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A B S T R A C T   

Determination of oil content not only affects the exploration and development of potential favorable intervals in 
lacustrine shale-oil systems but also impacts research on the main factors controlling the differential accumu-
lation of shale oil. Current approaches usually characterize a certain fraction of the hydrocarbons in shale oil. For 
example, the volatile hydrocarbon (S1) fraction is considered to represent the hydrocarbons (C7–C33) that would 
be volatilized below 300 ◦C. In this article, an innovative method called the oil content evaluation index (OCEI) is 
proposed, in which the shale oil composition is considered and used to evaluate the vertical distribution of oil 
content utilizing conventional logging. In the OCEI method, the evaluation index (LI*) represents the content of 
liquid hydrocarbons per unit mass of rock; this index successfully characterizes the discrete experimental data S1 
and chloroform extract yield. The evaluation index (CI*) represents the oil-bearing area under the core 
description. The evaluation index (GI*) characterizes the content of gaseous hydrocarbons in a constant volume. 
Based on the relationship between these evaluation indexes and the actual production, the relative weight of 
each evaluation index is determined through the grey relational analysis method. Finally, the OCEI value is the 
sum of the product of these normalized evaluation indicators and their corresponding weights. In a case study, 
the method is successfully implemented to predict the pay zones of the Lucaogou Formation in the Jimsar Sag, 
Junggar Basin, China. The threshold value of OCEI is set to 0.39 based on its relationship with production data. 
When the OCEI value of a certain interval is greater than 0.39, then this interval is a favorable pay zone. The 
evaluation results of two wells in the Jimusaer Sag further demonstrate that the model can effectively and 
reliably predict potential favorable intervals in shale oil systems.   

1. Introduction 

With increasing energy demand and the continuous consumption of 
conventional resources, unconventional resources are receiving greater 
attention as part of the global hydrocarbon endowment. Success in 
marine shale oil systems in North America has stimulated interest in 
efforts to produce oil from lacustrine shale oil systems in China (Gao 
et al., 2020; Hackley et al., 2016; Hu et al., 2020; Zhao et al., 2019, 
2020). Shale oil resource systems are organic-rich mudstone units that 
have generated oil that is retained in situ or has migrated into juxta-
posed organic-lean intervals (Jarvie, 2012). Based on their dominant 
organic and lithologic characteristics, shale oil systems are classified as 

(1) tight shale oil systems; (2) fractured shale oil systems; or (3) hybrid 
shale oil systems (Jarvie, 2012). The United States Energy Information 
Administration (EIA) (2015) estimated that technically recoverable re-
sources of shale oil in China alone may stand at 4.37 billion tons, and in 
2019, the China National Energy Administration preliminarily esti-
mated that national recoverable shale oil resources range from 7.4 to 
37.2 billion tons (Jin et al., 2019; Zou et al., 2020). Compared with the 
marine shale oil in North America, the lacustrine shale oil systems in 
China have unique characteristics of strong heterogeneity, low to 
moderate vitrinite reflectance, high viscosity, low production, high clay 
content, and other features (Du et al., 2019; Sun et al., 2019; Zhu et al., 
2019). A few oilfields, such as Xinjiang, Changqing, Shengli, Daqing and 
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Tuha, have successfully begun shale-oil exploration and development 
research (Chen et al., 2015; Hu et al., 2018a,b; Huang et al., 2017; J. Li 
et al., 2015; Qiu et al., 2016a,b). The Xinjiang oilfield developed most 
rapidly. Although many shale-oil wells have been drilled in the Jimusaer 
Sag (Xinjiang oilfield), the initial production of shale oil is still highly 
variable. For example, the initial production of well J30 was 11.63 tons 
of oil per day, while well J23 had an initial production of 2.13 tons of oil 
per day (X. Wang et al., 2019; Xu et al., 2019). Although the source rocks 
and reservoirs of the formation have been characterized in numerous 
studies (e.g., Cao et al., 2016; Gao et al., 2016; Liu et al., 2019a,b; Zhao 
et al., 2017), relatively little research has focused on the evaluation of oil 
content. This is an essential component in evaluating potential shale-oil 
targets, resulting in considerable risks associated with assessing shale oil 
resources and designing optimized drilling, completion and develop-
ment strategies. 

Many researchers have established systematic methods for the 
evaluation of the oil content of shale oil systems (Glaser et al., 2013; 
Hakami et al., 2016; Jarvie, 2008; Ter Heege et al., 2015). These 
methods usually take into account the geological setting, organic matter 
composition, inorganic composition and pore characteristics. These in-
dicators primarily include volatile hydrocarbon (S1), total organic car-
bon content (TOC), and extractable bitumen contents, oil saturation 
index (OSI––S1/TOC × 100), oil saturation (So) and 

∑
nC20− /

∑
nC21+ , 

and other parameters. The oil content of shale oil systems is influenced 
by the source rock and reservoir characteristics, effective conduits and 
thickness. Therefore, the oil content of “shale oil plays” should be 
evaluated to clarify whether the target can be effectively exploited and 
developed. Jarvie (2012) proposed that a shale interval could be iden-
tified as a viable petroleum reservoir when the oil saturation index (OSI) 
exceeded the retention threshold of 100 mg HC/g total organic carbon 
(TOC). This phenomenon is described as the “oil crossover effect”. 
However, there are several issues with simply utilizing the threshold 
value. When the absolute values of S1 and TOC are very low, the oil 
saturation index (OSI––S1/TOC × 100) may be very high, greater than 
100, and this could lead to a risk of uncertainty in the evaluation of shale 
oil resources. Based on the relationship between S1 and TOC and on the 
oil saturation index value, W. Li et al. (2015) developed a new grading 
evaluation criteria that divided shale oil resources into four classifica-
tions: enriched resources (S1 > 4 mg/g and OSI>100), moderately 
enriched resources (1 mg/g < S1 < 4 mg/g and OSI>100), less efficient 
resources (1 mg/g < S1 < 4 mg/g and OSI<100), and ineffective re-
sources (S1 < 1 mg/g and OSI<100). Hu et al. (2018a) proposed an 
improved method for the evaluation of lacustrine shale-oil resources 
that associated the organic type with grading evaluation criteria and 
used it to evaluate lacustrine shale-oil resources with strong heteroge-
neity. Li et al. (2020) proposed a new method called the “sweet spot 
index” (SSI) for predicting the vertical distribution of shale oil “sweet 
spots” based on shale oil mobility and shale reservoir fracability. This 
evaluation method, however, involves many indicators and is difficult to 
apply, so it has some limitations in the guidance of shale oil exploration 
and development. Besides, there are several issues with the utilization of 
the above data in the previous approaches. Some of these parameters are 
interrelated, such as volatile hydrocarbon (S1), oil saturation and 
porosity, making the evaluation results of shale oil unclear. Secondly, 
due to the large thickness and vertical heterogeneity of lacustrine shale 
reservoirs, the limited core sample data are insufficient to explain the 
detailed information of the formation. Therefore, logging interpretation 
calibrated by core analysis is needed to predict the vertical distribution 
of oil content. Thirdly, without considering the relative importance of 
each variable, simply applying the sum or product of the normalized 
parameters that characterize the oil content as the evaluation standard 
of the pay zone, the prediction results may reflect only part of the oil 
content characterization (Li et al., 2020). 

As an assemblage, crude oil and natural gas are widely distributed in 
source rocks and reservoirs. A shale-oil pay zone should have the feature 
of high liquid hydrocarbon content and high mobility (M. Wang et al., 

2019). Therefore, an innovative method that associates oil content with 
mobility is proposed and utilized to predict potential targets in the 
Middle Permian Lucaogou Formation shale oil systems in the Jimusaer 
Sag, Junggar Basin. This method has several innovative features. First, it 
considers the two components of crude oil and natural gas, and it can 
determine the variation of vertical oil content in shale reservoirs with 
strong heterogeneity. Second, the value of OCEI is continuous 
combining logging data, laboratory analyses, core descriptions and oil 
production data. Third, the threshold value of the OCEI is finally 
determined based on the relationship between the evaluation results of 
oil content and shale oil production in the current research area. The 
effectiveness and reliability of the OCEI method are tested on two wells 
in the Jimusaer Sag. 

2. Methods 

Because the detection methods used to characterize oil content are 
based on different working principles, the application of each method is 
not the same (Bordenave, 1993; Xue et al., 2016) (Fig. 1). For example, 
the fraction extracted by chloroform looks more like crude oil (Dem-
bicki, 2016; Wang, 2014), and both petroleum hydrocarbons and NSO 
compounds are measured. However, due to the volatilization of chlo-
roform during chloroform extraction, the light hydrocarbons (C6–C13) 
with strong mobility in crude oil are completely lost (Xue et al., 2016). 
Volatile hydrocarbons (S1) includes part of the petroleum hydrocarbons 
in shale oil and has a low carbon number due to the hydrocarbons 
emitted by rock samples heated to temperatures not higher than 300 ◦C 
(the boiling point of n-C17 is 302 ◦C and that of n-C18 is 316 ◦C) (Behar 
et al., 2001; Horsfield, 1984). Therefore, using these methods, the pa-
rameters of total oil content represented by chloroform extraction and 
volatile hydrocarbons (S1) are underestimated. It has been observed that 
the higher the oil content and mobility, the higher the shale oil pro-
duction (Lu et al., 2016). For the above reasons, a conceptual model of 
this method has been proposed, as follows: 

OCEI =w1 × LI + w2 × GI + w3 × CI (1)  

where OCEI is the oil content evaluation index, LI is the normalized oil 
content evaluation index-related liquid components, GI is the normal-
ized oil content evaluation index-related gas components, CI is the 
normalized oil content evaluation index-related core description, and 
w1, w2 and w3 are the relative weights of the evaluation index LI, GI and 
CI. These normalized indexes are defined as: 

LI =
LI* − LI*

min

LI*
max − LI*

min
(2)  

GI =
GI* − GI*

min

GI*
max − GI*

min
(3)  

CI =
CI* − CI*

min

CI*
max − CI*

min
(4)  

where LI*, GI* and CI* are the oil content evaluation indexes through 
depth, LI*min and LI*max are the minimum and maximum values of the 
evaluation index (LI*) for the investigated formation, GI*min and GI*max 
are the minimum and maximum values of the evaluation index (GI*) for 
the investigated formation, CI*min and CI*max are the minimum and 
maximum values of the evaluation index (CI*) for the investigated for-
mation. LI*min, LI*max, GI*min, GI*max, CI*min and CI*max are constants, 
and LI*, GI* and CI* are variables that depend on depth. 

Previous studies have found that the content of liquid and gaseous 
hydrocarbons plays an important role in the exploration and develop-
ment of shale oil (Lu et al., 2016). Therefore, in this paper, methods for 
evaluating liquid and gaseous hydrocarbons have been established. 
Through establishing a mathematical model, the evaluation index LI, 
which is associated with the liquid hydrocarbon segment, is created in 
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combination with the oil saturation logging, crude oil density, porosity 
logging and density logging. The indicator is then calibrated with vol-
atile hydrocarbon and chloroform extraction data. When the formation 
develops a large number of fractures, this parameter will be affected to 
some extent. Considering this factor, a relatively accurate evaluation 
index, LI + CI, related to liquid hydrocarbon is proposed and is com-
bined with the quantitative description of core oil content. The evalu-
ation index GI, which is related to the gaseous hydrocarbon segment, is 
derived from gas logging data. The threshold value of the OCEI is 
determined by the shale oil production of several commercial oil wells 
under existing technical conditions. The specific workflow is shown in 
Fig. 2. 

3. Geological setting 

The Jimusaer Sag is a secondary structural unit along the south-
eastern margin of the Junggar Basin and has an area of approximately 
1300 km2 (Fig. 3a). The sag is bordered by the Jimusaer and 

Laozhuangwan faults to the north, the Santai and Houbaozi faults to the 
south, and the Xidi fault to the west and pinches out to the eastern Guxi 
uplift (Cao et al., 2017; Liu et al., 2019a,b; Qiu et al., 2016a,b; Wu et al., 
2016) (Fig. 3b). It is a west-inclined dustpan-shaped depression devel-
oped on Middle Carboniferous basement (Fig. 4). The sag has undergone 
multiple tectonic movements, including Hercynian, Indosinian, Yanshan 
and Himalayan, but its internal structure is stable and gentle (Luo et al., 
2007; Xiao et al., 2008). From base to top, it is filled with Permian to 
Quaternary sedimentary sequences, with the maximum thickness 
exceeding 5000 m in the west (Fig. 3c). In general, the thickness of the 
strata from Permian to Cretaceous shows a trend of gradual thinning to 
the east. 

Three stratigraphic units, from bottom to top, were developed in the 
Permian, namely, the Middle Permian Jingjingzigou Formation, the 
Lucaogou Formation and the Upper Permian Wutonggou Formation. 
Among them, the Lucaogou Formation is one of the important oil- 
bearing stratigraphic formations in the eastern part of the Junggar 
Basin. It is spread throughout the sag, revealing a trend of thickening 

Fig. 1. Comparison of analysis objectives among various methods (revised from Bordenave et al., 1993).  

Fig. 2. Workflow chart for the evaluation of oil content in shale oil systems. LI = the normalized oil content evaluation index-related liquid components; GI = the 
normalized oil content evaluation index-related gas components; CI = the normalized oil content evaluation index-related core description; OCEI = oil content 
evaluation index. 
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towards the west and north, with an average thickness of approximately 
200–350 m. The formation was deposited in a saline lacustrine envi-
ronment during the Middle Permian (Cao et al., 2016; Kuang et al., 
2013; Wang et al., 2007). It is dominated by organic-rich mudstones that 
are either interbedded with or vertically adjacent to organic-lean rocks 
including carbonates, siltstone, pyroclastics, and others. According to 
the characteristics of its logging curves and maximum flooding surface, 
the Lucaogou Formation is vertically divided into two members, the 
lower section (P2l1) and the upper section (P2l2) (Zhang et al., 2019). 
Commercial oil flow has been obtained from the sweet spots in these 
shale-oil systems through several wells, including the wells J172, J25 
and J174. Among these wells, the horizontal well J172 has produced for 
nearly 1800 days and has a cumulative oil production of nearly 1.9 ×
104 tons (Wu et al., 2019). Currently, it is in a stage of stable production, 
with a daily oil production of approximately 4 tons. Due to its rich oil 

and gas resources and its huge exploration potential, shale oil in Jimu-
saer Sag has attracted increasing attention. 

4. Samples and analyses 

A series of 292 core samples from the Lucaogou Formation were 
collected from well J174 in the eastern part of the Jimusaer Sag 
(Fig. 3b). These samples were subjected to Rock-Eval pyrolysis to 
determine the total organic carbon (TOC) and volatile hydrocarbon (S1) 
content. These samples were powdered to 200 mesh grain size. For TOC 
analyses, each 100-mg sample was treated in a clean crucible with hy-
drochloric acid to remove carbonates; it was then washed with deion-
ized water, which was exchanged every half hour, for 2 days. These 
samples were subsequently dried, and the residual organic carbon con-
tent was determined using a Leco CS400 analyzer (Peters, 1986). A 

Fig. 3. Location and stratigraphic framework of the Jimusaer Sag. (a) The geographic location of the Jimusaer Sag in the Junggar Basin; (b) structural framework and 
thickness contour map of the Lucaogou Formation in the Jimusaer Sag; (c) stratigraphic column of this region (revised from Qiu et al., 2016 and Wu et al., 2016). 
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Rock-Eval 6 instrument was used for pyrolysis analysis. The temperature 
was initially set at 300 ◦C for 3 min, and the sample was then heated to 
600 ◦C at a rate of 50 ◦C/min. The pyrolysis parameters, including S1, S2 
and Tmax, were obtained (Espitalié et al., 1977, 1984). Ninety-two 
lacustrine shale samples from the Lucaogou Formation in the Jimusaer 
Sag were used to determine extractable content. These powder samples 
were extracted in a Soxhlet apparatus with a dichlor-
omethane/methanol mixture (93:7) for 72 h. Thirty-six core plugs were 
used for total porosity determination, and twelve core plugs were used 
for oil saturation determination. Oil saturation and total porosity were 
measured by atmospheric distillation and by the helium porosimeter 
method, which follows the Chinese Oil and Gas Industry Standard GB/T 
34906-2017 of P.R. China (National Standard of practices for core 
analysis, 2017). Standard cylindrical core plugs one inch in diameter 
were first subjected to high-temperature dry distillation in a dry distil-
lation cylinder. After all the water in the samples had been distilled, the 
water vapor was dissolved in anhydrous ethanol, and the volume of 
water was measured using a micromoisture meter. The core plugs were 
washed, dried, and weighed and the total porosity was measured using a 
helium porosimeter, thereby obtaining water or oil saturation by 
mathematical formula calculation (Wang et al., 2014). The experimental 
analysis data of this study was provided by the Experimental Center of 
Exploration and Development Research Institute of PetroChina Xinjiang 
Oilfield Company. 

5. Procedures and results for oil content evaluation 

5.1. Evaluation index LI* 

5.1.1. Porosity logging evaluation and calibration 
The Wyllie equation was adopted for porosity prediction in the in-

tervals of interest because of its simplicity and convenience (Castagna 
et al., 1993; Raymer et al., 1980; Wyllie et al., 1956). However, the 
accuracy of traditional porosity prediction methods is generally affected 
by the heterogeneity of lithology, and this may result in difficulties in 
realizing the desired goals. To minimize such errors, an improved 
porosity prediction method is used for porosity evaluation. The final 

porosity of the target interval is obtained from the arithmetic mean 
value of the porosity evaluated by acoustic logging and density logging. 
The equation can be expressed as 

φD =
ρma − ρb

ρma − ρf
(5)  

φA =
Δtb − Δtma

Δtf − Δtma
(6)  

φ=
φD + φA

2
(7)  

where φ is the final porosity of the target interval (in %), φD and φA are 
the predicted porosity values from the density and acoustic logging (in 
%), ρb and Δtb are the values from the density and the acoustic logging 
through depth (in g/cm3 and μs/ft, respectively), ρma and Δtma are the 
values from the density and acoustic logging in the matrix (in g/cm3 and 
μs/ft, respectively), and ρf and Δtf are the values from the density and 
acoustic logging of the fluid of the pores (in g/cm3 and μs/ft, 
respectively). 

Based on the above model, continuous porosity values of the target 
interval can be determined. The accuracy of this method is verified by 
comparing the predicted porosity with the measured porosity. Fig. 5a 
shows a comparison of the core porosity and the predicted porosity in 
well J174. The correlation coefficient (R2) is 0.871, indicating that the 
porosity prediction method is suitable for predicting the porosity. 

5.1.2. Oil saturation logging evaluation and calibration 
Reservoir evaluation is one of the important tasks in oil and gas field 

exploration and development. In this regard, it is important to determine 
specific rock properties, such as water saturation. Accurate prediction of 
the water saturation of the intervals of interest is essential to reduce the 
risks of exploration and development of oil and gas fields. Archie’s 
equation is used in most cases to calculate water saturation (Archie, 
1942). In this study, this method is adopted to evaluate the water 
saturation of the Lucaogou Formation. The equation is expressed as 

Fig. 4. Seismic profile showing the stratigraphic architecture in the Jimusaer Sag. The location of the seismic profile is shown by line AA′ in Fig. 3(b). The Lucaogou 
Formation (P2l) is located between the blue dotted lines. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Rt =
aRw

φmSn
w

(8)  

where Rt is the true formation resistivity in Ωm, Rw is the formation 
water resistivity in Ωm, φ is the final porosity of the target interval in %, 
Sw is the water saturation in %, a is a proportional coefficient, m is the 
cementation exponent and n is the saturation index (Jin et al., 2020; Qin 
et al., 2016). 

The accuracy of parameters a, m and n in Archie’s equation affects 
the accuracy of the water saturation calculation. Over the years, 
extensive efforts have been made to determine these parameters. Based 
on the analysis of rock samples from well J174, a is taken to be equal to 
0.98, m is taken to be equal to 1.73, and n is taken to be equal to 1.76. On 
the basis of the above model, the oil saturation prediction curve of the 
target interval in well J174 is established. As shown in Fig. 5b, the 
predicted values of oil saturation have a good linear relationship with 
the measured values of the samples; the linear coefficient is approxi-
mately equal to 1, and the correlation coefficient (R) is greater than 0.8. 
This indicates that the oil saturation evaluation model can be applied to 
other wells. 

5.1.3. Indicator LI* model and calibration 
A few indicators, such as So, S1 and extraction content, are available 

for characterization of the liquid hydrocarbon content of shale-oil sys-
tems. Although there are multiple parameters for characterization, there 
are differences in their geological meanings. The oil saturation (So) re-
fers to the percentage of liquid hydrocarbons per unit volume of rock 
pores (Espitalié et al., 1984). The pyrolysis parameter S1 and the 
extractable content represent the percentage of liquid hydrocarbons per 
unit mass of rock (Espitalié et al., 1984). Due to the low content of resins 
and asphaltenes in lacustrine crude oil, the pyrolysis parameter S1 and 
extractable content tend to show a good linear relationship (Fig. 6). 
These two parameters are important for evaluating shale oil resources, 
but it is difficult to obtain all geological parameters unless the core 
samples are complete. 

Based on the above, the indicator LI* can be established and used to 
evaluate the liquid hydrocarbon content using combined data from oil 
saturation, porosity and density loggings and crude oil density. The 
measurement. LI* is calculated as 

LI* =
mHC

mRock
× 100%  

=
ρHC × VHC

ρb × Vb
× 100%  

=
VHC

VPor
×

VPor

Vb
×

ρHC

ρb
× 100%  

= So × φ ×
ρHC

ρb
× 100% (9)  

where LI* is the liquid hydrocarbon content through depth (in %), mHC 
and mRock refer to the masses of liquid hydrocarbons and rocks, 
respectively (in g), ρHC and ρb refer to the densities of liquid hydrocar-
bons and rocks, respectively (in g/cm3), VHC, VPor, and Vb refer to the 
volumes of liquid hydrocarbons, pores, and rocks, respectively (in cm3), 
So is the oil saturation (in %), and φ is the final porosity of the target 
interval (in %). 

The physical meaning of equation (9) is the content of liquid 

Fig. 5. (a) Crossplot of predicted porosity and core porosity. (b) Crossplot of predicted oil saturation and measured oil saturation. R refers to the correla-
tion coefficient. 

Fig. 6. Relationship between volatile hydrocarbon (S1) and chloroform 
extractable content. R refers to the correlation coefficient. 
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hydrocarbons in the rock per unit mass. Using the above model, the 
quantitative evaluation of liquid hydrocarbon content in the shale oil 
systems can be achieved, and the evaluation can be transformed from 
discrete data evaluation to continuous logging data evaluation. Besides, 
these conventional logging curves are also easy to obtain. The shale oils 
produced from the Lucaogou Formation by the eleven wells in the 
Jimusaer Sag show no significant differences in density (Table 1). As 
shown in Table 1, the density of upper section crude oil varies from 
0.881 to 0.896 g/cm3, while the density of lower section crude oil ranges 
from 0.901 to 0.922 g/cm3. Based on analysis of the available samples, 
ρb takes the average density of all samples, namely, 0.90 g/cm3. To 
further verify the effectiveness of this method, the liquid hydrocarbon 
content calculated by the method is compared with the pyrolysis 
parameter S1 and with the extractable content. Fig. 7 shows that there is 
a consistent variation tendency between the LI* indicator and the py-
rolysis parameter S1 and the extractable content. However, it can also be 
observed that some data points deviate from this trend. The reason for 
this may be that a large number of fractures developed in some intervals. 
Besides, according to the theoretical derivation process of this formula, 
this method is more suitable for characterizing the liquid hydrocarbon 
content in porous media. On the whole, the index LI* can effectively 
reflects the variation in the liquid hydrocarbon content in the target 
intervals. 

5.2. Evaluation index CI* 

Cores not only provide a detailed interpretation of stratigraphic 
variation and developmental characteristics but also information on oil 
and gas migration (Gardner et al., 2003; Shanmugam et al., 1995; Tes-
son et al., 2000). The observation of core samples from well J174 reveals 
that the oil-bearing properties of different strata are highly heteroge-
neous (Fig. 8). According to the characteristics of the oil-bearing area, 
oil-bearing fullness and drip test, the oil-bearing degree of the core is 
divided into 7 different levels (National Standard of practices for core 
analysis, 2017). To facilitate geostatistical analysis, these levels are 
further assigned to different ordered values for which higher values 
indicate higher oil content. These levels are: Level 6 (oil full): the 
oil-bearing area is over 95% and is full of oil; Level 5 (oil rich): the 
oil-bearing area is more than 75%, and the oil distribution is uniform; 
Level 4 (oil stained): the oil-bearing area exceeds 40%, and the oil dis-
tribution is patchy; Level 3 (oil spot): the oil-bearing area is between 5% 
and 40% and presents a spotted and banded distribution; Level 2 (oil 
trace): the oil-bearing area is less than 5% and shows a scattered pattern 
of spots; Level 1 (fluorescence): the oil-bearing area is invisible but can 
be detected by fluorescence; Level 0 (no fluorescence): the oil-bearing 
area is invisible and cannot be detected by fluorescence. Based on the 
above grading evaluation criteria, the quantitative characterization of 
oil content in core samples can be achieved. 

Table 1 
Comparison of the density of shale oils obtained from different wells.  

Well Number of samples Depth (m) Formation Section Density (g/cm3) Viscosity (50 ◦C mPa s) Freezing point (◦C) 

J171 6 3074.0～3102.5 P2l2 Upper 0.889 45.65 12.5 
J172 2 2920.0～2970.0 P2l2 Upper 0.885 58.80 32.0 
J172_H 5 3150.92～4360.0 P2l2 Upper 0.896 73.36 22.6 
J23 3 2309.0～2385.0 P2l2 Upper 0.881 133.16 35.8 
J25 2 3403.0～3425.0 P2l2 Upper 0.895 76.03 21.2 
J173 7 3088.0～3109.0 P2l2 Upper 0.883 53.72 25.0 
J174 10 3255.0～3314.0 P2l1 Lower 0.922 434.92 0.4 
J31 2 2875.0～2945.0 P2l1 Lower 0.917 342.35 5.5 
J33 5 3664.0～3717.0 P2l1 Lower 0.909 167.28 9.0 
J251_H 8 4414.5～4960.0 P2l1 Lower 0.901 103.70 9.1 
J36 3 4209.0～4255.0 P2l1 Lower 0.903 105.37 8.7 

Abbreviations: P2l1 refers to the lower Lucaogou Formation; P2l2 refers to the upper Lucaogou Formation. 

Fig. 7. (a) Relationship between LI* and the pyrolysis parameter S1. (b) 
Relationship between LI* and chloroform extractable content. 
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5.3. Evaluation index GI* 

Compared with the marine shale oil successfully developed in North 
America, the continental shale oil in China is characterized by its lower 
maturity (Ro = 0.5–1.1%) and poorer mobility (GOR = 20–60 m3/m3) 
(W. Zhao et al., 2020). An increase in the amount of dissolved gas in-
creases the mobility of the crude oil. Due to their low boiling point, light 
hydrocarbons are easily lost during sample storage and experimental 
analysis. Many methods for the recovery of light hydrocarbons, 
including the chromatography method, pyrolysis combined with 
extraction, chemical kinetic theory, pressure coring and other methods, 
are presently available (Jiang et al., 2016; Li et al., 2020; Wang et al., 
2014; Zhu et al., 2015). In this study, we used mud gas logging to assess 
the light hydrocarbon content under actual geological conditions. With 
the development of flame ionization detectors, mud gas logging systems 
can provide a reliable analysis of C1–C5 hydrocarbons. Therefore, this 
method compensates for the shortcomings of the above methods. Based 
on the total gas concentration, some researchers have established cor-
responding classification standards (Dembicki, 2016; Hammerschmidt 
et al., 2014; Noble, 1991). Noble (1991) provides some grading criteria 
for total gas (C1–C5) concentration expressed in ppm. A total gas con-
centration lower than 100 ppm is considered background, while total 
gas concentrations of 1000–10000 ppm suggest rich source rocks, and 
values higher than 10000 ppm indicate excellent source rocks (Dem-
bicki, 2016). 

5.4. Estimating the relative weight of variables 

For blocks with a high degree of exploration and some commercial 
oil wells, the actual production of shale oil is a direct indicator for 
evaluating oil content. Based on the correlation between the shale oil 
productivity (daily oil production per meter, t/d⋅m− 1) and these eval-
uation indexes during the stable production stage, the weight co-
efficients assigned to the three evaluation parameters are determined. 
The higher the correlation between a certain evaluation parameter and 
the oil production, the greater the influence of this variable on the oil 
production, the greater the weight value assigned. There are several 
common methods for weight determination, such as data envelopment 
analysis (DEA), analytical hierarchy process (AHP), simple additive 
weighting (SAW), grey relational analysis and so on (Çaydaş and Has-
çalık, 2008; Kolahan et al., 2011; Kuo et al., 2008; Tosun, 2005; Yang 
et al., 2007; Yang and Hung, 2007; Zeng et al., 2007). In this study, we 
applied the grey relational analysis method to determine the respective 

weights of the evaluation indicators LI, CI and GI. The grey theory first 
proposed by Deng (1982) has been successfully applied to various 
research fields (Asokan et al., 2007; Lin et al., 2006). It has been proven 
to be an effective means to analyze the uncertain relationship between 
the reference sequence and every comparability sequence (Asokan et al., 
2007; Tosun, 2005). The primary scenarios of the algorithm can be 
described as follows: Let X0 be the reference sequence with m entities. 
Then: 

X0 ={x0(1), x0(2),…, x0(m)} (10)  

where m is the number of parameters. 
Let Xi be the comparability sequence with m entities (the number of 

experimental data items). Then: 

Xi ={xi(1), xi(2),…, xi(m)},  i= 1, 2,…n. (11)  

where n is the number of experimental data items. 
Normalize the sequences to eliminate the influence of adopting 

different units, and the normalized sequences can be expressed as: 

x*
i (j)=

xi(j) − minxi(j)
maxxi(j) − minxi(j)

(12)  

where max xi(j) is the maximum value of entity j, and min xi(j) is the 
minimum value of entity j. After the data is normalized, the grey rela-
tional coefficient is calculated to express the relationship between the 
reference sequence and the compared sequence. The formula is as 
follows: 

γoi(j)=
Δmin + ρΔmax
Δ0i(j) + ρΔmax

(13)  

where Δ0i(j) is the absolute difference between the reference sequence 
(x*

0(j)) and the comparability sequence (x*
i (j)), namely Δoi(j) =

⃒
⃒x*

0(j) −
x*

i (j)
⃒
⃒; Δmin = min

i
min

j

⃒
⃒x*

0(j) − x*
i (j)

⃒
⃒ and Δmax = max

i
max

j

⃒
⃒x*

0(j) − x*
i (j)

⃒
⃒

are the minimum and maximum value of the difference between x*
0(j)

and x*
i (j). ρ is the identification or distinguishing coefficient which is 

defined in the range 0≤ρ ≤ 1. ρ = 0.5 is generally adopted. 
After obtaining the grey correlation coefficient, the average value of 

the grey correlation coefficient is usually taken as the grey relational 
grade. It is calculated as follows: 

ξi =
1
n

∑n

j=1
γ0i(j) (14) 

Fig. 8. Core photos showing the oil-bearing properties of well J174 in the Lucaogou Formation. (a) Observation of the oil-bearing properties in core samples of well 
J174 from 3275.36 m to 3284.30 m. (b) Oil spot. (c) Oil trace. (d) Oil spot. (e) Oil stained. 
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Then, the relative weight of variables is defined as 

wi = ξi

/
∑n

i=1
ξi (15)  

where wi is the weight coefficient of the i-th variable. 
The production data of 12 wells are used to establish the relative 

weights of various geological parameters (LI, CI and GI). The detailed 
characteristics of these commercial wells are shown in Table 2. Equation 
(12) is used to normalize the oil productivity, LI*, CI* and GI*. Using 
Equation (13), we can calculate the grey relational coefficient of these 
evaluation indexes, as shown in Table 3. Also, the average value of the 
grey correlation coefficient is computed according to Equation (14). It 
can be found from Table 3 and Fig. 9 that the grey correlation coefficient 
of the evaluation index LI* is relatively the largest, indicating that this 
index is a key indicator for shale oil production prediction. Based on 
Equation (15), we can obtain the relative weight of each variable. The 
weights of the evaluation indicators LI*, CI* and GI* are 0.38, 0.31 and 
0.31 respectively (Table 3). 

5.5. Threshold value of the OCEI 

Based on the above model, the oil content evaluation of shale oil of 
various compositions can be accomplished. The shale oil production 
data and OCEI data from the 12 wells (Table 2) of the Lucaogou For-
mation test section in the Jimusaer Sag have been analyzed, as shown in 
Fig. 10.The shale oil productivity increases with increasing OCEI, and 
there is a critical point. When the value of OCEI is less than 0.39, the 
production of shale oil is less than 0, indicating that it cannot obtain 
commercial oil under the current technical conditions. When the value 
of OCEI is higher than 0.39, shale oil production increases rapidly. 
Therefore, we assign 0.39 as the threshold value of the OCEI for the 
potential favorable development zones in the Jimusaer Sag. When the 
OCEI value of a certain interval is greater than 0.39, then this interval is 
a favorable pay zone. 

6. Cases and discussion 

The following sections use core and well logging data from wells 
J174 and J36 in the Jimusaer Sag to determine favorable pay zones 
through the OCEI method. These examples in this study are combined 
with actual oil production and compared with the hydrocarbon expul-
sion threshold method proposed by Jarvie (2012). In this way, the 
effectiveness of the OCEI method in selecting favorable intervals of shale 
oil is demonstrated. 

6.1. Well J174 

Well J174, which was systematically cored from 3046.2 m to 3442.2 
m (9994.1–11293.3 ft), including the Lucaogou Formation, is a typical 
well that has been used in shale oil systems research in the Jimusaer Sag 
and provides basic data for the exploration and development of lacus-
trine shale oil in China. Thermal maturity, as indicated by Tmax, suggests 
that the organic matter shown in Fig. 11 is in the main stage of hydro-
carbon generation. Given this level of thermal maturity, the present-day 
hydrogen index values of the P2l12 and P2l22 intervals are significantly 
higher than those of the other intervals, indicating that the organic 
matter in these two intervals has a greater oil-generating potential. 
Formation testing of the interval from 3116 m to 3146 m 
(10223.1–10321.5 ft) produced 2.15 tons of oil per day, while formation 
testing conducted between 3255 m and 3314 m (10679.1–10872.7 ft) 
yielded 7.76 tons of oil per day (Table 2). 

The vertical distribution of oil saturation, porosity, LI*, GI* and OCEI 
is predicted in the Lucaogou Formation of well J174 using conventional 
logging curves, as shown in Fig. 11. The logging evaluation results for 
porosity and oil saturation are very consistent with the measured values 
(solid points) (Fig. 11 and Table 4), indicating that the porosity and oil 
saturation logging evaluation models are reliable and can be applied to 
other wells. It can be observed that the porosity and oil saturation 
exhibit strong vertical heterogeneity. Based on the indicators LI*, GI* 
and CI*, the vertical distribution of OCEI is shown; in the figure, the left 
boundary of the track OCEI is set to 0.39, and the intervals with the OCEI 
greater than 0.39 are filled with a red color. Track potential target1 
shows the favorable reservoir intervals determined by the OCEI method 
proposed in this study. Track potential target2 shows the favorable 
reservoir intervals determined by the hydrocarbon expulsion threshold 
proposed by Jarvie (2012) using the value of S1/TOC. 

There is a small amount of depth interval with the OCEI greater than 
0.39 in the Lucaogou Formation of well J174. There exists an OCEI peak 
at the interval from 3275.1 to 3279.2 m (10742.33–10755.78 ft). This 
peak is within the range of oil testing interval from 3255 m to 3314 m 
(10679.1–10872.7) (the area surrounded by the pink box in Fig. 11). 
Using the hydrocarbon expulsion threshold based on the combination of 
S1 and TOC indicates that the intervals from 3254.85 to 3297.81 m 
(10675.91–10816.82 ft) and from 3315.75 to 3336.95 m 
(10875.99–10945.2 ft) are potentially favorable intervals, findings that 
are basically consistent with the results of the OCEI method proposed in 
this article. In addition, another interval from 3113.12 to 3131.60 m 
(10211.03–10271.65 ft) can also be a potentially favorable interval. The 
oil testing result in this interval is 2.15 tons per day, which provides 
sufficient evidence for testing the OCEI method to predict shale oil pay 

Table 2 
Characteristics of the testing oil intervals of commercial wells in the Jimusaer Sag. Oil productivity is the result of the daily output divided by the thickness of res-
ervoirs; LI* = the oil content evaluation index-related liquid components; CI* = the oil content evaluation index-related core description; GI* = the oil content 
evaluation index-related gas components. The evaluation indexes LI*, CI* and GI* in Table 2 are the average values in the testing oil intervals.  

Number of samples Well name Interval Oil test section (m) Oil rate (t/d) Thickness of reservoir Oil productivity (t/d⋅m) LI* (%) CI* GI* (ppm) 

1 J174 P2l2 3116–3146 2.15 18.9 0.114 2.21 896 1.68 
2 P2l1 3255–3314 7.76 34.8 0.223 1.61 2170 1.47 
3 J25 P2l2 3403–3425 18.25 20.5 0.890 2.66 3007 1.55 
4 J36 P2l1 4209–4255 13.88 32.7 0.424 1.84 10706 1.88 
5 J31 P2l2 2707–2746 2.79 32.3 0.086 1.48 3350 2.60 
6 P2l1 2875–2945 0.71 51.13 0.014 1.30 5351 2.34 
7 J37 P2l2 2830–2849 6.31 17.15 0.370 2.93 3406 3.56 
8 J23 P2l2 2309–2385 0.24 71.38 0.003 1.33 1425 1.97 
9 J301 P2l2 2762–2776 9.53 13.42 0.710 2.46 3897 3.23 
10 J303 P2l2 2580–2595 4.48 9.44 0.470 2.34 2635 3.12 
11 P2l2 2598–2604 4.69 6.01 0.780 3.29 2597 2.98 
12 J30 P2l2+P2l1 4018–4184 10.54 89.94 0.120 1.58 2525 1.19 
13 J172 P2l2 2920–2970 3.26 13.13 0.250 2.09 729 2.44 
14 J33 P2l1 3664–3717 5.51 17.13 0.320 1.40 5029 1.64 
15 J176 P2l2 3028–3063 5.27 20.5 0.260 2.16 1102 2.28 

Abbreviations: P2l1 refers to the lower Lucaogou Formation; P2l2 refers to the upper Lucaogou Formation. 
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zones. Compared with the upper oil tested interval, the single well in the 
lower oil tested interval has higher daily oil production. This could be 
due to the influence of the dissolved gas content of the region, which 
ranges from 321 to 4405 ppm with an average value of 1907 ppm, 
higher than the value of 818 ppm observed in the upper oil tested in-
terval and indicating high mobility (Table 5). The results obtained using 
the OCEI method also show that the lower oil tested interval is the most 
favorable target interval of the well; this indicates the new method is 
successfully implemented to predict pay zones in the unconventional 
reservoirs. 

6.2. Well J36 

The second example is well J36. Compared with well J174, well J36 
is a commercial well producing 11.82 tons per day in the Lucaogou 
Formation (Xu et al., 2019). The location of well J36 is shown in Fig. 3. 

The vertical distribution of oil saturation, porosity, LI*, GI* and OCEI 
is predicted in the Lucaogou Formation of well J36 using conventional 
logging curves, as shown in Fig. 12. Although limited core analysis is 
available, the interval from 4209 to 4255 m (11115-11171 ft) is perfo-
rated for oil production (the pink box area in Fig. 12). The oil content 
evaluation results show that this interval is characterized by the high 

content of liquid and gaseous hydrocarbons, which is a favorable pay 
zone (Table 5). The result of oil testing in this zone shows that the 
production is 11.82 tons per day, which provides sufficient evidence for 
testing the OCEI method to evaluate the oil content prediction of shale 
oil systems. The content of liquid hydrocarbons and gaseous hydrocar-
bons is much larger than that of well J174 (Table 5 and Fig. 12), 
resulting in relatively high production of well J36. The interval from 
4132 to 4140 m (13552.96–13579.20 ft) can also be another potentially 
favorable interval based on Jarvie’s method (Jarvie, 2012) (Fig. 12). 
Although this interval is characterized by high values of S1 and chlo-
roform extractable content, the zone shows low liquid hydrocarbon 
content (LI* is only 0.87% on average), relatively low gaseous hydro-
carbon content (The total gaseous hydrocarbon content is only 5992.68 
ppm on average) and thin thickness, indicating that this zone is not a 
good target area. The depth interval range from 4145.92 to 4199.83 m 
(13598.62–13775.44 ft) with the OCEI greater than 0.39 in the 
Luchaogou Formation of well J36 could serve as another potential pay 
zone, as shown in Fig. 12. 

To summarize, as an innovative method proposed in this article, the 
OCEI method has the following strengths compared with previously 

Table 3 
Grey relational coefficient and relative weight of these evaluation indexes.  

Number of 
samples 

Normalized values for oil 
productivity 

Normalized values 
for LI* 

Normalized values 
for CI* 

Normalized values 
for GI* 

GRC values 
for LI* 

GRC values for 
CI* 

GRC values for 
GI* 

1 0.125 0.46 0.02 0.21 0.5653 0.8035 0.8452 
2 0.248 0.16 0.14 0.12 0.8278 0.8100 0.7715 
3 1.000 0.68 0.23 0.15 0.5773 0.3576 0.3361 
4 0.475 0.27 1.00 0.29 0.6810 0.4506 0.7032 
5 0.094 0.09 0.26 0.59 1 0.7214 0.4623 
6 0.012 0.00 0.46 0.49 0.9800 0.4887 0.4767 
7 0.414 0.82 0.27 1.00 0.5156 0.7508 0.4232 
8 0.000 0.02 0.07 0.33 0.9737 0.8659 0.5677 
9 0.797 0.58 0.32 0.86 0.6700 0.4732 0.8767 
10 0.526 0.52 0.19 0.81 0.9992 0.5630 0.6006 
11 0.876 1.00 0.19 0.76 0.7802 0.3843 0.7849 
12 0.132 0.14 0.18 0.00 0.9879 0.9056 0.7691 
13 0.278 0.40 0.00 0.53 0.7881 0.6087 0.6354 
14 0.357 0.05 0.43 0.19 0.5848 0.8592 0.7228 
15 0.290 0.43 0.04 0.46 0.7548 0.6322 0.7196 
Average value 0.375 0.37 0.25 0.45 0.7790 0.6450 0.6463 
Relative weight     0.38 0.31 0.31 

Abbreviations: GRC refers to grey relational coefficient. 

Fig. 9. Grey relational coefficient distribution of different samples. GRC refers 
to the grey relational coefficient. Fig. 10. Crossplot of shale oil productivity and OCEI in the Jimusaer Sag. Shale 

oil productivity is the result of the daily output divided by the thickness 
of reservoirs. 
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available methods. (1) It combines the liquid and gaseous hydrocarbon 
content in geological conditions. Among them, high liquid hydrocarbon 
content often means high porosity, high oil saturation and high ρHC/ρb 
eliminating the situation where only high porosity or high oil content is 
considered. Mud gas logging data are used to characterize the relative 
variation in light hydrocarbon (C1–C5) content under geologic condi-
tions. Finally, the relative importance of each parameter is determined 
by using actual production data based on grey relational analysis. In this 
way, the method is more reliable and effective. (2) The determination of 
the threshold value of the OCEI is consistent with the actual production 

of shale oil under the existing technical conditions. When the OCEI value 
of a certain interval is higher than the threshold, then the interval is a 
pay zone. This method can accurately predict the best perforation po-
sitions for different wells. (3) This OCEI method provides a high- 
resolution (0.125m per sample) oil content distribution evaluation 
model, even if there is no core available. 

7. Conclusions 

At present, although many methods of characterizing oil content are 

Fig. 11. Prediction of the vertical distribution of potential favorable intervals of the Lucaogou Formation in well J174 of the Jimusaer Sag. S1 = the volatile hy-
drocarbon content; OCEI = the oil content evaluation index; LI* = the oil content evaluation index-related liquid components; GI* = the oil content evaluation index- 
related gas components; CI* = the oil content evaluation index-related core description; Track potential target1 = the favorable reservoir intervals determined by the 
OCEI method; Track potential target2 = the favorable reservoir intervals determined by the hydrocarbon expulsion threshold proposed by Jarvie (2012). The areas 
surrounded by the pink box are the formation testing zones. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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Table 4 
Rock-Eval pyrolysis, oil saturation, total porosity and chloroform extraction data for core samples from the Lucaogou Formation in well J174.  

Depth (m) Strata TOC (%) Tmax (◦C) S1 (mg/g) S2 (mg/g) HI (mg/g) Extraction (%) Por (%) So (%) 

3109.22 P2l21 10.85 451 0.91 67.74 624    
3110.53 P2l22 3.05 449 0.51 7.79 255    
3110.88 P2l22 3.55 448 0.66 8.35 235 0.37   
3111.87 P2l22 3.68 449 1.17 9.20 250    
3112.09 P2l22 0.85 443 0.42 1.92 226    
3113.30 P2l22 2.89 441 1.96 10.11 350 0.75   
3113.34 P2l22 0.72 443 0.02 0.71 99    
3114.73 P2l22 1.42 451 0.28 3.87 273 0.11   
3115.87 P2l22 4.66 449 0.49 19.00 408    
3117.10 P2l22 0.39 439 0.01 0.14 36   49.7 
3117.75 P2l22 5.57 449 0.53 22.48 404 0.14   
3118.33 P2l22 5.32 452 0.29 19.55 367    
3118.78 P2l22 9.77 453 0.44 78.96 808 0.12   
3119.23 P2l22 0.65 442 0.02 1.39 214    
3120.64 P2l22 6.06 451 0.51 40.98 676 0.20   
3121.38 P2l22 0.27 444 0.03 0.50 185    
3121.68 P2l22 0.64 445 0.05 0.98 153  6.60  
3122.14 P2l22 2.84 448 0.49 8.85 312 0.16   
3122.58 P2l22 3.96 450 0.33 17.32 437 0.13   
3122.87 P2l22 2.96 448 0.54 6.81 230    
3123.91 P2l22 6.14 445 0.95 21.30 347    
3125.08 P2l22 0.92 443 0.01 1.32 143  13.60  
3126.61 P2l22 2.89 444 1.00 2.06 71    
3128.78 P2l22 3.51 440 7.46 6.48 185    
3129.90 P2l22 2.30 448 0.38 1.20 52 0.09   
3130.76 P2l22 3.03 445 0.40 4.16 137    
3130.85 P2l22 2.11 441 0.41 2.12 100 0.16  58.6 
3131.34 P2l22 4.00 445 0.55 7.64 191    
3131.65 P2l22 10.58 446 0.73 40.86 386    
3132.58 P2l22 3.65 451 0.77 13.13 360 0.35   
3133.16 P2l22 4.21 449 1.72 9.96 237    
3133.64 P2l22 7.58 451 0.54 36.06 476    
3134.05 P2l22 6.77 444 0.74 32.75 484 0.50   
3134.21 P2l22 6.05 448 0.88 22.19 367 0.59   
3135.11 P2l22 10.12 452 0.93 52.68 521    
3135.41 P2l22 9.34 446 0.80 56.02 600 0.59   
3135.56 P2l22 4.48 453 0.51 15.54 347    
3137.01 P2l22 6.25 452 0.36 32.90 526 0.17   
3137.70 P2l22 0.34 449 0.05 0.47 138    
3138.59 P2l22 1.10 436 0.98 1.29 117    
3139.70 P2l22 0.72 444 0.03 2.12 294  7.40  
3140.74 P2l22 2.58 450 0.34 6.89 267    
3141.24 P2l22 4.91 449 0.38 16.84 343    
3144.66 P2l22 0.55 442 0.06 0.99 180  13.20  
3145.44 P2l22 3.73 452 0.47 24.99 670 0.19   
3145.79 P2l22 2.97 446 0.47 14.50 488    
3146.16 P2l22 2.72 441 0.79 6.98 257 0.44   
3146.19 P2l22 1.88 445 0.25 3.11 165 0.18   
3146.54 P2l22 0.76 449 0.23 0.86 113    
3147.68 P2l22 1.07 452 0.12 1.84 172    
3149.22 P2l22 2.26 450 0.20 5.92 262    
3149.82 P2l22 0.93 449 0.02 4.63 498  7.40  
3150.20 P2l22 2.48 448 0.64 3.20 129 0.17   
3150.87 P2l22 2.82 450 0.23 4.08 145    
3151.89 P2l22 3.21 451 0.23 10.69 333    
3152.63 P2l22 5.96 448 4.86 249.57 765    
3152.82 P2l22 3.17 451 0.02 20.20 637    
3152.98 P2l22 13.86 454 0.59 152.17 1098 0.22   
3153.65 P2l22 2.14 453 0.12 1.20 56 0.06   
3153.80 P2l22 1.28 451 0.30 3.24 253   74.8 
3154.64 P2l22 1.97 454 0.12 4.15 211    
3155.32 P2l22 12.42 452 0.65 176.00 1417 0.12   
3156.29 P2l22 2.33 449 0.23 2.88 124    
3156.94 P2l22 2.32 453 0.15 4.32 186 0.10   
3157.25 P2l22 5.24 453 0.23 20.35 388    
3157.93 P2l22 0.55 445 0.07 1.24 225 0.04   
3158.88 P2l22 2.54 444 0.24 12.95 510 0.08   
3158.89 P2l22 2.23 450 0.43 7.62 342    
3160.05 P2l22 1.64 451 0.15 1.18 72    
3161.75 P2l22 1.85 448 0.02 10.85 586    
3162.02 P2l22 3.22 453 0.17 10.76 334 0.14   
3162.39 P2l22 1.44 444 0.16 1.30 90 0.05   
3162.62 P2l22 1.08 448 0.15 0.81 75 0.03 7.80  
3162.96 P2l22 1.10 450 0.09 0.98 89    

(continued on next page) 
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Table 4 (continued ) 

Depth (m) Strata TOC (%) Tmax (◦C) S1 (mg/g) S2 (mg/g) HI (mg/g) Extraction (%) Por (%) So (%) 

3164.06 P2l22 3.53 448 0.32 10.99 311    
3165.04 P2l22 6.95 450 0.41 25.58 368    
3165.32 P2l22 0.67 447 0.05 5.35 799    
3165.87 P2l22 8.19 455 0.48 49.23 601 0.31   
3166.19 P2l22 0.95 451 0.37 1.39 146 0.19   
3166.74 P2l22 0.77 448 0.54 1.98 257 0.19   
3166.74 P2l22 0.59 449 0.12 0.85 144    
3168.48 P2l22 4.45 453 0.19 14.40 324    
3168.69 P2l22 4.02 449 0.40 26.44 658 0.23   
3169.19 P2l22 4.03 455 0.28 16.96 421 0.14   
3170.84 P2l22 1.52 454 0.09 3.92 258    
3171.29 P2l22 3.65 446 0.30 27.38 750 0.10   
3172.45 P2l22 11.83 452 0.93 75.28 636    
3174.40 P2l22 5.28 453 0.75 26.76 507    
3174.75 P2l22 0.43 447 0.03 0.79 184  12.70 32.3 
3174.92 P2l22 1.91 450 2.18 3.50 183    
3177.55 P2l22 3.90 448 0.26 21.37 548 0.15   
3177.57 P2l22 3.39 455 0.21 7.80 230 0.15   
3178.34 P2l22 2.52 452 0.14 6.82 271    
3179.37 P2l22 3.69 452 0.32 10.86 294    
3183.36 P2l22 1.53 450 1.79 5.75 376  3.80  
3183.80 P2l22 3.85 452 0.22 7.85 204 0.13   
3184.55 P2l22 3.58 451 0.18 10.05 281    
3185.44 P2l22 2.10 452 0.15 4.66 222    
3186.56 P2l22 5.60 451 1.18 20.14 360 0.48   
3186.91 P2l22 3.00 449 0.30 10.04 335    
3187.70 P2l22 5.13 450 0.39 10.03 196    
3188.62 P2l22 2.92 449 0.36 7.18 246 0.45   
3189.83 P2l22 2.67 451 0.14 8.50 318    
3190.57 P2l22 0.57 443 0.04 1.63 286    
3190.88 P2l22 6.09 455 0.47 26.07 428    
3192.14 P2l22 1.87 454 0.18 4.72 252 0.11   
3194.39 P2l22 2.21 453 0.14 5.23 237 0.08   
3195.18 P2l22 2.22 449 1.17 4.79 216    
3196.30 P2l22 6.99 452 0.32 32.23 461 0.21   
3197.00 P2l22 7.05 450 0.63 26.32 373    
3197.57 P2l22 4.35 448 0.29 10.06 231 0.65   
3198.81 P2l22 12.31 449 1.12 69.48 564 1.16   
3200.73 P2l22 0.53 449 0.04 2.03 383  8.50  
3200.90 P2l22 3.77 448 0.33 11.18 297    
3201.96 P2l22 1.56 450 0.18 2.12 136 0.10   
3202.91 P2l22 1.28 451 0.21 1.92 150    
3203.56 P2l22 6.23 447 1.51 20.36 327 0.06   
3204.01 P2l11 1.92 448 0.59 4.03 210    
3204.57 P2l11 4.46 447 0.58 10.11 227 0.85   
3205.67 P2l11 3.31 452 0.42 15.67 473    
3206.62 P2l11 2.32 445 2.25 5.91 255    
3207.18 P2l11 3.54 450 0.65 14.65 414    
3208.16 P2l11 2.47 449 0.45 7.37 298 0.27   
3208.33 P2l11 2.22 447 0.51 5.19 234 0.39   
3209.07 P2l11 9.97 446 1.31 50.57 507    
3209.61 P2l11 3.65 449 0.27 10.72 294    
3211.09 P2l11 3.26 447 0.28 9.54 293    
3212.16 P2l11 1.13 449 0.21 1.62 143 0.06   
3212.87 P2l11 1.40 444 0.11 1.53 109    
3213.40 P2l11 0.83 447 0.18 0.31 37    
3214.30 P2l11 1.46 445 0.24 1.29 88 0.08   
3215.32 P2l11 5.61 445 1.02 17.64 314    
3216.70 P2l11 1.08 446 0.29 1.03 95 0.13   
3217.51 P2l11 0.36 448 0.10 5.17 1436    
3217.98 P2l11 2.05 447 0.36 4.60 224 0.18   
3218.97 P2l11 1.57 450 0.10 1.92 122 0.11   
3220.08 P2l11 3.09 445 0.43 5.47 177    
3220.85 P2l11 2.99 446 3.01 7.41 248    
3221.50 P2l11 6.56 450 0.34 28.23 430    
3221.79 P2l11 0.91 443 0.37 0.90 99  5.30  
3223.23 P2l11 1.88 441 1.31 2.53 135 0.96   
3224.28 P2l11 7.93 449 1.17 44.66 563 0.32   
3225.47 P2l11 0.95 448 0.13 0.46 48    
3227.14 P2l11 3.23 447 1.09 6.98 216 1.06   
3228.53 P2l11 1.14 443 0.24 1.02 89 0.08   
3229.18 P2l11 4.54 444 1.41 8.87 195    
3231.04 P2l11 1.60 449 0.32 1.85 116 0.14   
3232.14 P2l11 2.91 442 2.66 5.96 205    
3234.19 P2l11 0.78 447 0.28 0.57 73    
3235.05 P2l11 1.38 445 0.21 1.54 112    

(continued on next page) 
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Table 4 (continued ) 

Depth (m) Strata TOC (%) Tmax (◦C) S1 (mg/g) S2 (mg/g) HI (mg/g) Extraction (%) Por (%) So (%) 

3236.69 P2l11 0.58 438 0.14 0.60 103  5.50  
3237.77 P2l11 6.44 448 0.61 28.16 437 0.43   
3239.57 P2l11 0.70 448 0.26 0.41 59    
3242.61 P2l11 4.38 446 1.15 11.78 269 0.83   
3243.60 P2l11 3.51 446 3.79 9.68 276    
3245.89 P2l11 0.80 443 0.41 0.49 61  8.80  
3246.73 P2l11 3.71 446 0.81 10.39 280    
3249.31 P2l11 1.86 446 0.73 3.86 208 0.91   
3250.82 P2l11 3.96 443 0.68 8.80 222    
3252.81 P2l11 2.17 446 1.07 3.77 174  3.70  
3254.94 P2l11 1.85 442 2.07 3.00 162    
3255.72 P2l11 3.10 444 3.14 5.03 162  3.10  
3258.28 P2l11 2.91 444 4.80 6.37 219 1.92   
3260.25 P2l12 2.30 444 2.14 2.56 111    
3261.23 P2l12 1.81 446 0.12 6.35 351    
3262.30 P2l12 3.57 440 5.57 8.32 233    
3263.19 P2l12 1.21 444 0.04 1.79 148  11.80  
3264.16 P2l12 8.35 450 1.40 35.64 427 0.36   
3264.65 P2l12 2.17 447 0.05 4.83 223    
3266.32 P2l12 1.97 437 3.00 5.17 262  2.20  
3267.19 P2l12 0.55 440 0.01 0.47 85    
3267.47 P2l12 3.28 447 3.79 7.61 232 1.81   
3268.81 P2l12 0.69 446 0.01 0.31 45  7.40  
3269.74 P2l12 3.79 444 5.05 8.74 231    
3271.74 P2l12 2.00 438 2.59 3.01 151    
3273.95 P2l12 0.35 444 0.01 0.64 183  5.80  
3274.00 P2l12 0.45 451 0.01 0.69 153    
3275.87 P2l12 3.71 436 11.70 11.22 302 3.61   
3276.99 P2l12 0.82 443 0.01 1.81 221  14.70 74.5 
3277.65 P2l12 6.83 445 2.42 28.82 422 0.97   
3279.11 P2l12 7.09 447 0.91 31.88 450 0.11   
3279.57 P2l12 1.27 448 0.02 2.75 217    
3279.83 P2l12 1.98 444 1.01 4.03 204    
3280.53 P2l12 7.12 448 0.98 30.99 435    
3282.14 P2l12 3.91 450 6.04 11.19 286    
3282.37 P2l12 0.75 439 0.01 0.81 108  4.50  
3283.09 P2l12 0.59 444 0.01 0.89 151    
3283.74 P2l12 0.61 442 0.02 1.02 167   55.7 
3284.63 P2l12 3.75 443 5.20 10.16 271 1.89   
3285.81 P2l12 0.61 444 0.01 1.06 174  13.20  
3286.70 P2l12 8.16 446 1.16 39.94 489 0.66   
3287.39 P2l12 4.46 444 3.08 16.16 362    
3288.27 P2l12 8.18 445 1.58 48.05 587    
3290.10 P2l12 5.88 444 1.15 33.63 572    
3291.79 P2l12 4.58 449 1.09 14.34 313 0.46   
3292.01 P2l12 3.50 446 1.38 8.66 247    
3292.49 P2l12 2.79 441 2.40 6.42 230  8.60  
3293.05 P2l12 3.06 437 3.91 8.67 283    
3293.90 P2l12 15.51 453 1.73 88.80 573    
3294.48 P2l12 2.01 446 0.75 3.65 182 0.26 7.60  
3294.86 P2l12 6.79 444 1.92 28.92 426    
3295.24 P2l12 0.53 445 0.07 1.42 268    
3295.85 P2l12 0.83 441 0.04 0.90 108  8.70  
3296.61 P2l12 5.01 445 8.75 13.92 278 3.20   
3297.75 P2l12 10.96 445 1.88 57.32 523    
3298.64 P2l12 3.97 447 1.93 12.05 304 1.35   
3299.10 P2l12 8.42 448 1.74 47.89 569    
3299.63 P2l12 7.28 452 1.23 26.39 363    
3301.19 P2l12 1.10 442 0.43 2.48 225    
3301.42 P2l12 1.95 439 1.41 3.25 167    
3301.93 P2l12 0.65 442 0.14 1.16 178  5.10  
3302.68 P2l12 0.97 445 0.34 0.94 97 0.28   
3303.48 P2l12 2.84 454 0.26 9.40 331    
3303.92 P2l12 1.86 446 2.15 3.75 202    
3305.33 P2l12 0.65 449 0.03 1.42 218  11.30  
3305.88 P2l12 11.65 450 0.66 63.68 547    
3306.47 P2l12 0.98 441 0.36 2.06 210    
3306.97 P2l12 0.65 441 0.09 0.87 134    
3307.28 P2l12 0.38 452 0.17 0.34 89  7.50  
3308.42 P2l12 0.56 439 0.03 0.74 132    
3309.40 P2l12 3.76 453 0.39 16.24 432 0.29   
3309.89 P2l12 2.35 450 0.22 7.58 323    
3311.18 P2l12 0.72 438 0.26 1.68 233   24.7 
3312.59 P2l12 0.76 441 0.50 0.36 47 0.46 4.30  
3313.65 P2l12 2.20 450 0.27 3.06 139 0.25   
3315.07 P2l12 0.40 448 0.26 0.15 38    

(continued on next page) 
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Table 4 (continued ) 

Depth (m) Strata TOC (%) Tmax (◦C) S1 (mg/g) S2 (mg/g) HI (mg/g) Extraction (%) Por (%) So (%) 

3316.35 P2l12 0.60 449 0.41 0.60 100 0.06   
3317.09 P2l12 2.47 439 8.11 9.91 401    
3318.01 P2l12 1.77 436 4.06 4.81 272  8.70  
3319.35 P2l12 11.63 451 2.34 64.20 552    
3319.96 P2l12 1.62 448 0.05 4.55 281    
3320.44 P2l12 9.22 450 0.80 42.52 461    
3320.91 P2l12 3.31 441 4.39 11.45 346 2.09   
3321.77 P2l12 2.16 439 3.26 3.46 160  11.80 58.6 
3323.38 P2l12 4.72 449 1.46 18.91 401 1.13   
3323.82 P2l12 6.21 452 1.47 31.76 511    
3324.73 P2l12 3.08 451 4.23 13.86 450   50.8 
3325.85 P2l12 4.05 453 3.44 16.20 400    
3326.83 P2l12 3.23 450 6.02 11.21 347    
3327.65 P2l12 1.29 439 0.78 3.90 302  5.70  
3327.94 P2l12 2.91 445 0.69 9.86 339 0.42   
3328.48 P2l12 7.21 458 0.96 49.03 680    
3328.77 P2l12 7.22 452 0.95 39.39 546    
3329.68 P2l12 5.56 455 0.60 33.82 608    
3330.38 P2l12 0.34 449 0.14 0.60 176   64.5 
3331.06 P2l12 2.68 451 0.47 9.40 351    
3332.81 P2l12 1.17 451 0.49 1.86 159 0.09   
3333.76 P2l12 1.04 440 2.71 1.36 131    
3334.68 P2l12 1.32 439 4.42 2.27 172    
3335.16 P2l12 2.76 455 0.31 10.28 372    
3335.41 P2l12 5.30 453 0.22 29.30 553    
3336.38 P2l12 3.52 454 0.64 11.16 317 0.46   
3337.43 P2l12 5.82 453 0.93 23.63 406    
3338.10 P2l12 2.93 456 0.55 10.95 374    
3341.56 P2l12 0.36 448 0.16 0.17 47 0.02   
3344.75 P2l12 1.83 447 2.69 3.41 186   28.2 
3347.14 P2l12 1.86 453 0.81 5.46 294    
3349.50 P2l12 0.90 453 0.58 2.41 268   50.8 
3352.73 P2l12 2.73 459 0.40 10.39 381    
3355.65 P2l12 2.47 455 0.54 6.32 256 0.21   
3359.72 P2j 1.43 451 0.36 1.41 99 0.06   
3362.42 P2j 0.66 448 0.09 0.35 53    
3365.32 P2j 0.44 446 0.25 0.17 39    
3378.42 P2j 0.25 451 0.13 0.02 8 0.01   
3379.18 P2j 0.09 443 0.01 0.02 22    
3380.07 P2j 0.08 448 0.03 0.01 13    
3381.38 P2j 0.09 453 0.04 0.01 11    
3384.99 P2j 0.17 444 0.10 0.01 6 0.01 3.20  
3386.18 P2j 0.16 458 0.04 0.01 6    
3387.40 P2j 0.27 441 0.06 0.02 7    
3388.32 P2j 0.11 460 0.14 0.01 9 0.00   
3392.77 P2j 0.21 441 0.17 0.01 5 0.01   
3422.36 P2j 0.03 447 0.05 0.03 100    
3423.77 P2j 0.61 434 0.32 1.18 193    
3424.42 P2j 0.28 428 0.02 0.58 207  11.40  
3425.53 P2j 0.46 432 0.48 1.46 317    
3425.86 P2j 0.06 437 0.19 0.04 67    
3426.86 P2j 0.47 436 0.65 1.83 389    
3428.55 P2j 0.23 437 0.06 0.48 209    
3429.13 P2j 0.33 434 0.17 0.71 215    
3429.93 P2j 0.25 430 0.02 0.44 176    
3430.97 P2j 0.34 433 0.02 0.64 188    
3431.48 P2j 0.14 427 0.02 0.16 114    
3432.05 P2j 0.22 424 0.18 0.37 168    
3433.28 P2j 0.44 426 0.60 1.59 361    
3433.67 P2j 0.73 436 1.49 2.72 373  8.70  
3435.78 P2j 1.17 431 2.91 4.22 361    
3436.68 P2j 0.39 434 0.33 1.12 287    
3437.38 P2j 0.29 431 0.19 0.51 176    
3438.08 P2j 0.08 442 0.01 0.03 38    
3440.09 P2j 0.05 449 0.02 0.02 40  6.60   

Table 5 
Characteristics of the oil testing intervals in well J174 and J36.  

Well Oil testing section (m) So (%) Por (%) LI* (mg HC/g Rock) CI* GI (ppm) OCEI 

J174 3116–3146 5.90–89.10 (44.80) 1.20–17.00 (7.27) 0.04–4.73 (1.48) 1-4 (1.49) 284-1950 (818) 0.23–3.46 (0.51) 
J174 3255–3314 3.60–87.62 (41.34) 1.10–18.40 (6.01) 0.03–6.04 (1.10) 1-4 (1.31) 321-4405 (1907) 0.23–8.51 (0.46) 
J36 4209–4255 3.20–97.80 (48.83) 0.70–16.30 (6.95) 0.01–4.04 (1.41) 1-3 (1.75) 1185-685650(16398) 0.27–31.69 (1.11) 

Abbreviations: So = oil saturation; Por = total porosity; A-B (C) = A refers to the minimum value, B refers to the maximum value, C refers to the average value. 
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available, these approaches often address only a certain portion of the 
characteristics of shale oil composition. In this work, a method (OCEI) 
for evaluating the oil content of shale oil systems is proposed; this 
method integrates conventional logging, core description and analytical 
data. The evaluation index LI* represents the content of liquid hydro-
carbons per unit mass of rock and successfully characterizes the discrete 
experimental data S1 and chloroform extraction. Evaluation index CI* 
represents the oil-bearing area under the core description. Evaluation 
index GI* characterizes the content of gaseous hydrocarbons per unit 
volume of rock. Among them, the relative weight (importance) of each 
variable is obtained using the grey relational analysis method. The 
threshold value of the OCEI applied to determine the pay zones was 
assigned as 0.39 through its correlation with the production. The results 

of oil content evaluation in well J174 and J36 based on this new method 
demonstrated the potential of the method for estimating oil content in 
shale oil systems. 

The oil content evaluation results of OCEI are high-resolution, 
rapidly obtained and easily interpreted. Controlled by many factors 
such as sediment composition, diagenesis and migration, the oil content 
in the shale oil systems is highly heterogeneous. Interesting, not all 
reservoirs of overlying/underlying source rocks in shale-oil systems 
show traces of hydrocarbon. The oil content evaluation results obtained 
with this method will be beneficial in comprehensively analyzing the 
factors that influence the differential accumulation of shale oil. An 
additional advantage of this method is that potential reservoirs can be 
determined in the absence of core data. It should be noted that this 

Fig. 12. Prediction of the vertical distribution of potential favorable intervals of the Lucaogou Formation in well J36 of the Jimusaer Sag. S1 = the volatile hy-
drocarbon content; OCEI = the oil content evaluation index; LI* = the oil content evaluation index-related liquid components; GI* = the oil content evaluation index- 
related gas components; CI* = the oil content evaluation index-related core description; Track potential target1 = the favorable reservoir intervals determined by the 
OCEI method; Track potential target2 = the favorable reservoir intervals determined by the hydrocarbon expulsion threshold proposed by Jarvie (2012). 
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method fully considers the liquid and gaseous hydrocarbon content in 
the determination of potential reservoirs. However, other factors such as 
reservoir brittleness and formation pressure are also essential for shale 
oil production. Therefore, in the evaluation of risks and targets, these 
geological characteristics and parameters should be comprehensively 
considered to establish a more complete evaluation model. 
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