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The shale oil reservoir in the Lucaogou Formation in the Jimsar Sag, Junggar Basin has a
complex lithology, complex pore structure, and strong heterogeneity. Conventional
logging reservoir evaluation methods have difficulty accurately evaluating the lithology,
physical properties, electrical properties, oil-bearing properties, source rock
characteristics, brittleness, and horizontal in-situ stress. Starting from the logging
response characteristics of complex lithologies, a multilevel, multi-logging parameter
combination shale oil logging evaluation is proposed, and an evaluation model of the
“seven properties” of shale oil reservoirs is established. This model is used to interpret the
data in the study area and achieves good results, effectively solving the “three types of
quality” evaluation problems of shale oil source rock quality, reservoir quality and
engineering quality. Based on the comprehensive evaluation of the seven properties of
logging, it is proposed that the lithology of the Lucaogou Formation shale oil determines the
physical properties, brittleness, source rock properties, rock mechanical properties,
contact relationships with the reservoir and physical property controls on the oil-
bearing property; the “sweet spot” of shale oil in the Lucaogou Formation is clarified,
providing effective support for the development of shale oil in the Jimsar Depression.
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INTRODUCTION

The success of North American shale oil and gas shows that the shale oil resources in the source
rocks in the basin are far greater than the conventional oil resources outside the source. The
transformation from outside sources to inside sources is an inevitable choice for the sustainable
development of the petroleum industry. In-source shale oil is a major area for future large-scale
growth in oil and gas reserves and production (Zhang, 2013; Zhang et al., 2014; Du et al., 2019;
Zhang et al., 2019). The “sweet spot” of shale reservoirs provides the material basis for the
exploration and development of shale oil. Geophysical logging technology has the advantages of
multiple methods, high vertical resolution, a large amount of information, continuity,
convenience, and sensitivity; the technology has the ability to determine the petrophysical
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parameters of the borehole profile and is a powerful method for
evaluating shale oil and gas reservoir “sweet spots” (Mehdi et al.,
2008; Li et al., 2015; Mu et al., 2015). The core issues of shale oil
logging evaluation mainly include three aspects: the first aspect
is source rock evaluation, which highlights the calculation of
source rock hydrocarbon generation and hydrocarbon
expulsion capacity; the second aspect is reservoir evaluation;
and the third aspect is engineering quality evaluation, which
focuses on determining the orientation of in-situ stress and its
evaluation of anisotropy and optimization of favorable
fracturing intervals. Through the quantitative calculation of
these three aspects and the study of their configuration, the
vertical and horizontal distributions of tight oil and gas are
evaluated, and the “sweet spot development area” is predicted,
providing support for the effective development of shale oil.
Generally, reservoir quality evaluation mainly refers to the
evaluation of “lithology”, “physical properties”, “electricity
and oil-bearing”, and the method is mainly based on
traditional “three-combination” logging (Yin et al., 2017).
However, due to the complex lithology and strong
heterogeneity of shale oil reservoirs, the response and
recognition sensitivity of conventional logging curves to
lithology are affected by small pores and a complex pore
structure. Moreover, the presence of organic matter reduces
the sensitivity of conventional curves to porosity, and the
response of conventional curves to oiliness is affected by
factors such as high irreducible water saturation, organic
matter and pyrite, which weaken the linear relationship
between the conventional logging response and formation
components and pore fluids. Therefore, traditional logging
technology is basically unable to effectively identify shale oil
reservoirs, and it is even more difficult to quantitatively evaluate
the petrophysical parameters of reservoirs. Engineering quality
evaluation mainly refers to the evaluation of “brittleness” and
“in-situ stress and anisotropy” because parameters such as the
brittleness index, in-situ stress orientation, size, and anisotropy
are used for shale oil horizontal well bore trajectory
optimization and fracturing plan designs. The evaluation of
these parameters currently mainly relies on conventional sonic
logging and density logging data. Parameters such as the
azimuth and anisotropy of in-situ stress must rely on sonic
imaging data (Kevin et al., 2021), Generally, the methods of
using logging to calculate in-situ stress include imaging logging,
formation dip logging, and sonic logging (Yin et al., 2018).
Source rock quality evaluation mainly refers to the evaluation of
the oil-generating ability of the source rock; the quality
evaluation mainly assesses the abundance of organic matter,
and the evaluation parameter is the total organic carbon (TOC)
content. The methods that are used, such as the Schmoker
method and △logR method, are usually based on density
logging or resistivity (Schmoker, 1981; Passey et al., 1990;
Khoshnoodkia et al., 2011; Craddock, et al., 2013; Yuan
et al., 2014). According to the characteristics of Lucaogou
Formation shale oil, this paper proposes a multilevel, multi-
logging parameter combination shale oil logging evaluation
method and establishes an evaluation model of the “seven
properties” of shale oil reservoirs.

OVERVIEW OF THE RESEARCH AREA

The Jimsar Sag is located in the eastern part of the Junggar
Basin in northwestern China. It is a secondary structural unit
with a half graben-like depression deposited on the middle
Carboniferous folded basement. Structurally, except for the
eroded stratigraphic pinch-out line on the eastern side, which is
the boundary, the other three sides are sealed by faults. The
western region is connected to the Beisantai uplift by the
western No. 1 and southern No. 1 faults, and the northern
region is connected to the Shaqi uplift by the Jimsar fault. The
Santai fault is adjacent to the southern region, and the eastern
region appears as a gradually rising slope that eventually
transitions into the Guxi uplift (Yang et al., 2004; Guo et al.,
2019; Gao et al., 2020). The centre of the depression is located
near the Xidi fault (Figure 1). The discovered strata in the
Jimsar Depression are Mesozoic and Cenozoic strata and
include Quaternary (Q), Neogene (N), and Paleogene (E)
strata, as well as the Cretaceous Tugulu Group (K1tg);
Jurassic Qigu Formation (J3q), Toutunhe Formation (J2t),
Xishanyao Formation (J2x), Sangonghe Formation (J1s), and
Badaowan Formation (J1b); Triassic Karamay Formation (T2k),
Shaofanggou Formation (T1s), and Jiucaiyuan Formation (T1j);
upper PermianWuerhe Formation (P3w), Lucaogou Formation
(P2l), and Jingjingzigou Formation (P2j); and Carboniferous
(C) strata. From top to bottom are the Jurassic Kalazha
Formation (J3k), Triassic Haojiagou Formation (T3hj) and
Huangshanjie Formation (T3h), and Permian Quanzijie
Formation (P3q) and Hongyanchi Formation (P2h), among
which the Permian Lucaogou Formation is the main source
rock in the Jimsar Depression. The source rock is mainly
composed of fine-grained dolomite, argillite, silt-fine
sandstone and frequent interbeds, and the thickness of the
source rock in the entire depression is uniform (100–250 m);
the thickness of the second member of the Lucaogou Formation
is generally greater than 50 m, with an area of nearly 900 km2;
the thickness of the first member of the Lucaogou Formation is
more than 100 m, and the area is nearly 1,100 km2. The
Lucaogou Formation is a set of high-quality source rocks
with a large thickness, stable distribution, high organic
matter abundance, good parent material type, moderate
maturity, and great hydrocarbon generation potential, which
lay the foundation for the formation and enrichment of
shale oil.

LOGGING EVALUATIONMETHOD FOR THE
SEVEN PROPERTIES OF SHALE OIL
RESERVOIRS

Petrologic Characteristics and Lithologic
Identification Methods of Shale Oil
Reservoirs
Petrologic Characteristics of Shale Oil Reservoirs
The Permian Lucaogou Formation in the Jimsar Sag is mainly a
set of mixed rocks, including silty fine sand, mud, and carbonates,
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that were deposited in saline lakes and controlled by mechanical
deposition, chemical deposition, and biological deposition. The
rock types are mainly laminar lacustrine carbonate rocks
(dolomite and limestone), mudstone (silt, very fine, and fine
sand) sandstone, and mixed transitional rocks such as silt, mud,
dolomite, and calcite. Carbonaceous mudstone, bioclastic
limestone, and rocks containing silica, albite, analcime and
pyrite, as well as other rock types and thin mineral-rich layers
and bands are developed in this formation. An X-ray diffraction
analysis of the core of the Lucaogou Formation shows that there

are more than 10 kinds of mineral components in the Lucaogou
Formation, and the contents of various components vary greatly
in the vertical direction (Figure 2). The clay mineral content is
generally low, and the rocks typically contain carbonates. The
mineral types are mainly dolomite, quartz and plagioclase, and
the contents are 20–25%,Which are mainly produced in the form
of mud microcrystalline dolomite, dolomite chips, calcite,
dolomite cement and metasomatic products. A higher
dolomite content can increase the brittleness of the rock,
which is conducive to large-scale reservoir stimulation.

FIGURE 1 | Location map of the study area.

FIGURE 2 | X-diffraction characteristic map of whole rock minerals in the Lucaogou Formation.
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Multilevel and Multiparameter Lithologic Identification
Method
Because the lithology of the Lucaogou Formation reservoir is
complex and changeable, the traditional logging correlation
analysis has a very low lithologic recognition rate. Through
the study and analysis of the vertical changes in the logging
curve, a physical property intersection chart and a physical
property-electrical chart are built. The layer-by-layer method
is used to identify complex lithologies. First, based on an
analysis of 845 rock thin sections in the study area, the
lithology is classified as mudstone, carbonaceous mudstone,
dolomitic mudstone, argillaceous siltstone, siltstone,
dolomitic siltstone, sandy dolomite, micritic dolomite,
dolomitic limestone, and pyrite-bearing siltstone, for a total
of 10 lithologies. Taking nine conventional logging curves as
mining fields, computer data mining technology is used
through artificial intelligence algorithms to automatically
extract sensitive logging parameters that best reflect the
petrophysical characteristics; this technology combines
multiple parameters, constructs new parameters, and
further highlights the differences in different rock types to
subdivide lithologic categories and build a lithologic
recognition map with a higher recognition rate. In this
paper, the Emergent Self-Organizing Map (ESOM)
algorithm is used. The ESOM algorithm has self-
organization and self-adaptation capabilities. After using
large-scale neurons and U matrix visualization processing,
it can reveal the emergence phenomenon in the data.
Discovering cluster structures and abnormal points is
particularly important for solving complex lithology
identification problems (Guo et al., 2009). Through data
mining, the parameters of the lithologic sensitivity logging
curve of the Lucaogou Formation in the Jimsar area, from
large to small, are RT > DEN > CNL > AC > GR > RI > SP. The

extraction of sensitive parameters from the data mining
results is shown in Figure 3.

According to the extraction results of lithology-sensitive
parameters, the acoustic neutron combination parameter (AC ×
CNL) is built, the reservoir density parameter (DEN) is added to
highlight the difference in the logging response between mudstone
and the reservoir, and the first level of the lithologic identification
chart is established (Figure 4). Figure 4 shows that by determining
the cut-off value of the acoustic neutron combination factor and the
different densities, dolomitic mudstone and carbonaceous mudstone
can be distinguished. In Figure 4, the horizontal axis is AC × CNL,
and the vertical axis is DEN. The scattered points in different colours
represent different lithologies. The lithology identification rules are
established. First, if AC × CNL is greater than or equal to 2,710 and
DEN is greater than 2.25 g/cm3, the lithology is dolomitic mudstone;
if DEN is less than or equal to 2.25 g/cm3, the lithologies are dolomitic
mudstone and carbonaceous mudstone. For non-mudstone
lithologies, such as argillaceous siltstone, siltstone, dolomitic
siltstone, sandy dolomite, micritic dolomite, dolomitic limestone,
and pyrite-bearing siltstone, the RT/AC and DEN/CNL chart is
established as the second level of the lithologic identification chart
(Figure 4) to highlight the differences in various lithologies, electrical
properties and physical properties. The higher the resistivity is and
the better the physical properties are, the more the RT/AC changes
significantly. Under other similar geological conditions, this ratio
mainly reflects the lithologic changes. The ratio of density to
hydrogen content mainly highlights the changes in porosity. If the
rock is tight, DEN is large and CNL is small, which indirectly reflects
the change in lithology. On the second-level lithologic identification
chart, cut-off values of RT/AC and DEN/CNL are determined to
better distinguish the oil-bearing lithologies of the Lucaogou
Formation (Figure 5). The identification results are as follows.
The RT/AC ratio is less than or equal to 0.08 for pyrite-
containing siltstone; when the RT/AC ratio is between 0.08 and

FIGURE 3 | Extraction of sensitive parameters from the data mining results.
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0.21 and the DEN/CNL ratio is greater than 0.11, the lithology is silty
mudstone; and if the DEN/CNL ratio is less than or equal to 0.11, the
lithology is mudstone. If the RT/AC ratio is between 0.21 and 0.55
and the DEN/CNL ratio is greater than 0.11, micrite dolomite is
present; if the DEN/CNL ratio is less than or equal to 0.11, silt-fine
sandstone is present. The RT/AC ratio is between 0.55 and 1.3 for
dolomitic siltstone; the RT/AC ratio is between 1.3 and 4.3 for sandy
clastic dolomite; and the RT/AC ratio is greater than 4.3 for dolomitic
limestone. According to the lithologic identification rules of the above
two charts, and with computer automatic calculations and
identification technology, the five types of oil-bearing lithologies of

the Lucaogou Formation reservoir in the Jimsar Sag can be effectively
classified (Figure 6), and the lithology classification results are
consistent with the core analysis results.

Physical Properties and Logging
Characterization of Shale Oil Reservoirs
Reservoir Physical Characteristics
The physical characteristics of the Lucaogou Formation reservoir
in the Jimsar Sag are ultralow porosity and ultralow permeability,
with a pore throat system dominated by micron (μm)-sized pores

FIGURE 4 | Crossplot of AC × CNL and DEN.

FIGURE 5 | Crossplot of RT/AC and DEN/CNL
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and throats. The pore radii are mainly 100–150 μm, the throat
radii are mainly less than 0.1 μm, and the pore throat structure is
complex. Micron-level pores are dominated by remaining
intergranular pores and intergranular dissolved pores, which
are mostly developed in silty sandstone and dolomite siltstone
with high sand contents. The pore diameters are 3–50 μm, the
average overburden porosity is 10.84%, and the average
overburden permeability is 0.014 mD.

Porosity Logging Modelling Method
Because the pores of shale oil reservoirs exist in and around
intergranular pores, clay minerals, kerogen, and microcracks, and
shale contains a certain amount of organic matter, the organic
matter is similar to that of a fluid, but it also occupies minerals.
The traditional three-porosity algorithm has difficulty accurately
obtaining the porosity. In addition, the porosity obtained from
the conventional three-porosity curve is a macroscopic average
value, which cannot indicate complex pore changes. It is difficult
for conventional logging to explain the physical parameters of
shale oil, and nuclear magnetic resonance logging (NMR) is
needed to determine the porosity of the reservoir. According
to the theory of NMR, except for the clay-bound water porosity,
other pores are part of the effective pores. Clay-bound water

porosity is the short-relaxed component in the T2 spectrum.
Generally, the components with T2 times less than 3 ms are
classified as clay-bound water. Table 1 shows that the relaxation
times of different clay types cover a large range from 0.3 to 16 ms.
The X-ray diffraction results of the minerals in the study area
show that the contents of the chlorite/smectite mixed layers, illite/
smectite mixed layers and smectite are all 25–35%, the average
chlorite content is less than 5%, and almost no kaolinite is
present; these contents show that the Lucaogou Formation
clay is mainly composed of smectite, as the T2 peak of
smectite is in the range of 0.3–1 ms; coupled with the
comprehensive effects and influences of other minerals, the
effective porosity start time in the Jimsar area is generally less
than 3 ms.

In addition to the clay type, the start time needs to consider the
T2 time corresponding to the pore diameter. To systematically
study the T2 time corresponding to the nanoscale pores, NMR
experiments (Figure 7) of core samples were carried out, and the
experimental study showed that the NMR porosity was 6.65%, the
helium-implanted porosity was 2.93%, and the cumulative
porosity of 0.01–1.66 ms was 3.52%. The NMR effective
porosity calculated with 1.7 ms as the starting time has the
highest correlation with the helium-implanted porosity.

FIGURE 6 | Lithology classification of Well J10012.
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Using the NMR logging data, an accuracy analysis of the NMR
porosity calculated at different starting times was carried out, the
porosity calculation was set to start from 0.3 ms with different
starting times, and the porosity was compared with the core
analysis porosity (Figure 8). This study found that the mean
square error between the porosity calculated with starting times
of 1.6 ms, 1.7 and 1.8 ms and the core analysis porosity of the
overlying pressure is small, i.e., 14.99, which is smaller than the
error between the porosity calculated at other starting times and
the core analysis porosity. At the same time, the actual data were
processed with different cut-off values. Figure 9 shows the NMR
processing result of the X174 well. The first, second and third
tracks in the figure show the comparison between the porosity
results calculated from 0.3, 1.7, and 3 ms and the core analysis.
Figure 9 shows that the trends of the 0.3 and 3 ms porosities
correlate well with the analysed porosity, but the absolute errors

of the data are both large. Within 3,146–3,150 m, the porosity
starting from 3 ms has a better correlation than that starting from
0.3 ms, but the opposite is true at 3,155–3,161 m. However, the
NMR effective porosity and overburden porosity calculated using
1.7 ms as the starting time are in good agreement, and the relative
error of the calculation is 3.52%, which can effectively meet the
needs of reservoir evaluation. Therefore, 1.7 ms was determined
as the clay-bound water cut-off value.

Characteristics and Logging
Characterization of the Source Rock
Characteristics of the Source Rock
The organic carbon contents of different lithologies in the
Permian Lucaogou Formation in the Jimsar Sag have a wide
distribution range, but all are greater than 3% (Table 2), among

TABLE 1 | Relaxation times of different clay types.

Clay type Moisture content
(%)

Signal strength
(%)

T2 (ms) rho (µm/)

Smectite 7 20 - - T2 < 0.2 ms
18.9 90 0.3 1
31.1 100 0.5 1
54.4 100 1 0.9 T1 = 1.5 ms

Illite 8.8 90 1 0.9
15.8 100 2 0.8

Kaolinite 11.7 100 8 0.8
17.4 100 12 0.8
20 100 16 0.7 T1 = 30 ms

Chlorite 7.5 100 5 0.4

FIGURE 7 | NMR experimental results of core samples.
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FIGURE 8 | Analysis table of the mean square error of different starting time values.

FIGURE 9 | NMR processing result of the X174 well.
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which mudstone is the highest, followed by lime mudstone and
silty mudstone, and dolomitic mudstone is the lowest. The
chloroform bitumen “A” contents in different lithological
mudstones are also higher, with an average value of more than
0.25%, and dolomitic mudstone has the lowest content, with an
average value greater than 0.27%; the average value of various
mudstones is 0.48%. The average value of S1+S2 is also very high,
and the average value of the lowest dolomitic mudstone also
reaches 12.48 mg/g. The average S1+S2 of all kinds of mudstones
is 15.70 mg/g. Different types of mudstones all have high organic
matter abundance. According to the source rock organic matter
abundance evaluation standards, most of them have reached a
better-good hydrocarbon source rock level. The vitrinite
reflectance (Ro) of the source rock is 0.78–0.98%, which
indicates the low-mature-mature evolution stage.

Logging Characterization of the Source Rock
Research on logging petrology and petrophysical characteristics
shows that resistivity, acoustic waves, and neutrons have the best
sensitivity to source rocks, followed by density, and gamma has
the worst sensitivity. In this research, the acoustic wave and
resistivity curve overlap method is used to predict TOC under
different maturity conditions. This method sets the resistivity
curve scale to the level of 328 us/m (100 us/ft) corresponding to
the acoustic wave time difference for every two logarithmic scales.
The resistivity curve and the acoustic wave curve are consistent or
completely overlap within a certain depth range, which is the
baseline of non-source rock formation. After determining the
baseline, the separation between the two curves (ΔlogR) is used to
identify the organic matter-rich layer. The ΔlogR and TOC values
are linearly correlated. Using a large amount of known
experimental data and the core calibration log, the TOC
calculation model is determined by the superposition of the
acoustic wave curve and resistivity curve.

TOC � a*lg(R/Rbaseline) + b*(Δt − Δtbaseline) (1)
where R is the resistivity value, in Ω.m; Δt is the acoustic wave
curve, in us/ft; Rbaseline is the resistivity value of the baseline
corresponding to the Δt baseline in the non-source rock; and A
and B are coefficients.

Since the Lucaogou Formation contains mostly centimetre-
level thin layers, the resolution of conventional resistivity logging
is low. The vertical resolution of dual lateral logging is usually
greater than 0.4 m. Thin layers with thicknesses of less than 0.5 m
are usually unidentifiable. The TOC accuracy calculated by the

conventional acoustic wave curve and the deep resistivity is low,
the microresistivity scanning imaging logging has high
resolution, and thin layers larger than 0.05 m can be identified.
Utilizing the characteristics of high-resolution microresistivity
scanning imaging logging, dimensionality reduction processing
and piecewise logarithmic linear calibration methods are used to
synthesize high-resolution resistivity curves (Figure 10). By using
this method, the resistivity resolution to identify thin layers
increases from 0.4 m to approximately 0.1 m and has good
recognition for thin interbedded reservoirs, effectively solving
the technical problems of identifying and evaluating thin
interbedded layers, and the calculation accuracy of organic
carbon content is significantly improved.

Chloroform bitumen “A” is the weight percentage of organic
matter that can be dissolved by chloroform in the volume of the
rock, which is an important parameter for the evaluation of
hydrocarbon generation. In the case of the same organic matter
content, the higher the content of chloroform bitumen “A” is, the
higher the degree of conversion of organic matter to petroleum.
In this paper, shale oil NMR is used to calculate the oil saturation
to evaluate the source rock. Chloroform bitumen “A” can be
calculated from the saturation and rock density:

A � ΦT × So × ρo × ρb (2)
where A is chloroform pitch “A”, in %;VT is the total porosity of
the rock, in %; So is the oil saturation of the rock, in %; ρo is the
density of crude oil; and ρb is the density of the rock. Figure 11
shows the log calculation results of chloroform asphalt “A” of the
Lucaogou Formation in Well J37 in the study area. The 8th track
in the figure is the comparison between the calculated chloroform
asphalt “A” and that from core analysis. The two curves not only
have the same shape change and characteristics but also have
almost the same values, which shows that the calculation method
of formula (2) chloroform asphalt “A” is reliable and effective.

Saturation Model Establishment
The calculation of the oil saturation of shale oil is one of the
most difficult tasks in shale oil logging evaluation. The main
reason is that shale reservoirs have complex pore structures,
various occurrence modes, and serious anisotropy. Generally,
there are two methods for evaluating saturation by logging.
One method uses resistivity curves to calculate oil saturation,
and the other uses NMR to calculate oil saturation
(Huerlimann, 2003; Guo and Gu, 2005; Wu et al., 2015;
Cheng et al., 2016). Since the resistivity curve is easily

TABLE 2 | Statistical table of organic matter abundance in different mudstones.

Lithology TOC (%) Chloroform
bitumen “A” (%)

S1 + S2 (mg/g)

Limey mudstone 0.16–13.86/3.73 (35) 0.005–2.78/0.5297 (16) 0.05–152.76/17.62 (35)
Mudstone 0.21–11.83/3.96 (60) 0.0067–3.8583/0.4511 (23) 0.18–76.21/16.27 (60)
Silty mudstone 0.44–10.12/3.604 (45) 0.0281–3.2024/0.5412 (21) 0.42–56.82/14.51 (45)
Dolomitic mudstone 0.77–7.09/3.30 (15) 0.1122–1.0604/0.2737 (8) 0.97–33.26/12.48 (15)
All mudstone 0.16–13.86/3.75 (155) 0.005–3.8583/0.4765 (68) 0.05–152.76/15.70 (155)
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affected by formation and non-formation factors, the signal-
to-noise ratio is low, which reduces the ability to identify
convection properties, and it is difficult to meet the accuracy
requirements of the saturation calculation. Therefore, an
increasing number of scholars are mainly studying the
method of calculating oil saturation using NMR to improve
the calculation accuracy. Based on the analysis of NMR
experimental data and continuous sealing and coring data,
this paper establishes a new method to calculate saturation by
using the NMR transverse relaxation time spectrum through
the determination of the corresponding minimum time
threshold of NMR transverse relaxation under the
maximum injection pressure of shale oil reservoirs. The
main workflow is as follows: first, store the full-diameter
sealing cores at a low temperature of 30°C, select a
representative core to drill a 1-inch sample with liquid
nitrogen, and remove the part with certain contamination
at both ends; the 4 cm in the middle of the core is used as
an experimental sample to measure the NMR spectrum of the
two-phase oil-water in the original state; then, use carbon
dioxide to wash the oil to desaturate; wash away the oil and gas
in the large pore throat, and then wash away the oil and gas in
the smaller pore throat. In the process, we correspondingly
measure the NMR spectrum of the core sample until the
hydrocarbons in the core sample are basically washed away,
and the remaining water spectrum that contains basically no
hydrocarbons. By analyzing the characteristics of the

remaining water spectrum, the water volume is determined,
the oil saturation is obtained, the T2 threshold is obtained
(Figure 12), the iterative method is used to determine the
threshold of transverse relaxation time T2 for saturation
calculation, and the mean square error is iteratively
calculated according to the following formula.

AT2(j) � ∑
j�1
m 1
n

∑
i�1
n(SOi − SSOji)2 (3)

where AT2(j) is the mean square error of the T2 threshold of the jth
iteration; n is the number of experimental oil saturation data points;
SOi is the saturation measurement data of the ith sample point; and
SSOji is the ith calculation saturation of the jth iteration T2 value.

The T2 value with the smallest calculated mean square error is
determined as the T2 saturation calculation threshold, AT2.
Figure 13 shows the mean square error calculated by using
different AT2 values in the sealed coring section of Well Ji176,
and the corresponding AT2 when the mean square error is the
smallest is 6 ms, which is completely consistent with the core
experiment results. The determined AT2 and continuous T2

spectra obtained by NMR is applied to calculate the saturation
of each survey point according to the following formula:

So � 1 −⎛⎝ ∑AT2

i�ATS
φi
⎞⎠/⎛⎝ ∑ATD

i�ATS
φi
⎞⎠ (4)

FIGURE 10 | Comparison chart of organic carbon calculated using conventional deep lateral resistivity and microresistivity scanning.
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FIGURE 11 | chloroform bitumen “A" calculated from Well Ji 37.

FIGURE 12 | NMR spectrum variation during oil washing.
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where So is the oil saturation, in decimal values; φi is the
relative volume of the pore corresponding to the ith
millisecond NMR relaxation time; AT2 is the transverse
relaxation time threshold; ATS-NMR is the transverse
relaxation time for the effective porosity; and ATD-NMR is
the transverse relaxation termination time for the effective
porosity.

Figure 14 shows an example of calculated saturation using
the determined AT2 and the continuous T2 spectra obtained by
NMR logging in Well J176. Compared with the sealing core
saturation experimental data, the average relative error of the
calculated saturation is 2.74%, and the calculation accuracy is
high, which can meet the accuracy requirements of the reserve
calculation.

Classification of Shale Oil Brittleness and
the Logging Characterization Method
Generally, it is difficult to produce oil and gas under natural
conditions in shale oil reservoirs, and large-scale fracturing is
required. In fracturing design, rock brittleness is one of the
important factors that is considered. Therefore, the evaluation
of reservoir rock mechanics and brittleness appears especially
important. To understand the rock mechanics characteristics
of the shale oil reservoir of the Lucaogou Formation in Jimsar,
this paper uses the rock mechanics triaxial test system to carry
out the study of the mechanical classification characteristics
under different loading conditions and establishes the
conversion of dynamic and static rock moduli. A new rock
brittleness logging calculation method is proposed, which
effectively improves the calculation accuracy of the
brittleness index.

Classification of Shale Oil Brittleness
The brittleness of a rock is mainly related to the type of rock.
Tight sandstone and limestone are typical brittle rocks that are
linear on the stress-strain 1 curve and fracture before large
nonlinear deformation. The fracture form is brittle fracture,
and mudstone and high-porosity sandstone are typical plastic
rocks, which are considered to be poorly brittle in petroleum
engineering. It is concave on the stress-strain 1 curve. There is no
obvious stage of deformation, that is, theoretically infinite yield,
and the fracture form is plastic fracture, while sandstone with a
medium-coarse-grained structure is considered to be moderately
brittle, which is S-shaped on the stress-strain 1 curve and mainly
reflects the mechanical characteristics of microcracks under
compression (Li et al., 2012; Diao, 2013; Wang et al., 2017;
Tao et al., 2020). In this study, 85 representative cores were
selected to study the stress-strain 1 curve, strain 2-strain 1 curve
and rock fracture morphology of the core loading process. The
three main types of core rock include sand arenaceous dolomite
and dolomitic siltstone, silt-fine sandstone and micritic dolomite,
and mudstone and carbonaceous mudstone. Through triaxial
stress experiments, the brittleness of the rocks in the study area is
divided into three types, namely, good brittleness, medium
brittleness, and poor brittleness, and the rock mechanics
characteristics of the three types of rocks are summarized. The
rock mechanics characteristics of the core with better brittleness
(sandstone/dolomite and dolomite/siltstone) are linear on the
stress-strain 1 curve, the slope of the curve is steep, the rock is
broken before reaching the maximum compressive strength, and
the rock is strained when it breaks into smaller pieces, generally
less than 0.8% strain. The strain 2-strain 1 curve shows that the
slope of the curve changes little before the breaking point, and the
curve has a sudden change at the breaking point; the rock fracture

FIGURE 13 | Mean square error calculated by different AT2 values in Well Ji176.
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shape is broken (Figure 15); the rock Young’s modulus is
≥15,000 MPa, and Poisson’s ratio is ≤0.2. The rock mechanics
characteristics of medium brittle cores (silt-fine sandstone and
micritic dolomite) show medium elasticity on the stress-strain 1
curve, which is S-shaped. When the compressive strength reaches
50%, the curve shows certain elasticity and is a straight line. The
rock has plastic deformation before the maximum compressive
strength, and the rock breaks at the maximum compressive
strength. When the rock fractures, strain 1 is greater than
0.8% and less than 1.5%. On the strain 2-strain 1 curve, a
sudden change occurs in the breaking point curve, but the
change is slow. The rock fracture forms are shear failure and
minor fracture (Figure 15); the parameters are as follows: 10,000
≤ rock Young’s modulus <15,000 MPa, 0.2 < Poisson’s ratio ≤
0.23. The rock mechanics characteristics of poor brittle cores
(mudstone and carbonaceous mudstone) show poor elasticity (or

plasticity) on the stress-strain 1 curve, which is concave, and the
rock is plasticized until the maximum compressive strength is
reached. Deformation and failure occur only when strain 1 is
large, or generally greater than 1.5%; on the strain 2-strain 1
curve, the slope of the curve continues to increase before the
rupture point, and the curve changes smoothly at the fracture
point without abruptness; the fracture shape of the rock is shear
failure (Figure 15); the Young’s modulus is <10,000 MPa, and
Poisson’s ratio is > 0.23.

Brittleness Logging Characterization Method
Generally, the larger the Young’s modulus of the rock and the
smaller the Poisson’s ratio are, the better the brittleness of the
rock. This is the basis for evaluating the brittleness of rock with
rock mechanical parameters. The establishment of a brittleness
characterization method not only considers the accuracy and

FIGURE 14 | Saturation processing map of J176.
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reliability of the characterization but also the factors of dynamic
and static conversion. Generally, the static Young’s modulus ratio
and Poisson’s ratio of the rock are used to characterize the
brittleness index. If the dynamic Young’s modulus and the
dynamic Poisson’s modulus can be used to better characterize
the static Young’s modulus and the static Poisson’s ratio, the

brittleness of the reservoir can be better characterized. However,
the experimental analysis shows that the relationship between
dynamic parameters and static parameters is poor, and it is
difficult to directly establish a correlation. To establish the
dynamic and static brittleness index conversion model, 21
representative cores were selected to measure the dynamic and

FIGURE 15 | Rock mechanics characteristic curve and fracture pattern of brittle cores. Rock mechanics characteristic curve and fracture pattern of moderately
brittle. Rock mechanics characteristic curve and fracture pattern of poor brittle cores.

Frontiers in Earth Science | www.frontiersin.org February 2022 | Volume 9 | Article 82738014

Qi et al. Well Logging for Shale Oil

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


static parameters, porosity and clay content. The triaxial
compression experiment simulates the effective stress of the
overlying layer at the average depth of the formation as
35 MPa, and the established dynamic and static brittleness
index conversion model is:

BI35 � 0.59 × BId × e1.36por−1.09vcl (5)
BId � Edye

σdye
(6)

where BI35 is the static brittleness index of the rock under a 35MPa
confining pressure, in GPa; Bid is the dynamic brittleness index of the
rock obtained from the density and the time difference between the

vertical and horizontal waves, in GPa; por is the porosity, in %; vcl is
the clay content;Edye is the dynamic Young’smodulus; and σdye is the
dynamic Poisson’s ratio.

The correlation coefficient is 0.81, and the dynamic-static
conversion model has a better processing effect, with an
absolute error of 0.097 and a relative error of 3%. To establish
a stress environment correction method for the brittleness index,
four representative sets of cores were selected to carry out the
static parameters and clay content measurement experiments.
The experimental results show that the brittleness index gradually
increases with increasing experimental confining pressure
(Figure 16). The relationship can be described by the
following formula:

FIGURE 16 | Variation in the static brittleness index under different confining pressures.

FIGURE 17 | Crossplot of the clay content and γ.
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FIGURE 18 | Processing results of the brittleness index of Well Ji 174.

FIGURE 19 | Stress direction identification of the Lucaogou Formation in the Jimsar Sag.
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BIsc � BI35e
γ(35−P) (7)

where BIsc is the static brittleness index under different
fracturing conditions, in GPa; γ is the pressure correction
index of the brittleness index; and P is the confining pressure.
Research reveals that the pressure-corrected brittleness index has
a good correlation with the clay content (Figure 17), and the
fitting relationship is:

γ � 0.016 × e0.067×VclR � 0.94 (8)
where γ is the depth correction of the brittleness index and Vcl is
the clay content, in %. The calculation formula of the brittleness
index for any vertical depth can be obtained from the following
formula:

BIsc � BI35e
γ(35−(lcp−cp)h) (9)

where BIsc is the static brittleness index after depth
correction, in GPa; BI35 is the brittleness index under a
35 MPa confining pressure, in GPa; γ is the effective stress
correction index of the brittleness index; lcp is the pressure
gradient caused by the overlying lithology of the calculation
point, in MPa/100 m; cp is the pressure coefficient of the
formation, in MPa/100 m; and h is the vertical depth of the

measuring point, in m. In this formula, (lcp-cp) h is the
effective stress, which is equivalent to the confining
pressure in the experiment. The calculation formula of the
static brittleness index can be obtained:

BIsc � 0.59 ×
Edye

σdye
× e(1.36×por−1.09×Vcl)eγ(35−(lcp−cp)h) (10)

where BIsc is the static brittleness index after depth correction, in
GPa; lcp is the pressure gradient caused by the overlying lithology
of the calculation point, in MPa/100 m; cp is the pressure
coefficient of the formation; σdye is the dynamic Poisson’s
ratio; Edye is the dynamic Young’s modulus, in GPa; and h is
the vertical depth of the measuring point, in m.

Figure 18 shows an example of the evaluation of the
brittleness index of Well J174 in the study area. The sixth
track in the figure is the evaluation result of the brittleness
index. The figure shows that the static brittleness index
calculated by this method is in good agreement with the
static brittleness index ascertained from the experiment,
showing that the method can be used to evaluate the
brittleness index of shale oil formations and achieve
continuous quantitative evaluation of the brittleness of shale

FIGURE 20 | “Seven properties” evaluation map of J174.
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oil and gas reservoirs under different rock structures and stress
environments.

Evaluation of In-Situ Stress and Rock
Mechanics Parameters
Prediction Technology of the In-Situ Stress Direction
The prediction technology of the in-situ stress direction is relatively
mature at present and mainly includes the borehole caving method
and the drilling-induced fracture and predictionmethod based on fast
shear waves (Zhao et al., 2005; Lei et al., 2007; Ding et al., 2009; Su
et al., 2017). The principles of these methods have been introduced in
detail in the relevant literature and are not repeated in this article
(Zeng et al., 2010; Zeng et al., 2013; Gong et al., 2019; Gong et al.,
2021a; Gong et al., 2021b). In this study, three methods were used to
estimate the direction of the in-situ stress. The three methods
confirmed the results of one another and improved the accuracy
of the predicted principal stress direction. Figure 19 shows the
comparison results of the three methods for in-situ stress
evaluation. The figure shows that the direction of the maximum
horizontal principal stress in this area is judged to be northwest-
southeast by drilling-induced fractures. The direction of theminimum
principal stress is ascertained as northeast-southwest by the elliptical
wellbore caused by borehole caving. The direction of the maximum
horizontal principal stress explained by the fast shear wave azimuth is
also northwest-southeast. The directions of the maximum horizontal
principal stress predicted by the three methods are basically the same.

In-Situ Stress Prediction Technology
Using the fracturing data and considering the effect of tectonic stress,
the preferred calculationmethod of in-situ stress is used to evaluate the
magnitude of in-situ stress, and the formula is as follows:

σH � ( μ

1 − μ
+ γ1)(σv − αPp) + αPp (11)

σh � ( μ

1 − μ
+ γ2)(σv − αPp) + αPp (12)

where γ1 and γ2 are the tectonic stress coefficients of the
maximum horizontal principal stress and the minimum
horizontal principal stress, respectively.

“SEVEN CHARACTERISTICS” OF THE
LUCAOGOU FORMATION SHALE OIL
RESERVOIR
Through this research, the “seven properties” evaluation map is
obtained (Figure 20). The figure shows that two common types of
sedimentary rock reservoirs in the Permian Lucaogou Formation
shale oil reservoirs in the Jimsar Sag have developed at depths of
3,116–3,120 m and are dominated by dolomitic debris beach
facies. The main lithology is sandy debris-rich dolomite, with
centimetre-level micrite and microcrystalline dolomite. The sand
debris grain sizes are fine sand and silt sand. The dolomitic debris
gradually increases with increasing depth, the brittleness index
increases, the rupture pressure decreases, and the minimum

horizontal principal stress is approximately 56 MPa. The delta
front deposit facies is in the 3,127–3,134 m interval, the lithology
is feldspar lithic silt-fine sandstone, the lithology gradually
becomes finer from top to bottom, and the clay content
increases. The clay content obviously controls the physical
properties, and the physical properties and brittleness
gradually become poor from top to bottom. The fracture
pressure and the minimum horizontal principal stress
gradually increase. The product of a mixed deposition of
internal and external debris is in the interval of
3,143–3,146.5 m, and the main lithology is dolomitic debris
silt-fine sandstone. The dolomitic debris content is high in the
upper formation, the clay content is low, the physical properties
are good, and the fracture pressure is low. Lithology has an
obvious controlling effect on the physical properties. The
mudstone basically contains no reservoir, and the reservoir
lithology is fine-grained clastic rock and carbonate rock. The
higher the clay content is, the worse the physical properties of the
reservoir. Carbonaceous mudstone source rocks have the best
quality, with TOC contents generally reaching more than 10%,
followed by sandy and dolomitic mudstones. TOC contents are
mainly from 2 to 6%. The reservoir itself also has a certain oil-
generating capacity. The average carbonate content is 3.2%, and
the silty sandstone content is 0.97%, which are typical
characteristics of source-reservoir integration. The lithology
has an obvious controlling effect on brittleness. The brittleness
of reservoirs is obviously better than that of mudstone and source
rock. The brittleness of reservoirs with high dolomite contents is
better than that of silty sandstone reservoirs, and the brittleness
becomes obviously worse with increasing clay content. The
brittleness index of the upper dolomite sandstone is within
50–60, and the brittleness index of the lower dolomite
sandstone is approximately 50. The closure stress and fracture
pressure of mudstone are higher than those of shale oil reservoirs,
and the fracture pressure of mudstone is approximately 4 MPa
higher than that of reservoirs. Mudstone has a certain stress
resistance to fracturing. The closure stress values of the reservoir
section are within 56–58 MPa, and the closure stress is relatively
high. A total of 14 oil layers were explained by the comprehensive
logging evaluation, and 3 of them (No. 1, 6, 10) were preferably
selected for oil fracturing, and an industrial oil flow with a daily
output of 5.51 tons/day was obtained (Figure 20).

CONCLUSION

1) A multilevel and multiparameter lithologic identification
method for shale oil in the Lucaogou Formation in the Jimsar
Depression was established, which effectively improved the
identification accuracy of complex lithologies.

2) A shale oil reservoir physical property modelling
method based on NMR technology was built; shale oil
reservoir oiliness evaluation methods were studied, and
calculation models for oil saturation, organic matter
content, TOC and other parameters were established; and
a logging characterization method for shale oil brittleness
and in-situ stress was established.
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3) The evaluation of the “seven properties” shows that in
the Lucaogou Formation shale oil reservoir, the physical
properties are controlled by lithology and oiliness is
controlled by physical properties.
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