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ABSTRACT

Total organic carbon (TOC) prediction with elastic parameter inversions has been widely used in the
identification and evaluation of source rocks. However, the elastic parameters used to predict TOC are not
only determined by TOC but also depend on the other physical properties of source rocks. Besides, the
TOC prediction with the elastic parameters inversion is an indirect method based on the statistical
relationship obtained from well logs and experiment data. Therefore, we propose a rock physics model
and define a TOC indicator mainly affected by TOC to predict TOC directly. The proposed rock physics
model makes the equivalent elastic moduli of source rocks parameterized by the TOC indicator.
Combining the equivalent elastic moduli of source rocks and Gray’s approximation leads to a novel
linearized approximation of the P-wave reflection coefficient incorporating the TOC indicator. Model
examples illustrate that the novel reflectivity approximation well agrees with the exact Zoeppritz
equation until incident angles reach 40°. Convoluting the novel P-wave reflection approximation with
seismic wavelets as the forward solver, an AVO inversion method based on the Bayesian theory is pro-
posed to invert the TOC indicator with seismic data. The synthetic examples and field tests validate the
feasibility and stability of the proposed AVO inversion approach. Using the inversion results of the TOC
indicator, TOC is directly and accurately estimated in the target area.
© 2023 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

Monte et al.,, 2018; Broadhead et al., 2016; Lgseth et al., 2011;
Sahoo et al., 2021). The widely investigated artificial intelligence

Quantifying organic matter abundance, determining organic
matter type, and analyzing organic matter maturity are three
essential aspects investigated for identifying and evaluating po-
tential source rocks (Herron, 1987). The most popular focus in
determining source rocks is how to predict TOC (Herron, 1987; Li
et al., 2018; Shalaby et al., 2019). Elastic parameter inversions
have been widely used to map the TOC distributions based on the
correlation between TOC and its sensitive elastic parameters (such
as P-wave velocity, density, and P-wave impedance) (Amato del
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technology has also been applied to estimate TOC using different
sensitivity parameters (Amosu et al., 2021; Chan et al., 2022;
Shalaby et al., 2019; Zhao et al., 2021). However, the elastic pa-
rameters used to predict TOC are not only determined by TOC but
also affected by other physical parameters of source rocks, such as
clay content and porosity. Besides, the TOC prediction with the
elastic parameters inversion is an indirect method and includes two
main steps: elastic parameters inversion and TOC estimation from
elastic parameters. The basis of TOC prediction using elastic pa-
rameters is the statistical relationship obtained from well logs and
experiment data and lacks inherent rock physics interpretation
(Amato del Monte et al., 2018; Sahoo et al., 2021; Zhao et al., 2021).
Therefore, we aim to present an effective parameter by rock physics
modeling, which mainly depends on TOC and is defined as a TOC
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indicator for directly predicting TOC.

Extensive investigations have focused on the rock physics of
source rocks in recent years. Vernik and Nur (1992) first revealed
that kerogen has a noticeable impact on the seismic velocities of
shale by ultrasonic measurement. Subsequently, many geo-
physicists paid attention to the effects of kerogen on the elastic
responses of source rocks or shale (Carcione, 2000; Fu et al., 2020;
Hansen et al., 2019; Zhao et al., 2016). The typical effective medium
theories for simulating the elastic responses of kerogen on source
rocks or shale include Backus averaging theory and its modifica-
tions (Backus, 1962; Carcione, 2000; Sayers, 2013; Vernik and
Landis, 1996; Vernik and Liu, 1997; Vernik and Nur, 1992; Zhao
et al., 2016), Kuster-Toksoz (K-T) model (Han et al., 2019; Kuster
and Toksoz, 1974), isotropic and anisotropic SCA model
(Berryman, 1980, 1995; Li et al., 2015; Yin et al., 2020; Yu et al.,
2021), isotropic DEM and anisotropy DEM model (Deng et al,,
2015; Hornby et al., 1994), anisotropy SCA-DEM model (Gui et al.,
2020; Hornby et al., 1994), solid substitution equation (Fu et al.,
2020; Saxena and Mavko, 2014; Yu et al., 2021; Zhao et al., 2016),
Brown-Korringa equation(Brown and Korringa, 1975; Dong et al.,
2014; Yin et al,, 2020), and anisotropic generalization of Gass-
mann equations (Carcione and Avseth, 2015; Carcione et al., 2011;
Ciz and Shapiro, 2009). The selection and usage of effective models
depend on the elastic properties and mechanical effects of kerogen.
For example, the Backus average, K-T model, SCA model, and DEM
model are typically used in the case that kerogen is regarded as a
prominent part of the rock matrix and plays the role of loading-
bearing. The Brown-Korringa equation, solid substitution equa-
tion, and the anisotropic generalization of Gassmann equations will
be applied when the kerogen is treated as the inclusion filling of
rock pores. As thermal maturation increases, kerogen is gradually
converted to hydrocarbon, and kerogen-related pores are gener-
ated; besides, the role of kerogen transforms from load bearing to
inclusion infilling (Tissot et al., 1974; Zargari et al., 2015; Zhao et al.,
2016). Therefore, varied rock physics models may be applied to
adapt to the changes in kerogen elastic properties with maturity
(Yin et al., 2020; Yu et al.,, 2021; Zhao et al., 2016). However, using
the above rock physics models, the effect of kerogen on the
equivalent elastic moduli of source rocks cannot be expressed
explicitly by TOC. Therefore, we propose a new modeling idea of
“inorganic before organic,” which means the inorganic rock is first
constructed, and then the kerogen is added to constitute source
rocks. As studied by Xu and White (1995), the K-T model was used
to estimate the elastic moduli of the dry rock skeleton. Under the
assumption of constant Poisson's ratio of dry rock skeleton, Keys
and Xu (2002) simplified the K-T equations for the elastic moduli
for dry rock skeleton. The simplified elastic moduli are expressed as
the elastic moduli of the rock medium multiplied by the functions
related to the rock porosity only. Referring to the studies of Keys
and Xu (2002), we apply the K-T model to incorporate the effect
of kerogen on source rocks. As a consequence of simplification, the
equivalent elastic moduli of source rocks are parameterized by the
equivalent moduli of inorganic rock and a parameter. Because this
parameter is the function of TOC and is mainly sensitive to TOC, we
define it as the TOC indicator for predicting the TOC of source rocks.

The proposed rock physics model builds a quantitative relation
between the elastic properties and physical parameters of source
rocks (Mavko et al., 2009). Combining the equivalent elastic moduli
of source rocks and Gray’s approximation leads to a novel linearized
approximation of the P-wave reflection coefficient incorporating
the TOC indicator (Gray et al., 1999; Zong and Yin, 2017; Zong et al.,
2015). The AVO inversion is a critical application of the novel P-
wave reflection coefficient to predict TOC from pre-stack seismic
data (Buland and Omre, 2003; Downton, 2005). Convoluting the
novel P-wave reflection approximation with seismic wavelets as
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the forward solver, an AVO inversion method based on the Bayesian
theory is proposed to invert the TOC indicator with seismic data
(Zong and Yin, 2016; Zong et al., 2015). Using the inversion results
of the TOC indicator, the TOC can be predicted directly, thereby
identifying the distribution of source rocks.

As known, the elastic characteristics of source rocks are not only
affected by the TOC but also depend on the maturity of organic
matter, anisotropy properties of rock medium, and mineral
composition (Ding et al., 2021; Hansen et al., 2019; Suwannasri
et al., 2018; Zhang et al., 2018; Zhao et al., 2016). This paper’s
research object is isotropic, low maturity, and clay-rich source
rocks.

2. Rock physics parameterization

The rock physics model builds a quantitative relation between
the elastic properties and physical parameters of source rocks, and
provides crucial theoretical support for the accurate prediction of
TOC by seismic inversion (Grana, 2016; Mavko et al., 2009). To
decouple the elastic responses of TOC, we first construct inorganic
rock and then incorporate kerogen to compose the organic-rich
source rock, thereby parameterizing the equivalent elastic moduli
of source rocks. Building the rock physics model of source rocks
includes four steps. Fig. 1 shows the steps and details of the model.

Step 1. The V-R-H average is applied to calculate the elastic
moduli of rock medium mixing different minerals (Hill, 1952;
Mavko et al., 2009):

N N -1
Mp = ZfiMi+ (Zfi/%) /2, (1)
i1 iz

where, M, and M; represent the elastic moduli of the rock medium
and i th mineral component, respectively. f; is the volume fraction
of the i th mineral component.

Step 2. The pore space is divided into clay pores and sand pores
(Xu and White, 1995):

Pclay = Vclay/vtotal*‘/’matrix> Psand = Pmatrix — Pclay> (2)
where, ¢matrix is the total matrix porosity, sy and ¢sanq are po-
rosities of clay pores and sand pores, respectively.

The simplified equations deduced by Keys and Xu (2002) are
used to estimate the elastic moduli of dry rock skeleton:

Kdry =Km(1 - ("i)piv (3)

Bdry = Bm(1 — o7, (4)
where, Ky, and pgry are the bulk modulus and shear modulus of
dry rock skeleton, respectively. p; and g; are the geometry param-
eters of matrix pores, which are related to the aspect ratio of in-
clusion pores and Poisson’s ratio of the minerals.

Step 3. The mixture of pore fluids is calculated by Wood equation
(Mavko et al., 2009; Wood, 1955):

1 XLf

Gassmann equations are next applied to add the fluid mixture to
constitute inorganic rocks. (Gassmann, 1951; Mavko et al., 2009):
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Fig. 1. Modeling methodology and rock physics model of source rocks.

(1 = Kq/Km)?Ks
|0+ (1= Ka/Km — 0)Ks /Kim |

Ks = Kq +

Ms = Hd,

where, Ks and ug are the bulk modulus and shear modulus of the

inorganic rock, respectively.

Step 4. The kerogen is finally added to the source rock by the K-T

The requirement of the K-T equations is V;/a<1. Namely, the

ratio of added volume to the kerogen aspect ratio is minimal.

(6) Therefore, the kerogen is divided into lots of portions satisfying the

condition of the K-T model and added to the source rock iteratively.

At each iteration, let K(Vy) and K(V + dVy) represent the effective

(7) bulk moduli of source rock as the kerogen volume fraction are Vj,

and Vj + dVy, respectively. When the kerogen volume fraction is V,

K(Vy) can be regarded as Ks, and K (V| + dVy) replaces K in Eq. (8).

Similarly, u(Vy) and wu(Vy +dVy) replace us and p in Eq. (9),
respectively. Then, Eq. (8) and Eq. (9) equal to

K(Vie + dVig) — K(Vy) = L

Kie = K(Vi) ] 3K(Vic + dVio) + 4u(Vio)

:“(Vk + de) - :U*(Vk) =

3 3K(Vie) + 4 (Vi)

_ I = p(Vi) ] 6u(Vie + dVi) [K (Vi) + 2(Vid) | + p(Vid) [9K (Vi) + 8u(Vi) |

Vi Tijii (o), (10)

5 S5u(Vi) BK (Vi) +4u(Vi) |

VieF (ay), (11)

model (Kuster and Toksoz, 1974; Mavko et al., 2009):

(K — Ks) 3K + 4pq

If dV is allowed to go to zero, then Eq. (10) and Eq. (11) converge to

K—Ks = 3 3K, +4NS'VI<Tiijj(ak)a (8)
dK 1
(1 *Vk)W=§(Kk*K)°V1<Tii]j(04k)7 (12)
i gy = P ts) BuKs + 2us) + pus(OKs +815) e () )
S 5 5”’5(31<S +4/~LS) k k/»
where, K and p are the equivalent elastic moduli of source rocks. Kj d 1
and u, are the elastic moduli of the kerogen. V| represents the (1- Vk)ﬁ = g(ﬂk — 1)+ VikF (o), (13)
k

volume fraction of kerogen and is related to the TOC. Tj;j(ay) and
F(ay) are the functions of the kerogen aspect ratio, the equations of
Tjjji() and F(ey) are given in Appendix A.

Define a set of “coefficients” Py, Q and assume that the Poisson’s
ratio and aspect ratio of kerogen are constants:
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1
Py = §V1<Tiijj(ak)7 (14)

Qu = 2ViF(ey),

Then for the source rock, Eq. (12) and Eq. (13) are simplified as

(15)

dK

(1= Vi g = (s~ 0P, (16)
afwﬁ%=wfmm, (17)

Because 1 — Vj is not zero in source rocks, multiplying both sides of
Eq. (16) by (1 — V})~! yields

dK P. . KiP

v AT a vy (18)

Eq. (18) is an ordinary differential equation, and its general so-
lution is:

Pk

1<=c3711 - Vi
Py
_J KkPk J‘l —V dVk
O 2kEk Kk
Te [(1 - Vi ¢

= (C1 + GKP)(1 = Vi)™ + Ky,

dvi,

o

Since V} = 0, the equivalent bulk modulus of source rocks is the
inorganic rock bulk modulus (K = Ks), and as K = 0, the equiva-
lent bulk modulus of source rocks equal to add Vj dry pores to
inorganic rock (K = Ks(1 — Vi)™). Thus, the constants C; and C; are
determined as:

(19)

G =Ks,
(20)

Finally, the equivalent bulk modulus of source rock is simplified
as:

K = (Ks — Ki)(1 = Vi) + Ky (21)

Similarly, the equivalent shear modulus of source rock is given
as:

= (us — ) (1 — Vi) % + pye (22)

The volume fraction of kerogen (V) can be converted by TOC, as
follows:

Petroleum Science 20 (2023) 2092—2112

TOC is one of the most commonly used parameters for evalu-
ating and determining source rocks and can be measured by Rock-
Eval. Based on Eq. (21) and Eq. (23), the equivalent elastic moduli of
source rocks can be parameterized with inorganic term and TOC
term as follow:

Py
K=(Ks—K)|1- Prock _10oc + Ky = KEFpocP + Ky,
0Pkerogen
(24)
, Q
Bo= (s — hg) (1 - LCI(TO() + e = EFroc® + .,
0Pkerogen
(25)

where, KE = K — K represent the equivalent bulk modulus of
inorganic rock, uf =ug—u, represent the equivalent shear

Coms TOC) is defined as

TOC indicator and represents the elastic effect of TOC on source
rock.

The modeling order will directly affect the accuracy of the rock
physics model (Mavko et al., 2009). A theoretical model (shown in
Table 1) is set to compare the elastic parameters calculated by the
“inorganic before organic” and traditional modeling order. Fig. 2
shows that the elastic moduli and velocities of different modeling
orders are consistent at the same TOC and fixed clay content,
suggesting the feasibility and reliability of the “inorganic before
organic” modeling order for the rock physics model of source rocks.

The proposed rock physics model's accuracy will directly affect
the inversion results' reliability (Grana, 2016; Mavko et al., 2009).
Due to the lack of laboratory experiments on source rock samples,
the actual logs of well-A, well-B, and well-C from source rocks in
southern China are applied to verify the proposed rock physics
model (Xu and Payne, 2009). The interpreted properties of actual
well-A, well-B, and well-C (including clay content, TOC, porosity,
and water saturation) are shown in Figs. 3—5. The TOC curves of
well-A, well-B, and well-C are calculated using the resistivity log,
sonic log, Gamma Ray log, and density log by the combination-four-
parameter regression method proposed in Yu et al. (2021).
Figs. 3—5 show that the predicted elastic velocities agree well with
the measured data, and the predicted errors are mainly in the 10%
interval. The application results of actual well-A, well-B, and well-C
confirm the accuracy and applicability of the proposed rock physics
model. The proposed rock physics model can be used to reliably
delineate the elastic characteristics of source rocks and be applied
to subsequent applications.

The proposed rock physics model illustrates the variations of the
equivalent bulk modulus of inorganic rock (KE), the equivalent
shear modulus of inorganic rock (uf), and the TOC indicator (Froc)
with TOC (from 0 to 10%) and clay content (from O to 100%). From

modulus of inorganic rock, Froc = (1 — ok

Prock Fig. 6, we can see that the equivalent bulk modulus and shear
Vik= CoPkerogen Toc (23) modulus of inorganic rock (KE and uf) only vary with clay content,
and the TOC indicator (Fyoc) mainly changes with TOC. Simulation
Table 1
The elastic parameters of the components in the theoretical model.
Component Bulk modulus, GPa Shear modulus, GPa Density, g-cm—3 Sources
Quartz 37.0 44.0 2.65 Carmichael (2017)
Clay 21.0 7.0 2.60 Tosaya and Nur (1982)
kerogen 5.0 3.5 1.26 Zhao et al. (2016)
Water 2.5 0 1.03 Mavko et al. (2009)
Qil 1.08 0 0.80 Mavko et al. (2009)
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Fig. 2. Comparative results of two modeling orders. (a) Bulk modulus, (b) shear modulus, (c) P-wave velocity, (d) S-wave velocity.

results suggest that the equivalent elastic moduli of inorganic rock
(KE and uE) are entirely sensitive to clay content, and the TOC in-
dicator (Frgc) is mainly sensitive to TOC. Thus, we can predict TOC
directly using the inversion results of the TOC indicator (Frgc).

Two aspects are considered in the building of the rock physics
model. One is the accuracy of the rock physics model, and the other
is the feasibility of the rock physics model in seismic reflectivity
parameterization and TOC prediction with AVO inversion. Although
the result differences between the proposed and traditional model
increase with the TOC content (shown in Fig. 2), the accuracy of the
two models are both satisfied (shown in Figs. 3—5). The priority of
the new rock physics model is that it is convenient to define the
TOC indicator to decouple the elastic effect of TOC (shown in Fig. 6),
which contributes to parameterizing the reflectivity with the TOC
indicator, then jointing the TOC indicator in the inversion objective
function.

3. Seismic reflectivity parameterization

Seismic reflectivity parameterization provides essential support
for the AVO inversion (Li et al., 2020; Wang et al., 2022; Zong et al.,

2021; Zong and Ji, 2020). Combining the equivalent elastic moduli
of source rocks and Gray’s approximation, a novel linearized
approximation of the P-wave reflection coefficient incorporating
the equivalent elastic moduli of inorganic rock (KE and u£), density,
and TOC indicator (Froc) is derived.

Gray et al. (1999) represented the P-wave reflection coefficient
in terms of bulk modulus (K), shear modulus (¢), and density (p) as:

1 1V V¢ 1 A
Rpp(6) = <43V52 sec20 V52 (3sec20 2 sin? 0) MI“L

1 1 5.\ Ap
+(§—Zsec 0) >

(26)

where 6 is incident angle, Vp and Vs represent P-wave and S-wave
velocities, respectively. Aé(, At and A” are the reflectivity of the bulk
modulus, shear modulus and rock density, respectively.

According to Eq. (24) and Eq. (25), % and % can be expressed as
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Fig. 3. Interpreted well-loggings and prediction velocities of actual well-A. (a) Clay content, (b) TOC, (c) porosity, (d) water saturation, (e) P-wave velocity, (f) P-wave velocity error,
(g) S-wave velocity, (h) S-wave velocity error.

E Q«
(27) w=Froc™ + py
Substituting Eq. (29) and Eq. (30) into Eq. (27) and Eq. (28),
respectively, and yields:

AK A(KEFTOCP" + 1<k) AKEFpocPe 4+ KE A(FTOCPk)
K KEFpocP v K KEFroc™ + Ky

)

A(uFFroc® + i) AuFFroc® + pEA (Froc%
2 (E Q () = Fr. Ok ( ) ; (28)  AK AKE A(FTOCP")
M KEFroc™ + uy KEFToc™™ + uk = =G\ t+t—73" | (31)
K K Froc™
To simplify Eq. (27) and Eq. (28), two scale coefficients are set as:
E A FTOCQk)
KEFrocP Au C Ap~ + (7 (32)
Ok = o T A

KEFrocP + Ky
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Fig. 4. Interpreted well-loggings and prediction velocities of actual well-B. (a) Clay content, (b) TOC, (c) porosity, (d) water saturation, (e) P-wave velocity, (f) P-wave velocity error,
(g) S-wave velocity, (h) S-wave velocity error.

where

Py _
A(FTOC l) _ PuFroc™ 'AFroc _ PlAFroc
Froc™

P
Froc'™

Froc

Qx _
A(FTOC ) _ QkFTOCQk ]AFTOC _ QkAFTOC
Froc '

Froc% Froc%
then
AK AKE P AFpoc
K~ <1<E " “Foc )’

oo (o)
(33) Substituting Eq. (35) and Eq. (36) into Eq. (26) yields
G Rpp(0) =Ck (411 - % 5—?) sec? 0% + CMZ_,S; (%sec2 ]
— 2 sin? 49) A’u—f + <% - }lsec2 0) % + }ICKPk sec? §
(35) - Zcuqkésmz 0+ % ésm2 0(CuQy — CicPy) ] AF’; ZOCC (37)
where %E is the inorganic equivalent bulk modulus reflectivity, AT‘QE
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Fig. 5. Interpreted well-loggings and prediction velocities of actual well-C. (a) Clay content, (b) TOC, (c) porosity, (d) water saturation, (e) P-wave velocity, (f) P-wave velocity error,

(g) S-wave velocity, (h) S-wave velocity error.

is the inorganic equivalent shear modulus reflectivity, % is density

reflectivity, and % is the reflectivity of TOC indicator, they can be
expressed as:

ake 2(KE - KE)

KE (KE+KE) =)

A 2(uf — uh)
(uf +u5)

L= (39)
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Ap  2(p1 —p2)
Z2F_2\P1 T P2 40

p o (p1+p2) (40)
AFroc  2(Froc1 — Froc2)

= 41
Froc  (Froc1 + Froc2) (1)

A three-layer model is constructed from actual data to examine
the accuracy of the novel P-wave reflection coefficient approxi-
mation in Eq. (37). The TOC, clay content, porosity, and water
saturation of each layer are shown in Table 2. The TOC contents of
sand and source rock are set to 0.5% and 3.0%, respectively. The
model consists of the top negative reflector and the lower positive
reflector because the impedance of the middle source rock layer is
smaller than those of the upper and lower sand layers.
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Fig. 6. The sensitivity analysis of elastic parameters and TOC indicator on TOC and clay content. (a) The equivalent bulk modulus of inorganic rock (KE), (b) the equivalent shear

modulus of inorganic rock (u£), (c) the TOC indicators (Froc).

Table 2
The physical properties of the three-layer model.
Layer TOC, w% Clay content, v/v Porosity, v/v Water saturation, v/v
Top sand 0.5% 10% 20% 100%
Source rock 3.0% 75% 10% 100%
Bottom sand 0.5% 10% 20% 60%

Fig. 7a displays the reflection coefficients of the negative
reflector calculated with the exact Zoeppritz equation (Zoeppritz,
1919), Aki-Richards approximation (Aki and Richards, 1980), Gray
approximation in Eq. (26), and the novel approximation of the TOC
indicator (Froc) in Eq. (37). Fig. 7b displays the comparison of
reflection coefficients at the positive reflector. Fig. 7 suggests that
the reflection coefficients of the TOC indicator (Frgc) are close to
those calculated with the exact Zoeppritz equation and Aki-
Richards approximation, Gray approximation until incident angles
reach 40°.

The effects of TOC, clay content, porosity, and water saturation
on the AVO reflection coefficients are discussed for the negative
reflector, as shown in Fig. 8. From Fig. 8, we conclude that porosity
significantly influences the AVO reflection coefficients, followed by
TOC and clay content, and water saturation has little effect.

From the perspective of elastic parameters, the effects of the
inorganic equivalent bulk modulus (KE), inorganic equivalent bulk

modulus (), density (p) and TOC indicator (Froc) on the AVO
reflection coefficients are displayed in Fig. 9. Fig. 9 illustrates that
the KE, uE, p and Froc all contribute to the P-wave reflectivity. KE
and uf have the most significant influences, followed by density (p),
and the influence of Froc is smaller than that of KE, uf and density
(p). However, the contributions of K, uE, p and Froc to the reflection
coefficients are highly related, which may lead to the increased
difficulty of robustly inverting them from the pre-stack seismic
data (Downton, 2005; Gidlow et al., 1993; Zong et al., 2015).
Therefore, the decorrelation of those four parameters is needed in
the inversion algorithm to enhance the solvability and stability of
inverted results (Zong and Yin, 2016; Zong et al., 2015).

4. TOC prediction with AVO inversion

The TOC indicator is estimated by seismic AVO inversion under
the Bayesian scheme. Simplifying Eq. (37) as
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Fig. 7. Comparison of the P-wave reflection coefficients calculated by the exact Zoeppritz equation, Aki-Richards approximation, Gray approximation and Eq. (37) of reflectors. (a)

The positive reflector, (b) the negative reflector.

Rpp(0) =A(0)Rie + B(0)Ryg + C(0)Ry + D(6)Reroc, (42)
where,
A0 =G (1 1V8 e g (43)
)=Ck i3 )
B(#)=C ve e 9 2sin? 6 (44)
()_ Hv}g § - )
(1 1 >
C(0)= (Z—Zsec 0), (45)
D) = Lexp sec? 0 20,0 Bsin? 64 1 Vsin? 0
():ZCK c sec” f — C,LQJ(V—I%sm +§V—§sm (CuQx
— CkPy). (46)

The prior probability distribution and likelihood function of the
model parameters are set to the Cauchy distribution and Gaussian
distribution, respectively (Alemie and Sacchi, 2011; Buland and
Omre, 2003; Zong and Yin, 2016, 2017). To enhance the stability
of simultaneous inversion for four parameters, the smooth initial
model constraint is added to inversion objective function (Zong and
Yin, 2016, 2017). Furthermore, the preconditioned conjugate
gradient method (PCGM) is also used to weaken the strong corre-
lation among the model parameters (Zong and Yin, 2016, 2017).

Maximize the posterior distribution of the model parameters to
get the objective function equation:

K
F(R)= (D~ GR)"(D - GR) +202%" 1n(1 + R,?/aﬁ) FA,
i=1
(47)

where R is the reflectivity matrix of model parameters and is set as
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AKE  AuE Ap  AFroc _

KE uf  p Froc

R=[Riz: Ru R, Reoc]=
(48)

In Eq. (47), G is the wavelet matrix incorporating the weighting
coefficients in Eq. (42), o2 is the noise variance, oi is the variance of
parameters to be estimated, D is the observed seismic data, and

A=Ay —PiR) (M —P1Ry) + (M — P2Ry) (1, — PaRy)
+21(n3 — P3R3) (N3 — P3R3) + Aa(ny — PaRa)" (ny — P4Ry),
(49)

where, J; is the constraint coefficient for the i th model parameter
(including KE, uE, p, and Froc). The A; selection is decided by the
seismic data quality because 4; is the constraint parameter of the
smooth initial model. If the signal-to-noise ratio of seismic data is
high, the small value of 4; is set in this situation. Conversely, it leads
to a higher 4; when the signal-to-noise ratio of seismic data is small,
which means that the inversion results will depend more on the
initial smooth model.

G

P,-:[dr, (50)
fo

n;=1/2*In(m; / my), (51)

m=[m; m, m; my]=[KE ufF p FroC]. (52)

and myq is the initial value of the i th model parameter (Zong and
Yin, 2016, 2017; Zong et al., 2015).

Due to the small nonlinearity of Eq. (47), IRLS strategy is utilized
to optimize and solve the objective function in Eq. (47) (Daubechies
et al,, 2010; Zong et al., 2021).
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Fig. 8. The effects of TOC, clay content, porosity and water saturation on the proposed P-wave reflectivity. (a) TOC content, (b) clay content, (c) porosity, (d) water saturation.

4.1. 1D model test

The data of actual well-A and well-B are used to test the feasi-
bility of the proposed AVO inversion method. The proposed rock
physics model estimates the original curves of model parameters
(including KE, uE, p, and Froc). The initial models are obtained by
smoothing the original curves 60 times. The synthetic data used for
the 1D model test is based on the new approximation of P-wave
reflectivity derived in the paper. Adding a Gaussian random noise
with differential signal-to-noise ratios (S/N) to the actual synthetic
seismic data can further test the stability of the inversion results, as
displayed in Fig. 10. Figs. 11—14 are the corresponding estimated
results of well-A using the proposed AVO inversion method. From
Figs. 11—14, we can get excellent estimation results of KE, uf, and
Froc from synthetic seismic with different noise levels. However,
the inversion results of the density term are inferior to those of
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other parameters under noise testing. Two reasons lead to the
unsatisfactory inversion results of density. One is that the absolute
contributions of the density are smaller than other parameters, and
the other is that the density's and other parameters' contributions
are highly related. The unstable density inversion is a common
problem in pre-stack seismic inversion, as illustrated by Zong et al.
(2015) and Zong and Sun (2022).

The actual well-B is also used to test the proposed AVO inversion
method. Fig. 15 shows the synthetic angle gathers of well-B with
different noise levels. Figs. 16—19 are the comparisons of the orig-
inal model logs (blue lines) and inversion result logs (red lines)
using the synthetic traces with different noise levels. The inversion
results of well-B are the same as those of well-A, maintaining the
satisfactory inversion results of KE, uE, and Froc, and reappearing
the inferior effect of density. Due to the anomaly of the density
loggings at 2.60 s—2.67 s, the inversion results of density
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Fig. 9. The effects of equivalent bulk modulus of inorganic rock(KE), equivalent shear modulus of inorganic rock (uf), density (p) and TOC indicator(Fyoc) on the proposed P-wave

reflectivity. (a) KE, (b) uE, (c) p, (d) Froc.

apparently deviate the original model logs (seen in Fig. 16c). In
addition, because the loggings of well-B are more variable than
those of well-A, the synthetic angle gathers of well-B are more
obvious and more distinguishable (seen in Figs. 10 and 15).
Therefore, the inversion results of well B exist little difference and
are more stable than those of well-A.

4.2. Field application

We apply the proposed AVO inversion method to predict the
TOC of the source rock in southern China. The source rock studied
was deposited in lacustrine environment, with TOC values ranging
from 0.5 to 4.0 wt% and kerogen is in the low maturity stage. The
partial angle stacking seismic profiles of 0°—8°, 8°—16°, 16°—24°,
and 24°—32° are displayed in Fig. 20. The black curves in Fig. 20
represent the positions of well-A. The data of actual well-A is
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utilized to establish initial models for the four inversion parameters
and verify the accuracy of the inversion results. The initial models
of four parameters are contained by combining the low-frequency
components of well-A and geological constraint. The prediction
targets are two organic-rich source rocks with TOC mainly more
than 1.0%.

Fig. 21 displays the inverted results of KE, uE, p, and Froc by the
proposed AVO inversion method. Fig. 21d shows that the inverted
result of the TOC indicator (Froc) agrees well with the original
model of well-A. Besides, the anomalously low values of the
inverted TOC indicator (Froc) map the distributions of the source
rock layers, where the red arrows represent the responses of source
rocks.

Based on the relation between the TOC indicator (Froc) and TOC,
we can directly estimate the TOC profile using the inversion results
of the TOC indicator. Fig. 22 shows that the predicted TOC definitely
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Fig. 10. Synthetic angle gathers of well-A with different noise levels, where (a) shows the case of without noise, (b) shows the case of S/N = 10, (c) shows the case of S/N = 5, and (d)
shows the case of S/N = 3.
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Fig. 11. Comparison of original model logs (blue lines) and inversion result logs (red lines) using the original synthetic traces of well-A, where (a) shows the equivalent bulk
modulus of inorganic rock (KE), (b) shows the equivalent shear modulus of inorganic rock (u£), (c) shows the density (p), and (d) shows the TOC indicator (Froc).
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Fig. 13. Comparison of original model logs (blue lines) and inversion result logs (red lines) using the synthetic traces of well-A with S/N = 5, where (a) shows the equivalent bulk
modulus of inorganic rock (KE), (b) shows the equivalent shear modulus of inorganic rock (uF), (c) shows the density (p), and (d) shows the TOC indicator (Froc).

and clearly determines the distributions of two source rocks. To
compare the superiority and accuracy of the proposed method, we
apply the common method published by Amato del Monte et al.
(2018), Broadhead et al. (2016), Leseth et al. (2011), and Sahoo
et al. (2021) to the same pre-stack seismic data. Amato del Monte
et al. (2018), Broadhead et al. (2016), Leseth et al. (2011), and
Sahoo et al. (2021) all used the P-wave impedance to predict TOC,
which includes two main steps: P-wave impedance inversion and
TOC estimation from the inverted P-wave impedance. Fig. 23 shows
the correlation fitting the P-wave impedance and estimated TOC
logs from wells A, B and C, in which the exponential fitting relation
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is better than the linearized fitting relation. Fig. 24 shows the
inversion results of the traditional prediction method on the same
actual seismic profile, where (a) shows the P-wave impedance and
(b) shows the converted TOC result. As shown in Fig. 25, we cali-
brate the TOC predicted by different methods with the calculated
TOC of well-A. The goodness of fit of TOC prediction results esti-
mated by the proposed and the traditional method is 66.4% and
34.62%, respectively. The reliability of the TOC predicted by the
proposed method is twice that of the traditional method. As shown
in Fig. 25, the inversion results of the top and bottom target layers
are in good agreement with the TOC calculated logs. However, there
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Fig. 14. Comparison of original model logs (blue lines) and inversion result logs (red lines) using the synthetic traces of well-A with S/N = 3, where (a) shows the equivalent bulk
modulus of inorganic rock (KE), (b) shows the equivalent shear modulus of inorganic rock (u£), (c) shows the density (p), and (d) shows the TOC indicator (Froc).
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Fig. 16. Comparison of original model logs (blue lines) and inversion result logs (red lines) using the original synthetic traces of well-B, where (a) shows the equivalent bulk
modulus of inorganic rock (KE), (b) shows the equivalent shear modulus of inorganic rock (uE), (c) shows the density (p), and (d) shows the TOC indicator (Froc).
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Fig. 17. Comparison of original model logs (blue lines) and inversion result logs (red lines) using the synthetic traces of well-B with S/N = 10, where (a) shows the equivalent bulk
modulus of inorganic rock (KE), (b) shows the equivalent shear modulus of inorganic rock (u£), (c) shows the density (p), and (d) shows the TOC indicator (Froc).

are apparent differences between the inversion curves and the
calculation TOC logs at 3700—3800 m. Since the interval of
3700—3800 m is not the concerned goal, it lacks experimental in-
formation, which probabilistically leads to errors in TOC calculation
results, thereby increasing the errors of the inversion results. Given
the excellent match between the predicted TOC and calculated TOC,
we point out that the TOC can be reliably predicted from the TOC
indicator, thereby clearly identifying the distributions of source
rocks.
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5. Conclusions

To avoid the error of other elastic parameters converting to TOC,
we derive and define a TOC indicator to predict TOC directly. We
propose a rock physics model to make the equivalent elastic moduli
of source rocks parameterized by the equivalent elastic moduli of
inorganic rocks and the TOC indicator. Model examples and well-
logging tests verify that the proposed rock physics model can be
used to accurately delineate the elastic characteristics of source
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Fig. 18. Comparison of original model logs (blue lines) and inversion result logs (red lines) using the synthetic traces of well-B with S/N = 5, where (a) shows the equivalent bulk
modulus of inorganic rock (KE), (b) shows the equivalent shear modulus of inorganic rock (uE), (c) shows the density (p), and (d) shows the TOC indicator (Froc).
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modulus of inorganic rock (KE), (b) shows the equivalent shear modulus of inorganic rock (uf), (c) shows the density (p), and (d) shows the TOC indicator (Froc).

rocks and provide a reliable theoretical basis for subsequent ap-
plications. To bridge the TOC with seismic data, we further derive a
novel linearized approximation of the P-wave reflection coefficient
by combining Gray’s approximation and the equivalent elastic
moduli of source rocks incorporating the TOC indicators. Model
simulating results illustrate that the novel linearized approxima-
tion agrees well with the exact Zoeppritz equation and the con-
tributions of model parameters meet the requirement of seismic
inversion. An AVO inversion method based on the Bayesian theory
is proposed to invert the TOC indicator by convoluting the novel P-
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wave reflection approximation with seismic wavelets as the for-
ward solver. The proposed AVO inversion method has a good
application in the field example. Using the inversion results of the
TOC indicator, TOC can be directly and reliably predicted. The TOC
predicted by the TOC indicator inversion has a more straightfor-
ward rock physics interpretation, unlike elastic parameter inver-
sion driven by well logs and experiment data. The AVO inversion
method based on Bayesian theory obtains stable and reliable
inversion results and has a good application effect in practical ap-
plications. The proposed method requires the research source rocks
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are isotropic, clay-rich, and with low maturity. In the future, we will
focus on two aspects of the TOC seismic prediction. One is incor-
porating the maturity of organic matter to improve the applicability
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Fig. 25. Comparison of the calculated TOC and the predicted TOC, where the calculated
TOC is in black, the predicted TOC by the proposed method is in red, and the predicted
TOC by the traditional method is in green.

of the rock physics model. The other is extending the TOC predic-
tion method proposed in this paper to shale, which will consider
the anisotropic characteristic of shale.
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Appendix A

The expressions of Tj;(«) and F(«y) in Eq. (10) and Eq (11)

Assuming that kerogen is spheroidal inclusion, the tensor
Tjjji(a) and F(ey) in the Kuster-Toksoz equations (Eq. (8) and Eq.
(9)) are derived from a tensor Ty that relates the uniform strain
field at infinity to the strain field within an ellipsoidal elastic in-
clusion (Wu, 1966), Berryman (1980) gave the formulations for
calculating Tj () and F(ey), as follows:

Tijjj () = 31_-% (A-1)
and
. 2 1 F4F5 + F6F7 — FgFg _

Flay) = *3*5 EF, ) (A-2)
where
F1:1+AE(g+v)—R(§g+gv—§)}, (A-3)
F,=1 +A{1 +%(g+v) —§(3g+5v)} +B(3 -4R)

+%‘(A+3B)(3—4R)[g+v—R(g—u+2v2)], (A-4)

2
Fy—1 +’§ {R(va)Jrl ZZ“ g(Rfl)], (A-5)
A
Fa=1+%30+g-Rig-v)), (A-6)
FS:A[R(g+v—%l) —g} +Bu(3—4R), (A-7)
Fe=1+A[1+g—R(v+g)] +B(1—-v)(4—4R), (A-8)
F7:2+g[9v+3g—R(5v+3g)] +Bu(3—4R), (A-9)
Fs—A[1 —2R+§(R— 1) +%(5R—3)] +B(1—v)(3—4R),
(A-10)

Fo=A[g(R— 1) —Rv] + Bu(3 — 4R), (A-11)

Petroleum Science 20 (2023) 2092—2112

A=t 1, (A-12)
m
1/K W
3 (%) (A-13)
__ 3u
T3K+4u’ (A-14)
o
g= : 7<a2 (3v—2), (A-15)
k
= %k cos! 1-—a? (A-16)
= W (o) — o -0 |-

In Egs. (A-12)-(A-14), K and K’ are the bulk moduli of the inor-
ganic rock and kerogen, respectively; x4 and u' denote the shear
moduli of the inorganic rock and kerogen, respectively. In Eq. (15)
and Eq. (16), « is the aspect ratio of the kerogen. For the source
rocks at different maturity stages, the elastic moduli of kerogen (K’
and u') are assumed to be constants. When the elastic moduli of the
inorganic rock (K and u), the kerogen aspect ratio («) and the
Poisson’s ratio of inorganic rock (¢) are given, the tensors T and F
can be determined by Egs. (A-1)-(A-16).
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