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Rock physical model and amplitude variation with offset (AVO) patterns considering the
content of organic matter and the composition of minerals have a wider significance for
guiding the identification and prediction of the mud-rich source rock. A rock physical
model is proposed for describing the elastic properties of kerogen in different maturity
stages. The proposed rock physical model builds an intrinsic connection between the
elastic properties and physical parameters of the mud-rich source rock, thereby providing
a theoretical basis for a seismic inversion and a seismic forward modeling. To overcome
the limitations of laboratory measurement, a combination-four-parameter regression
(CFPR) method is further proposed to estimate the continuous total organic carbon (TOC)
values for the verification and analysis of the rock physical model. The modeling results
reveal that the P-wave velocity and P-wave impedance will decrease with an increase
in TOC, and the Poisson ratio and Poisson impedance will increase as the mud content
increases, which are consistent with the conclusions of the cross plot using the actual
well data. Based on the proposed rock physical model, the seismic responses of the
mud-rich source rock are further modeled. The synthetic seismic records are consistent
with the well-side seismic records, the top reflection of the mud-rich source rock behaves
as a stronger negative event dimming with an incident angle corresponding to a class
[V AVO pattern, and the bottom reflection exhibits a class | AVO anomaly. In addition, a
two-layer model is constructed to analyze an effect of the TOC content and mud content
on the AVO characteristics. The results indicate that increasing the TOC content and mud
content will significantly increase the interceptions and slightly change the gradients of
the P-P reflection coefficients. These results help to guide the identification and evaluation
of the mud-rich source rock.

Keywords: rock physical model, AVO pattern, mud-rich source rock, TOC, mud content

INTRODUCTION

Given the importance of the spatial distribution of source rocks and the abundance of organic
matter in source rocks on the prospect of petroleum plays, a plenty of methods are discussed
to predict and determine source rocks by using the seismic data in the literature. Loseth
et al. (2011) described and explained the seismic section characteristics of source rocks based
on the relationship between the total organic carbon (TOC) content and acoustic impedance,
and the spatial distribution of source rocks could be identified by the seismic data only.
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Carcione (2001) analyzed the amplitude variation with offset
(AVO) effects caused by kerogen in source rocks, and verified the
ability and applicability of determining the TOC content in the
source rock layers by using an AVO technique. del Monte et al.
(2018) compared the conventional methods including seismic
impedance inversion, AVO technique, and seismic attribute
analysis for detecting source rocks. From this study, seismic
inversion could predict a lateral variation of source rocks, and
the AVO response of source rocks was a strong class IV anomaly.
In particular, the AVO and seismic attribute analysis did not
need the well-information, and could be used to investigate
source rocks in undrilled basins. Kiswaka and Felix (2020)
utilized a combination analysis of amplitude versus angle/offset
(AVA)/AVO to determine the distribution of the organic carbon-
rich deposits in the deeper basin areas, and the AVO class
IV elements could be as an indicator of an organic carbon-
rich layer. Besides, those methods were also well-discussed
in the literature to guide the identification and evaluation of
source rocks (Ogiesoba and Hammes, 2014; Badics et al., 2015;
Ding et al., 2015; Lee et al,, 2020). Therefore, revealing and
characterizing the interaction between the seismic responses and
the rock physical properties of source rocks is critical.

The rock physical model sets a fundamental basis for
analyzing the elastic properties and seismic attributes caused by
kerogen of source rocks and shales. Organic-rich shales behave as
a transversely isotropic material due to a specific distribution of
organic matter in the rock (Vernik and Nur, 1992). Vernik and
Landis (1996) and Vernik and Liu (1997) described the velocity
anisotropy due to kerogen of source rocks and shales using the
Backus averaging method (Backus, 1962). The seismic-velocity
attenuation caused by the conversion of kerogen to oil was
interpreted by Carcione (2000, 2001) using the Backus averaging
and Kuster-Toks6z model, and the AVO effects of source rocks
were further analyzed. Carcione et al. (2011) and Carcione and
Avseth (2015) further characterized the effects of the kerogen
content on the seismic velocity by the Backus averaging and
the Krief/Gassmann models. The elastic anisotropy and AVO
responses caused by kerogen of the organic shales were also
described by Sayers (2013a,b) based on the developed rock
physical model. However, it is still challenging to investigate the
elastic properties and AVO responses of the mud-rich source
rock, especially the effects of the TOC content and mud content.
Therefore, an appropriate rock physical model of the mud-rich
source rock is developed, and its AVO characteristics are analyzed
in this study.

Generally, the mud-rich source rock is mainly formed in deep
water and stable water, and consists of clay minerals, quartz
particles, and organic matter (Pichevin et al., 2004; Jiang and
Zha, 2005; Aplin and Macquaker, 2011; Ma et al., 2016), and it
does not display the same strong anisotropy as shales. Therefore,
we simplify the mud-rich source rock as a homogeneous and
an isotropic rock. The elastic characteristics of the mud-rich
source rock are not only sensitive to the kerogen content and
mineral compositions, but also depending on the maturity of
kerogen (Avseth and Carcione, 2015; Carcione and Avseth, 2015;
Zhao L. et al.,, 2016). The effects of the maturity on the elastic
properties of source rocks and shales were also well-investigated

(Guo et al,, 2013; Zargari et al., 2013; Zhao L. et al., 2016; Hansen
et al,, 2019). In particular, Zhao L. et al. (2016) summarized that
kerogen played a load-bearing role in the immature and mature
stages, and the overmatured kerogen could be treated as a filling
inclusion instead of the load-bearing matrix. To highlight the
effects of the kerogen content and to weaken the impact of the
thermal maturity, we use the self-consistent approximate (SCA)
theory (Berryman, 1980, 1995) to handle the effects of kerogen in
the immature and mature stages, and utilize the solid substitution
equation (Ciz and Shapiro, 2007) to model the overmatured
kerogen based on the assumptions of Zhao L. et al. (2016).

While verifying the accuracy and validity of the proposed
rock physical model, well logs can be used in the absence of
the laboratory data, which can provide more abundant and
continuous rock stratum information under real geological
conditions than the laboratory data (Xu and White, 1995; Xu
et al., 2020; Yin et al,, 2020). Moreover, the TOC logs are also
required in the application and analysis of actual well logs.
However, the accurate TOC values measured through laboratory
geochemical analyses are almost discontinuous and insufficient
because of the limitations of experimental samples (Fertl and
Chilingar, 1988; Khoshnoodkia et al., 2011; Kenomore et al.,
2017; Zhao et al., 2017). Therefore, many researchers estimated
the TOC content curves using conventional well logs, including
the formation-density logs, gamma-ray logs, sonic logs, and
resistivity logs (Schmoker, 1979, 1981; Fertl and Chilingar, 1988;
Zhao et al., 2016; Alshakhs and Rezaee, 2017). The common
methods for calculating the continuous TOC curves involve
traditional linear fit methods (Schmoker, 1981; Schmoker and
Hester, 1983; Fertl and Chilingar, 1988), the AlogR model
and its modifications (Passey et al, 1990; Kenomore et al.,
2017; Rahmani et al, 2019), multiparameter regression and
multivariate statistical methods (Mendelzon and Toksoz, 1985;
Zhu and Jin, 2003; Tan et al., 2015), and artificial neural network
methods (Khoshnoodkia et al., 2011; Tan et al., 2015; Shi et al.,
2016; Mahmoud et al., 2017, 2020).

In the case of the mud-rich source rock, the thermal
maturation is mainly immature or mature. The background
values of the TOC content are close to zero. The rock formation
is normally compacted, and most of the non-source rocks are
sandstones or igneous rocks (Cui et al., 2019). Therefore, the
AlogR model is suitable to predict the continuous TOC curves
in the mud-rich source rock (Passey et al., 1990; Cui et al., 2019).
To eliminate the uncertainty of the artificially selected baselines
and avoid the difficulties caused by the unknown maturity
in using the AlogR model, Zhu and Jin (2003) proposed
a three-parameter regression method by considering a strong
relation between organic matter and bulk density. On the basis
of the kerogen characteristics, including a high-gamma value,
high-sonic transit time, high resistivity, and low density, we
also propose a combination-four-parameter regression (CFPR)
method to improve the accuracy of the TOC estimation in
the mud-rich source rock based on the AlogR model and
Zhu’s revision (Fertl and Rieke, 1980; Fertl and Chilingar, 1988;
Khoshnoodkia et al., 2011).

In this study, to interpret how the rock physical parameters
change the elastic properties and thereby affecting the seismic
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responses of the mud-rich source rock, a rock physical model
is initially presented in detail, and kerogen of different maturity
stages is modeled. Furthermore, a CFPR method is further
introduced and used to estimate the TOC curves. In addition,
the elastic responses of the TOC content and mud content are
illustrated by using a numerical modeling and the crossplot of the
actual well data. Based on the proposed rock physical model, the
seismic responses and AVO patterns of the mud-rich source rock
are introduced. The synthetic seismic records are compared with
the well-side seismic records to verify the validity and reliability
of a forward modeling process. Besides, a two-layer model is
constructed to further analyze the effects of the TOC content and
mud content on the AVO responses of the mud-rich source rock.
Finally, we end with discussions and conclusions.

ROCK PHYSICAL MODEL FOR THE
MUD-RICH SOURCE ROCK

Modeling Methodology

Different from the published methods for a rock physics
modeling (Vernik and Landis, 1996; Vernik and Liu, 1997;
Carcione, 2000; Vernik and Milovac, 2011; Sayers, 2013a,b;
Carcione and Avseth, 2015; Zhao L. et al., 2016; Ba et al., 2017;
Tan et al, 2020; Pang et al., 2021), a rock physical model is
proposed in this study by focusing on the effects of the kerogen
content and kerogen maturity of the mud-rich source rock. The
main processes and modeling methods used in the rock physical
model are illustrated in Figure 1.

First, the Voigt-Reuss-Hill average is used to estimate the
effective moduli of a mineral mixture, which is assumed to be
a homogeneous and an isotropic medium consisting of clay
particles, quartz particles, and other solid grains. The elastic
moduli of the mineral mixture are (Hill, 1952; Mavko et al., 2009),

N N -1
Mmixture = ZﬁMl + (Zfl/Ml> /2> (1)

i=1 i=1

where M,ixture represents the equivalent modulus of a mineral
mixture, including Kyixture and (mixture. M; and f; are the elastic
moduli and volume fractions of the ith component, respectively.
N is the sum of total types of solid mineral components.

It is clearly known that the thermal maturation of kerogen
strongly affects the effective elastic properties of the mud-rich
source rock (Modica and Lapierre, 2012; Guo et al.,, 2013; Zargari
et al, 2013; Zhao L. et al, 2016). Figure 1 displays that the
immature and mature kerogen appear as solid inclusions and play
a load-bearing role. During the thermal maturation, the mature
kerogen decomposes into hydrocarbon, and organic pores are
gradually formed in solid kerogen. Overmatured kerogen and
generated hydrocarbons constitute a solid-liquid mixture, which
is regarded as filling inclusions instead of the load-bearing
matrix. Considering different elastic properties and occurrence
forms of kerogen, the appropriate effective medium theories are
used in different maturity stages. More specifically, the effects of
kerogen are described by using the SCA theory in the immature

and mature stages, and the elastic moduli of the rock matrix are
(Berryman, 1980, 1995),

N
Z_fl (Ki — Kinixuture) ﬁ*l =0
i=1

N .
Zfz (,ui - Mmixture) S*l =0, (2)

i=1

where Kpixture and fmixture are the equivalent bulk and shear
moduli of mineral mixtures, respectively. K; and p; are the
bulk and shear moduli of the ith material, respectively. f; is the
volume fraction of the ith inclusion component. N is the sum
of total types of solid mineral components. The factors g* and
£* represent the geometry parameters and are the functions of
the aspect ratios and the equivalent moduli of inclusions and
background medium (Berryman, 1995; Mavko et al., 2009).

The solid substitution equations are then used to model the
effect of overmatured kerogen, the equations for the isotropic
case are (Ciz and Shapiro, 2007),

-1 122
Kl = gl (Kary — Kgfl)
sat T Ndry T —1 —1 —1 —1
¢(Kin - K¢ ) + (Kdry - Kgr )
_ 1.2
(Mdr;/ - Mgrl)

#—1_ -1 _ 3
Ty B s M
where K7, and u}, represent the bulk and shear moduli of the
rock saturated with an inclusion-filling material, respectively.
Kgry and jigy, are the bulk and shear moduli of the inorganic
matrix, respectively. Ky and g denote the bulk and shear
moduli of a solid grain material of matrix frame, respectively.
Ky and g are the bulk and shear moduli of the inclusion pore
space, respectively. Kj, and p;, are the bulk and shear moduli
of the pores filled by a mixed material of hydrocarbons and
kerogen, respectively.

The effective elastic properties of clay-sand rocks are
calculated by Xu and White (1995), which assumed that the
matrix pores involved clay pores and sand pores. For the mud-
rich source rock, the matrix pores also can be divided into ductile
pores (related to the clay minerals) and rigid pores (related to
the sand minerals) by referring to the Xu-White model (Xu and
White, 1995),

Dductile = Vclay¢mutrix» ¢rigid = Pmatrix — Pductile (4)

where V., is the volume fraction of the clay mineral normalized
by the total volume fraction of an inorganic matrix.

Assuming the Poisson’s ratio of the dry rock skeleton
as constant, Keys and Xu (2002) simplified the dry rock
approximation based on the Kuster-Toks6z and differential
effective medium (DEM) theories used in the Xu-White model,
and derived two direct and efficient formulations to calculate the
elastic moduli of a dry rock skeleton,

Kdry = Kiu(1 - ¢)P
Kdry = (1 — ¢)q’ (5)
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FIGURE 1 | Schematic diagram of rock physical modeling in the mud-rich source rock.

S

where Ky, and (g, are the bulk and shear moduli of a dry rock
skeleton, respectively. K, and (., are the matrix bulk and shear
moduli, respectively. p and g are the geometric factors depending
on the shapes of the pore inclusions. ¢ is the rock porosity.

In view of that the pore-filling materials depend on the
kerogen type and maturity (Tissot et al., 1974, 1987; Espitalié
et al,, 1977), the effective moduli of the saturated rock are
(Gassmann, 1951; Mavko et al., 2009),

Ky = Kg+ &?Ke[¢p + (@ — §) Kt /K| ot = g, (6)

where « = 1 — K;/Ky,, Ks,Ky, Ky, and K,,, are the bulk moduli
of the saturated rock, dry rock frame, pore-filling material, and
rock matrix, respectively. ps andu, are the shear moduli of the
saturated rock and dry rock frame, respectively.

Estimation of the TOC Content

Continuous TOC content curves are necessary for the
verification and application of the proposed rock physical
model, especially for the analysis of actual well logs. The TOC
value is an important factor (weight percent) for evaluating
the abundance of organic matter in source rocks and can be
transformed to the kerogen volumetric content (Vernik and
Nur, 1992; Vernik and Landis, 1996; Carcione, 2000; Vernik and
Milovac, 2011; Carcione and Avseth, 2015; Vernik, 2016),

Pmatrix

———TOC, (7)
Ck pkerogen

Vkerogen =

where pmatrix and Pgerogen are the density of the dry rock matrix
and solid kerogen, respectively. Cy is the carbon concentration
of the solid organic matter and depends on the kerogen maturity
ranging from 0.7 to 0.85 (Vernik and Milovac, 2011; Carcione
and Avseth, 2015; Vernik, 2016).

The accurate TOC values measured by using a rock pyrolysis
analysis (Rock-Eval) are almost discontinuous and insufficient
(Fertl and Chilingar, 1988; Khoshnoodkia et al., 2011; Kenomore
etal., 2017; Zhao et al., 2017). Therefore, it is of great significance

and demand to estimate the continuous curves of the TOC
content using the common well logs. The AlogR method
proposed by Passey et al. (1990) is one of the most common
methods to determine the continuous TOC curves. The TOC
value is calculated by using the A log R method by a logarithmic
separation between the sonic and resistivity values and depending
on the maturity (Passey et al., 2010),

TOC = (log(R¢/Ro) — 0.02 x (At — Atg)) x 102297-0-1688xLOM),

(8)

where Ry is the resistivity log value (ohm). At is the sonic log
value (us/ft). Rgp and Aty are the baseline value of the resistivity
logs and sonic logs coincided in a non-source rock, respectively.
LOM represents the level of organic maturity, such as vitrinite
reflectance, Ry.

However, there are many uncertainties and difficulties
caused by artificially selecting baselines and lacking of the
maturity formation in using the AlogR method. To avoid
the shortcomings of the AlogR method, Zhu and Jin (2003)
proposed a three-parameter regression method by modifying
the AlogR model and considering a strong correlation of
organic matter and bulk density. The modified TOC calculation
equation is,

TOC = (a x logR; + b x At +¢)/p, 9)

where a, b, and ¢ are the coefficients to be estimated by the
regression analysis using the measured TOC values and well logs.

By modifying the Alog R model and Zhu’s revision, a CFPR
method is further proposed based on the characteristics of
organic matter, which involve a high-gamma value, high-sonic
transit time, high resistivity, and low density (Fertl and Rieke,
1980; Fertl and Chilingar, 1988; Khoshnoodkia et al., 2011), the
estimating equation of TOC value is,

TOC = a x (logR;/p) + b x (At/p) + ¢ x (GR/p)

+d x (1/p) + e, (10)
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where GR is the gamma-ray value (API) of the source rock. p is
the rock density value ing/cm?®. a, b, ¢, d, and e are the coefficients
to be determined by the multiple regression analysis.

The same four parameters (R;, At, GR, and p) can also be used
to linearly calculate the TOC curves (Fertl and Chilingar, 1988;
Alshakhs and Rezaee, 2017), defined as a simple-four-parameter
regression (SFPR) method, the calculation equation is

TOC=axRi+bxdt+cx GR+dx (1/p)+e (11)
Different from the SFPR method, the CFPR method utilizes
the four combination parameters, which are logR;/p, At/p,
GR/p, and 1/p, to predict the TOC values. Because organic
matter exhibits a high-gamma value, a high-sonic transit time,
high resistivity, and low-density characteristics, the combination
parameters logR;/p, At/p, and GR/p have stronger positive
correlations and are more sensitive to the TOC values than
the simple parameters R;, Af, GR, and p. In addition, the
combination parameter logR;/p can also avoid the large-scale
changes of R; logs.

The A log R method, the Zhu’s method, the SFPR method, and
the CFPR method are utilized for the actual well L1 including 47
measured TOC samples from the Zhu I depression in the South
of China, and the results are illustrated in Figure 2. The estimated
TOC values from the SFPR and CFPR methods are more accurate
and reasonable than those from the AlogR method and Zhu’s
method. Because the TOC curves calculated by four parameters
can bring more wiggles and have higher matching rates than
those of two or three used parameters. The fitting goodness
(denoted as R?) of the CEPR method is 89.5%, which is 23.2%
higher than that of the SFPR method, 35.2% higher than that
of Zhu’s method, and 102.6% higher than that of the AlogR
method. Moreover, the root mean square error (RMSE) of the
estimated results using the CFPR method is 20.24%, which is
38.0% less than that of the SFPR method, 44.3% less than that
of Zhu’s method, and 56.6% less than that of the A log R method.
The satisfactory R* and RMSE indicate that the CFPR method
can reliably and accurately predict the TOC content curves of the
mud-rich source rock.

Figure 3 displays the regression residual analysis of the CFPR
method. The residuals are mainly distributed in the interval [-0.3,
0.3], and the residual distribution is consistent with the normal
distribution, which also verifies the effectivity and reliability of
the CFPR method.

Numerical Modeling

Compared with the laboratory data, well logs can provide a
large amount of continuous rock formation information taken
under real geological conditions and can also be used to verify
the validity and applicability of the proposed rock physical
model in the absence of the laboratory data (Xu and White,
1995; Xu et al, 2020; Yin et al, 2020). Figure4 illustrates
that the actual well L2 is used to verify the proposed rock
physical model of the mud-rich source rock. The P-wave velocity
and S-wave velocity estimated by using the proposed rock
physical model are consistent with the measured well log values,
and the fitting goodness of the calculated S-wave velocity is

90.08%. Figure 5 displays the errors of the calculated P-wave
velocity and S-wave velocity. The relative errors of S-wave
velocity are <10% and demonstrate a normal distribution, which
demonstrates that the proposed rock physical model can reliably
and effectively characterize the elastic properties of the mud-rich
source rock.

Clay minerals and kerogen are the most abundant
compositions in the mud-rich source rock. The rock will
become ductile due to the clay minerals, and the compressional
elasticity and density of rock will decrease by the existence
of kerogen. Therefore, the TOC content and mud content
can be regarded as two dominant factors of affecting the
elastic responses of the mud-rich source rock. Using the
proposed rock physical model, the elastic responses of the
mud content and TOC content are quantified and illustrated
in Figures 6, 7. For simplicity, the mud-rich source rock is
considered to be composed of kerogen, clay, and quartz. The
aspect ratios of ductile pores and rigid pores are supposed
to be 0.015 and 0.22, respectively. The matrix pores are filled
by water.

Figure 6 indicates that the P-wave velocity (V}), S-wave
velocity (Vs), and P-wave impedance (I,) decrease with an
increase of the mud content, and the density, the ratio of P-wave
velocity and S-wave velocity (V) / V), Poisson’s ratio, and Poisson
impedance increase as the mud content increases. As the mud
content grows from 10 to 100%, the relative decrements of V,, are
25.2 and 23.0% when TOC is set to 0 and 3.0%, respectively. And
the same relative decrements of Vg are 28.7 and 26.6%, and of I,
are 16.7 and 15.0%, respectively. The decrement magnitude of I,
is lower than that of V}, or Vi because of the high bulk density
of clay minerals. Moreover, a varying TOC content will slightly
change the decrement magnitudes of the elastic parameters.

Figures 6D-F prove that V,/V, Poisson’s ratio and Poisson
impedance all have positive correlations with the mud content.
As the mud content grows from 10 to 100%, the relative
increments of V},/V are 5.0 and 4.9% when TOC is set to 0 and
3.0%, respectively. The same relative increments of Poisson’s ratio
are 7.7 and 26.6%, and of Poisson impedance are 19.9 and 19.1%
when TOC is set to 0 and 3.0%, respectively. The decrement
magnitude of the Poisson impedance is higher than those of
Vp/ Vs and Poisson ratio because the bulk density increases with
the mud content. In conclusion, increasing the mud content will
make V), Vs, and I, to decrease, and cause V,/V;, Poisson ratio,
and Poisson impedance to increase in the mud-rich source rock.

In Figure 7, all elastic parameters decrease with increasing
the TOC content. From no organic matter up to 5.0% TOC
content, the relative decrements of V), are 10.0 and 8.1% when the
mud content is 50 and 90%, respectively. And the same relative
decrements of Vg are 9.3 and 7.5%, respectively, and they are
equivalent to the relative decrements of V). The same relative
decrements of I, are 15.3 and 14.1%, respectively, which are
larger than those of V), and V. However, the change magnitudes
of V,/Vs and Poisson’s ratio caused by the TOC content are
lower than 1.0%, which demonstrates that TOC will slightly affect
Vp/ Vs and Poisson’s ratio. In summary, Vj, Vs, and I, of the
mud-rich source rock will significantly decrease with an increase
of the TOC content, and in particular, I,is more sensitive to
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FIGURE 2 | A comparison of estimated TOC using different methods of the mud-rich source rock. (A) The A method, (B) the Zhu's method, (C) the SFPR method,
(D) the CFPR method. The red lines represent estimated TOC values, and the blue scatters represent measured TOC values.
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the TOC content because of the low elastic moduli and density
of kerogen.

Application in Real Data

Figures 8, 9 display that the real data of the actual wells from
the Zhu I depression in the South of China are utilized to
verify the relation between the elastic parameters and the TOC
content and mud content simulated by the proposed rock

physical model. Figure 8 illustrates that the crossplot of the
elastic parameters for the mud content, the combinations of
elastic parameters including V,,/V; with V,, Poisson’s ratio with
Vp, and Poisson impedance with V), can well-distinguish the
mud content. The indicating abilities of V),/V;, Poisson’s ratio,
and Poisson impedance for the mud content are equivalent.
More specifically, the mud content is in positive correlation with
Vp/ Vs, Poisson’s ratio, and Poisson impedance, and negatively
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related to V). Figure 9 indicates that the combinations involving
V), with density, Vi with density, and I,with density have better
indicating abilities to the TOC content, and V), V;, and I, exhibit
significantly low values at high TOC content.

The actual well data used in the crossplots are also utilized
to test the sensitivities of different elastic parameters to the mud
content and TOC content. Sensitivities to the mud content and
TOC content can also be understood as the indicating abilities
of elastic parameters to the mudstone and high-quality source
rock. In the mud-rich source rock, we assume the mudstone
with the TOC content higher than 1.5% as the high-quality

source rock. The sensitivity coefficient of each elastic parameter
is defined as the ratio of the difference in the mean values and the
standard deviation (SD) of the parameter value at the mudstone
(or high-quality source rock), is (Yin et al., 2015; Zong et al.,
2015),

mean mean

%
Pstd

* _PO

S = , (12)

where $* is the sensitivity coefficient of the elastic parameter for

the mudstone or high-quality source rock. P, and P9 are
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the mean values of the elastic parameters at the mudstone (or
high-quality source rock) and sandstone (or non-high-quality
source rock), respectively. Py, , is the SD of the elastic parameter
at the mudstone (or high-quality source rock).

Figure 10  displays the sensitivity coefficients
discriminating the high-quality source rock and mudstone
of different elastic parameters, including Vp, Vs, Ip, Vp/Vs,
Poisson’s ratio (denotes as ¢), and Poisson impedance (denotes

for

as op), respectively. Vp and Ip have better sensitivities to
the high-quality source rock, and the Poisson’s ratio and
Poisson impedance are more sensitive to the mudstone.
Therefore, the Poisson’s ratio and Poisson impedance
can be considered as indicators for discriminating the
mudstone, and then Vp and Ip are used to identify
the high-quality source rock from the distribution of
the mudstone.
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Discussion

Using the proposed rock physical model, the impact of the
TOC content and mud content on the Poisson impedance and
P-impedance of the mud-rich source rock are illustrated in
Figure 11. As the mud content increases, the P-wave impedance
generally decreases, and the Poisson impedance significantly
increases, which is due to a high Poisson’s ratio and the density of

clay minerals in the mud-rich source rock. In contrast, the TOC
content trends to make both the P-wave impedance and Poisson
impedance decrease, which is caused by the very low modulus
and density of kerogen in the mud-rich source rock.

Figure 11 demonstrates that the TOC content and mud
content have a synergic effect on a decrease of the P-impedance,
which will bring difficulties to determine the mud-rich source
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rock based on the interpretation of the P-wave impedance alone.
However, the TOC content and mud content have a competing
effect on an increase of the Poisson impedance. Moreover, the
Poisson impedance is more sensitive to the mud content than
the TOC content. Therefore, the Poisson impedance can be
considered as an indicator to identify the spatial distribution of
the mudstone. And then, the P-impedance can be further used
to distinguish the mud-rich source rock from the determined
mudstone. In addition, the P-impedance also can be used to
evaluate the TOC content and discriminate the high-quality
source rock. These results can help to interpret the seismic
inversion results and guide the identification and evaluation of
the mud-rich source rock.

AVO PATTERNS FOR THE MUD-RICH
SOURCE ROCK

In this section, the seismic responses of the mud-rich source
rock are analyzed by using the proposed rock physical model to
interpret the effects of the TOC content and mud content on the
AVO characteristics.

The elastic parameters of the actual well L3 are calculated
by using the proposed rock physical model. When the TOC
content is higher than 1.0%, the mudstone is defined as the
mud-rich source rock. From Figures 12A,B, the mud content
and TOC content logs indicate that the mud-rich source rock
has a thickness up to 300-400 m, and mainly consists of thick
mudstones with less amount of thin sandstones. Figures 12C,D
demonstrate that the calculated P-wave velocity and S-wave
velocity (represented by green curves) are in good agreement
with the measured well logs (represented by blue curves), which
verifies the accuracy of the proposed rock physical model and
thereby implies the feasibility and reliability of the seismic

forward modeling. Moreover, the variations of P-wave velocity
and S-wave velocity with depth give that the mud-rich source
rock has significantly low velocity compared with sandstones.
Figure 12E indicates the density of the mud-rich source rock
is higher than the shallow sandstones and lower than the base
sandstones due to the increasing formation compaction.

The well-seismic-calibration process is divided into two main
steps. The first one is blocking well logs, and is aimed to match
the frequencies of the well logs and seismic data. The well log
is stratified and blocked based on the minimum-stratification-
thickness principle and minimum-velocity-difference principle
(Zhou et al,, 2015). In this study, the minimum-stratification-
thickness is set at twice the seismic sampling interval, and the
minimum-velocity-difference is set to 30 m/s for the actual well
L3. The second main stage is the conventional well-seismic-
calibration process.

The Aki-Richards approximation of the exact Zoeppritz
equation is used to calculate the P-wave reflection coefficients for
the AVO modeling (Aki and Richards, 1980),

A
Ap
P

1 Vi sec?0 AVp Vi
Rpp(0) = =(1 — 4—Ssin0 — = 43
pp(6) 5 y2sin ) >V VI%SI

P

where Vp, Vs, and p are the average values of P-wave velocity,
S-wave velocity and density on both sides of the reflection
interface, respectively. AVp, AVs, and Ap are the difference of
P-wave velocity, S-wave velocity, and density on both sides of the
reflection interface, respectively. 0 is an incident angle.

Figure 13 displays the synthetic seismic records that are
consistent with the actual seismic records (on the side of well L3),
which verifies the accuracy and effectivity of a seismic forward
modeling. Both synthetic and well-side seismic records have
four obvious strong reflection events, which sequentially match

Frontiers in Earth Science | www.frontiersin.org

12

April 2021 | Volume 9 | Article 633930


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Yu et al. Modeling and AVO of Source-Rock
A . B .
TOC varies from 1.0 to 4.0 TOC varies from 1.0 to 4.0
-0.15 : . : . -0.16 . . , , :
~ N o
g 15
'S 5 -0.18
3 -
S + TOC=3.5% ! S
S 03¢ TOC=1.0% ( | g 02
.g — TOC=2.0% \ .g
g -035r | ——TOC=3.0% u 3
S ——— TOC=4.0% \ = -0.22
& 04 : |2 TOC:1.0%—4.0%
V-mud=60%
-0.45 : : ; : : -0.24 -
0 10 20 30 40 50 60 0 5 10 15 20 25 30 35
Incidence angle(®) Incidence angle(®)
C . D .
0.1 V-mud varies from 50% to 90% 0.15 V-mud varies from 50% to 90%
N N
g 1 5
;g é’ -0.2 ¢
&= 1 S |
8 +++ g A
: -04r V-mud=50% +1 : -0.25 L —
£ +  V-mud=60% N 2
b 0.5 V-mud=70% | @ s —
5} — V-mud=80% o I
=061 | v.mud=90% 1 = ‘/v Joc=9.5%
V-mud:50%—90%
-0.7 ; ; ' ' : -0.35 —
0 10 20 30 40 50 60 0 5 10 15 20 25 30 35
Incidence angle(°) Incidence angle(®)
FIGURE 15 | The PP-reflection coefficients vary with incident angle (denoted as ) for different TOC content and mud content. (A) TOC content increases from 1.0 to
4.0%, 6 is 0-60°, (B) TOC content increase from 1.0 to 4.0%, 6 is 0-35°, (C) mud content increase from 50 to 90 %, 6 is 0-60°, (D) mud content increases from 50%
to 90%, 6 is 0-35°. (Red crosses represent the PP-reflection coefficients calculated by the average elastic properties of the actual well L3.).

the top and bottom reflections of the upper and lower mud-
rich source rock in the well L3, due to an obvious impedance
contrast of the mud-rich source rock with respect to the
background sandstones.

The top and bottom reflection events of the lower mud-rich
source rock are picked to analyze the AVO characteristics of the
mud-rich source rock. Figure 13 displays that the top reflection
of the mud-rich source rock has a strong negative reflection
event dimming with an incident angle. Figure 14A indicates
that the P-P reflection coefficient curves of the top reflection
behave as negative interceptions and positive gradients, which
demonstrate the class IV AVO pattern. This is mainly because
the mud-rich source rock has lower P-wave impedance and
higher Poisson’s ratio than the upper sandstone (Ostrander, 1984;
Avseth et al., 2010). The similar behaviors were also described in
the previous researches on source rocks and organic-rich shales
(Carcione, 2001; Sayers, 2013a; Ogiesoba and Hammes, 2014;
del Monte et al.,, 2018; Kiswaka and Felix, 2020). Conversely,

Figures 13, 14B display that the bottom reflection of the mud-
rich source rock present a strong positive reflection event and
the P-P reflection coefficient curves exhibit positive interceptions
and negative gradients, which are consistent with the class I
AVO characteristics. This is because the base sandstone have
higher P-wave impedance and lower Poisson’s ratio than the
upper mud-rich source rock (Ostrander, 1984; Avseth et al.,
2010). Moreover, Figure 14 displays that the AVO characteristics
of the P-P reflection coeflicient curves picked from the synthetic
seismic records are in agreement with the fitting curves of the
well-side seismic records, which also confirms the reliability of
AVO modeling.

Furthermore, the average physical properties of the mud-rich
source rock and background sandstone in the well L3 are selected
to construct a two-layer model for analyzing the effects of the
TOC content and mud content on the AVO characteristics. The
upper layer is set to the sandstone with no kerogen, and the
lower layer consists of the mud-rich source rock with a varying
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TOC content and mud content. Figures 15A,B display that the
P-P reflection coefficients for the TOC content increase from 1.0
to 4.0%. In agreement with the conclusions of Carcione (2001),
the P-P reflection coefficients remain negative, and the absolute
values of the reflection coefficients gradually decrease within 40°,
and then sharply increase in the range of 40-60°. Figure 15B
highlights the variation of P-P reflection coeflicients between
0° and 35°. As the TOC content increases, the interceptions of
the P-P reflection coefficients decrease and the absolute values
of the interceptions increase. This is because of an increase of
the TOC content, which will make the elastic impedance of the
mud-rich source rock to decrease and the impedance difference
between the mud-rich source rock and sandstone to increase. As
the TOC content increases from 1.0 to 4.0%, the interceptions
of P-P reflection coefficients change from —0.221 to —0.237,
and the relative change rate is 6.7%. When TOC is 4.0%, the
P-P reflection coefficients vary from —0.237 to —0.173 as an
incident angle changes from 0° to 35°, and the relative change
rate is 27.0%. In conclusion, the TOC content has a significant
effect on the P-P reflection coefficients because the presence of
kerogen will largely weaken the elastic impedance of the mud-
rich source rock.

Similarly, Figures 15C,D display that the P-P reflection
coefficients change as the mud content increases from 50 to
90%, and their variation characteristics are similar to those
of increasing the TOC content. As the mud content increases
from 50.0 to 90.0%, the P-P reflection coeflicients decrease
from —0.209 to —0.318, and the relative change rate is 52.4%.
When the mud content is 90.0%, the P-P reflection coefficients
increase from —0.318 to 0.236 with an incident angle changing
from 0° to 35°, and the relative change rate is 25.8%. The effects
of the mud content are more significant than the TOC content on
the AVO responses, which is due to a larger variation of the mud
content than the TOC content in the mud-rich source rock.

In conclusion, the AVO responses of the top reflections
of the mud-rich source rock are consistent with the class
IV AVO patterns, and the bottom reflections display a class
I AVO anomaly. Moreover, the AVO characteristics can be
strongly affected by the TOC content and mud content, and the
TOC content and mud content will significantly decrease the
interception and slightly change the gradient of the P-P reflection
coefficients. In particular, the effects of the mud content are
stronger than the TOC content.

CONCLUSIONS

In this study, we initially develop a rock physical model to
reveal an inherent mechanism of the mud-rich source rock by
focusing on the effects of the TOC content and mud content on
the elastic properties and seismic responses. The rock physical
modeling results and the crossplots of the actual well logs reveal
that the TOC content and mud content have a synergic effect
on a decrease of the P-wave impedance, and have an opposite
impact on an increase of the Poisson impedance. In particular,
the Poisson impedance is more sensitive to the mud content,
and the P-wave impedance is more sensitive to the TOC content,
which can help to interpret the seismic inversion results and

guide the identification and evaluation of the mud-rich source
rock. In addition, a CFPR method is also presented to acquire the
continuous TOC curves for the application and analysis of the
proposed rock physical model.

The seismic responses of the mud-rich source rock are later
analyzed by using a seismic forward modeling. The synthetic
seismic records and the well-side seismic records exhibit the
same characteristics. Specifically, the top reflections of the mud-
rich source rock behave as stronger negative events and their
amplitudes decrease with an incident angle corresponding to a
class IV AVO pattern, and the bottom reflections present class I
AVO anomalies.

The AVO characteristics are a function of the TOC content
and mud content, which is interpreted by using a two-layer
model. Both the TOC content and mud content will significantly
increase the interceptions and slightly change the gradients of
the P-P reflection coeflicients. Moreover, the effects of the mud
content on the AVO responses are greater than those of the TOC
content on the AVO responses due to a larger variation of the
mud content in comparison to the TOC content in the mud-rich
source rock.

In the conclusion, we concern that the mud-rich source rock
has the same elastic properties and seismic responses as the
mudstone. To avoid the confusion about the mudstone, the
spatial distribution of mudstones can first be identified, and then
the TOC content is estimated to further discriminate the mud-
rich source rock from the determined mudstone. Besides, the
interference of the mudstone to the mud-rich source rock will
be solved by decoupling the elastic responses of the mud content
and TOC content in the future studies.
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