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ABSTRACT

The identification of hydrocarbons using seismic methods is critical in the prediction of shale oil res-
ervoirs. However, delineating shales of high oil saturation is challenging owing to the similarity in the
elastic properties of oil- and water-bearing shales. The complexity of the organic matter properties
associated with kerogen and hydrocarbon further complicates the characterization of shale oil reservoirs
using seismic methods. Nevertheless, the inelastic shale properties associated with oil saturation can
enable the utilization of velocity dispersion for hydrocarbon identification in shales. In this study, a
seismic inversion scheme based on the fluid dispersion attribute was proposed for the estimation of
hydrocarbon enrichment. In the proposed approach, the conventional frequency-dependent inversion
scheme was extended by incorporating the PP-wave reflection coefficient presented in terms of the
effective fluid bulk modulus. A rock physics model for shale oil reservoirs was constructed to describe the
relationship between hydrocarbon saturation and shale inelasticity. According to the modeling results,
the hydrocarbon sensitivity of the frequency-dependent effective fluid bulk modulus is superior to the
traditional compressional wave velocity dispersion of shales. Quantitative analysis of the inversion re-
sults based on synthetics also reveals that the proposed approach identifies the oil saturation and related
hydrocarbon enrichment better than the above-mentioned conventional approach. Meanwhile, in real
data applications, actual drilling results validate the superiority of the proposed fluid dispersion attribute
as a useful hydrocarbon indicator in shale oil reservoirs.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

reservoirs is imperative.
Amplitude variation with offset (AVO) techniques involve

Considering the increase in the development of shale oil reser-
voirs, the characterization of hydrocarbon enrichment using
seismic methods is essential for identifying sweet spots in shale oil
plays. However, because the elastic properties of oil- and water-
bearing shales are similar, identifying shales of high oil saturation
and hydrocarbon enrichment using seismically-inverted elastic
attributes is challenging. Poroelastic behaviors associated with the
complexity of organic matter further complicate the identification
of oil-bearing shales using seismic methods. Therefore, the devel-
opment of seismic methods for identifying hydrocarbons in shale
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diverse approximations of the Zoeppritz equation (Zoeppritz, 1919)
and have been utilized in predicting hydrocarbon resources for
many decades. Since Aki and Richards (1980) proposed a linearized
expression based on velocities and density for the PP-wave reflec-
tion coefficient, many other approximations have been presented.
Classical approximations were based on the following indicators:
intercept and gradient (Shuey, 1985), P- and S-wave velocities and
the corresponding impedances (Smith and Gidlow, 1987; Fatti et al.,
1994), and Lamé coefficients moduli (Gray, 1999). Following the
proposal of the Gassmann fluid term as a hydrocarbon indicator
(Batzle et al., 2001), seismic AVO methods have been used for fluid
identification (Russell et al., 2003, 2011; Zong et al., 2013; Yin and
Zhang, 2014; Zhang et al., 2017).
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The advancement in rock physics modeling methods has
significantly enhanced the understanding of the mechanisms of
seismic dispersion and attenuation related to fluid flow (Chapman
et al., 2005, 2006; Jakobsen and Chapman, 2009; Ba et al., 2016,
2017). Considering that velocity dispersion produces the frequency
dependence of reflection coefficients in inelastic media, Wilson
et al. (2009) developed a frequency-dependent AVO (FD-AVO)
scheme for characterizing fluids in hydrocarbon reservoirs based
on seismic dispersion attributes. FD-AVO methods were primarily
utilized in the detection of conventional (Zhang et al., 2011; Sun
et al,, 2012; Cheng et al,, 2012; Wu et al., 2014; Chen et al., 2015;
Luo et al.,, 2018) and unconventional (Pang et al., 2018; Liu et al,,
2019; Jin et al., 2021) gas reservoirs. In gas detection applications,
wave-induced fluid flow was considered the primary velocity
dispersion and attenuation mechanism. In principle, different AVO
approximations can be transformed to frequency-dependent forms
that are suitable for FD-AVO inversions. Wang et al. (2019)
compared the sensitivity of different dispersion attributes for the
detection of fluids. In several studies, the FD-AVO has been opti-
mized using spectral decomposition methods, such as variational
mode decomposition (Liu et al., 2018), smoothed pseudo Wigner-
Ville distribution (Liu et al., 2019), and inverse spectral decompo-
sition (Luo et al., 2018; Huang et al., 2020).

In the characterization of oil reservoirs, oil has been detected
using fluid factors derived from elastic properties (Huang et al.,
2015; Pan and Zhang, 2019; Pan et al., 2019; Shu et al., 2021).
However, the elastic properties of oil and water are similar; thus,
the discrimination of oil- and water-bearing reservoirs remains
challenging. According to rock physics modeling and laboratory
studies, oil viscosity was found to be associated with noticeable
velocity dispersion and attenuation of oil-bearing rocks (Chen et al.,
2016; Yang et al., 2020). However, real data applications suggest
that the P-wave frequency-dependent attributes may exhibit lower
sensitivity to an oil zone than to a gas zone, which increases the
challenge in the detection of oil saturation using the conventional
dispersion attributes (Zhang et al., 2011; Sun et al., 2014). Therefore,
it is necessary to develop new seismic dispersion attributes more
sensitive to oil saturation for improved identification of favorable
zones in shale oil reservoirs.

To adequately interpret the obtained dispersion attributes, rock
physics modeling for organic shale is necessary to better under-
stand the velocity dispersion and attenuation mechanisms in shale
oil reservoirs. Carcione (2000) utilized an approach that in-
corporates viscoelasticity theory to describe the influence of oil
generation on the inelastic properties of shales. This approach was
based on early shale rock physics modeling studies by Vernik and
Nur (1992) and Vernik and Liu (1997). Further, Carcione (2001)
applied the model for AVO analysis of oil-bearing source rocks.
The significance of the organic matter in the accumulation of hy-
drocarbons in shales has been further investigated using petro-
physical analysis (Yenugu, 2014) and seismic rock physics modeling
(Zhao et al., 2016; Zhang et al., 2018).

In the present study, a new seismic frequency-dependent
inversion method is developed to improve hydrocarbon detection
in shale oil reservoirs by estimating the fluid dispersion attribute.
First, we present the scheme for the proposed fluid dispersion
attribute inversion in detail. We then establish a rock physics model
for analyzing the velocity dispersion and attenuation associated
with the oil saturation and hydrocarbon enrichment in shale res-
ervoirs. Subsequently, the proposed method was validated using
synthetics computed by integrating the rock physics model with an
advanced seismic modeling tool. The sensitivity of the proposed
fluid dispersion attribute to oil saturation and hydrocarbon
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enrichment is then analyzed and compared to that of the tradi-
tional compressional wave velocity dispersion. Finally, the appli-
cability of the proposed method is demonstrated using field data
from the intersalt shale oil reservoirs in the Jianghan Basin.

2. Theory and methodology

2.1. Seismic AVO representation for the estimation of pore-filling
properties

We started from the formula of the PP-wave reflection coeffi-

cient that is associated with the Gassmann fluid term given by
Russell et al. (2011), which has the expression as follows:

sec? f

2 2
Rpp(0) = [( dery> & (ngysec2 0— %Sin2 0) Bu
) 4 | f 4Y5ar Vsat IS
N 1 sec?f\ Ap
2 4 p’

(1)

where 6 is the average of the incidence and transmission angles
across a reflector. f= V3p — yﬁryv_%p denotes the averaged Gassmann
fluid term. u and p represent the averaged shear modulus and
density across the boundary. Here, Af and Ap represent the differ-
ences in the corresponding properties across the interface.
Ydry=Vp_dry/Vs_ary indicates the velocity ratio of the dry frame, and
Ysat = Vpsat/Vssar is the velocity ratio of the fluid-saturated
medium.

Han and Batzle (2004) decoupled the Gassmann fluid term (f)
using the gain function (G(¢)) related to porosity (¢) and the
effective bulk modulus (Kf) of pore fluids; it is expressed as follows:

f=Glo)Ks, (2)

2
where G(¢) = [1 - (Ifgoy) ] ¢, Kary represents the bulk modulus of
the dry frame, and Ky denotes the bulk modulus of the mineral
grains.

According to Zhang et al. (2017), Eq. (2) was substituted into Eq.

(1) to produce the following expression:
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Considering A(XY)/XY = AX/X + AY/Y in Yilmaz (2008), Eq. (3)
can be expressed as:
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(4)

Subsequently, Eq. (4) was rearranged to generate the following
equation:
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Vsat 2
Finally, Eq. (5) was simplified via linearization to the following
expression:
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In Eq. (6), Krand G(¢) are associated with the same coefficient
A(6), making these terms coupled in the elastic inversion. However,
according to the expression given by Han and Batzle (2004), G(¢) in
Eq. (2) is irrelevant to fluids and can be considered independent of
the frequency. Therefore, G(p) was dropped in the frequency-
dependent inversion scheme in section 2.2.

+B(0) (6)

where A(f) = 477““’ sec? f — 72 sin® ¢ and
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2.2. Frequency-dependent inversion scheme for pore-filling
dispersion attribute

Considering that velocity dispersion and attention account for
the frequency dependence of the PP-wave reflection coefficient
(Wilson et al., 2009), Eq. (6) was extended to the frequency domain
in the dispersion attribute inversion. In Eq. (6), it is reasonable to
assume that Krand u are frequency-dependent, while G(¢) and p are
frequency-independent. Consequently, the frequency-dependent
PP-wave reflection coefficient can be represented as follows:

AG(e)
G(e)

A
)—.
p

(7)

Eq. (7) was then expanded at a reference frequency (wg) using
the first-order Taylor approximation, and the obtained reflection
coefficient in the frequency domain is expressed as follows:

<A1<f>
K;

Rpp (0, w) :A(ﬂ)% (w) +B(0)% w) +A(0)
f H

AKf d

Rpp (0, ) = (o) + (v — wo)A(0) 4~

Al0) =

+B(0) 2 (w0) + (0 - w0)B(0) g ()
+A(8) AGG(E;;) +C(8) % (8)

The terms based on wg and those irrelevant to frequency were
grouped as shown in the following equation:

AG(e)
Glo)

AK
Rpp (6, o) :A(ﬁ)Tff(wo) +B(0)%(wo) +A(0) +C(0)="

(9)

and Eq. (8) was then rearranged to produce the following
expression:
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AK
Rpp(0, w) = Rpp(0, wo) + (© — wo)A(0) dcl) < Kf>
d /A ' (10)
+ w0080 g5 (F):
Eq. (10) can also be expressed as follows:
AR(f,w) = Rpp(0, w) — Rpp(f, wo)
d [AK A
— (0~ wp)A() dw( f) + - 00(0) g (22).
(11)

For the application with seismic data, an incidence wavelet with
a spectrum W (w) was introduced, and Eq. (11) was transformed
into the time-frequency domain (S) using spectra decomposition to
produce the following equation:

AS(0, w) = S(6, ) — S(6, )

AK,
=(w— wO)W(w){A(ﬁ)cS) (Kf) B(f )dw (Au) }
(12)

Subsequently, dispersion attributes Dxr andD,, which represent
dispersions of the effective bulk modulus of pore fluids and shear
modulus of the entire medium, respectively, were defined and
expressed as follows:

d (AK;

= dw<1<f> (13)
d /Au

= dw( ) (14)

Eq. (12) was then expressed using a matrix in the form of a pre-
stack seismic gather with n incidence angles and m frequencies
after spectral decomposition; it is expressed as follows:

AS(Br1,01) | [ (@1 —00)W(@1)AW1) (01 —00)W(w1)B(0:) |
AS(01,0m) (0m —wo)W(wm)A(th) (wm—wo)W (wm)B(b1)
AS(bn,w1) (w1 —wo)W(w1)A(0n) (w1 —wo)W(w1)B(0n)
As(ﬁn,wm)_ _(wm —wo)W(wm)A(fn) (wm— cl)O)W(ﬁ)m)B(ﬁn)_
« | Prr
Dy |
(15)
where W represents the spectrum of the wavelet.
Eq. (15) can be simplified into the following expression:
D
d=G| ¥ } : 16
B e

The attributes Dyy and D, in Eq. (16) can be computed using the
least-squares method based on the following expression:
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D -1
[D';f] - (GTG+521) G'd, (17)

where I represents the identity matrix and ¢ is the damping factor.

2.3. Spectral decomposition method

The success of implementing the dispersion attribute inversion
approach depends on reasonably estimating the time-frequency
spectra of seismic reflections. The Wigner-Ville distribution
(WVD) is a practical approach for the decomposition of non-
stationary seismic signals using an energy distribution function.
For a time-domain seismic signal x(t), its WVD transform can be
represented according to Cohen (1995) as follows:

[

where X(t) is the analytic signal of the actual signal x(t) and 7 de-
notes the time delay.

Cohen (1995) proposed a smooth pseudo-Wigner-Vile distri-
bution (SPWVD) method to mitigate the impact of the cross term in
the WVD that is associated with secondary nonlinear characteris-
tics. This was achieved using a smoothing function in the time and
frequency domains simultaneously, which is expressed as follows:

wp(t.f) = | x(t+ g)x(t - g)e—ﬂ”ﬁdr, (18)

T Tx(t " g)i (r - g)g(v)h(r)e’ﬁ”ﬁdvdf, (19)

—00 —00

SWenx =

where g(v) and h(7) are time and frequency smoothing window
functions, respectively; 7 is the frequency shift; and v is the time
delay. The Gauss function in the smoothing functions of g(v) and
h(7) has the following form:

ov,7)=e (@ >0, 8>0), (20)

Beijing / !

Jianghan Basin
o

Tectonic unit
bounary
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where « and § are the adjustment factors in the Gauss windows.

3. Geological setting

In the Qianjiang Sag of the Jianghan Basin, shale oil reservoirs in
the intersalt formations have yielded abundant hydrocarbon con-
tent for many years. The area exhibits significant potential for
additional oil production. According to the distribution of fault and
structural zonings shown in Fig. 1a, the Qianjiang Sag involves five
units in the region (Nie et al., 2020, 2021). The study area is located
in the Banghu Syncline Zone, shown using the red rectangular in
Fig. 1a.

Fig. 2 displays the stratigraphic units of the study area. The

Stratigraphy
Thickness,| Sedimentary
Era | System | Series | Formation | Member m facies
o
c .
8 | & =
S z g 120-450
= -
O
S | 110-700
i}
0 =)
S 5 -
) = = 150-640 | Saline lake
o & 5 w
& = g ¢]
8 Q
] =) g
e 100-700
o
[}
=~ 173-2218
o
i}

Fig. 2. Stratigraphic units and sedimentary facies of the target formation in the study
area.

(b)

1100

Fig. 1. (a) Regional geologic map of the Qianjiang Sag, Jianghan Basin and (b) map of the two-way travel time of seismic reflections from the top of the target shale oil reservoir.
Locations of wells A, B, and C as well as cross-well seismic lines are also displayed on the map.
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Fig. 3. Seismic section across wells A, B, and C. Two green lines denote the upper and
lower boundaries of the target shale oil reservoir.

Qianjiang formation contains four members (Eq', Eq?, Eq>, and Eq*).
In this formation, generated hydrocarbons were preserved in the
shale layers and sealed by salt layers, forming multilayer intersalt
shale oil reservoirs. The two-way travel time of seismic reflections
from the top of the Eq>, which is the target intersalt shale oil
reservoir in the present study, is shown in Fig. 1b. Three wells (A, B,
and C) were deployed and drilled in the study area, and the post-
stack seismic profile across these wells is displayed in Fig. 3.

As shown in Fig. 3, interbedded structures of the salt and shale
layers account for periodic seismic reflections. Two green lines
represent the upper and lower boundaries of the target intersalt
shale oil reservoir. Considerable oil has been produced from wells A
and B, whereas well C yielded no oil. However, identifying oil pay
zones based on the interpretation of amplitude is difficult because
seismic signatures of the target shale formation at the locations of
the three wells exhibited similar features. Therefore, the develop-
ment of effective seismic methods for enhanced detection of hy-
drocarbons in the intersalt shale oil reservoir is critical. At the same
time, logging data obtained from well A are displayed in Fig. 4,
revealing the interbedded structure of the target formation.

2900

Petroleum Science 20 (2023) 1532—1545

[ CIay] [Quartz] [Dolomite] [Glauberite]
[ [ [ |

HSB theory

Soild matrix

Krief's equations

Wood’s equation

[ Kerogen ] [ Organic pores]

Kuster-Toksdz theory
Dry frame Organic mixture

| Anelastic Brown-Korringa theory

Saturated shale

Fig. 5. Workflow of the rock physics modeling for shale oil reservoirs.

4. Theoretical model and analysis
4.1. Rock physics modeling method for shale oil reservoirs

The workflow of rock physics modeling for shale oil reservoirs is
shown in Fig. 5. First, the Hashin-Shtrikman bounds (Hashin and
Shtrikman, 1963) were used to estimate the elastic properties of a
matrix comprising minerals. Intrinsic anisotropy of shale associated
with clay minerals was not considered. Subsequently, the Krief
equations (Krief et al., 1990) were utilized to obtain the dry frame
moduli.

Petrophysical analysis indicates that the organic mixture of
shales comprises kerogen and kerogen-related porosity generated
during the maturation stage (Yenugu, 2014). According to Carcione
(2001), the method proposed by Kuster and Toksoz (1974) was
extended to compute the viscoelastic properties of the organic
matter composed of kerogen and fluids. Therefore, in the present
study, we used the method of Carcione (2001) to describe the ve-
locity dispersion and attenuation associated with kerogen and oil.

2950 -

3000 A

3050 A

Depth, m

3100 A

3150 A

3200 A

Eq3?
Eq3®

——

—
Eq3*
= Eqd'

3250 T T T . T 7 T T T
0 50 100 150 3 4 5 0 20 40 0 02 0 05 1.0
GR, API Ve, km/s CNL, % @, fraction S.i, fraction

Fig. 4. Logging data of the target formation obtained from well A, including (a) gamma-ray (GR), (b) P-wave velocity (Vp), (c) compensated neutron log (CNL), (d) porosity (¢), and

(e) oil saturation (S;). The subunits of the formations are labeled by superscripts.
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Table 1
Properties of components used in the rock physics modeling (Carcione, 2001; Mavko
et al., 2009).
Clay Quartz Dolomite Glauberite Kerogen Oil Water
Vp(km/s) 4.16 6.05 7.34 4.6 2.6 09 147
Vs (km/s) 232 4.09 3.94 2.05 1.2 - -
p(glem®) 258 265 2.87 235 14 0.7 1.04
o} — - — - 30 5 10
Q - - - - 20 - -

The inelastic properties of shale were assumed to be primarily
controlled by the compliance of kerogen and oil. Meanwhile, an
extension of Wood's equation (Wood, 1941) was employed to
compute the inelastic properties of the effective fluids composed of
water and oil.

Finally, the organic mixture, consisting of kerogen and fluids,
was assumed as inclusions exhibiting random orientations,
neglecting the possible anisotropy attributed to the layering asso-
ciated with the organic matter. The extended unelastic Brown-
Korringa theory was utilized to obtain complex frequency-
dependent stiffness values for organic-rich shales (Ciz and
Shapiro, 2007), regarding the organic mixture as inclusions satu-
rated in the dry frame. Properties used in the modeling are pre-
sented in Table 1. The viscoelastic theory used for quantifying the
inelasticity of media is given in.Appendix A.

Fig. 5 illustrates the rock physics modeling framework for shale
oil reservoirs. However, appropriate rock physics modeling should
further consider the specific properties of reservoirs in the local
areas. Fig. 6 reveals a positive correlation between the oil saturation
(Soi1) and the kerogen content (KC) obtained from well log data of
the shale oil reservoirs in the study area. The fitted linear rela-
tionship between the two factors is obtained and presented as:

KC = 0.08S,; + 0.01 (21)

In rock physics modeling, we considered the collaborative
change of Syj and KC (Fig. 6). The increase in Syj corresponds to the
increase in KC simultaneously. In specific operations, Sejj was set to
0.5 as the reference model as denoted by the red dot in Fig. 6. In this
case, KC equals 0.05 according to Eq. (21). The porosity was set to
0.15. The volumetric fractions of clay, quartz, dolomite, and glau-
berite were set to 0.26, 0.24, 0.24, and 0.06, respectively, according
to the properties obtained from logging interpretation.

Based on the reference model, the modeling considered the
correlation between Syj and KC for different Syj models, according

0.08 A °
>t og o
® S8 . °% .:0'.
= 0061 e . P
L L4 ° Po® o °
5 ° .‘ i w?
o ° ® o"’ .os o. .‘
)
G 0041 °® b .\. $". :3. N esed o .
5’ 008229 '.‘é: ‘- s o o . °
L] ()
& ° . :or. e. e A H . [T} °
0.02 1 2 030 © ¢ o @
° ° .
H
L)
0 T T T T
0 0.2 0.4 0.6 0.8 1.0
S, fraction

Fig. 6. Cross plot of oil saturation (So;) and kerogen content (KC) using logging data
from the shale oil reservoirs. The red line represents the fitted linear relationship. The
red dot denotes the values used in the reference model.
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to the fitted relationship in Fig. 6. Specifically, as S increases from
0 to 1, KC rises from 0.01 to 0.09 according to Eq. (21). Corre-
spondingly, the sum proportion of minerals decreases as KC in-
creases. Meanwhile, the relative volumetric proportions of minerals
were set to be the same as those in the above reference model. In all
the models with different Sy values, the porosity was kept constant
to be 0.15, and the pore space was saturated with water and oil.

4.2. Modeling analysis of different dispersion attributes

For the Sy models in section 4.1, the dispersion and attenuation
corresponding to the P-wave velocity of the entire shale (Fig. 7) and
effective bulk modulus of fluids (Fig. 8) were computed using the
proposed model illustrated in Fig. 5. As shown in Fig. 7a, the P-wave
velocity (Vp) of the shale decreases as Syj increases at all involved
frequencies. The magnitude of the dispersion in Fig. 7a and the
corresponding P-wave attenuation factor (Qp!) in Fig. 7b also in-
crease as the Sy increases. In comparison, the effective bulk
modulus of fluids (Kf) and the corresponding attenuation factor
(Ql?f]) for different So; values were displayed in Fig. 8a and b. Pre-
dictably, changes in the magnitudes of Ky and Q,?f as the Sy in-
creases are higher than those of Vp and Qpl These results
demonstrate that a direct inversion of fluid-related properties
produces a superior indicator of oil saturation and hydrocarbon
enrichment in shale reservoirs.

In Figs. 7b and 8b, Q! and Qg were calculated using the
following expressions:

) Im [vp(w)Z]

QPl(w) :Wv (22)
, . Im [Kf(w)z]

QKf1 (w) = W- (23)

The relaxation time 79, as shown in Eq. (A-5) in Appendix A,
determines the characteristic frequency fp by the relationship
fo = 1/70. The fy value represents the frequency associated with
maximum dispersion and attenuation (Carcione, 1997). According
to poroelastic theories on the mechanism of seismic attenuation, fo
is inversely proportional to the fluid viscosity n (Carcione et al.,
2010), as shown in the following expression:

fO:KKf/ (fpndz),

where K is the effective fluid bulk modulus, x represents perme-
ability, ¢ denotes porosity, and d is the size of the patches for
heterogeneous distribution of fluids.

According to Teja and Rice (1981), the value of 7 for the mixture
of oil and water can be calculated using the following equation:

Soil
_ n_w)
7] 770 ( 7]0 ’

where 7, and 7, are viscosities of the oil and water, respectively.

The value of fy in Eq. (24) can be significantly affected by »
because 7, is usually several orders of magnitude higher than 7w
(Carcione and Picotti, 2006). According to Eqgs. (24) and (25), fo
decreases as Sy increases, thereby shifting the frequency range of
the maximum dispersion and the corresponding attenuation peaks
to a lower frequency (Figs. 7 and 8).

(24)

(25)
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Fig. 7. Plots of the (a) Vp and (b) corresponding Q' versus frequency for different S values.
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4.3. Synthetic model test

As displayed in Fig. 9, a model of the intersalt shale oil reservoir
for synthetic seismic modeling was designed according to the
typical structures of the target formation in the study area. The
model exhibits a rhythmic layering of salt and shale units, and each
thin unit was assigned a thickness of 10 m. The salt layer was
assumed to be purely elastic with a P-wave velocity of 5000 m/s, an
S-wave velocity of 2700 my/s, and a density of 2200 kg/m>, ac-
cording to the statistical results of the elastic properties. Properties
of the shale layer were computed using the model proposed in the
present study, with frequency-dependent P-wave velocity dis-
played in Fig. 7a for different Sy models.

For an interface separating salt and shale, we computed the
terms AVp/Vp and AKf/Ky versus frequency for different Sy models,

as shown in Fig. 10a and b. K of shale was computed with Wood's
equation (Wood, 1941) for different Sy; values. The salt layer was
assumed water-saturated with the corresponding Krequal to that of
water. Results in Fig. 10 indicate that AKfKy exhibits an order of
magnitude higher than AVp/Vp in terms of the frequency-
dependent variation for different So; models. AKfKf equals zero
when Syj = 0 because both layers are saturated with water in this
case. Therefore, an improved sensitivity is expected from the fluid
dispersion attribute D represented by the difference of AKg/Kf to
frequency, as shown in Eq. (13).

The synthetics and inversion results are displayed in Fig. 11. In
Fig. 114, the values of P-impedance (Ip) for Sy values of 0, 0.5, and 1
were computed using the P-wave velocity at 40 Hz (Fig. 7a). Density
and shear wave velocity were computed but not displayed for
simplicity. As mentioned, the collaborative change of Sy and KC
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Reflection
wave

Incidence
wave

Salt

Fig. 9. Model of the intersalt shale oil reservoir, which exhibits a rhythmic layering of
salt and shale.

was considered in different Sy; models. Seismic modeling was
conducted based on the propagator matrix method (PMM) and the
rock physics model for shale. The utilized PMM was developed
based on Carcione (2001), with applications presented in Guo et al.
(2015, 2018). Pre-stack gathers with incidence angles ranging from
0° to 30° were calculated for a 40 Hz Ricker wavelet. The corre-
sponding stacked traces are shown in Fig. 11b. We can observe the
differences in the reflection amplitudes for the three S,;; models.
The spectral decomposition results corresponding to the three
Soil models are shown in Fig. 11c—e. The decomposed spectra were
computed using the SPWVD method described in section 2.3.
Fig. 11f illustrates the Dp results obtained from the method of
Wilson et al. (2009), while Fig. 11g shows the Dy values computed
using the method described in section 2.2. As shown in the results,
a higher anomaly was observed for the dispersion attributes Dp and
Dggat higher Sej) values. Nevertheless, the limited bandwidth of the
incidence wavelet presents challenges in discriminating the
anomalies from an individual shale unit. Interestingly, Dp and Dy
exhibit different response characteristics for varied Syjj, as shown in
Fig. 11f and g. For instance, the Dp value changes more evidently for
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Soil varying from a moderate to high value (0.5—1.0) compared to
that observed for Syj from a low to moderate value (0—0.5), as
shown in Fig. 11f. This implies that the ability of Dp to discriminate
Soil from low to moderate values may be limited.

In contrast, Dgfrepresents comparable sensitivity for Sej varying
from low to moderate (0—0.5) and moderate to high values
(0.5—1.0), as shown in Fig. 11g. This suggests that Dy has the po-
tential as a robust indicator of oil saturation and hydrocarbon
enrichment in the shale oil reservoirs.

Furthermore, we quantitatively analyzed the different responses
of Dp and Dy to continuous variations in Sj values, as shown in
Fig. 12a and b, respectively. The dispersion attributes were calcu-
lated as the root-mean-square values within the time covering the
target intersalt shale oil reservoirs in Fig. 11a. As shown in Fig. 12, Dp
and Dgr values were normalized to the range between 0 and 1 to
facilitate quantitative comparisons.

As shown in Fig. 13, the histogram indicates that the Sy; values
obtained from the well log data for the target shale layer in the
study area tend to concentrate within the range of 0.2 and 0.8,
suggesting the common occurrence of moderate oil saturation in
the oil pay zones. As shown in Fig. 12a and b, the quantitative
analysis indicates that corresponding to the Sy range of 0.2—0.8,
relative changes in Dp and Dy are 52% and 71%, respectively. The
higher variation in Dgsfurther substantiates its enhanced sensitivity
to variation in Syj and hydrocarbon enrichment.

5. Field data applications

We then presented a field data application to the 3D pre-stack
seismic data obtained from an intersalt shale oil reservoir in the
study area shown in Fig. 1. Figs. 14—16 illustrate the logging data,
cross-well stacked seismic traces, decomposed spectra, and inver-
sion results at wells A, B, and C, respectively. Drilling results indi-
cate that oil production is high in wells A and B, whereas well C
does not produce oil. Accordingly, the inverted Dp and Dy values
obtained from wells A and B show high-value anomalies, as shown
in Figs. 14 and 15, respectively. Lower values were obtained from
well C, as shown in Fig. 16. Therefore, the inversion results coincide
with the results obtained from the drilling analysis. As shown in
Figs. 14—16, although Dp and Dy exhibit similar characteristics, the
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Fig. 10. Plots showing the (a) AVp/Vp and (b) AKj/K; versus frequency for different Sy; values.
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Fig. 11. (a) Ip for three Sy; models. (b) Corresponding stacked traces modeled by PMM. (c)—(e) Time-frequency spectra for the three So; models. (f) Inverted Dp and (g) Dy for the

three So;) models.
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Fig. 12. Normalized Dp and Dy for increasing So; values. Relative changes of Dp and Dgy are quantitatively compared for Sy between 0.2 and 0.8.

magnitude of Dy is much significantly higher than that of Dp
thereby indicating the higher sensitivity of Dgs to oil pay zones.
Meanwhile, the enhanced sensitivity of Dk to Sejj and hydrocarbon
enrichment has also been validated using the synthetics of theo-
retical models (Fig. 11).

Then, the performance of Dp and Dy in estimating the lateral
variation of hydrocarbon enrichment was further compared on
seismic sections. As illustrated in Fig. 17, the decomposed spectra of
the seismic section (Fig. 3) may be used to identify hydrocarbons in
the shale oil reservoir. The decomposed spectra at certain specific
frequencies may exhibit similar trends as the dispersion attributes.
However, the physical implications of the decomposed spectra may
not be explicitly delineated, thus challenging the applicability of
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hydrocarbon identification using these spectra straightforwardly.

The sections of inverted Dp and Dy are demonstrated in Figs. 18
and 19, where the values were normalized to the range between
0 and 1 for comparison. As indicated by black arrows, the oil pay
zones interpreted from the drilling results in wells A and B showed
high-value anomalies in Dp and Dgy. Notably, no responses in Dp and
Dgy were generated in the target layer in non-productive well C. In
comparison, the seismic amplitudes in the post-stack section
(Fig. 3) exhibit insufficient lateral variations to distinguish oil-
producing pay zones in wells A and B from the non-reservoir
zone in well C.

Although Dp and Dy values showed strong anomalies in the oil-
bearing pay zones, they exhibited distinct responses in the target
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Fig. 13. Histogram of S,; from logging data of the target shale reservoirs. The dominant
value of S, ranges between 0.2 and 0.8.

shale oil reservoirs. The Dgy value (Fig. 19) showed apparent
anomalies with improved spatial continuity and temporal resolu-
tion in the pay zones compared to those obtained from Dp (Fig. 18).
The sensitivity and robustness of Dgr over Dp for the hydrocarbon
identification observed in field data applications were consistent
with the quantitative analysis using the synthetic data (Fig. 12).

In addition, we compared three dispersion attributes, as shown
in Fig. 20. The corresponding values were normalized to the range
between 0 and 1 for comparison. The average sum of normalized Dp
and Dgr showed a relatively linear correlation with Sejj; thus, it may
provide a quantitative estimate of Syj;, depending on the availability
of logging data for further calibration. In the corresponding section
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shown in Fig. 21, the oil pay zones in wells A and B can be identified
reliably, with the anomaly responses slightly different from Dy in
Fig. 19.

A horizontal slice of the average sum of normalized Dp and Dy
for the target intersalt shale oil reservoir is illustrated in Fig. 22. The
attribute distribution indicates promising areas with high hydro-
carbon enrichment, which are mainly located in the western part of
the study area. The results provide essential information on hy-
drocarbon accumulation and thus help characterize potentially oil-
rich zones for future exploration and development of the intersalt
shale oil reservoirs.

6. Discussion

We proposed a new seismic inversion scheme to compute the
fluid dispersion attribute Dy for improved hydrocarbon identifi-
cation in shale oil reservoirs. The proposed method extended the
conventional FD-AVO inversion scheme by incorporating the PP-
wave reflection coefficient represented by the effective fluid bulk
modulus (Ky) in Zhang et al. (2011). Analyses using rock physics
modeling and synthetics indicated that Dgy exhibits increased
sensitivity to oil saturation and hydrocarbon enrichment compared
to the traditional compressional wave velocity dispersion Dp
(Figs. 10 and 12). Field data applications confirmed that Dgy can be
used as a preferable hydrocarbon indicator for intersalt shale oil
reservoirs in the study area (Fig. 19).

When extending Eqgs. (6) and (7) for establishing the FD-AVO
inversion scheme, the frequency-dependent reflection coefficient
was assumed to be related to the elastic moduli varying with the
frequency without considering the particular velocity dispersion
and attenuation mechanisms. Therefore, in the hydrocarbon iden-
tification for specific reservoirs, it is necessary to conduct appro-
priate rock physics modeling to better interpret the computed
dispersion attributes in local areas. In this study, the inelastic
properties of the organic shale were attributed to the compliance of
kerogen and oil (Carcione, 2000, 2001). However, the interactions
between organic components, microcracks, and fractures in shale
should be further considered using advanced rock physics models

(d) (e) )
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T T
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3 De

40

DK'

Fig. 14. Logging data of (a) GR and (b) Vp from Well A, (c) cross-well stacked seismic traces, (d) decomposed spectrum, (e) Dp and (f) Dgy. The target formation of the intersalt shale

oil reservoir is shadowed in gray. Well A has been proven as an oil-producing well.
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Fig. 15. Logging data of (a) GR and (b) Vp from Well B, (c) cross-well stacked seismic traces, (d) decomposed spectrum, (e) Dp and (f) Dk The target formation of the intersalt shale

oil reservoir is shadowed in gray. Well B has been proven as an oil-producing well.
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Fig. 16. Logging data of (a) GR and (b) Vp from Well C, (c) cross-well stacked seismic traces, (d) decomposed spectrum, (e) Dp and (f) Dgr. The target formation of the intersalt shale

oil reservoir is shadowed in gray. Well C has been proven as a non-productive well.

to better understand the significance of the obtained dispersion
attributes. At the same time, the shear modulus dispersion in Eq.
(14) was not discussed, owing to the insufficient understanding of
the poroelastic behavior of shear waves propagating in organic
shale. More laboratory measurements and sophisticated rock
physics models will help provide insights into the velocity disper-
sion and attenuation related to shear waves for the comprehensive
applications of P- and S-wave dispersion attributes.

Owing to the limited temporal resolution of seismic reflections
for the interbedded thin layers, identifying an individual oil-
bearing shale layer was challenging, as demonstrated by the
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synthetic tests in Fig. 11 and real data applications in Figs. 14—16.
Moreover, structure-related interferences can also cause
frequency-dependent seismic reflections, which may lead to un-
certainty in the interpretation of dispersion attributes. Spectral
decomposition techniques with higher resolutions may be incor-
porated to mitigate such problems in future applications.
Meanwhile, as illustrated in Fig. 6, a positive correlation exists
between kerogen content (KC) and oil saturation (Sej). Such cor-
relation may produce coupled seismic responses of these two fac-
tors. In future studies, a feasible solution to this problem is to
extend the AVO formula represented in terms of fluid factor (Russell
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Fig. 17. Decomposed spectra of the seismic section in Fig. 3 at frequencies of (a) 5 Hz, (b) 10 Hz, (c) 20 Hz, (d) 35 Hz, (e) 50 Hz, and (f) 60 Hz.
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Fig. 18. The section of normalized Dp across wells A, B, and C. Two black lines denote
the upper and lower boundaries of the target intersalt shale oil reservoir. Two arrows
indicate the locations of oil-bearing pay zones in wells A and B.
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Fig. 19. The section of normalized Dy across wells A, B, and C. Two black lines denote
the upper and lower boundaries of the target intersalt shale oil reservoir. Two arrows
indicate the locations of oil-bearing pay zones in wells A and B.
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et al., 2011) or effective fluid bulk modulus (Yin and Zhang, 2014;
Zhang et al., 2017) with the solid substitution theory by considering
the organic mixture composed of kerogen and fluids as solid pore-
fillings. Based on this, new elastic and associated dispersion
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Fig. 22. Horizontal slice of the average sum of normalized Dp and Dy for the target
intersalt shale oil reservoir in the study area.

attributes could be defined and estimated for improved hydrocar-
bon identification in organic-rich shales.

7. Conclusions

Prediction of hydrocarbon enrichment using seismic methods is
significant for identifying favorable oil-bearing shales. A rock
physics model was constructed to describe the inelastic properties
associated with organic matter and oil saturation in shale oil res-
ervoirs. Analyses based on the constructed model showed that the
frequency dependence of the effective fluid bulk modulus exhibits
an improved sensitivity to oil saturation and hydrocarbon enrich-
ment compared to the compressional wave velocity dispersion of
the entire shale. Accordingly, a new seismic inversion scheme was
proposed by extending the conventional frequency-dependent
inversion method to compute the fluid dispersion attribute D to
predict oil saturation and hydrocarbon enrichment in shale reser-
voirs. Quantitative analysis using synthetics justified the superior-
ity of Dk for hydrocarbon identification over the conventional
compressional wave dispersion attribute Dp. For the intersalt shale
oil model in the study area, the relative changes in Dp and Dy were
estimated as 52% and 71%, respectively, for the oil saturation pre-
dominantly varying from 0.2 to 0.8. This result validated the
improved sensitivity of Dgs to oil saturation and hydrocarbon
enrichment. The drilling results corroborated the results of the
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proposed method for hydrocarbon identification in the intersalt
shale oil reservoir in Qianjiang Sag, suggesting Dy as a preferable
hydrocarbon indicator.

The proposed method can be applied for hydrocarbon identifi-
cation in other oil and gas reservoirs based on appropriate rock
physics modeling and analysis. The strategy of extending elastic
AVO to dispersion attribute inversion presented in this study may
inspire further development of other practical dispersion
attributes.
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APPENDIX A. Viscoelastic Theory
According to the standard linear solid model and Boltzmann

theory (Carcione, 1997), the complex stiffness for a viscoelastic
medium with transverse anisotropy is given by:

- 4
C1<1)=C1(1)—D+BM]+§GM2,I:1,2,3, (A-1)
CU:?U7D+BM1+ZG(17%M2>,l,]=1,2,3; 1#] (A-2)
Cs55 = C55Ma, Cg6 = Co6Ms (A-3)
with
B—D-2¢ D=1 (2¢,1+ ¢ ).andG=1 (2¢s5+ ¢
=V-3LU=3 11+ €33 ), =3 55+ C66 |

(A-4)

where ?,] are the elastic stiffnesses at the high-frequency limit.
The complex Zener moduli in Egs. (A-1) to (A-3) is:

V@2 +1-1+iwQ,r
V@2 +1+1+iwQ,m

where the subscript v = 1, 2 represent the relaxation mechanism of
P- and S-wave, respectively; w is the angular frequency; ¢ is the
relaxation time.

In this study, we only consider the isotropic limitation of the
viscoelastic anisotropic theory.

M,(w) = (A-5)
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