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Abstract: The mass fraction of total organic carbon (TOC) is one of the key indicators for evaluating
the hydrocarbon generation potential of shale source rocks. Experimental measurements to evaluate
the TOC content require significant cost and time. Furthermore, the experimental data are often
fragmented and may not provide an accurate depiction of the source rocks throughout the entire block.
To solve the above problems, this paper proposes to use the combination of conventional logging
data and experimental data after an in-depth study of the geophysical characteristics of hydrocarbon
source rocks in the Ordos Basin. A quantitative model between logging data and source rocks is
established, and then the continuous distribution value of the TOC content in the hydrocarbon source
rock interval is calculated. Firstly, the mud shale formation of the Permian—Shanxi Formation in the
Upper Paleozoic, located in the Jingbian area of the Ordos Basin, is selected as the research target
using the “Jinqiang method”. The model is constructed by selecting appropriate logging curves
(acoustic time difference logging, resistivity logging, and density logging) and experimental results
based on the response relationship between logging data and TOC data. This method provides
more accurate and comprehensive data for source rock studies, combining experimental sampling to
contribute to a better evaluation of TOC in source rock. The shale hydrocarbon source rock logging
data from 10 wells are selected, and the model is used to realize the full-well section of the logging
data to find the hydrocarbon source rock TOC, which is compared with the TOC data from the
experimental core tested at a sampling point. The results demonstrate that the model is highly
effective and accurate, with a mere 2.7% percentage error observed across 185 sample data points.
This method greatly improves the accuracy and completeness of TOC evaluation compared with the
results of previous studies and provides a guide for subsequent TOC logging evaluation of source
rocks in other areas. With the study in this paper, continuous TOC values of source rocks are obtained,
discarding the TOC values representing the whole set of hydrocarbon source rocks with a limited
number of sample averages. This method can reflect the contribution of the layers with high and low
organic matter abundance, and the calculated reserves are more accurate. By utilizing the measured
TOC values of the study area to invert the model to find the parameters, this study contributes to the
decision-making of hydrocarbon exploration in domestic and international basins.

Keywords: total organic carbon (TOC); TOC evaluation; Sulige gas field; Shan 1 section; hydrocarbon
source rocks; Jingiang method

1. Introduction

With the rapid development of unconventional oil and gas exploration and develop-
ment worldwide, the evaluation of shale reservoirs, including shale gas reservoirs and

Processes 2023, 11, 3214. https:/ /doi.org/10.3390/pr11113214

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr11113214
https://doi.org/10.3390/pr11113214
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr11113214
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr11113214?type=check_update&version=1

Processes 2023, 11, 3214

20f13

shale oil reservoirs, has received increasing attention from scientists. TOC mass fraction
is one of the key indicators for evaluating the hydrocarbon-generating capacity of source
rocks and mud shale oil and gas reservoirs, as well as source rocks for emerging energy
resources such as gas hydrates [1-3]. TOC and richness exert control on the volumes of
liquid and gaseous hydrocarbons generated [4]. The most direct and accurate method for
TOC evaluation is using a geochemical analysis of samples with experimental techniques.
However, due to the extensive scale, high costs, and prolonged duration of experimental
measurements, the resulting data are often fragmented and incomplete, and may inherently
fail to provide a comprehensive representation of the source rocks within a study region
due to these logistical and cost-based limitations [5]. To obtain TOC for core analysis,
samples are usually taken at regular intervals during the drilling process. As a result, the
TOC values obtained are not continuous, and applying these discrete TOC values to the
evaluation of the entire hydrocarbon source rock can generate large errors that affect the
accuracy of the hydrocarbon source rock evaluation results [6]. There is a clear correlation
between the abundance of organic matter in the hydrocarbon source rocks and various
logging parameters. This is because the organic material in the source rock is relatively
abundant and exhibits basic characteristics such as high natural gamma, high acoustic
time, high resistivity, and low-density values on the logging curves [7,8]. In addition, these
logging parameters have high longitudinal resolution and can provide a good prediction
of the TOC curve of hydrocarbon source rocks in a single well, which can fill the gap in the
evaluation of TOC in experimental measurements [9,10].

The well logs related to organic matter include density (DEN), resistivity (RT), gamma
ray (GR), neutron (CNL), and acoustic time difference logging (AC). Previous studies
showed that only when DEN, AC, and TOC were related, they could have better pre-
diction accuracy [11,12]. Beers [13], Swanson [14], and others were the first to propose
the relationship between organic matter content in source rocks and rock radioactivity,
laying the foundation for evaluating TOC content using logging data. The AlogR method
is suitable for calculating the TOC content of carbonate and clastic rocks, as proposed
by Passey et al. [15]. In 1990, Passey suggested that the organic carbon content could be
calculated at different stages of maturity. The method essentially involves superimposing
the AC and RT curves to determine the AlogR value and then calculating the TOC value.
However, this method has a large error due to the artificial determination of the lithological
baseline, is cumbersome to use, and considers fewer logging curves. Based on the Passey
method, Jin Qiang modified the original formula and developed a series of TOC calculation
formulas that can provide different calculation parameters based on different study areas.
The Jingiang method [16] we named has been refined and optimized based on the original
Passey method, which considers the DEN recording curve and uses the joint inversion of
AC, RT, and DEN curves to accurately derive the TOC content.

Mendelson et al. [17] suggested utilizing natural GR logging to evaluate TOC content.
To calculate the TOC content of rocks, Kamali and Mirshady [18] proposed an approach
using a neural network technique.

There is a certain amount of regional variability and adaptability in the implementation
of the above methods [18]. The combination of logging data and experimental data is
commonly used to establish a quantitative model related to the source rock and logging
data. Subsequently, it allows for the calculation of the continuous distribution of organic
carbon content in the hydrocarbon source rock interval. This approach addresses the
limitations of laboratory sampling and provides more accurate and comprehensive data for
source rock studies. In this paper, based on the Jinqiang method, the mud shale layer of
the Upper Paleozoic Permian Shanxi Formation in the Jingbian area of the Ordos Basin is
selected as the object of study. A quantitative model is established by utilizing the response
relationship between logging data and TOC data and selecting accurate logging curves
with the experimental results. Shale source rock logging data from 10 wells are selected to
find the continuously distributed TOC data of the Shan 1 section, and the calculated data
are validated with good results. The methodology of this study is instructive not only for
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shale oil and gas development in the Sulige field but also for the evaluation of TOC logging
in conventional and unconventional shale hydrocarbon source rocks in other regions.

2. Geological Setting
The Ordos Basin is located in the combined zone of the stable zone in eastern China and

the active zone in western China, and the basin is bounded by several rifts [19]. The internal
stratigraphy is generally gentle, with a dip angle of less than 1°, a tectonic pattern of simple
structure, gentle tectonics, stable subsidence, few fractures, and low activity [20]. The basin
can be divided into six primary tectonic units: the northern Yimeng uplift, the western
thrust belt, the western Tianhuan depression, the central Yishang slope, the southern Weibei
uplift, and the eastern Jinxi fault fold belt [21]. The study area is geographically located in
the eastern part of the Yishang Slope in the Ordos Basin and covers an area of about 20 km?
(Figure 1) [22]. The overall geological structure is a west-dipping monoclinic structure,
and the underlying geological structure pattern is a west-dipping monoclinic structure.
The object of study is the mud shale of the Upper Paleozoic Permian Shanxi Formation in
the Sulige area, which is a sea-land transitional phase deposit that developed a series of
clastic depositions in the environment of the coastal shallow lake—delta front [23-25]. The
overall evolution of the shale lithology is relatively stable, consisting mainly of gray-black

mudstone and dark mudstone [26].
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Figure 1. Highly generalized tectonic map of the Ordos Basin study area.

Ordos Basin is rich in natural gas resources, and its natural gas resources account
for more than 60% of the total tight gas resources in China. A number of gas fields have
been discovered, such as Sulige, Shenmu, Danyudi, Yan’an, and Mili. Among them, the
Sulige gas field has been leading China’s natural gas development for 20 years, with an
exploration area of about 5 x 10* km?, proven (including basic proven) reserves of over
4.0 x 10'2 m3 by the end of 2022, and cumulative gas production of close to 3000 x 108 m?,
with a gas production of more than 300 x 108 m® by the end of 2022.The main producing
layers of the Sulige gas field are the He 8 section and the Shan 1 section [27,28].
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3. Samples and Principles

The core and log data were obtained from 13 wells in the mud shale formation of the
Upper Paleozoic Permian Shanxi Formation in the Jingbian area of the Ordos Basin. Based
on the measurement of logging data (AC, DEN, GR, RT), the TOC values of the cores are
measured using continuous sampling (Figure 2).

Figure 2. A105 well mudstone shale stratigraphy. (a) Lithology: gray-brown shale, characteristics:
calcareous streaks and vertical microfractures. (b) Lithology: gray-brown shale, characteristics: cracks
visible crude oil.

First, the log curve is a composite response to a physical property of a mass within
a certain range around the wellbore. In general, for mudstone, the value of the AC curve
decreases with burial depth [29]. In addition, if the formation contains organic material
or hydrocarbons, this will cause the value of the formation AC log curve to increase [30].
Mudstones typically exhibit low values in the RT log curve [31]. However, the RT log curve
values are higher in organic-rich mudstone formations than in organic-poor formations
under the same conditions [32]. In addition, the DEN of hydrocarbon source rocks is lower
than the DEN of mudstones that do not contain organic matter, and there are differences in
the DEN of layers with organic matter content, so there is a certain functional relationship
between the DEN of mudstones and the organic matter content [33]. Additionally, the
maturity of the rock can influence the response characteristics of the log curve. Both AC
and RT log curve values increase in the mature hydrocarbon source rock section relative to
the immature hydrocarbon source rock under the same conditions [34]. When the values of
their AC and RT log curves are inversely scaled, the amplitude difference between these
two superimposed curves increases. For source rocks of the same maturity, the higher the
AC and RT log curve values and the lower the DEN log curve value, the higher the organic
matter content, and vice versa [35].

It can be seen that the logging curves contain relevant information that reflects the
abundance and maturity of organic matter. Therefore, characteristic logging curves con-
taining this information can be borrowed for inversion, which in turn leads to relevant
parameters such as organic matter abundance [12].

The main theoretical basis for the evaluation of hydrocarbon source rocks using
logging data is that hydrocarbon source rocks contain a large amount of organic matter and
also have special physical properties [36]. In general, a volumetric model of a source rock
consists of a rock matrix, solid organic matter, and fluids in the pore space (Figure 3) [37].
Other non-hydrocarbon source rocks consist of both rock matrix and pore fluids. Among
hydrocarbon source rocks, there are mature and immature hydrocarbon source rocks. In
immature hydrocarbon source rocks, the solid organic matter and rock matrix constitute the
solid component of the rock, while the pore space is filled with formation water. In mature
source rocks, a portion of the solid organic matter undergoes conversion into hydrocarbons,
which are then transported into the pore space [38].

Logging curves show different responses for different formations [39]. For formations
containing hydrocarbon source rocks, the logging response is characterized by high radioac-
tivity intensity, low compensated DEN, high AC, high compensated CNL, and high RT [40].
Utilizing the high-resolution characteristics of logging curves to identify and evaluate TOC
in hydrocarbon source rocks can reduce the cost of sample testing and quickly obtain the
trend in organic carbon content in continuous stratigraphic profiles [41].
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Figure 3. Volume models for hydrocarbon source and non-hydrocarbon source rocks.

4. Building Models (Jinqgiang Method)

As early as 1990, Passey et al. [15] used the AlogR method to calculate TOC for source
rock identification and evaluation, and they were able to calculate organic carbon content
values for different maturity conditions. The method focuses on overlapping Rt and AC
curves, where RT curves are in logarithmic coordinates and AC curves are in arithmetic
coordinates. For fine-grained and non-hydrocarbon source rocks, these two logging curves
overlap to represent the baseline, and the difference in magnitude between the two curves
is the AlgR value. Since TOC is linearly correlated with AlogR, the quantitative equation
for calculating TOC from AlogR is:

TOC = 10(2.297—0.1688R0) . AlgR (1)

where TOC—calculated organic carbon content, wt.% and R,—specular body reflectance of
the source rocks.

With : AIgR = lg(R/Rbaseline) + 0.0Z(At - Atbaseline) (2)

where AlogR—the difference in magnitude between the AC and Rt curves; R—the measured
resistivity value; Rp,sejin—the resistivity corresponding to the baseline; At—the measured
acoustic time difference curve; and Aty,g.i,,—the acoustic time difference corresponding to
the baseline.

If AlogR is known, the value of TOC can be calculated by simply determining the
value of R,. However, this method does not well reflect the effect of DEN and the GR
log curve on TOC, and the parameters for the TOC calculation must be determined in
Equation (2). Determining the baseline for both curves is subject to some error and has
significant limitations. The AlogR method is relatively easy to implement but has some
drawbacks, and the artificial selection of the baseline introduces a certain amount of error.
Therefore, the selected baseline values are not unique, which in turn affects the accuracy of
the log curve values corresponding to the selected mudstone baseline.

The Jingiang method is based on the original Passey method, which considers DEN
logging curves and uses a common inversion of the AC, Rt, and DEN curves. The higher
the AC and Rt values corresponding to the mudstone, the lower the DEN value and the
higher the TOC organic matter content, and vice versa.

Due to the existence of the above problems of Passey’s method, Equation (1) is modi-
fied as follows:

TOC = K- AlgR (©)]

where K is a coefficient, which can be obtained by substituting Passey’s method in
Equation (3) into Equation (2):

TOC =K- [1g(R/Rbaseline) =+ O-OZ(At - Atbaseline)] )
=K- lgR +0.02K - At — K(lthuseline = O-OZAtbaseline)

Thus, the above equation can be abbreviated as:

TOC =a-1gR+b-At+c )
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The logging profiles of the oil shale in the study area are characterized by high GR,
high RT, high AC, and low DEN. Based on the laboratory measurements of the core samples,
the GR, AC, RT, and DEN of 113 of these samples were selected for regression modeling
with the measured TOC at their corresponding depths. The correlation between oil shale-
measured TOC versus the logging curve is shown in Figure 4. Among the four independent
variables of the relationship curve, the DEN curve has the highest correlation with TOC
with a correlation coefficient R? of 0.569. This is followed by the RT curve with a correlation
coefficient R? of 0.262, and the AC and GR correlation coefficients R? of 0.171 and 0.149,
respectively, with TOC.

Measured TOC(wt.%)
o

L
[ d
$ o o y=0.2418x + 4.6337

°
°

& y =0.0443x +0.3439
. R*=0.2627

R?=0.1492

Measured TOC(Wt.%)
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[ 4 . ° e o R*=0.5697
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o
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Figure 4. (a) The relationship between measured TOC and natural gamma. (b) The relationship
between measured TOC and resistivity. (c) The relationship between measured TOC and acoustic
time difference. (d) The relationship between measured TOC and density.

This is also because high-quality source rocks are characterized by high RT values, high
AC values, and low DEN values. The DEN of the organic matter in the mud shale in this
area ranges from 2.02 to 2.45 g/cm?, and the DEN of the clay skeleton in the surrounding
matrix ranges from 2.31 to 2.42 g/cm?®. The DEN of organic-rich shale is lower than that of
mud shale, and increasing the organic content decreases the DEN of the shale. Therefore,
the TOC content is inversely related to the DEN. Therefore, a DEN correction was made by
changing the formula to:

TOC = (a-1gR+b-At+c)/D (6)
where D—density logging value.

5. Inverse Fitting

The TOC data of the stratigraphy in the core section of the study area were obtained
using laboratory testing. The TOC was then corrected for depth to match the AC, RT, and
DEN of the corresponding wellbore and depth, as shown in Table 1 below. In Table 1, three
wells were selected, and 16 sampling points were identified at various depths for the TOC
value and the AC, RT, and DEN logging curve measurements.
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Table 1. TOC laboratory data sample points.

1\‘;\; :rllle Section Depth (m) TOC (wt.%) R ((2-m) At (us/m) D (g/lem®)
A105 Shan 2 3612.17 2.83 53.692 212.153 2.662
A105 Shan 2 3615.28 3.62 67.330 218.615 2.674
A105 Shan 2 3622.73 2.78 58.026 221.385 2.691
A105 Shan 2 3633.34 1.76 56.962 240.049 2426
Al48 Shan 1 3694.11 0.57 42.885 232.06 2.570
Al148 Shan 1 3713.71 1.56 42.801 213.408 2.642
Al48 Shan 1 3715.11 241 57.285 224.028 2.586
Al48 Shan 1 3716.28 7.49 138.482 205.487 2.238
Al148 Shan 1 3722.12 522 87.184 217.548 2.643
Al48 Shan 1 3726.35 471 85.274 223.845 2.683
A180 Shan 1 3691.74 0.82 47.813 235.468 2.553
A180 Shan 1 3694.22 3.41 67.185 221.574 2.674
A180 Shan 1 3696.71 3.12 64.025 223.153 2.651
A180 Shan 1 3697.18 4.82 87.115 224.274 2.648
A180 Shan 1 3700.31 2.49 51.283 215.084 2.693
A180 Shan 1 3704.42 2.86 87.886 209.035 2.678

Using Equation (6), the data in Table 1 were fitted to obtain the following data.

The regression coefficients are a = 26.105619; b = —0.067237; and ¢ = —24.321207.

The residual variance is Sypepgines = 41.426315; the regression variance is
Sregression = 228.829861; and the total variance is Sgeperar = 270.256176.

The F-test result is F(2,13) = 35.904571 < £(2,13,0.050000) = 3.805565 significant.

The complex correlation coefficient is Reopreiation = 0.920171.

Finally, the values of the coefficients a, b, and ¢ obtained above were substituted into
Equation (6), which in turn led to the formula for obtaining the TOC of the Shan 1 section
of the Sulige gas field based on the logging data for resistivity R, acoustic time difference
At, and lithologic density D:

TOC = [26.1-1gR + (—0.067) - At + (—24.32)]/D @)

Three wells in the study area in Table 1 were selected as test wells, and the TOC
values calculated using the Jingiang method were compared with the measured values of
16 samples, and the results are shown in Figure 5.

y=0.8883x+0.3611
R2=0.8723

P NN

Measured TOC(wt.%)
woow s

3 4 5 6 7 8
TOC calculated value(wt.%)
Figure 5. Scatter plot of calculated and measured organic carbon content in the Sulige region
(Jingiang method).

Based on Figure 5 and the complex correlation coefficient of R? = 0.8723, it can be
concluded that the fitting effect is very good. In addition, the accuracy of the model is
high, indicating that using the Jingiang method to predict the TOC value in the study area
is feasible.
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6. Evaluation of TOC in the Sulige Gas Field Using Logging Data
6.1. Single Well Evaluation

The first well is AB49-25 (Figure 6). The depth of the Shanxi Formation of this well
is 3230-3310 m. The Shan 1 section is divided by a coal seam, and above the coal seam
is the Shan 1 section, so the study section of the Shan 1 of this well is 3231-3299 m. This
well is analyzed by sampling the data every 2 m. Since the logging data are affected by
the borehole, when using the logging data, the influence of the logging data due to the
borehole and the sandstone must be accounted for.

%0 e 30 ST R 45 | e RO ___ToC

1 (Q+m 1000 |0 Wt.% 10

—emumSE ... | DEPTH DEN

25 @) 125 (m)
RS LG (RLLD)

GR 1 (Q +m) 1000 [ 0 (Q +m 5

25 (&PD) 225

Y

3240 +

3260 -

3280

3290

Figure 6. Logging curve of well AB49-25.

TOC data for this well was calculated using the Jingiang method, as shown in Table 2.

A radargram analysis of the TOC data of the well is performed, and 25 effective TOC
data points are extracted from the well excluding the borehole and sandstone. The average
value of effective TOC is 3.39 wt.% with a range of 0.17 wt.% to 7.8 wt.%. This study shows
that the organic matter abundance of the shale source rock reservoirs in the Shan1 section
is high [42,43]. Among them, an analysis of the radar plot in Figure 7 shows that there are
six data points below 2 wt.% and 19 data points above 2 wt.% and up to 9.99 wt.%.
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Table 2. Calculated TOC for well AB49-25.

a x lg (HLLD)

Sandstone or

Depth(m) GR(APD) AC(us/m) HLLD (Q-m) DEN (g/cm?) +b % AC 4 c TOC (wt.%) Borehole
3231 157.536 242.375 31.001 2.647 —1.684 —0.636 Borehole
3233 153.291 240.490 24.390 2.334 —4.277 —1.832 Borehole
3235 128.244 227.340 40.394 2.760 2.327 0.843
3237 135.987 206.346 88.295 2.761 12.605 4.565
3239 96.138 205.565 59.483 2.659 8.179 3.076
3241 141.975 238.565 34.722 2.706 —0.143 —0.053 Borehole
3243 134.064 222.138 41.581 2.730 3.005 1.101
3245 120.587 218.626 67.330 2.692 8.706 3.234
3247 97.698 200.332 121.995 2.712 16.674 6.148
3249 118.197 218.771 46.222 2.679 4431 1.654
3251 105.059 198.740 100.918 2.633 14.631 5.557
3253 141.411 234.789 35.862 2.737 0.477 0.174
3255 152.738 239.350 32.072 2.606 —1.096 —0.421 Borehole
3257 149.449 240.608 37.328 2.733 0.540 0.198
3259 128.134 224.499 60.372 2.670 7.074 2.649
3261 132.278 208.357 58.902 2.687 7.880 2.933
3263 152.161 233.414 36.502 2.647 0.770 0.291
3265 109.142 218.176 140.220 2.664 17.053 6.401
3267 155.075 227.667 23.411 2.620 —3.879 —1.481 Borehole
3269 120.272 220.972 106.551 2.712 13.752 5.071
3271 142.313 310.676 192.522 2.237 14.428 6.450 Borehole
3273 145.433 216.707 82.654 2.685 11.159 4.156
3275 188.066 209.112 82.901 2.575 11.704 4.545
3277 140.628 218.640 64.815 2.711 8.273 3.052
3279 146.027 210.236 81.693 2.722 11.462 4211
3281 81.564 204.691 72.875 2.658 10.540 3.965 Sandstone
3283 57.245 226.462 33.478 2.573 0.257 0.100 Sandstone
3285 135.051 215.962 84.273 2.717 11.429 4.207
3287 149.990 230.053 102.099 2.704 12.657 4.681
3289 111.051 211.921 192.710 2.704 21.079 7.795
3291 159.580 254.866 259.557 2.159 21.567 9.990 Sandstone
3293 156.723 237.236 52.078 2.704 4.542 1.680
3295 132.585 225.801 81.943 2.713 10.450 3.852
3297 87.386 207.338 68.551 2.634 9.668 3.671 Sandstone
3299 118.378 208.905 53.418 2.565 6.735 2.626

1
25 8 2
24 3
6 4
26 4 )
®
21 [ ] [ ] " 6
X (
20 ° oo 7
{ | 0@ o
19 ® e by 8
°
18 ®e
°
17 10
°

16

Figure 7. Radar analysis of TOC values in well AB49-25. The red numbers represent the axes

indicating the TOC values (wt.%) of the data points.
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6.2. Multi-Well Evaluation

In accordance with method 5.1, 10 wells were selected to analyze the logging data, and
the core test results of the corresponding layers were selected for verification. The results
are shown in Table 3.

Table 3. Statistical analysis of TOC values.

TOC Calculation of TOC Measured in

Well Name L2wt% >2wt% Data Roange Sample Average Values Core Experiments AbSOhite Perceilt
(wt. %) o o Error (%) Error (%)
(wt.%) (wt.%)
AB49-25 6 19 0.174~7.795 25 3.338 3.19 0.148 4.368
AB59-06 5 20 0.236~8.366 25 3.649 3.75 0.101 2.768
AB61-04 8 14 0.234~6.445 22 3.140 2.84 0.3 9.554
AB61-48 4 9 0.595~6.656 13 3.369 3.16 0.209 6.203
AB66-01 6 13 0.045~4.509 19 2.648 2.53 0.118 4.456
AB70-05 4 10 0.987~7.270 14 3.902 3.77 0.132 3.383
AB68-09 7 11 0.885~6.471 18 2.376 2.38 0.004 0.168
AB43-5 7 8 0.299~8.157 15 3.200 3.13 0.07 2.188
AB44-36 11 7 0.009~5.367 18 2221 2.14 0.081 3.65
AB72-09 4 12 1.158~4.132 18 2.529 2.63 0.101 3.994
Overall analysis 62 123 0.009~8.366 185 3.042 2.96 0.082 2.70

Based on the above table, a total of 185 data sample points are analyzed, and the
results show that the TOC of the hydrocarbon source rocks in the Shan 1 section of the
Sulige gas field is distributed in the range of 0 wt.% to 8.4 wt.%. The average value of
the TOC of the sample points is 3 wt.%. The percent error between the values obtained
using the core experiment and the logging calculation is less than 10%, suggesting that
the logging calculation can be used to effectively classify the oil-generating potential of
the reservoir.

7. Classification of Oil-Generation Potential in Hydrocarbon Source Rock Reservoirs

The organic carbon content obtained from the experiment is the residual organic
carbon percentage. Since the organic carbon converted into hydrocarbons is very limited,
the organic carbon represents the oil-generating material conditions. Organic carbon
oil-generating potential is generally divided into five levels according to Table 4.

Table 4. Organic carbon content classifies mudstone and carbonate oil-generating potential (according
to Jianping Chen [44]).

Oil Generating Potential Mudstone Carbonate
Bad <0.5 <0.12

Medium 0.5~1.0 0.12~0.25

Good 1.0~2.0 0.25~0.50

Very good 2.0~4.0 0.50~1.00

Excellent 4.0~8.0 1.00~2.00

The 185 valid sample points calculated in Table 3 are analyzed in pie charts, according
to Table 4, regarding the organic carbon content that divides mudstone and carbonate
oil-generation potential.

Figure 8 shows the oil-generation potential of the hydrocarbon source rocks in the
Shan 1 section of the Sulige gas field. It can be seen that 8% of the hydrocarbon source
rocks have poor oil-generation potential, 8% of the hydrocarbon source rocks have medium
oil-generation potential, 20% of the hydrocarbon source rocks have good oil-generation
potential, 31% of the hydrocarbon source rocks have very good oil-generation potential,
and 33% of the hydrocarbon source rocks have excellent oil-generation potential. In general,
the hydrocarbon source rocks in the Shan 1 section of the Sulige gas field are very good
and high-quality hydrocarbon source rocks as a whole.
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Figure 8. The value distribution range of 185 TOC data sample points.

8. Conclusions

(1) Using the method of combining logging information and experimental data, a quan-
titative model between logging information and hydrocarbon source rocks is established to
calculate the continuous distribution value of organic carbon content in hydrocarbon source
rock sections. This method can make up for the shortcomings of laboratory sampling and
realize the evaluation of the whole section of well logging for the TOC of source rocks.

(2) In this paper, based on the principle of the Jingiang method, the analysis and
collation of the logging data of 10 wells, with a total of 185 valid data sample points,
calculated that the TOC was distributed in the range of 0 wt.% to 8.4 wt.%, with an average
value of 3 wt.%. The percent error between the values obtained from the experimental core
measurements and the logging calculations was less than 10%. This suggests that the TOC
value’s relative accuracy calculated using the Jingiang method is high and can meet TOC
logging evaluation requirements.

(3) By analyzing the oil-generation potential of the hydrocarbon source rocks in the
study area, it is concluded that the hydrocarbon source rocks in the Shan 1 section of the
Sulige gas field are very good and high-quality hydrocarbon source rocks as a whole.

(4) The methodology of this study is not only instructive for the development of shale
oil and gas in the Sulige gas field but also for the evaluation of TOC logging of conventional
and unconventional shale hydrocarbon source rocks in other regions.

(5) The TOC evaluation model developed in this paper has good generalizability to
source rocks in other regions because the important parameters in the model are based on
the logging curves of the region. The TOC value of each layer is evaluated comprehensively,
which is more applicable than the average TOC value of the whole layer represented by
the experimental measurement. It is also very helpful for reserve calculation. Future
research on TOC evaluation should focus on improving the accuracy and applicability of
the evaluation, such as finding other logging curves that are more relevant to TOC, in order
to come up with a calculation model that is more in line with the actual situation.
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