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Abstract: Seismic fluid identification plays an important role in reservoir exploration and develop-
ment. Natural vertical fractures are common in carbonate rocks, it is essential to consider fracture-
induced anisotropy in the fluid identification of fractured carbonate reservoirs. We have developed a
novel Bayesian elastic impedance variation with an angle and azimuth (EIVAZ) inversion approach
for directly estimating the fracture fluid indicator (FFI), which can avoid cumulative errors produced
in the indirect calculation process. Under the assumption of weak anisotropy and a small incident
angle, we first derive a new approximate PP-wave coefficient for horizontal transverse isotropic (HTI)
media. Analysis shows that the new approximation has reasonable accuracy at angles of incidence
less than 30◦. To estimate the FFI from observed azimuthal P-wave seismic reflection data, we further
deduce the azimuthal EI equation and establish a two-step inversion workflow. Finally, the proposed
approach is demonstrated by tests on a synthetic data example and a field data set of a fractured
carbonate reservoir in the Sichuan Basin (China). Results show that the model parameters can be
reasonably estimated even with moderate noise levels. The estimated FFI and quasi-normal fracture
weakness show relatively high values at the location of reservoirs, which reliably indicate a fractured
gas-bearing reservoir.

Keywords: fluid identification; fracture detection; fractured carbonate reservoirs; elastic impedance
variation with angle and azimuth (EIVAZ)

1. Introduction

Reservoir fluid identification is an important part of oil and gas reservoir exploration
and reservoir evaluation [1–4]. Ostrander [1] used the amplitude variation with offset
(AVO) bright spot technique to solve the problem of fluid identification in gas-bearing
sandstone reservoirs. Rutherford [2] and Castagna et al. [3] classified AVO types according
to AVO response characteristics, which laid the foundation for AVO analysis techniques.
The AVO analysis technique is a qualitative analysis of reservoir fluid characteristics but
with certain limitations. With the development of petrophysics and the advancement of
seismic inversion technology, the fluid identification method based on reservoir elasticity
has become the mainstream technology for reservoir hydrocarbon identification at this stage.
Smith and Gidlow [5] showed that the weighted superposition of relative changes in P-
and S-wave velocities can be used to discern hydrocarbon-bearing anomalies in reservoirs.
Using this method of weight difference operation, many scholars have proposed different
effective fluid indicators. Goodway et al. [6] proposed the reservoir fluid identification
technique using the Lamé parameter. Gray [7] pointed out that the Lamé parameter
could be directly regarded as a fluid indicator for reservoir fluid. Based on both Biot and
Gassmann’s theories for fluid-saturated porous rocks, a general formula is derived for
fluid-indicator discrimination given that both the P- and S-impedances are available [8].
Russell et al. [9] derived the AVO approximation formula containing the Gassmann fluid
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term and achieved the direct inversion of the Gassmann fluid term. Compared with the
Gassmann fluid term, the fluid bulk modulus is more effective in distinguishing reservoir
fluid types when the degree of reservoir rock consolidation is low, or the porosity varies
significantly [10]. Yin et al. [11] chose the fluid bulk modulus as a fluid indicator to improve
the sensitivity of fluid indication. However, these fluid indicators fail to consider the
effect of anisotropy caused by fractures in the reservoir and are less applicable in fractured
carbonate reservoirs.

Numerous experiments have shown that most crustal rocks are anisotropic. Natural
vertical fractures are common in carbonate rocks. A fractured carbonate reservoir can be
equivalent to a horizontal transverse isotropic (HTI) medium with a set of vertically oriented
fractures [12,13]. The presence of aligned vertical fractures makes the media azimuthally
anisotropic and can cause the reflection amplitudes or velocities of seismic waves to vary
with azimuth [14]. Therefore, it is essential to consider fracture-induced anisotropy in
the fluid identification of fractured reservoirs. Schoenberg and Sayers [15] studied the
effect of fracture fluids on the rock’s physical parameters and utilized the ratio of normal to
tangential compliance to identify fluid content filled in fractures. Pan et al. [16,17] discussed
rock physics in the service of fluid identification and introduced the concept of quasi-
fracture weaknesses and proposed a fracture fluid fracture indicator (FFI) parameterized
by quasi-normal and tangential fracture weaknesses for fluid identification in fractured
reservoirs. Chen et al. [18] proposed a modified fluid indicator (the ratio of Gassmann
fluid term and porosity) that is more sensitive to fluid type and less affected by porosity.
Golsanami et al. [19] discussed how the fluids in different types of reservoir pores and
fractures could be identified by considering intergranular and intragranular pore space. P-
wave azimuthal seismic reflection data have been widely used in fracture detection [20–23]
and fluid identification [24–27]. For example, using the weak-anisotropy assumption [28],
Chen et al. [24], Pan et al. [25], and Li et al. [27] developed amplitude variation with the
angle and azimuth (AVAZ) inversion method to estimate fracture parameters (dry fracture
weaknesses, dry compliances, and fracture density), fluid bulk modulus, or Gassmann
fluid term for fracture detection and fluid identification. The elastic impedance (EI) was
first proposed by Connolly [29] and then extended to anisotropic media by Martins [30].
Pan et al. [17,26] developed the elastic impedance variation with the angle and azimuth
(EIVAZ) inversion method for fracture detection and fluid identification. The research
results of many scholars show that the construction of a suitable anisotropic fluid indicator
is necessary for the process of reservoir fluid identification. At the same time, appropriate
inversion methods can lead to more accurate results.

Our objective is to realize seismic fluid identification in fractured carbonate reser-
voirs. We have developed a novel Bayesian EIVAZ inversion for the direct estimate of FFI
proposed by Pan et al. [17], which can avoid cumulative errors produced in the indirect
calculation process. Under the assumption of weak anisotropy and a small incident angle,
we first derive a new approximate PP-wave coefficient as a function of P-wave impedance,
P- to S-wave impedance ratio, FFI, and quasi-normal fracture weakness in an HTI medium
and analyze the precision of the new approximation using a two-layer model. Next, we
deduce the azimuthal EI equation and establish a two-step inversion workflow to estimate
the FFI from observed azimuthal P-wave seismic reflection data. Finally, the proposed
approach is demonstrated by tests on a synthetic data example and a field data set of a
fractured carbonate reservoir in the Sichuan Basin.
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2. Materials and Methods
2.1. Linearied PP-Wave Reflection Coefficient and Azimuthal EI including FFI

The construction of a fluid indicator is an essential step in the seismic characterization
of reservoir fluid. Since natural vertical fractures are common in carbonate rocks, it is
essential to consider fracture-induced anisotropy in the fluid identification of fractured
carbonate reservoirs. Pan et al. [17] proposed the FFI for fluid identification in fractured
reservoirs, which is expressed as:

FFI = g
qδN
qδT

, (1)

with
qδN =

1
1 − δN0

(δN + 1 − δN0), qδT =
1

1 − δT0
(δT + 1 − δT0), (2)

where g = (VS/VP)
2 is the squared S- to P-wave velocity ratio; δN and δT are the normal

and tangential fracture weaknesses, respectively, δN is sensitive to the fluid in the reservoir,
while δT is mainly related to the fracture density and does not vary with the fluid [31]; and
qδN and qδT are the quasi normal and tangential fracture weaknesses, respectively. Rock
physics analysis shows that FFI increases with fracture density when fractures are partially
saturated with gas and water or oil [17]. Therefore, FFI can be used to detect fractures and
identify fluids in fractured reservoirs.

Pan et al. [17] derived an approximate PP-wave reflection coefficient, Rpp(θ, φ), in an
HTI medium, which can be expressed as the sum of the isotropic background part Riso

pp(θ)

and the anisotropic perturbation part Rani
pp (θ, φ), as follows:

Rpp(θ, φ) = Riso
pp(θ) + Rani

pp (θ, φ), (3)

with

Riso
pp(θ) =

1
2 sec2 θ ∆IP

IP
− 4g sin2 θ ∆IS

IS
+ (2g sin2 θ − 1

2 tan2 θ)∆ρ
ρ ,

Rani
pp (θ) = −g

 (
cos2 φ sin2 θ + sin2 φ cos2 φ sin2 θ tan2 θ

)
(1 − 2g)

+ cos4 φ sin2 θ tan2 θ(1 − g)

∆δN

+g cos2 φ sin2 θ
(
1 − sin2 φ tan2 θ

)
∆δT ,

(4)

where IP, IS, and ρ represent P-wave impedance, S-wave impedance, and density, respec-
tively; ∆ represents the difference in values between the interfaces; represents the mean
values between the interfaces; θ is the incident angle; and φ = φobs − φsym is the azimuthal
difference angle between the observed azimuth angle, φobs, and the azimuth of fracture
normal, φsym.

Since the density term and the terms related to sin2 θ tan2 θ only contribute to the
reflection coefficient at large incident angles, under the assumption of weak anisotropy and
a small incidence angle, we neglect these terms to yield

Rpp(θ, φ) = 1
2 sec2 θ ∆IP

IP
− 4g sin2 θ ∆IS

IS
−g(1 − 2g) cos2 φ sin2 θ∆δN + g cos2 φ sin2 θ∆δT .

(5)

The relationships between fracture weaknesses and quasi-fracture weaknesses are
given by,

∆δN =
1
2

∆qδN

qδN
, ∆δT =

1
2

∆qδT

qδT
. (6)



Energies 2022, 15, 7184 4 of 15

Substituting Equation (6) into Equation (5) and going through a series of derivations,
we obtain a new PP-wave reflection coefficient in terms of P-wave impedance, P- to S-wave
impedance ratio, FFI, and quasi-normal fracture weakness as follows:

Rpp(θ, φ) =
(

1
2 sec2 θ − 4g sin2 θ

)
∆IP
IP

+ 4g sin2 θ
∆(IP/IS)

IP/IS

− 1
2 cos2 φ sin2 θ ∆FFI

FFI
+ g2 cos2 φ sin2 θ

∆qδN
qδN

.
(7)

We use a two-layer model to analyze the accuracy of the new PP-wave reflection
coefficient in Equation (7). The upper layer is an isotropic medium and the lower layer is
an HTI medium. The elastic parameters and Thomsen anisotropy parameters of the model
are given in Table 1.

Table 1. Model parameters.

Medium VP(m/s) Vs(m/s) ρ(kg/m) ε(V) δ(V) γ

Isotropic overburden 4762 2724 2799 0 0 0
HTI medium 4542 2566 2667 −0.113 −0.275 0.167

Figure 1 shows the comparisons of the reflection coefficients calculated by the extended
Zoeppritz’s equation, Rüger’s equation [14], and the new equation. Figure 1a,b show
the reflection coefficient variation with the incident angle for azimuths of 0◦ and 90◦,
respectively. Figure 1c,d show reflection coefficient variation with azimuth for incident
angles of 10◦ and 30◦, respectively. We observe that the new approximation equation is
basically consistent with the Rüger equation when the angle of incidence is less than 30◦.
Therefore, the newly derived approximate equation has acceptable accuracy and can be
used to estimate FFI.
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φ = 90◦; (c) the reflection coefficient variation with azimuth for θ = 10◦; (d) reflection coefficient
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According to the definition of EI, proposed by Connolly [29] and Martins [30], the
reflection coefficient in HTI media can be written in terms of azimuthal EI as:

Rpp(θ, φ) ≈ 1
2

∆EI(θ, φ)

EI
≈ 1

2
d ln
[

EI(θ, φ)

EI

]
. (8)

Combining Equation (7) into Equation (8), we derive a new azimuthal EI equation
as follows:

EI = EI
(

IP

IP

)a(θ)( IP/IS

IP/IS

)b(θ)( FFI
FFI

)c(θ,φ)( qδN

qδN

)d(θ,φ)
(9)

where EI = IP, a(θ) = sec2 θ − 8g sin2 θ, b(θ) = 8g sin2 θ, c(θ, φ) = −2 cos2 φ sin2 θ,
d(θ, φ) = 4g2 cos2 φ sin2 θ.

2.2. Bayesian EIVAZ Inversion for Direct Estimate of FFI

Taking the logarithm of both sides of the equation yields

ln
(

EI
EI

)
= a(θ) ln

(
IP

IP

)
+ b(θ) ln

(
IP/IS

IP/IS

)
+ c(θ, φ) ln

(
FFI
FFI

)
+ d(θ, φ) ln

(
qδN

qδN

)
. (10)

For the case of M azimuths, N incident angles and K time samples, Equation (10) can
be rewritten as a matrix of the form:

dMNK×1 = GMNK×4Km4K×1, (11)

where d represents the matrix of the normalized log-azimuthal EI, G represents the kernel
function matrix composed of weighting coefficients for model parameters, and m represents
the model parameter matrix to be inverted.

We implement the EIVAZ inversion approach to estimate the model parameters in
a Bayesian framework [32,33]. In general, the noises are assumed to be independent and
Gaussian. If we assume that the prior information for model parameters can be modeled
using a Gaussian distribution, the posterior distribution for m given d is also Gaussian.
The maximum a posteriori (MAP) solution for model parameters is given by Buland and
Omre [34]:

m = m0 + CmGT
(

GCmGT + Cd

)−1
(d − Gm0), (12)
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where m0 is the prior information of model parameters; Cm and Cd are covariance matrices
of model parameters and noise, respectively; and the superscript T represents the transpose
of a matrix.

To estimate FFI from observed azimuthal seismic data, we establish a two-step in-
version workflow including (1) sparse pulse inversion for azimuthal EI volumes using
observed azimuthal seismic data; and (2) estimation for the model parameter through the
Bayesian EIVAZ inversion method.

3. Examples
3.1. Synthetic Example

A well log model and a 35 Hz Ricker wavelet are used to generate four azimuthal
gathers (30◦, 60◦, 90◦, and 120◦). Synthetic seismic data are generated using Equation (7)
based on the convolution model. Figure 2a shows that the four azimuthal angle gathers
without noise. We added random noise to the synthetic seismic gathers. Figure 2b shows
the generated seismic gathers with a signal-to-noise ratio (SNR) of two. We first stack the
azimuthal angle gathers to generate three average incident angles (10◦, 20◦, and 30◦) for
each azimuth. Next, we perform sparse pulse inversion to estimate azimuthal EI. The
inverted azimuthal EI is shown in Figure 3. The inversion results of azimuthal EI show an
agreement with the true model. We then estimate model parameters from azimuthal EI to
Bayesian EIVAZ inversion. The comparisons of the initial models (in green), true models
(in blue), and inverted results (in red) of P-wave impedance, P- to S-wave impedance
ratio, FFI, and quasi-normal fracture weakness for synthetic data without noise are shown,
respectively, in Figure 4. We can see that the inversion results of P-wave impedance, P- to
S-wave impedance ratio, FFI, and quasi-normal fracture weakness match well with the true
model, thus proving the feasibility of our inversion method. Figure 5 shows the inversion
results of azimuthal EI using this synthetic data, with SNR being two. We observe that the
estimated azimuthal EI data also show acceptable accuracy. The inversion results of model
parameters for synthetic data in the case of the SNR being two are displayed in Figure 6.
From Figure 6, we also find that P-wave impedance, P- to S-wave impedance ratio, FFI, and
quasi-normal fracture weakness are also estimated reasonably, which further confirms the
stability and robustness of the inversion approach.
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3.2. Field Data Example

We apply the proposed approach to a real data set to confirm its feasibility further. The
seismic data were acquired over a fractured carbonate-gas-bearing reservoir in southwest
China. The tectonic location is located at the western end of the large uplift belt in the
middle section of the West Sichuan Depression. The porosity of the target reservoir mainly
distributes in the range of 2–4% with an average of 2.58%, and the permeability is generally
lower than 0.1 × 10−3 µm2. It is a tight reservoir with low-porosity and low-permeability,
of which the thick gray dolomite is the main lithology. We first transfer the processed data
from the offset domain to the incidence angle domain, and then sort and stack azimuthal
angle gathers to generate azimuthal partial angle-stack seismic data, including four average
azimuths and three average incident angles, shown in Figure 7. The four average azimuths
are 27◦ (and a range of 8◦–46◦), 62◦ (and a range of 41◦–83◦), 98◦ (and a range of 78◦–118◦),
and 134◦ (and a range of 113◦–155◦), and the three average incident angles for the near, mid,
and far stacks are 9◦ (and a range of 2◦–16◦), 19◦ (and a range of 12◦–26◦), and 29◦ (and a
range of 22◦–36◦). We observe that there is a strong negative reflection amplitude around
the reservoir interface (at about 2.27 s). We then implement the sparse pulse inversion
to estimate azimuthal EI by using the azimuthal partial angle-stack seismic data, and the
inverted azimuthal EI profiles are shown in Figure 8. The inverted azimuthal EI shows
relatively low values at the location of the reservoir. With the estimated azimuthal EI, we
perform Bayesian EIVAZ inversion to estimate model parameters. Figure 9 shows the
inverted model parameter profiles. We can see that around the reservoir, the inverted
P-wave impedance and P- to S-wave impedance ratio show relatively low values, while
the inverted FFI and quasi-normal fracture weakness show relatively high values, which
indicates that the target reservoir is fractured and potentially gas-bearing. To verify the
reliability of the inversion results, we plot the comparisons between the estimated model
parameters and the corresponding well-logging values at the well location, as shown in
Figure 10. The inverted results of P-wave impedance, P- to S-wave impedance ratio, FFI,
and quasi-normal fracture weakness show an acceptable agreement with the well-logging
data, which validates the feasibility of our method. Moreover, the inverted results of FFI
and quasi-normal fracture weakness have good lateral continuity. These results help to
guide fracture detection and hydrocarbon identification in fractured carbonate reservoirs.
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4. Conclusions

Seismic fluid identification considering fracture-induced anisotropy is essential for
the exploration and development of fractured carbonate reservoirs. We propose a novel
Bayesian EIVAZ inversion approach for the direct estimate of a fracture fluid indicator,
which could avoid cumulative errors in the indirect calculation process. Using the assump-
tion of weak anisotropy and a small incident angle, we first derive a new approximate
PP-wave coefficient as a function of P-wave impedance, P- to S-wave impedance ratio,
FFI, and quasi-normal fracture weakness in an HTI medium. Analysis shows that the new
approximation has acceptable accuracy at angles of incidence less than 30◦ and can be
used to estimate the FFI. To estimate the FFI from observed azimuthal P-wave seismic
reflection data, we deduce the azimuthal EI equation and establish a two-step inversion
workflow involving (1) sparse pulse inversion for azimuthal EI volumes using observed
azimuthal seismic data; and (2) model parameter estimates through the Bayesian EIVAZ
inversion method. A synthetic data example demonstrates that the model parameters
can be reasonably estimated even with moderate noise levels. The parameters obtained
from the inversion are consistent with the true values. A field data example of a fractured
carbonate-gas-bearing reservoir in the Sichuan Basin shows that our method can produce
reliable inversion results of FFI and quasi-normal fracture weakness. We can see that
around the reservoir, the inverted P-wave impedance and P- to S-wave impedance ratio
show relatively low values, while the inverted FFI and quasi-normal fracture weakness
show relatively high values, which indicates that the target reservoir is fractured and po-
tentially gas-bearing. In addition, the inversion results of P-wave impedance, P- to S-wave
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impedance ratio, FFI, and quasi-normal fracture weakness show acceptable agreement with
the well logs, which indicates that our method can produce reasonable inversion results of
P-wave impedance, P- to S-wave impedance ratio, FFI, and quasi-normal fracture weak-
ness. The predicted results illustrate that the approach is feasible and robust and agrees
well with the log data and geological interpretation. Compared with the conventional
method, our approach has the greater advantage of accurately predicting the fracture fluid
indicator. Moreover, the estimated profiles of FFI and quasi-normal fracture weakness have
good lateral continuity; these results could help in the fracture detection and hydrocarbon
identification of fractured carbonate reservoirs.

Besides, several ideal assumptions we have made in this study should be clearly
stated. First, the inversion procedure presented in this paper is available when the effective
fractures are a single suite of parallel vertical fractures embedded in an isotropic medium.
However, when the complex gas-bearing carbonate reservoir develops two orthogonal
vertical or a suite of tilted fractures embedded in a VTI or isotropic medium, the situation
will be different. Secondly, the fluid identification methods of carbonate reservoirs with
different pore systems are different and cannot be generalized. This paper focuses on the
fluid identification method for deeply fractured carbonate reservoirs. Therefore, these
assumptions restrict the applicability of the proposed inversion method, and we need to
consider more complicated situations in the future.
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