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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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FIGURE 4 | The comparison of the estimated (in red) and the actual (in blue) P-wave and S-wave velocity of the actual well L2. (A) Lithology information (the mud-rich
source rock in gray and sandstones in yellow) and mud content, (B) Lithology information and TOC content, (C) P-wave velocity, (D) S-wave velocity.

S-wave velocity.

FIGURE 5 | Errors between the estimated P-wave/S-wave velocity and measured values. (A) The errors distribution of P-wave velocity, (B) the errors distribution of

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),

px —po
S* — mean - mean , (12)
Pstd

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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FIGURE 8 | Crossplot of elastic parameters versus mud content using actual well L2 data. (A) V,, and p, (B) Vs and p, (C) I, and p, (D) V,/Vs and Vp, (E) Poisson’s
ratio and Vp, (F) Poisson impedance and Vj,. The color bar on the right represents the mud content.
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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
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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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