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Black shale is the main source rock of the Jurassic Liangshan Formation
shale reservoir in basin A, and its organic geochemical parameters TOC, S1,
and S2 are very important for the quantitative evaluation of shale reservoir
exploration and development potential. TOC, S1, and S2 logging evaluation
methods are established according to the principle of “core calibration logging”
because of the possession of logging and core analysis data in basin A. Firstly,
improved OlogR and multiple regression analysis methods are used to establish
a quantitative TOC logging method based on slowness, resistivity, and gamma-
ray logging. Secondly, based on acoustic time diference, resistivity, and gamma
logging, a quantitative calculation method of S2 is established by multiple
regression analysis. Finally, based on the statistical relationship between TOC
and (S1+S2) of core analysis and S2 calculation results, a logging method for
quantitative calculation of S1 is obtained. The application results show that the
TOC calculated based on multiple regression analysis is in good agreement with
the TOC of core analysis, with A relative deviation of 9%. The modifed OlogR
method results in a large deviation from the TOC of core analysis due to the
infuence of the error of coefcient A and overlap coe¥cient K. The relative
deviation of S1 and S2 calculated by logging and S1 and S2 by core analysis is 6%
and 7%, which can meet the evaluation requirements of hydrocarbon generation
potential of source rocks.

Lianggaoshan formation shale, logging evaluation, organic geochemical parameters,
multiple regression analysis, black shale

1 Introduction

A set of deep lacustrine and semi-deep water lacustrine sedimentary black shale, mainly
composed of quartz and clay minerals, is developed in the Jurassic Liangshan Formation
of east Sichuan Basin. T e deep lake-semi deep water lacustrine sedimentary black shale
developed in the Lianggaoshan Formation of the Jurassic in basin A is the main source rock
for shale oil and gas reservoirs (Chen et al., 2005; Zou et al., 2018; Farouk et al., 2024a). Te
organic geochemical parameters (TOC, S1, S2) are vital in the exploration and development
evaluation. T erefore, the evaluation methods of organic TOC, S1, S2 are widely concerned.

Two main methods for quantitative evaluation of organic TOC, S1, S2 are core analysis
testing and logging evaluation (Shihe and Zhang, 2016; Farouk et al., 2024b; Youmi,
2008). Although the results of core analysis testing are objective and accurate, the method
has disadvantages such as limited core samples, discrete core sampling, and high cost.
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Logging evaluation can continuously evaluate the target interval
using logging curves, mainly including single and combination
logging evaluation. Single logging evaluation includes: Schmoker
and Hester (1983) established empirical formulas using DEN and
TOC to calculate TOC. Mendelson. and Toksoz (1985) established
a linear relationship between TOC and GR to calculate TOC. Fertl
and Chilingar (1988) established a linear relationship between TOC
and uranium content to calculate TOC (Chen and Qiang, 2004).
Herron et al. (1988) calculated TOC using C/O spectral logging
data. However, shlale’s rock and mineral composition are complex,
and the evaluation error of a single logging is large. Compared to
single logging, the accuracy of combination logging evaluation is
higher. Based on kerogen's high resistance and high acoustic time
diference properties, Passey etal. (1990) combined the acoustic time
diference curve with the resistivity curve, using the core scale to
calculate TOC (Passey et al., 1990) quantitatively, and proposed the
OlogR method. T e method has strong applicability and can be used
for both clastic and carbonate rocks while eliminating the infuence
of pores. However, reading baseline values is complex, and the
method’s accuracy is limited by dependence on the thermal maturity
index (LOM); the method has low accuracy. T erefore, Zhang and
Zhang (2000) superimposed a suitably calibrated porosity curve
(e.g., acoustic interval transit time log curve) on a resistivity log
curve, enabling relatively accurate evaluation of the total thickness
of source rocks in each well and the depth distribution of source
rocks in each layer the with the resistivity curve, using the core
scale to clogR method is improved to get higher accuracy. Qu et al.
(2011) established a linear relationship between TOC and with
the resistivity curve, using the core scale to clogR and eliminated
the infuence of the thermal maturity index (LOM). Ritesh et al.
(2014) used extended elastic impedance for obtaining the GR and
porosity volumes and simultaneous inversion for obtaining the
brittleness volume. Zhu et al. (2013) integrated previous research
methods and utilized the means of rock-electricity relation, AlgR
method, and fracture logging interpretation model to solve the
problem of identifying high-quality reservoirs in the black shales of
the Chang 7 Member in the southeastern Ordos Basin.

Huo et al. (2011) established a cross plot of AC and IgRT to
determine baseline values, which can compare baseline values of
non-source rocks under diferent sedimentary conditions. Liu et al.
(2014) proposed a variable coefcient ClogR method, which
improves the adaptability of the OlogR method to terrestrial
formations by modifying the model coefcients and introducing
new logging parameters. Adeniji and Onayemi (2014) analysis of
the Agbada shales of Niger Delta basin using RMS Amplitude
method,and proved that Agbada shales are not matured source
rocks, but rather sealing the reservoir. Hu et al., (2016) established
a generalized OIgR method using GR, AC, and IgR to predict TOC.
Integrating geochemical approaches, one - and two - dimensional
basin modeling exercises, well log analyses, seismic interpretations,
and the study of hydrocarbon migration pathways, (Farouk et al.,
2024c) identifed suitable drilling targets.

In addition, the combination logging evaluation includes
(Zhu et al., 2002), who used a BP neural network to calculate TOC
based on logging data similar to existing logging data. Jacobi. et al.
(2009) proposed Nuclear magnetic resonance logging and density
logging dual porosity. Density logging is used to divide the response
of kerogen into the response of formation porosity, and nuclear
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magnetic resonance logging divides the response of kerogen into
the framework, the diference between the two responses is the
TOC content of the formation (Gao et al., 2014). Hu et al. (2011)
used multiple regression analysis through conventional logging
curves, including GR, DEN, and CNL, to select logging curves that
signifcantly impacted TOC content. Tey established a multiple
regression equation.

Pan et al. (2009) used multiple regression analysis to
Tt and establish a multiple regression equation for the free
hydrocarbon content S1. Wang et al. (2009a) conducted a regression
analysis between the pyrolysis analysis data of source rocks and
TOC, founding the positive correlation between the pyrolysis
hydrocarbon content S2 and TOC, and fnally established an
equation between S2 and TOC. Yang etal. (2013) established a
relationship between natural gamma spectroscopy logging data
and rock pyrolysis hydrocarbon generation potential (S1+S2) using
core regression analysis based on the fact that organic matter
increases with the decrease of T/U value and the increase of
rock pyrolysis hydrocarbon generation potential with the increase
of U/T value. Song et al. (2021) combined several curves that
contributed to the potential of rock pyrolysis for hydrocarbon
generation, using principal component regression to quantitatively
analyze the potential of rock pyrolysis for hydrocarbon generation
(S1+S2) and established a computational model.

In the Jurassic of the eastern basin A, the absence of specialized
logging data, including nuclear magnetic resonance and natural
gamma ray spectroscopy, poses challenges. Tere are lots of
defects and defciencies in using conventional logging data to
comprehensively evaluate the total organic carbon content (TOC),
free hydrocarbon content (S1), and pyrolysis hydrocarbon content
(S2) of the source rock. Terefore, referencing various research
methods mentioned above and combining relevant data from
basin A, based on logging data and core analysis data, the article
introduced logging evaluation methods including 2 types of total
organic carbon content (TOC), 2 types of free hydrocarbon content
(S1), and pyrolysis hydrocarbon content (S2), and applied the
methods in the Lianggaoshan Formation of the Jurassic in basin A
and selected the most efective method as the theoretical basis for
hydrocarbon source rock evaluation.

2 Characteristic of Jurassic source
rocks in the basin A

Te eastern region of Sichuan refers to part of basin A,
including east areas of Huaying Mountain, west areas of Qiyue
Mountain, south areas of Daba Mountain, and north areas of
Chongging (Zhang et al., 2019).

T e analysis of feld geological profles and rock debris logging
data shows that the Lianggaoshan Formation in basin A mainly
includes a set of shale, sandstone, and mudstone interbeds with
varying thicknesses. Black shale is the main source rock of shale oil
and gas reservoirs, with strong hydrocarbon generation ability, and
is the main exploration target layer.

Based on the TOC data of 52 core and debris samples from
the Lianggaoshan Formation, a frequency distribution histogram of
shale organic carbon content was plotted (Figure 1). It was found
that the organic carbon content was distributed between 0.51%
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FIGURE 1

Frequency distribution histogram of total organic carbon content (TOC) in the shale of the Lianggaoshan Formation.

FIGURE 2

Frequency distribution histogram of hydrocarbon generation potential (S1+S2) in the shale of the Lianggaoshan Formation.

and 2.63%, with an average value of 1.16%, mainly concentrated
in 1.0%-2.0%. According to the evaluation criteria for organic
carbon abundance in source rocks (Li et al., 2021), the shale of
the Lianggaoshan Formation is a high-quality source rock. Based
on the data of 43 cores and debris samples S1 and S2 from
the Lianggaoshan Formation, a frequency distribution histogram
of shale hydrocarbon generation potential was plotted (Figure 2).
Te hydrocarbon generation potential (S1+S2) was found to be
distributed between 0.48 and 3.62 mg/g, with an average value
of 1.93mg/g, mainly concentrated between 2.0 and 6.0 mg/g.
According to the evaluation criteria for organic carbon abundance
in source rocks (Lu and Zhang, 2007), the shale of the Lianggaoshan
Formation is a moderate source rock.

Lu and Zhang (2007) proposed in Oil and Gas Geochemistry
that the evaluation of organic matter abundance in source rocks
is mainly based on organic carbon content, supplemented by
hydrocarbon generation potential (Kamali and Mirshady, 2005). In
summary, the shale of the Jurassic Lianggaoshan Formation in basin
A is a high-quality source rock.
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3 Quantitative calculation method
and application result analysis of total
organic carbon content (TOC)

Based on logging data and core analysis data, the article uses the
improved OlogR method and multiple regression analysis methods
to calculate the TOC of the Lianggaoshan Formation shale in the
basin A region and analyzes the actual application results.

3.1 Improved [logR method

Te OlogR method was derived by EXXON and ESSO
companies in 1979 and has been used in several countries with great
application results. Passey ofcially proposed the [CJlogR method
in 1990 for carbonate and clastic rocks under diferent maturity
conditions, which can quantitatively calculate TOC by overlaying
the resistivity curve and acoustic time diference curve. As a logging
evaluation method for quantitatively calculating the TOC of source
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FIGURE 3
Cross plots of TOC and logging curves of shale in the Lianggaoshan

Formation. (a) Cross plot of shale TOC and GR (b) Cross plot of shale
TOC and RT (c) Cross plot of shale TOC and AC.

rocks, Te OlogR method is still widely used (Li et al., 2021; Lu and
Zhang, 2007; Kamali and Mirshady, 2005).

Te OlogR method overlays the acoustic time diference curve
and resistivity curve onto the same channel, with each 50 US/FT
acoustic time diference on the channel head corresponding to
a logarithmic resistivity scale. In non-source rock formations,
the acoustic time diference and resistivity curves have the same
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trend, and the overlapping part is the baseline. In the source rock
formation, the amplitude diference between the two curves is
recorded as A logR, and Passey believes that A logR and TOC are
positively correlated. Furthermore, the calculation formula for the
[OlogR method is derived as follows:

R
OlogR =1g ( o ) + K (Ot= O tyasetine) 1)
aseline
TOC = (DIOgR)D10(2.297—0.1688uLOM) (2)

In the formula, R is the resistivity ohm. m; Rp.cline IS
the resistivity of the non-source rock section, ohm. m; Ot is
the acoustic time diference, US/FT; Otp.eine IS the acoustic
time diference of the non-source rock section, US/FT; K is
the superposition coefcient, dimensionless number; LOM is a
maturity parameter with no dimensionalit¥ (Passey et al., 1990;
Tang et al., 2010; Tan et al., 2021).

In actual reservoirs, there are ofen many gas felds of the
fracture-porosity type and porosity type. Tere may be certain
problems when using conventional methods in dealing with such
data (Han et al., 2012). Te method has strong applicability and can
eliminate the infuence of porosity on TOC. However, there are some
defciencies in the reading and use of baseline values and maturity
parameter LOM (Hu et al., 2011).

(1) Baseline value: Due to the constant changes of logging
response, a well typically requires a segmented reading of
baseline values to calculate AlogR. Determining each baseline
value afer segmentation is complex and greatly infuenced by
subjective factors, which can easily lead to errors.

Maturity parameter LOM: a “thermal stress” parameter that
describes the relative intensity of temperature time, which can
be obtained from core analysis. In regions where maturity
parameters are unavailable, the model fails to calculate TOC
accurately.

@

Given the shortcomings above, it is urgent to establish an
improved [logR model suitable for the Lianggaoshan Formation.
For a well required segmented reading of multiple baseline values
with a small range of variation, 102297-0-1688"LOM ¢an he considered
as a constant value, denoted as A. T e improvement applies to areas
where LOM cannot be determined. T erefore, Formula 2 has been
modifed to:

TOC = A” O logR )
Substituting Formula 1 into Formula 3 yields:
R
TOC=A" [lg C ) +K(Ot- 0 taeeiine) ]
baseline
= ADIQR + AKD u t'AD(Ig Rbaseline +KO tbaseline) (4)

For a well, A, 19Rpzselines and Dtpeine @re constants, and K
represents the length of the acoustic time diference corresponding
to the resistivity value of each logarithmic scale in Formula 4. Passey
believes that K should be a fxed value of 0.02. T e improved [ logR
model was ultimately obtained in Formula 5:

TOC=a"lgR+b" Ot+c (5)
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FIGURE 4
Interpretation results of TOC for Longgang 80 well.

Te improved OlogR model only needs to consider the
acoustic time diference and resistivity, avoiding the infuence of
factors such as manually determining baseline values and lacking
maturity parameter LOM. Tis improves the applicability of the
OlogR method.

3.2 Multiple regression analysis method

Te multiple regression analysis method can use all logging
curves, including acoustic time diference, resistivity, and
natural gamma, and establish regression equations between
several logging response values and organic carbon content
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(Wang et al, 2009b; Guo et al, 2012). Te method has
strong regional characteristics, and suitable logging curves
should be selected based on the actual situation of the
target block.

Establishing a single connection between TOC and various
logging curves can quickly and intuitively evaluate linear
correlation and select appropriate, sensitive curves to establish a
multiple regression model. Due to the limitation of logging data
availability, the cross plots of TOC data and GR, AC, and RT for
shale core analysis in the Lianggaoshan Formation were drawn
separately (Figure 3).

Based on the correlation between TOC data from core analysis
and logging curves, the acoustic time diference, resistivity, and
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FIGURE 5
Comparison between TOC analysis of Longgang 80 well and TOC
calculated by multiple regression models.

FIGURE 6
Cross plot of TOC and (S1+S2) of shale in Lianggaoshan Formation.

natural gamma curves were ultimately selected as sensitive curves
for multiple regression analysis. A TOC interpretation model
suitable for the region was established with the formula:

TOC = -0.00074"RT +0.05136"AC + 0.00594"GR
-3.35387,R? = 0.61

3.3 Application results analysis

Figure 4 shows the TOC logging interpretation results of the
Longgang 80 well. Te improved [0 logR model calculated TOC,
and rock debris analysis TOC data have poor corresponding efects,
indicating that the model is not suitable for TOC calculation in
the area. Due to the diferent coefcients A in diferent layers
of the improved OlogR model, setting the A value of the entire
target well section to the same constant may result in some wrong
calculated results. T e superposition coefcient K should consider
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the infuence of hydrocarbon fuids in the source rock, and setting a
Txed value of 0.02 may cause errors.

According to research, resistivity, acoustic time diference, and
natural gamma curve are greatly infuenced by kerogen in source
rocks, so these 3 curves can be used to establish regression models
to calculate TOC. Due to the rich uranium content, kerogen
typically has high natural gamma values. T e propagation speed of
sound waves in kerogen is relatively small, increasing the acoustic
time diference. Kerogen has poor conductivity, which increases
its resistivity. However, mud intrusion, mineral composition, and
increased organic pores may lead to decreased resistivity, so
resistivity cannot be used alone. Considering practical application
results, the TOC calculated by the multiple regression model
corresponds well with the TOC data of rock debris analysis,
which can meet actual production requirements. Figure 5 compares
the TOC data obtained from the rock debris analysis of the
Lianggaoshan Formation in Longgang 80 well in basin A and
the TOC data calculated by the multiple regression interpretation
model. T e relative deviation between the rock debris analysis and
the model calculation data points is 9%, with a small deviation and a
high degree of ft, indicating the calculation model’s high reliability.

4 Quantitative calculation method

and application results analysis of free
hydrocarbons (S1) and pyrolysis
hydrocarbons (S2)

Free hydrocarbon (S1) refers to the hydrocarbon content
detected per unit mass of source rock when the rock sample
is heated up to 300°C. Pyrolysis hydrocarbon (S2) refers to
the amount of hydrocarbons generated by heating a unit mass
of source rock to 300°C-600°C. Te quantitative calculation
methods for free hydrocarbons and pyrolysis hydrocarbons
mainly include multiple regression analysis and the TOC
correlation method (Farouk et al., 2024d).

4.1 Evaluation method for S2 logging of
pyrolysis hydrocarbons

Based on the TOC multiple regression model, the acoustic time
diference, resistivity, and natural gamma curves are selected as the
sensitive curves for S2 multiple regression. Using core pyrolysis
analysis data, establish a corresponding calculation model with
the formula:

S2 =0.0689"AC — 0.0023"RT +0.0069"GR — 4.5515,R? = 0.54

4.2 Evaluation method for S1 logging of
free hydrocarbons

Establish a logging calculation model for S1 using the above
multiple regression analysis method, with the formula:

$1=0.0019"AC - 0.0024"RT - 0.0032"GR +0.7835,R? = 0.18
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FIGURE 7
Interpretation results of S1 and S2 in Longgang 80 Well.

However, the R? of the model is small, indicating a poor ft
between the model and the sample, which cannot represent the trend
of the sample values. T erefore, we try to use the TOC correlation
method. As shown in the TOC - (S1+S2) cross plot (Figure 6), a
positive correlation exists between S1+S2 and TOC. S1+S2 refers
to the hydrocarbon generation potential of the source rock, which
refers to the total amount of hydrocarbons produced by the organic
matter in the source rock during pyrolysis. It can be directly
used to evaluate the oil generation capacity. Generally, the higher
the organic carbon content of source rocks with the same type
and maturity, the higher the content of generated hydrocarbons.
T erefore, establishing a single correlation between hydrocarbon
generation potential (S1+S2) and organic carbon content (TOC),
the formula is:

S1+52=2.3666"TOC-1.1781,R? =0.84

Frontiers in Earth Science

o7

10.3389/feart.2025.1503798

Finally, based on the calculation results of the S2 model, use the
diference to calculate S1 in the Formula 6.

S1=(S1+S2)-S2 (6)

4.3 Application results analysis

Figure 7 shows the S1 and S2 logging interpretation results of the
Longgang 80 well. T'e comparison between the S1 and S2 obtained
from the logging calculation and the rock debris data shows a small
error and great application result.

Figure 8 compares the performance of the S1 data obtained from
the cuttings analysis and the S1 data calculated from the logging
interpretation model. T e relative deviation between the cuttings
analysis and the model calculation data points is 7%, which is
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FIGURE 8
Comparison between S1 analysis of rock cutting in Longgang 80 well
and S1 calculation of logging interpretation model.

FIGURE 9
Comparison between S2 analysis of rock cutting in Longgang 80 well

and multiple regression model calculation of S2 result.

relatively small and has a high degree of ft, indicating the calculation
model’s high reliability. Figure 9 compares the S2 data obtained
from rock debris analysis and the S2 data obtained from multiple
regression interpretation models. Te relative deviation between
the data points obtained from rock debris analysis and the model
calculation is 6%, which is relatively small and highly consistent,
indicating the high reliability of the calculation model.

5 Conclusion
1) According to feld geological profles and cuttings logging

data, black shale is the main source rock for shale oil and
gas reservoirs in basin A. Based on the core analysis data
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statistics, the Lianggaoshan Formation shale in the Jurassic can
be considered a high-quality source rock.

2) In response to the data in basin A, two methods, including
improved logR and multiple regression analysis, were used
to establish a quantitative logging model for calculating
TOC. Te multiple regression analysis method results were
highly consistent with the rock debris analysis data, and the
application result was better.

3) Based on the multiple regression analysis method to calculate
the pyrolysis hydrocarbon S2, the TOC correlation method
was used to calculate the hydrocarbon generation potential
(S1+S2), and the Fnal diference between the two was obtained
as the free hydrocarbon S1. Combined with the logging
interpretation results of the Longgang 80 well, the calculation
results were consistent with the rock debris analysis data, and
the model was highly reliable.
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