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Shale oil is mainly stored in the nano–micro-pores of shale in the form of adsorption
or in a free state. Among them, only free-state oil is the main contributor to shale oil
production under natural elastic energy. Therefore, it is crucial to evaluate the
movability of crude oil effectively. In this paper, focusing on the Jurassic shale oil
reservoir core in the middle-eastern Sichuan region of China, low-field nuclear
magnetic resonance (NMR) technology is used to analyze the basic characteristics of
shale oil core samples. Experiments on the low-field NMR one-dimensional and
two-dimensional spectrum characteristics of the original core, heat-treated core,
and thermogravimetric-treated shale core are carried out. The effects of the TG-MS
method, T2 method, and the volatilization of light oil components on the movability
of shale oil reservoirs are analyzed, and the movability characteristics of shale oil
reservoirs in themiddle-eastern Sichuan region are preliminarily clarified. The results
show that under thermal treatment, the distribution range of the two-dimensional
spectrum of the core oil occurrence area is significantly reduced, and the T1 and T2
distribution ranges are reduced by 10.9% and 60.7%, respectively. According to the
TG-MSmethod, the mobile oil, bound oil, and adsorbed oil account for 74.7%, 8.1%,
and 17.2%, respectively. Thequantitative calculationofmovable oil saturation byNMR
combinedwith heat treatment is 65.6%, which is lower than that calculated using the
thermogravimetricmethod. In order to calculate themovability more accurately, the
scale effect between different samples should be considered. This study could
provide a theoretical basis for the subsequent shale oil development program.
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1 Introduction

Shale oil is an emerging unconventional reservoir resource with huge potential reserves,
which has important economic value and strategic significance (Liu et al., 2022; Tan et al.,
2023; Feng et al., 2020; Wang et al., 2022; Li et al., 2021). However, due to its special
reservoir characteristics and complex distribution status, it is very difficult to evaluate the
shale oil stratum selection, find its “geological sweet spot” and “engineering sweet spot,” and
carry out the movability evaluation of the target reservoir (Jiang et al., 2018; Jin et al., 2022;
Wang et al., 2021). The traditional movability characterization of shale oil mainly studies
the occurrence state and oil-bearing characteristics of shale oil in shale oil reservoirs on the
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basis of mastering the characteristics of mineral rock and pore
structure, simulates the flow process of shale oil in the reservoir
(Huang et al., 2023; Jiang et al., 2020; Tian et al., 2022; Enze et al.,
2022; Tan et al., 2021), analyzes the mobilization parameters such as
mobilization conditions, mobilization law, andmobilization amount
of shale oil, and studies the influencing factors of shale oil movability
(Liu et al., 2022; Liu et al., 2022; Wang et al., 2022). However, due to
the restriction of experimental conditions, irreversible damage will
be caused to the core, resulting in a large gap between the
experimental results and the actual field conditions (Dong et al.,
2019; Ge et al., 2021; Guo et al., 2021; Huang et al., 2023; Huang
et al., 2020). Low-field nuclear magnetic resonance (NMR) is an
efficient and non-destructive fluid detection technology for porous
media, which is suitable for laboratory core analysis and downhole
measurement. It can provide reservoir parameters such as porosity,
permeability, and confined water saturation, as well as observe the
fluid distribution state. It is one of the important methods for
complex reservoir evaluation (Liu et al., 2023; Ma et al., 2023;
Sun et al., 2022).

The study of the original oil and water distribution of shale oil
has a great research prospect (Zhu et al., 2019). At present, some
progress has been made in the study of fluid distribution and
movability of shale reservoirs using low-field NMR technology.
Studies have shown that the T1–T2 relaxation spectrum can
obtain information about the interaction between fluid molecules
and pore surfaces, thus effectively characterizing porous medium
pores and their fluid distribution (Rui et al., 2022; Bao et al., 2021).
Zou et al. (2014) pointed out that the movability characterization of
shale oil is the movability characterization of free oil in shale oil.
When the oil saturation index reaches 100 mg/g or more, the free oil
in shale can flow. Using the results of NMR experiments and
constant speed mercury intrusion experiments (Zou et al., 2014),
Bi et al. (2021) pointed out that there is a good correspondence
between the NMR T2 spectrum and capillary pressure curve. The
radius of the pore throat is smaller than the T2 cutoff value of the
movable fluid, and the fluid in the pore encounters flow difficulty (Bi
et al., 2021). Wang et al. (2014) used the nuclear magnetic resonance
T2 spectrum and centrifuge experiments to master the T2 spectrum
distribution of shale reservoirs in the initial state, water saturated
state, and oil content conditions and obtained the utilization law of
shale oil (Wang et al., 2014). At present, the evaluation methods for
shale oil movability are not mature (Yu et al., 2019;Wen et al., 2023),
and the relevant influencing factors of movability are not clear.
Targeted experimental methods and research techniques also need
to be further mastered.

Therefore, in this paper, focusing on the Jurassic shale oil reservoir
core in the middle-eastern Sichuan region of China, first, low-field
nuclear magnetic resonance technology is used to analyze the basic
characteristics of shale oil reservoirs. Experiments on the low-field
nuclear magnetic resonance one-dimensional spectrum and two-
dimensional spectrum characteristics of the original core, core heat
treatment, and thermal gravity treatment of the shale core are carried
out. The effects of the thermal gravity mass method, T2 method, and
light component volatilization of crude oil on the movability of shale oil
reservoirs are analyzed. The movability characteristics of shale oil
reservoirs in the middle-eastern Sichuan region are preliminarily
clarified, providing a theoretical basis for the subsequent adjustment
of shale oil development programs.

2 Materials and methods

2.1 Experimental materials and instruments

(1) Experimental core: The shale core and natural sandstone core
were drilled on site, and the basic physical parameters are
shown in Table 1.

(2) Experimental oil: The crude oil was acquired from the
targeted tight oil well, with a density of 0.89 g/cm3 and
viscosity of 4.21 mPa s (60°C).

(3) Liquid of Soxhlet extraction: Toluene:ethanol:petroleum
ether—2:1:1.

(4) Experimental instruments: Porosimeter, pulse decay
permeameter, Soxhlet oil extraction instrument, high-pressure
core saturation device, and low-field nuclear magnetic resonance
online analysis system (MacroMR12-150H-I).

2.2 Experimental method

The basic flowchart of this study is shown in Figure 1. The detail
experiment procedures are as followes.

(1) Core-saturated formation crude oil experiment: First, the core
is oil washed using the Soxhlet oil extraction instrument.
Then, the formation oil is saturated at a pressure of 20 MPa
using the high-pressure saturation device.

(2) Saturated oil core T1–T2 spectrum test: The experimental core is
placed in the holder of the low-fieldNMRdevice, the experimental
temperature is stabilized for 30min, and the T1–T2 and T2 spectra
of the core samples are tested using the IR-CPMG pulse sequence
and CPMG pulse sequence, respectively. The two pulse sequence
parameter settings are shown in Table 2.

(3) Oil occurrence characteristic experiment of shale oil: Part of the
shale core of saturated crude oil is prepared into a diameter of
approximately 3 mm, and a thermogravimetric curve of 110°C is
determined using a synchronous thermal analyzer. The same
core is taken by heating at 110°C for 20 min, the T1–T2 and T2

spectra of the heated core sample are measured using the low-
field NMR device, and then the above steps are repeated to
determine the core T1–T2 and T2 spectra after 20, 40, and 60 min
of treatment and the characteristics of the specific
thermogravimetric change and T1–T2 and T2 spectra.

(4) The test temperature is set to 60°C, and the fluorinated liquid
is circulated for 60 min until the temperature is stabilized. The
oil sample is transferred from the crude oil bottle to a beaker,
the temperature is set to 60°C, and the T2 spectrum of the 60-
C environment is measured using the CPMG pulse sequence.
The T2 spectrum of the original sample is measured at 60°C
using the CPMG pulse sequence. The above process is
repeated at different time intervals for sampling.

3 Results and discussion

3.1 Basic characteristics of the core and fluid

On the one hand, the distribution and movability of shale
reservoir fluid are influenced by the structure of the rock pore
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throat. On the other hand, they are also related to the nature of the
fluid itself. The more complex the pore throat structure, the worse
the fluid flow capacity and the movability. The fluid composition
determines its properties, and the more vulnerable it is to
environmental changes, the more likely its flow capacity is to
change, thus affecting the distribution and movability. In this

section, the aperture distribution characteristics of cores are
obtained through a high-pressure mercury experiment. Crude oil
carbon number analysis is conducted to clarify the composition of
crude oil. The experimental results are shown in Figures 2–5.

Figure 2 shows that the aperture distribution range of the core is
7.35–205,600 nm. The large distribution range of the pore size

TABLE 1 Basic parameters of core samples.

Core number Length/cm Diameter/cm Porosity/% Permeability/10−6µm2

1 4.93 2.52 1.91 5.52

2 4.98 2.52 2.27 13.32

FIGURE 1
Experimental flowchart.

TABLE 2 Nuclear magnetic pulse sequence.

Parameter RFD/ms RG1/db TW/ms NS DL2/ms TE/ms NECH

IR-CPMG 0.08 20 5,000 32 0.15 - 7,500

CPMG 0.10 20 1,000 64 - 0.30 12,000

FIGURE 2
Pore size distribution of the core sample.

FIGURE 3
Distribution of the crude oil carbon number in the TD well.
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further indicates that the pore throat structure of the shale core is
highly heterogeneous, and the existence of large pore size, which
shows that the shale texture is brittle and sensitive due to stress
change, is easy to produce microcracks, thus Figure 2 existing the
pore size of 106 nm scale. The results also show that the main pore
size of the shale core ranges from 7.35 to 5,290 nm, accounting for
83.1% of the total pores. It shows that shale nano–micro pores are
highly developed and are the main storage and transportation space
of shale. The pore size of 8.61~205.60 μm accounted for 16.9%,
which is mainly microfracture development.

TD well crude oil is mainly C10~C32, accounting for 72.6%, and
the aromatic and colloid account for 92.9%. It does not flow at room
temperature; however, the viscosity is reduced by 97.2% at 35°C,
which improves the fluidity significantly. Attention should be made
to the produced crude oil on site to heat and insulate, to strengthen
the oil flow capacity.

3.2 Two-dimensional spectrum
characteristics of the core saturated with
crude oil

The distribution status of crude oil in the reservoir reveals
different crude oil advantage areas, which is an important
reference factor in the development process of improving EOR,

and divides the application boundary for improving crude oil
recovery techniques at different pore scales. Therefore, in order
to explore the occurrence characteristics of crude oil in the pores of
the shale reservoir, the MacroMR12-150H-I NMR online analysis
system is used to measure the two-dimensional spectrum
distribution of crude oil cores under saturated crude oil so as to
clarify the occurrence of crude oil in shale pores of different sizes to
facilitate the subsequent exploration of crude oil utilization at
different pore boundaries. The results are shown in Figure 6.

After oil is saturated at high pressure, the area I crystalline water
zone is within T1, 0.21~1,018.3 ms and T2, 0.19~4.4 ms; the main
occurrence area of oil in a nanometer-sized pore is within T1,
31.3.3~913.3 ms and T2, 4.4~1,018.3 ms. That is, the occurrence
status of crude oil can be more intuitively observed through the two-
dimensional spectrum.

3.3 Two-dimensional spectrum
characteristics of shale cores with
heat treatment

High-pressure-saturated oil core pores are full of crude oil, but
under the influence of the thermal effect, the crude oil gradually
volatilized from the pores. To explore the volatilization of crude oil,
the movability of shale oil can be explored; therefore, different
heating time cores are taken, and the MacroMR12-150H-I MRI
online analysis system is used to measure the 2D spectrum
distribution of the crude oil core under different heating times.
The results are shown in Figure 7:

With the extension of the heating time, the distribution pattern
of the core changes. Region I is mainly crystallized water with
treatment at 110°C. The use of crystallized water was not significant.
the distribution of region I is largely unchanged, still remaining
within the range of T1: 0.21~1,018.3 ms, T2: 0.14~2.3 ms, and T1/T2:
1.0~6,019.1. The main area is crude oil; with the increasing heating

FIGURE 4
Crude oil viscosity vs temperature of the TD well.

FIGURE 5
Component of crude oil from the TD well.

FIGURE 6
2D spectrum in the core saturated with crude oil.
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time, the regional distribution range was significantly reduced, the
T1 distribution range decreased by 10.9% (from 5.5 to 103.7 ms to
5.5 to 93.0 ms), and the T2 distribution range was reduced by 60.7%
(from 1.9 to 43.4 ms to 1.9 to 18.2 ms). In other words, under high
temperature, the crude oil in the nanometer-sized pore of the core
volatilized gradually, which reduces the regional distribution range

in the two-dimensional spectrum, and then, the dynamic oil amount
of shale can be explored through thermogravimetric treatment.

3.4 Movable oil analysis of shale oil
rock samples

3.4.1 Movable oil by thermogravimetric treatment
Thermogravimetric analysis of saturated oil shale records the

change in the sample quality in real time to analyze the volatile
amount of shale oil at different times. The volatile amount of shale
oil (i.e., the loss of oil) increases with the increase in heating time.
The volatile rate of shale oil in different samples is different. The
volatile rate of shale oil depends on the pore structure of shale. The
better the pore structure, the higher the volatilization rate of shale
oil. According to different volatile rates, the content of movable oil,
free oil, and bound oil at different stages can be determined, and
then, the movable oil content of the shale core can be obtained under
the fragmentation scale. The mass change in shale cores at different
heat treatment times is shown in Figure 8.

The mass of shale samples at 110°C varies with time, consisting
of three linear segments, and the slope gradually decreases with the
heating time. The volatilization slope of shale oil type can be
identified in different time periods of the shale oil volatilization
process. The larger slope indicates a faster volatilization rate of shale
oil and better movability. Therefore, the slope from large to small
represents the movable oil, bound oil, and adsorbed oil, respectively.
Phase I is the movable oil volatilization stage, lasting for 10.3 min,
where the volatile oil amount is 0.013 mg; in the bound oil
volatilization stage, the shortest time is 4.9 min, and the oil loss
is 0.0014 mg; the adsorption oil volatilization stage is 42.9 min, and
the oil loss is 0.0030 mg. The proportion of movable oil, bound oil,
and adsorbed oil was 74.7%, 8.1%, and 17.2%, respectively.

3.4.2 Movable oil by the T2 spectrum of the
NMR method

TheNMRT2 spectrum of hydrogen fluid in the core pore saturation,
high-pressure saturated oil after measuring the shale core T2 spectrum,
the core-saturated crude oil, total oil content T2 signal for pore signal and
shale itself, heating stability of the shale core T2 spectrum, the core is still
untreated completely bound oil, T2 signal for pore bound oil signal and
shale itself, drying oil aftermeasuring the shale core T2 spectrum, the core

FIGURE 7
2D spectrum of the core during heat treatment at different times.

FIGURE 8
Mass change in the shale sample during
thermogravimetric treatment.
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is no fluid, T2 signal for shale organicmatter signal. Through the analysis
of the NMR T2 spectrum of the core sample during different heating
times, the movable oil content at the core scale can be obtained at
different heating times. The T2 spectrum changes in shale cores at
different heat treatment times are shown in Figure 9.

The peak area of the NMR T2 spectrum can quantitatively
represent the content of hydrogen fluid in the core pore, so the
nuclear oil core can be used to quantitatively calculate the movable
oil saturation for the saturated oil core:

S � A1 − A2( )/ A1 − A3( ), (1)
where

S is the movable oil saturation, %;
A1 is the high-pressure-saturated oil core peak area;
A2 is the core T2 spectrum area after heating and stabilizing; and
A3 is the core T2 spectrum after Soxhlet extraction and drying.
The carbon and component analysis of crude oil are shown in

Figures 4 and 5. Three states of oil occurrence in the shale sample are

illustrated in Figure 10. The T2 spectrum of the high-pressure-
saturated oil core can represent all crude oil and shale organic
matter, and the T2 spectrum area is 11,550.7 a.u.. After heat
treatment, the adsorbed oil adheres to the shale pore surface, while
the movable oil is used to overcome the capillary force under the
action of heat. The T2 spectrum area is 4,675.3 a.u.; after washing the
oil and drying the core, the T2 spectrum represents the organic matter
signal of shale itself, and the T2 spectrum area is 1,062.7 a.u.. The
movable oil saturation is calculated as follows:

S � 11550.7 − 4675.3( )/ 11550.7 − 1062.7( ) × 100% � 65.6%.

3.4.3 Light component evaporation in crude oil
under heat treatment

The T2 spectrum of crude oil shows a single-peak distribution.
The T2 peak area is shown in Figure 11. With the increase in
evaporation time, the peak gradually decreases, indicating that the
light hydrocarbon components in crude oil escape gradually,
resulting in the decrease in light component and the
corresponding peak area of the T2 spectrum.

4 Discussion

The evaporation experiment of the light component of crude oil
heat treatment showed that the light hydrocarbon component in crude
oil gradually escapes, resulting in the decrease in the crude oil hydrogen
content and the corresponding peak area of the T2 spectrum.
Corresponding to the crude oil in the core pores of different scales,
the crude oil gradually escapes from the pore under the thermal action,
and the cores of different sizes have different evaporation resistances.

Samples for thermogravimetric analysis were 3 mm in diameter
and approximately 2 mm in length, and samples for nuclear
magnetic analysis were 49 mm in length and 25 mm in diameter.
The two-to-scale difference led to the final thermal and nuclear
magnetic movability. The movability calculated from the

FIGURE 9
Dynamic T2 spectrum of the core under high-
temperature treatment.

FIGURE 10
T2 spectrum area of the core under high-temperature treatment.

FIGURE 11
Light component evaporation of crude oil under heat treatment.
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thermogravimetric analysis was 74.7% versus 65.6% from the NMR
T2 spectrum. Thermogravimetric movability acquired with the
broken sample is higher than that with the plug sample under
the NMR method. For smaller-sized samples, under the thermal
treatment, oil in pores is easier to overcome flow resistance. This
indicates that for the same core sample, under the same temperature,
the oil movability in the smaller-sized sample is higher than that in
the large ones. Therefore, for a more accurate measurement of oil
movability, the scale effect should be considered between
different samples.

5 Conclusion

(1) From the thermogravimetric method, the volatile slope of
shale oil over different time periods serves as an indicator for
identifying shale oil types. A steeper slope implies a faster
volatilization rate and enhanced movability of the shale oil.
For the shale sample in this study, the movable oil, bound oil,
and adsorbed oil account for 74.7%, 8.1%, and 17.2%,
respectively.

(2) From the NMR T2 spectrum of the Jurassic section of central
and eastern Sichuan shale samples, laboratory-scale
experiments yielded a movable oil saturation of 65.6%.

(3) The two-dimensional spectrum provides a comprehensive
analysis of the occurrence of crude oil. In particular, under
thermal conditions, the T1 and T2 distribution ranges of crude
oil were reduced by 10.9% and 60.7%, respectively. This
suggests that crude oil volatilizes gradually from the
nanometer-sized pore under high temperatures.

(4) Upon exposure to heat, light hydrocarbon components in
crude oil evaporate progressively. The movable oil in the
broken sample exposed to the thermogravimetric method
surpasses that of the core plug sample, as observed using the
NMR method. Smaller samples exhibit higher movable oil
saturation under thermal conditions. Scale effects should be
considered across different sized samples.
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