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Abstract: Low frequency content of seismic signals contains information related to the reservoir 
fl uid mobility. Based on the asymptotic analysis theory of frequency-dependent refl ectivity from 
a fl uid-saturated poroelastic medium, we derive the computational implementation of reservoir 
fl uid mobility and present the determination of optimal frequency in the implementation. We 
then calculate the reservoir fl uid mobility using the optimal frequency instantaneous spectra 
at the low-frequency end of the seismic spectrum. The methodology is applied to synthetic 
seismic data from a permeable gas-bearing reservoir model and real land and marine seismic 
data. The results demonstrate that the fluid mobility shows excellent quality in imaging the 
gas reservoirs. It is feasible to detect the location and spatial distribution of gas reservoirs and 
reduce the non-uniqueness and uncertainty in fl uid identifi cation.
Keywords: fl uid mobility, seismic low-frequency, reservoir characterization, fl uid identifi cation, 
instantaneous spectral decomposition

Introduction

The low-frequency components of reflected seismic 
waves are extremely important in reservoir exploration. 
Recently, there are increasingly excellent advances 
and successful examples in characterizing reservoir 
features and detecting hydrocarbons by exploiting 
the low-frequency behavior of seismic response. 
The main indicators of reservoirs from seismic low-
frequencies include low-frequency shadows associated 

with hydrocarbon deposits (Sun et al., 2002; Castagna 
et al., 2003; Chen et al., 2009), low-frequency energy 
anomalies (Goloshubin et al., 2002; Goloshubin et al., 
2006; Korneev et al., 2004), and instantaneous wavelet 
energy absorption analysis in the low-frequency domain 
(Lichman and Goloshubin, 2003; Lichman et al., 2004a, 
2004b). The induction mechanisms of the low-frequency 
components-based hydrocarbon indications are 
investigated by using both rock physics and numerical 
modeling (Liu, 2004; Batzle et al., 2006; Ebrom, 2004; 
He et al., 2008; Chen et al., 2009; Chen et al., 2011; 
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Quintal et al., 2007; Tai et al., 2009). Such methods and 
works enhance the reliability of reservoir imaging and 
hydrocarbon detection and demonstrate the importance 
of seismic low-frequency exploitation. However, these 
hydrocarbon indications show no direct relationships 
with reservoir fluid mobility measurements. Silin et 
al. (2004) have obtained an asymptotic representation 
of the seismic reflection from a fluid-saturated porous 
medium in the low-frequency domain. They derived 
the equations of low-frequency harmonic waves in a 
fluid-saturated elastic porous medium from the basic 
concepts of filtration theory. It turned out that these 
equations can be related to the Frenkel-Gassmann-Biot 
poroelasticity model and to the pressure diffusion model 
routinely used in well test analysis as well. They defi ned 
a dimensionless small parameter from fluid mobility 
and diffusion mechanisms and obtained an asymptotic 
representation of the frequency-dependent reflection 
coeffi cient of the fl uid-saturated reservoir. It turned out 
that the frequency-dependent reflection coefficient in 
the low-frequency domain is proportional to the square 
root of the product of the fluid mobility (defined as 
permeability to viscosity ratio) in the reservoir, the fl uid 
density, and the seismic signal frequency. A reservoir 
imaging attribute derived from this theory has been 
applied to predict the location of the oil-water contact 
and measure reservoir production rate (Goloshubin et 
al., 2006; Korneev et al., 2005; Goloshubin et al., 2008). 
This theory can be expected to provide a feasible method 
for predicting gas reservoir properties in absence of well 
data (Hilterman et al., 2007). 

We derive a computational implementation of 
reservoir fluid mobility measurement from the theory 
of Silin et al. (2004) and present the optimal frequency 
determination in the low-frequency domain in this paper. 
Furthermore, the direct calculation methods of the fl uid 
mobility measurements using the time-frequency spectra 
at the optimal frequency in the low-frequency domain 
are implemented. The methods are then applied to both 
land and marine seismic data and the results show well 
correlated imaging with the known gas reservoirs.

Theory and methods

Theory of reservoir fl uid mobility
Silin et al. (2004) performed the low-frequency 

asymptotic analysis of seismic reflections from the 
interface between elastic and elastic fluid-saturated 
porous media. They first derived the wave equations 

in elastic fluid-saturated porous media from filtration 
theory, which modifies Darcy’s law in order to adopt 
inertial and non-equilibrium effects. Then the equations 
were proved relating to the Frenkel-Gassmann-Biot 
poroelasticity model and the pressure diffusion model 
routinely used in well test analysis. The equations 
take into account the combination of filtration theory 
and poroelasticity principles (Silin et al., 2004). In 
addition, they presented a harmonic wave solution to the 
equations derived from fi ltration theory and introduced 
the dimensionless small parameters for the asymptotic 
analysis. Then the asymptotic representation of the 
seismic refl ection from a fl uid-saturated porous medium 
in the low-frequency domain was established.

Considering the seismic refl ection from the interface 
between elastic and fluid-saturated porous media, 
within a reasonable range of rock and fluid properties, 

the dimensionless parameter fi  is small at 

low (below 1 KHz) frequencies (Silin et al., 2004; 
Korneev et al., 2005; Silin and Goloshubin, 2008, 2009). 
The frequency-dependent coefficient R of a planar 
compression wave at angular frequency ω from the 
interface has the form:

             0 1(1 ) fR R R i , (1)

where R0 and R1 are real coeffi cients which are functions 
of the mechanical properties (including porosity, density, 
and elastic coeffi cients) of the reservoir rock and fl uid, 

1i , κ denotes the reservoir permeability, η is the 
fl uid viscosity, and ρf is the reservoir rock bulk density. 
The absolute value of the low-frequency reflection 

coeffi cient attains its maximum at 0 (i.e. ε = 0).

Assuming that the reservoir fluid mobility F = , 

which is defined as the reservoir permeability to the 
fluid viscosity ratio, it is evident in equation (1) that 
the seismic refl ection coeffi cients are related closely to 
the fluid density, the seismic signal frequency, and the 
reservoir fluid mobility. To extract the fluid mobility 
measurement from the seismic data, the deriving 
equations are given in this paper below. 

Taking the derivative of equation (1) with respect to 
frequency, we obtain

                1(1 )
2

fR idR
d

. (2)
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Let us put 1(1 )
2 f

R iC , which is a complex 

function of the elastic properties of the porous fl uid and 
rock matrix. Then the following equation is true:

 

            
1 1 1 1
2 2 2 2( / )dR

d
C C F . (3)

Thus, the reservoir fl uid mobility FZ can be expressed as

                  
2

2

1 dR
d

F=
C

. (4)

Equation (4) implies that the reservoir fl uid mobility 
is proportional to the first derivative of the reflection 
coefficient at frequency ω. The instantaneous spectral 
amplitude or energy with respect to a common frequency 
after time-frequency decomposition of the seismic signal 
can truly indicate the energy or amplitude of the seismic 
reflection at this frequency. Thus, by substituting the 
instantaneous spectral amplitude a(ω) for the refl ection 
coeffi cient R at frequency ω in real implementation, we 
obtain 

                 
2

2

1 a
F

C
. (5)

Due to the excellent time-frequency localization of the 
generalized S transform (Chen et al., 2009), this property 
can reduce the implementation distortion resulting from 
the thin-bed tuning effect. Thus, a(ω) in equation (5) 
can be calculated from the instantaneous spectra of the 
seismic signal using the generalized S transform. To 
implement equation (5), we need to first determine the 
frequency ω in the seismic low-frequency domain and 
then the coeffi cient C. The parameters determination is 
described in the following sections.

Parameter determination in the reservoir fluid 
mobility calculation

Silin and Goloshubin (2010) derived a theoretical 
expression for the frequency-dependent compression 
reflection from a permeable layer. The reflection 
coeffi cient was defi ned as a function of a dimensionless 
parameter ε and it attains peak value in the low-
frequency end of the spectrum. We introduce this 
theory to determine the optimal frequency in the 
implementation of the reservoir fl uid mobility. We defi ne 
the dimensionless parameter ε-dependent reflection 
factor given by

              

2

2
k

f
H

Me , (6)

where 4
3

M K  and H  denotes the reservoir 

thickness. The dimensionless coefficients γK and γβ are 
defi ned as

 
1

f
fg

K
K

, 
1

1k
sg

K
K

, (7)

where  is the porosity and K is the dry rock bulk 
modulus. The other two elastic moduli are defi ned by

           
1

g
sg

K
K , 

1
g

fg
g

K
K

K K
. (8)

Here, βf in equation (7) is the coefficient of fluid 
adiabatic compressibility. Its relation with the bulk 

modulus Kf of the fluid is 1
f

fK
. Kg is the bulk 

modulus of the rock matrix.
Equation (6) attains a maximum value of 

              1
max 2

21 fM
e

H K
 (9)

at the dimensionless coeffi cient

              2max

21 fM
H K

 (10)

and the corresponding frequency

             
2 2

2
2peak

Mf
H K

. (11)

Equation (11) can be used as a theoretical method for 
the optimal frequency determination in reservoir fluid 
mobility calculation. For example, if M = 2×1010Pa, 
γβ + γK2 ≈ 2.5, κ = 1 Darcy, η = 10-5 Pas, and H = 5 m, 
then the refl ection factor ψ (|ε|) calculated according to 
equation (6) is shown in Figure 1. It attains a peak value 
at fpeak ≈ 10 Hz. We use this frequency as the optimal 
frequency in reservoir fl uid mobility calculations. Thus, 
equations (6) and (11) can be regarded as reference 
equations for the optimal frequency determination.

After determining the optimal frequency, to determine 
the parameter C, suppose we are given the optimal 

frequency ωo (ωo = 2�fpeak) and let us put 
a

I. 
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Hence, equation (5) can be rewritten as

                            2
2
oF I
C

. (12)

We see in equation (12) that the reservoir fluid 
mobility is in the form of a parabolic function. 
Thus, assuming that the well production rate or the 
permeability properties are known, one can obtain the 
coefficient C from a parabolic fit of ωoI2 calculated at 
the known wells.

The coeffi cient C is equivalent to a proportional factor 

in equation (12). Thus, under conditions of no or few 
wells in the exploration area, one can directly calculate 
ωoI2 and obtain the relative reservoir fluid mobility 
measurement values in the absence of well data.

Synthetic data example
To investigate the fluid mobility properties of the 

permeable reservoir, we design an anticlinal gas-bearing 
permeable reservoir model shown in Figure 2a. The layer 
shown in red denotes a highly permeable gas-bearing 
reservoir (indicated by a yellow arrow) and the dry 
layers are shown in gray. We obtain the synthetic seismic 
data (shown in Figure 2b) using a diffusive and viscous 
wave equation-based numerical simulation of the seismic 
response in the fluid-bearing poroelastic media (Chen 
et al., 2009; 2011; 2012). This wave equation takes 
into account the diffusive property of the fluid-bearing 
porous media and the viscosity of the fl uid. As shown in 
Figure 2b, the seismic refl ections of the permeable gas-
bearing reservoir suffer from noticeable time delay and 
phase distortion. In Figure 2c, the permeable gas-bearing 
reservoir causes evident anomalies of the fl uid mobility 
measurement.
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Fig. 1 P-wave frequency-dependent refl ecting 
factor from a permeable layer.

(a) Permeable gas-bearing reservoir model (gas-
bearing layer is indicated by a yellow arrow) (b) Synthetic seismic profi le of the model (c) Fluid mobility section of the model

Fig. 2 Fluid mobility analysis of the synthetic seismic data from a permeable gas-bearing reservoir model. 
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Real data applications

Our methodology and algorithm are applied to both 
land and marine 3D seismic data. The land seismic 
data is from the TH fi eld, located in the Tarim Basin in 
Northwest China. There are Triassic braided streams and 
sandstone reservoirs distributed within channel deposits 
in this area. In Figure 3a, the top and bottom of the 
condensate gas reservoirs (indicated by a yellow arrow) 
are indicated on the well trajectory on the raw seismic 
section passing through well NH-1. The thickness of the 
reservoir is approximately 10 m and the mean porosity 
is 23.9%. The target reservoir strata show strong bright 
spot anomalies (indicated by the yellow arrow) on the 

reservoir fl uid mobility section (Figure 3b). On the target 
horizon slice of the reservoir fl uid mobility (Figure 3d), 
the spatial distribution and evident edge of the Triassic 
braided stream sandstone reservoir are all clearly 
delineated (indicated by the yellow arrow). The fluid 
mobility measurement is correlated well with the known 
production.

The marine seismic data is from the JZ area of the 
Bohai Sea, China. Prodelta and turbidite reservoirs 
are distributed in the target interval of E3d2L. The 
southwest-to-northeast big faults and some small faults 
are distributed at the target horizon. There is only one 
well J-2 with pay and the highest production rate at the 
horizon. In Figure 4a, the gas, oil, and water layers (marked 
by the well log on the zoom map) are indicated on the 
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well trajectory on the raw seismic section passing through 
well J-2. The reservoir fluid mobility measurements in 
Figure 4b show a strong bright spot at the location of the 
gas reservoirs. The fluid mobility slice extracted along 

the gas reservoirs (Figure 4d) clearly delineates the 
spatial distribution, geometry, and evident edge of the gas 
reservoir (outlined by a black dashed contour). The gas 
reservoir correlates quite well with the known production.

                       (a) Seismic section                                                                (b) Reservoir fl uid mobility section

                    (c) Seismic slice                                                                  (d) Reservoir fl uid mobility slice.
Fig. 3 Fluid mobility analysis of reservoirs from TH area.
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Conclusions

Based on the asymptotic analysis of the frequency-
dependent reflection coefficient of fluid-saturated 
reservoirs, we present the implementation methodology 
of the reservoir fluid mobility measurement calculated 
from the seismic data. This provides a new means of 
extracting the permeable reservoir properties and fluid 
viscosity. Real data examples demonstrate that the 
reservoir fluid mobility measurement can delineate the 
location and spatial distribution of productive reservoirs 
and reduce the uncertainties and ambiguity in fluid 
identifi cation. The methodology in this paper can be used 
as a new way to further extract and mine the effective 
physical properties of reservoirs and fluid signature 
from seismic data and to expand the value of seismic 
low-frequency content. It is noteworthy that we can 
obtain the relative values of the reservoir fl uid mobility 
measurement in the absence of well data. This provides a 
feasible way to directly predict reservoir accumulations 
under the circumstance of no drilling. Since the reservoir 
fluid mobility measurement is extracted from the low-
frequency seismic refl ection components, it is important 
to preserve the low-frequency seismic content in data 
acquisition and processing. Therefore, this can improve 
the reliability in reservoir fl uid mobility extraction based 
on seismic data.
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