from fluid ex-
hange between fractures and equant pores. The presence of param-
ter a in the approximate expression for F would help account for the
nfluence of fracture size on rock compliance, if fracture density e
nd aspect ratio b/a can be assumed unchanged when a varies. �This
ffect is predicted by Chapman �2003� and confirmed by physical
odeling �Bakulin et al., 2004�.� The Z̃Nvalues calculated by using

pproximate versions of expression 4 are incor-
ect for permeabilities of less than 1 mD, so this
xpression should be used with caution.

Velocity anisotropy is described via normal
nd tangential compliances as in Kozlov �2004�.
ttenuation anisotropy is described �Appendix
� by analogy with the formalism proposed in
hichinina et al. �2006�. The pore pressure is im-
licitly included in the model as a component of
ffective pressure p. As seen, the model repre-
ented by equations 1–4 accounts for all the main
etrophysical parameters affecting the seismic
avefield, as illustrated in Figures 1–5.

252015105

 0.24
 0.22
 0.20
 0.18
 0.16
 0.14

p (MPa)

Z
N
 (

G
P

a–1
)

= 10κ

Figure 2. The
MODELING THE SEISMIC SIGNATURE
OF A PERMEABLE LAYER

Figures 1–4 show that the permeable-rock extra compliance ZN

nd the P-wave velocity VP decrease with increasing permeability,
hereas the rock anisotropy increases with increasing permeability.
or all three parameters, the highest gradient of the alteration is
eached at rather small permeability values of 0.1–10 mD. In con-
rast, Figure 5 shows that the inverse quality factor Q−1, as a measure
f intrinsic attenuation caused by P-wave-induced fluid flow, in-
reases markedly as permeability increases from 0.001 to 0.1 mD at
/2� = 70 Hz and from 0.001 to 0.01 mD at �/2� = 10 Hz. Then,
ith further increase of permeability to 1 D, attenuation decreases to
early zero values. It should be noted that anisotropy is more affect-
d by variations of effective stress than by variations of other param-
ters �Figure 4�; the effect of the stress variation is most prominent at
mall values of the stress �Figures 1 and 2�; in contrast to the rough-
ace-fracture model, a medium with the same background, but with
llipsoidal fractures as described, e.g., in Hudson et al. �2001�, does
ot account for effective-stress variations �see Figure 4�.

The reflection coefficient for a single boundary between perme-
ble and impermeable rocks is governed by contrasts of acoustic im-
edance and attenuation at the boundary. Hence, the permeability
ependence of the reflection coefficient can be deduced from the
ermeability dependencies of velocity and attenuation inherent in
he permeable rock, as illustrated by Figures 3–5. However, limiting
neself to consideration of the seismic response of such a boundary
ill be misleading when interpreting a wavetrain reflected from a

arget interval represented by a stack of thin, alternating reservoir
nd seal layers. On the other hand, an attempt to analyze fully the re-
ponse of a multilayered interval would not be suitable here, because
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igure 1. Fracture-induced extra compliance ZN�
,p� at �a� 1 Hz and
b� 100 Hz. At 1 Hz, dependence of ZN on effective stress p is more
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he aim of this paper is limited to basic properties of the seismic sig-
ature of such an interval. The next step, then, is to consider the seis-
ic response of a single permeable layer with varying thickness, en-

losed in impermeable rocks, as depicted in Figure 6. For this, I use
he scheme developed by Ursin and Stovas �2002� to calculate the re-
ectivity of a sequence of thin, standard-linear-solid layers. For a
ingle attenuating layer, the reflection coefficient is reduced to

R��,
 � =
r̃1 + r̃2 exp�− i�
 + Q2

−1/2�
1 + r̃1r̃2 exp�− i�
 + Q2

−1/2�
, �5�

here r̃1 = ��2 Re�Ṽ2� − �1V1�1 + iQ2
−1/2��/��2 Re�Ṽ2� + �1V1

1 − iQ2
−1/2�� and r̃2 = ��3V3�1 − iQ2

−1/2� − �2 Re�Ṽ2��/��3V3

1 − iQ2
−1/2� + �2 Re�Ṽ2�� are the normal-incidence acoustic reflec-

ion coefficients for the layer top and bottom, 
 is two-way travel-
ime in the layer,

Q2
−1 = Im�Ṽ2

2�/Re�Ṽ2
2� , �6�

nd

Ṽ2 = 	��Z0,2 + Z̃N,2�−1 + �4/3��2�/�2
1/2. �7�

Here � and V are rock density and P-wave velocity, tildes mark
omplex values, indices 1, 2, and 3 relate to rocks above, within, and
elow the layer, respectively, and Z0,2 and �2 are compliance and

V
p 

(m
/s

)

2 1 0

Log (  
, in

 mD)
/2   (Hz)

π
–1

–3
–2100

p = 5 MPa

80
60

40 20
0

2650

2600

2550

2500

2450

2400

V
p 

(m
/s

)

2 1 0

Log (  
, in

 mD)
/2   (Hz)

π
–1

–3
–2100

p = 35 MPa

80
60

40 20
0

2650

2600

2550

2500

ω
κ

ω
κ

igure 3. P-wave velocity in a permeable layer varies essentially
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� function shape.
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hear modulus of the dry, isotropic reservoir host rock �i.e., with
quant pores, but without fractures�. The permeability-dependent,
nisotropic reflection coefficient at oblique incidence can be roughly
stimated by using approximate expressions derived inAppendix B;
owever, modeling the oblique incidence case is out of the scope of
his paper.

The simplest noise-free model for a seismic trace in the frequency
omain can be expressed as S��,
 � = R��,
 �W���, where S��,
 �,
��,
 �, and W��� are complex spectra of the trace, reflectivity func-

ion, and seismic wavelet, respectively. To model the seismic signa-
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.01 mD for � = 1 Hz� but no distinct maximum as a function of
requency at 
 = const. At very low permeability �
�0.1 mD�, in-
rinsic attenuation decreases with increasing frequency.At moderate
nd high permeability �
�1 mD�, intrinsic attenuation increases
ith increasing frequency. The maximum gradient is at about
0 mD.

Model 1

(in mD) = 1000 100 10 1 0.1 0.01κ

1V1/106 = 6.95 6.95 6.95 6.95 6.95 6.95ρ

2V2/106 = 5.95 5.96 5.98 6.06 6.24 6.45
Reservoir

layer

ρ

3V3/106 = 6.67 6.67 6.67 6.67 6.67 6.67ρ

a) 

Model 2

(in mD) = 1000 100 10 1 0.1 0.01κ

1V1/106 = 6.95 6.95 6.95 6.95 6.95 6.95ρ

2V2/106 = 6.93 6.94 6.96 7.01 7.15 7.33

Reservoir
layer

ρ

3V3/106 = 6.67 6.67 6.67 6.67 6.67 6.67ρ

b) 

igure 6. Parameters of a reservoir-layer model with acoustic im-
edance lower �a� and mainly higher �b� than in the enclosing seal
ocks.
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ure of permeability in an explicit form, the spec-
rum S��,
 � must be split into three components.
he first of them, designated SA��,
 �, is defined
s resulting from acoustic-impedance contrasts at
o fluid flow �all voids are isolated, 
 = 0, F = 1,
o the reflectivity results only from layering�. The
econd component is the Thomsen-style �i.e.,
lastic� contribution of fluid flow, which is de-
ned as SC��,
 � = SC,A��,
 � − SA��,
 �, where
CA��,
 � = S��,
 � with Q−1 set to zero in equa-
ion 5. In other words, SC��,
 � results from the
elastic� extra compliance induced by fracture-
nd-pore connectivity.And finally, the third com-
onent, SQ��,
 � = S��,
 � − SCA��,
 � results
olely from the inelastic attenuation caused by the
onzero viscosity of the flowing fluid. Spectra of
he full wavetrain and its three components are

odeled by using the formalism represented by
quations 2–7 for two different models of the res-
rvoir layer. In the first model, an increase of the
ayer permeability leads to an increase of the lay-
r acoustic-impedance contrasts with enclosing
ocks �Figure 6a�, whereas in the second model,
he impedance contrasts decrease as the layer per-

eability increases �Figure 6b�. Values of the lay-
r and enclosing rock parameters used for model-
ng are shown in Table 1; W��� is represented by
he spectrum of a 30-Hz Ricker wavelet.

Altogether, three series of 3D plots are calcu-
ated. To reduce the number of figures, only am-
litude spectra are displayed. In the first series
Figures 7–10�, plots of spectrum �S��,
 �� and its
omponents �SA��,
 ��, �SC��,
 ��, and �SQ��,
 ��,
re presented for three fixed values of permeabili-
y �
 = 0.001, 1, and 1000 mD� and with p

10 MPa. The following observations are perti-
ent: �1� The reservoir-layer thickness �or, more
recisely, the ratio of the layer temporal thickness
to the wavelet apparent period T� affects the

pectrum shape much more than does the perme-
bility, frequency, or pore pressure. �2� For model 1, the spectrum
S��,
 �� peak value and variability with 
 /T increase with perme-
bility, whereas for model 2, the opposite occurs �Figure 7�. �3� As
hould be expected, the acoustic-impedance-contrast component SA

s not affected by permeability variations at all �Figure 8�; the contri-
ution of the extra compliance component SC to the total spectrum of
oth of the models is more significant than the contribution of atten-
ation SQ �cf. Figures 9 and 10�. �4� Variation of permeability affects
omponents SC and SQ in different ways. Indeed, the magnitude of SC

the extra compliance component� is seen to monotonically increase
enfold as permeability increases from 0.001 mD to 1 D �Figure 9�,
hereas the magnitude of SQ �the attenuation component� increases
nly slightly as permeability increases from 0.001 to 1 mD and then
ecreases more than tenfold with further increase of permeability
rom 1 mD to 1 D.

The second and third series �Figures 11–16� are created to illus-
rate the performance of two seismic attributes introduced to track
ateral variations of permeability in the reservoir rock. Both at-
ributes are calculated by using the kind of spectral decomposition
escribed in Mushin et al. �2000�. One of the attributes �Davydova et

Table 1. Valu

K = 9 GPa �1

� = 9 GPa �1

K = 12.4 GPa

� = 12.4 GPa

Ks = 40 GPa

/2   (Hz) 100
80

60
40

20
0

 0.04
 0.02

= 0.κ

⏐S⏐

/2   (Hz)
18060

40200

 0.14

 0.12

 0.10

 0.08

 0.06

 0.04

 0.02

 0.00

⏐S⏐

ω
π

ω
π

a) 

= 0.κ
b) 

Figure 7. Mod
ervoir-layer th
and 1000 mD
shape, rather
increases with
es of parameters used for modeling.

st model� Kf = 2.2 GPa � = 0.2 VP1 = 3021 m/s

st model� � f = 0.001 Pa s � = 0.25 VP3 = 2900 m/s

�2nd model� e = 0.1 �s = 0.125 �1 = 2300 kg/m3

�2nd model� c = 4 �3 = 2300 kg/m3

b = 0.0001 �2 = 2650 kg/m3
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τ

ω
π τω

π τ

τ
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ω
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⏐S⏐

= 1000 mDκκ = 1 mD001 mD

ulus �S� of reflected-wavetrain spectra as a function of frequency � and res-
ickness 
 �in TWT � two-way traveltime�, at permeability 
 = 0.001, 1,
, for the �a� first and �b� second models. The �S� function has a complex
stable in 
 and mostly affected by variations of 
 . Modulus �S� magnitude

 for the first model and decreases with 
 for the second model.
/2   (Hz) TWT,   (
ms)

TWT,   (
ms)/2   (Hz)

100

All values of

80

80
6060 40

40

⏐SA⏐

⏐SA⏐

20

20

0

0

80

80
6060 40

40

20

20

100

0

 0.03

 0.02

 0.01

 0.16

 0.14

 0.12

 0.10

 0.08

 0.06

 0.04

 0.02

 0.00

κAll values of κ) b) 

ω
π

τ

ω
π

τ

igure 8. Modulus �SA� of the acoustic-impedance component of re-
ected wavetrain spectra as a function of frequency � and reservoir-

ayer thickness 
 �in TWT�two-way traveltime�, at permeability 

0.001, 1, and 1000 mD, for the �a� first and �b� second models. As

xpected, the component �SA� is independent of permeability. The
SA� function magnitude for the first model is about five times smaller
han that of the second model.
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l., 2005� maps the ratio of the high-frequency part of the amplitude
pectrum �F��,t�� of a seismic trace f�t� = s�t� + n�t� to the low-fre-
uency part of �F��,t��:

K1 = �

�m

�2

�F̄���,
 �����

�1

�m

�F̄���,
 ��� . �8�

Here t is recording time, n�t� is additive noise, �1 and �2 define the
ow and high limits of frequency range, and �m is an arbitrarily cho-
en value near the spectrum maximum. The bar over F in equation 8
eans averaging within the target time interval. Performance of this

ttribute for the noiseless trace �F = S� is illustrated by the second
eries of plots �Figures 11 and 12�.

Another attribute makes use of the first derivative �with respect to
requency� of the low-frequency slope of the current spectrum
F��,t�� �Lichman and Goloshubin, 2003�. The potential predictive
ower of this attribute is illustrated in the third series of plots map-
ing the noiseless value of ��S��,
 ��/����S�� at 15 Hz �Figures 13
nd 14�. The important practical message of the second and third se-

/2   (Hz)
80

40
0

 0.12
 0.08
 0.04
 0.00

= 0κ

/2   (Hz)
80

40
0

 0.010
 0.005

⏐SC⏐

⏐SC⏐

a) 

= 0κb) 

ω
π

ω
π

igure 9. Modulus �SC� of the reflection-spectra
omponent attributable to �elastic� extra com-
liance caused by fluid mobility, as a function of
requency � and reservoir-layer thickness 
 �in
WT � two-way traveltime�, at permeability
= 0.001, 1, and 1000 mD, for the �a� first and

b� second models. The component �SC� magni-
ude increases with increasing permeability for
oth the first and second models.

⏐SQ⏐

/2   (Hz)
80

40
0

 0.010
 0.005

= 0.κa) 

⏐SQ⏐

/2   (Hz)
80

40
0

 0.010
 0.005

= 0.κb) 

ω
π

ω
π

igure 10. Modulus �SQ� of the reflected spectra
omponent attributable to inelastic attenua-
ion caused by fluid mobility, as a function of
requency � and reservoir-layer thickness 

in TWT � two-way traveltime�, at permea-
ility 
 = 0.001, 1, and 1000 mD, for the �a�
rst and �b� second models. For both the mod-
ls, �SQ�
=0.001 mD� �SQ�
=1 mD and �SQ�
=1 mD�
SQ�
=1000 mD, which is consistent with Figure 6.
ies of plots is that both K1 and �S�� attributes are much more affected
y the 
 /T ratio than by permeability. Depending on the ratio 
 /T,
oth K1 and �S�� values can either increase or decrease with in-
reasing permeability �Figures 11–14�. Indeed, for the first model,
he K1 attribute increases with increasing permeability at 
 /T

0.25 ± 0.25, 1.25 ± 0.25, 2.25 ± 0.25,. . ., and decreases with
ncreasing permeability at 
 /T = 0.75 ± 0.25, 1.75 ± 0.25, 2.75

0.25,. . . �Figure 11a�. On the contrary, for the second model, the

1 attribute decreases with increasing permeability at 
 /T
0.25 ± 0.25, 1.25 ± 0.25, 2.25 ± 0.25,. . ., and increases with

ncreasing permeability at 
 /T = 0.75 ± 0.25,1.75 ± 0.25, 2.75
0.25,. . . �Figure 11b�. The maximum gradient of the K1 variation
ith increasing permeability shows up at 0.1 mD�
�10 mD, i.e.,

he attribute K1 is expected to work best at low and moderate perme-
bility.

For the first model, the values of the �S�� attribute increase
ith increasing permeability at 
 /T = 0.75 ± 0.5,2.75 ± 0.5,. . .,

nd decrease with increasing permeability at 
 /T = 1.75 ±
.5,3.75 ± 0.5,. . . �Figure 13a�. For the second model, the
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S�� values decrease with increasing permeability at 
 /T = 0.75
0.5,2.75 ± 0.5,. . ., and increase with increasing permeability at
/T = 1.75 ± 0.5,3.75 ± 0.5,. . ., Figure 13b. The range of maxi-
um gradient of �S�� variation with permeability is 0�
�1 mD,

.e., attribute �S�� is expected to work best at very low permeability.
Finally, to see how pore-pressure variations can affect the layer

pectrum response to permeability changes, one more series of plots
apping the function �S�p,
 �� for 
 = 1 mD and �/2� = 30 Hz is

alculated �Figures 15 and 16�. Spectrum �S��,
 �� and its compo-
ents �SA��,
 ��, �SC��,
 ��, and �SQ��,
 �� at different effective
tresses �p� are seen to scale down as p increases �pore pressure de-
reases�. The effect of pore-pressure variations is especially signifi-
ant at low contrasts in acoustic impedance. The shape of the func-
ion �S�p,
 �� is most affected by the ratio 
 /T.

Note that sometimes, values and/or shapes of component moduli
SA��,
 �� or �SC��,
 �� are seemingly inconsistent with value and/or
hape of modulus �S��,
 �� of the total trace spectrum �cf. Figures 11
ith 12 and 13 with 14�. This peculiarity stems from the fact that
��,
 � is represented by the algebraic sum of spectral components
A��,
 �, SC��,
 �, and SQ��,
 �, which is not the same as the sum of
he component moduli.

FIELD DATA

As follows from the modeling results, examples from Pisetski
1995� and Lichman and Goloshubin �2003�, mentioned in the intro-
uction, actually do not contradict each other. Furthermore, numer-
us examples of 3D data interpretation based on implementation of a
et of K1-like attributes �Davydova et al., 2005; Afanasiev, 2006;
aransky et al., 2006� allow one to generate some

tatistics. Of the 17 data sets interpreted, six dem-
nstrate a distinct increase of high-frequency
ontent with increasing permeability �group A
elds, Baransky et al., 2006� �e.g., Figures 17 and
9�, and 11 data sets show the opposite trend
group B fields, Baransky et al., 2006� �Figure
8a�. The majority of the data sets considered in
hese publications were acquired in West Siberia,
ut some of them came from the Timan-Pechora
asin and East Siberia. The numerical values of
arameters �1, �2, and �m in equation 8 were cho-
en individually for each particular data set so as
o ensure a maximum correlation coefficient be-
ween �1� the attribute values calculated for syn-
hetic or real seismic traces at the well sites within
he data-set area and �2� the effective permeabili-
y estimates derived from the respective well logs
r tests. The correlation coefficients observed at
ifferent areas for different targets vary from 0.6
o 0.9 and average about 0.8. The reliability of the
redictions is confirmed by subsequent drilling
Afanasiev, 2006�. Note that the K1-like attributes
lso show rather strong correlation with effective
orosity and oil productivity estimated by well
ests. Because effective connected porosity, per-

eability, and hydrocarbon productivity are
ommonly well correlated with each other, one
ould have assumed that good correlation of the
ttribute with permeability is caused by intrinsic
orrelation of the attribute with porosity, so the
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Figure 12. Att
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�b� second mo
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component, p
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component to
orrelation with permeability comes as a sec-ondary effect. Howev-
r, such an assumption does not seem true in most cases, because the
ttribute correlation with permeability proves to be at least as high as
ith porosity �e.g., Figure 18a and b�. A crossplot of the K1 attribute
ith all well data �including wells without sonic logs� yields lower,
ut still reliable correlation �Figure 19�.
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ncreasing permeability is possible, depending on the layer thick-
ess. The range of the K1 variation with layer thickness increases
ith increasing permeability for the first model and decreases with

ncreasing permeability for the second model.
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DISCUSSION

Seismic attributes designed to serve as indica-
tors of permeability are based on peculiarities of
the reflected-wavetrain amplitude spectra caused
by pore-fluid mobility. Originally, these at-
tributes were derived by considering reflection
from a single boundary that divided a permeable
half-space from an impermeable one. For such a
case, the fluid mobility is indeed the only source
of the frequency dependence of the boundary re-
flection coefficient.

However, in the environment of thin, alternat-
ing permeable and impermeable layers, the per-
meability attributes become ambiguous because
the frequency dependence of the wavetrain-re-
flectivity function is strongly affected by layer-
ing. Indeed, the modeling results just demonstrat-
ed have shown that even in the case of a single
permeable layer within impermeable rock, the
permeability attributes can be either directly or
inversely proportional to frequency, depending
on the ratio of permeable-layer thickness to the
dominating wavelength. The difference in the co-
efficients of proportionality is rather significant
�Figures 11 and 13�, so it may manifest itself in
the presence of noise of a moderate level. The
modeling results are consistent with field data.

The problem is similar to the one recognized
many years ago as thin-layer amplitude-varia-
tion-with-angle/offset �AVO�: the well-known
subdivision of AVO anomalies onto four classes,
defined for single boundaries, appears to be am-
biguous in the case of thin-layer reservoirs. To
circumvent this difficulty, the fluid-substitution
technique was introduced to support AVO analy-
sis, and now this technique is one of the corner-
stones of AVO inversion. Probably, designing a
modeling technique that can be called permeabil-
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igure 15. Modulus �S� of the reflected wavetrain spectrum as a func-
ion of stress p and reservoir-layer thickness 
 �in TWT � two-
ay traveltime� at permeability 
 = 0.01 and frequency �/�2��
30 Hz for the �a� first and �b� second models. The spectrum values

t this frequency are seen to mainly decrease with stress for the first
odel and increase with stress for the second model.
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ty substitution would be of help in interpreting cubes of permeabili-
y attributes as well. In the cases of stable state of stress, effective

odels developed by Thomsen �1995�, Hudson et al. �1996�, and
udson et al. �2001� can be adequate springboards for elaboration
f such a modeling technique. However, for environments where
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igure 17. Crossplot of the attribute K1 versus effective permeability
�h for the group A field, West Siberia �Baransky et al., 2006�.
ere, h is net pay thickness, and 
 is average permeability of rocks

onstituting the net pay. The attribute K1 is seen to increase with in-
reasing effective permeability. Note the good correlation be-
ween real �wells, labeled by each data point� and predicted �K1-
erived� values. Note also the full consistency of the approximating
ine with the moderate-to-low-permeability estimate for well 17 that
as drilled after interpretation. Wells with sonic logs are used.

Courtesy of E. Davydova, personal communications, 2004.�
ffective-stress variations are possible �e.g., 4D seismic�, the rough-
ace-fracture formalism seems to be preferable because it reflects ex-
licitly the effective-stress dependence and covers seamlessly the
hole range of dual-porosity rock types, from purely porous to pure-

y fractured ones.
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Figure 16. Moduli �SA�, �SC�, and �SQ� as func-
tions of stress p and layer thickness 
 �in TWT
= two-way traveltime� at permeability 
 = 0.01
and frequency �/�2�� = 30 Hz for the �a� first
and �b� second models. The components’modu-
li at frequency �/�2�� = 30 Hz tend to de-
crease with stress except for �SA� for the second
model. Note: the actual contribution of each
component to the total spectrum S is defined by
algebraic summation of complex values, so it is
not described by the figure.
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CONCLUSION

In the case of dual-porosity reservoir layers alternating with im-
ermeable beds, the seismic response can be regarded as a sum of
hree components: �1� SA��,
 �, related to the acoustic-impedance
ontrasts, �2� SC��,
 �, caused by pore-fluid-flow-induced extra
elastic� compliance of permeable layers, and �3� SQ��,
 �, attribut-
ble to inelastic attenuation. The second and third components result
rom the pore-fluid mobility, so these components carry, in their fre-
uency spectra, information on permeability.

Thin layering of the target interval makes the first component also
requency dependent, thus masking the frequency-dependent effects
f the fluid flow. Furthermore, the layering leads to an ambiguity of
he permeability attributes of the K1 and �S�� type. Indeed, depending
n the relationship between layer thicknesses and the dominating
avelength, both the attributes can either increase or decrease with

he increase of permeability.
This effect of thin layering necessitates development of a specific

ermeability-replacement modeling technique to be used in the in-
erpretation of permeability-attribute cubes.
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APPENDIX A

PERMEABILITY-DEPENDENT,
ROUGH-FACE-FRACTURE MODEL

Explicitly, equations 2 and 3 include neither permeability nor fre-
uency. However, these characteristics can be included via a series
f substitutions starting from equation 5a in Thomsen �1995�, which
s the prototype of equation 2a of this paper. With the notations
dopted in this paper, Thomsen’s equation 5a reads
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igure 19. Crossplot of the attribute K1 versus effective permeability
�h, groupAfield, West Siberia. K1 is proportional to effective per-
eability here; all wells with permeability estimates are used. �From
fanasiev, 2006.�
1 = �1 −
Kf

Ks
+ Kf�� 1

K�
−

1

Ks�
� +

Ac���e
K�c

��−1

. �A-1�

ere the term Ac���e/�K�c�, in brackets on the right-hand side, ex-
resses, in a general form, fracture �i.e., crack� compliance ��mm

c /�p��
where � is strain and indices of the strain tensor matrix are shown by
he subscript mm� and does not depend on fracture configuration.
his dependence is introduced via coefficient Ac���. In Thomsen

1995�, this coefficient is specified by equationA-26b for ellipsoidal
racks. In Kozlov �2004�, this coefficient is rewritten for fractures
ith rough faces, which leads directly to expression 2a.

On the other hand, it follows from Hudson et al. �2001� that intro-
uction of a limited hydraulic connectivity between fractures and
ores reduces to adding a factor

F = �1 +
3

2b
�1 − i���Kf




2� f�
�−1

�A-2�

o the component Ac��� in expression 5a of Thomsen �1995�. �Spe-
ifically, Hudson et al. �2001� introduce pore-space connectivity by
he transfer from their expression 5c to 21 �equations are numbered
s in Hudson et al., 2001�; some diversity in notation with designa-
ions used in this paper is because Hudson et al. �2001� considered

oduli of fluid-filled rock, whereas here, dry-rock moduli are used
s in Thomsen, 1995.� In equation A-2, b is the average crack open-
ng �as in equation 4; b is the average thickness of real cracks, which
re modeled by fluid-filled ellipsoidal inclusions in the rock mass�, 

s permeability, � f is pore-fluid viscosity, � is seismic wave angular
requency, and i = �−1.

First, replace Ac���→Ac���F in equation A-1 to account for per-
eability and then replace

Ac���F
e

K�c
→ ce

F

�
�3 c

3

�1 − ��2

1 + �

E*

p
�A-3�

n what becomes of equation A-1 to transfer from ellipsoidal cracks
o rough face fractures. This procedure yields, instead of equation
a,

D1 = �1 +
Kf

�K

�Ks − K�
�Ks − Kf�

�1

+
2

3

Ks

Ks − K*
ce · F · �3 c

3

�1 − �2�2

�1 − 2��2

K

p
��−1

. �A-4�

he second term in brackets on the right-hand side here is the ratio of
racture compliance to equant pore compliance.At essential fracture
ensity e, this ratio is much more than unity. Neglecting the units in
rackets term leads to expression 3 in the main text.

APPENDIX B

OBLIQUE-INCIDENCE REFLECTIVITY OF
ANISOTROPIC, ATTENUATING LAYERS

Reflectivity of a stack of dissipative, plain, isotropic layers with
rbitrarily varying parameters at arbitrary incidence angles � can be
alculated by using the strict formalism of Ursin and Stovas �2002�
fter replacing P-wave and S-wave velocities with the complex
uantities defined by equations 2–6 in the main text. This solution
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ill be, however, very cumbersome. A rough, but very simple ap-
roximation can be proposed for the two-termAVO formula

��� = R0 − G sin2�, G = 4
VS

2

VP
2 ��VS

VS
+

1

2

��

�
� . �B-1�

he intercept R0 is defined as either r̃1 or r̃2, depending on whether
he top or the bottom of the permeable layer is considered to be the
eflector. The only factor of the AVO gradient G dependent on fluid
obility here is 1/VP

4 �4/�Vm−1 + Vm�2, where m = 1, 2 are indices
f media above and below the reflector. Setting the mth layer to be
ermeable and �m − 1�th layer to be impermeable, velocity Vm � Ṽm

an be expressed via quantity Ṽ2 �defined by equation 6� as

Ṽm � �Ṽ2 = �Re�Ṽ2� + i Im�Ṽ2� = �Re�Ṽ2��1 + iQ−1� .

�B-2�

Note that in the case of oblique incidence on an HTI layer, both Ṽ2

nd Q−1 are dependent on the incidence angle � and the azimuthal an-
le �, defined with respect to the HTI axis of symmetry, so expres-
ion 6 should be replaced with the following equation �e.g., Chich-
nina et al., 2006�:

2��,�� = VP0

2 	1 − �̃N�1 − 2g sin2��2 − �Tg sin22�
 ,

�B-3�

here g = VS0

2 /VP0

2 and sin2� = 1 − sin2� cos2�. Here �̃N and �T are
efined in the main text, and VP0

and VS0
are vertical velocities in a

ry unfractured medium.

REFERENCES

fanasiev, M. L., 2006, Technology of integrated prediction of capacity and
transport properties of oil saturated reservoir rocks in 3D, using spectral
decomposition and acoustic impedance seismic attributes: M.S. disserta-
tion, Russian State Geological Exploration University �in Russian�.
akulin, A., V. Grechka, N. Karaev, A. Anisimov, and E. Kozlov, 2004,
Physical modeling and theoretical studies of seismic reflections from a
fault zone: 64th Annual International Meeting, SEG, Expanded Abstracts,
1674–1677.

akulin, A., V. Grechka, and I. Tsvankin, 2000, Estimation of fracture pa-
rameters from reflection seismic data — Part I: HTI model due to a single
fracture set: Geophysics, 65, 1788–1802.

aransky, N. L., E. A. Kozlov, L. A. Davydova, and M. L. Afanasiev, 2006,
Oil saturation, reflection amplitude, and frequency — Direct or reverse
proportionality?: EAGA, EAGE, and SEG, International Conference and
Exhibition, Saint Petersburg, ExpandedAbstracts.

aransky, N. L., E. A. Kozlov, I. A. Mushin, and E. A. Davydova, 2005, Seis-
mic signature of the pore space hydraulic connectivity: EAGA and EAGE
Conference “Geomodel-2005,” ExpandedAbstracts �in Russian�.

hapman, M., 2003, Frequency-dependent anisotropy due to mesoscale
fractures: Geophysical Prospecting, 51, 369–379.

hichinina, T., V. Sabinin, and G. Ronquillo-Jarillo, 2006, QVOA analysis:
P-wave attenuation anisotropy for fracture characterization: Geophysics,
71, no. 3, C37–C48.

avydova, E. A., I. A. Mushin, A. Lowrie, and E. A. Kozlov, 2005, Which
side of seismic frequency band is most sensitive to hydraulic connectivi-
ty?: 67th Annual Conference and Exhibition, EAGE, Extended Abstracts,
P302.

reenwood, J. A., and J. Williamson, 1966, Contact of nominally flat surfac-
es: Royal Society of London Proceedings, Ser.A, 295, 300–319.

udson, J. A., E. Liu, and S. Crampin, 1996, The mechanical properties of
materials with interconnected cracks and pores: Geophysical Journal In-
ternational, 124, 105–112.

udson, J. A., T. Pointer, and E. Liu, 2001, Effective-medium theories for
fluid-saturated materials with aligned cracks: Geophysical Prospecting,
49, 509–522.

ozlov, E., 2004, Pressure-dependent seismic response of fractured rock:
Geophysics, 69, 885–897.

ichman, E., and G. Goloshubin, 2003, Unified approach to gas and fluid de-
tection on instantaneous seismic wavelets: 73rd Annual International
Meeting, SEG, ExpandedAbstracts, 1699–1702.
ushin, I. A., V. V. Makarov, E. A. Kozlov, and A. Lowrie, 2000, Structural-
formational interpretation tools for seismic stratigraphy: Geophysical
Prospecting, 48, 953–982.

isetski, V. B., 1995, Dislocation fluid model: Recent applications in the
prognosis of the geomechanical parameters and fluidodynamics: 65th An-
nual International Meeting, SEG, ExpandedAbstracts, 541–543.

ilin, D. B., V. A. Korneev, G. M. Goloshubin, and T. W. Patzek, 2004, Ahy-
drologic view on Biot’s theory of poroelasticity: Lawrence Berkeley Na-
tional Laboratory Report LBNL-54459.

homsen, L., 1995, Elastic anisotropy due to aligned cracks in porous rock:
Geophysical Prospecting, 43, 805–830.

rsin, B., and A. Stovas, 2002, Reflection and transmission responses of a
layered viscoelastic medium: Geophysics, 67, 307–318.
hite, J. E., 1983, Underground sound: Application of seismic waves:

Elsevier Science Publishers.


