
Original Paper

Flow characteristics of shale oil and their geological controls: A case 
study of the Lucaogou Formation in the Jimsar Sag, Junggar Basin

Jia-Qi Liu a,b, Jun-Qian Li a,b,*, Zhao-Jing Song a,b, An-Chao Shen a,b

a National Key Laboratory of Deep Oil and Gas, China University of Petroleum (East China), Qingdao, 266580, Shandong, China
b School of Geosciences, China University of Petroleum (East China), Qingdao, 266580, Shandong, China

a r t i c l e  i n f o

Article history:
Received 31 July 2024
Received in revised form 
28 March 2025
Accepted 19 June 2025
Available online 24 June 2025

Edited by Xi Zhang and Jie Hao 

Keywords:
Shale oil
Flow simulation experiment
Flow characteristic
Pore throat structure
Lucaogou Formation

a b s t r a c t

The Lucaogou Formation in Jimsar has a significant development potential due to its massive shale oil 
resources. Nevertheless, the complex and heterogeneous lithology, coupled with unclear flow mecha
nisms, poses a challenge in effectively predicting its development potential. Therefore, it is crucial to 
clarify the flow characteristics of shale oil and its controlling factors. In this study, we used a flow 
simulation experiment to investigate the flow characteristics of different samples under various tem
peratures and confining  stresses and quantitatively evaluated flow  characteristics using threshold 
pressure gradient and total loss of flow rate. Additionally, by combining scanning electron microscopy 
and mercury intrusion capillary pressure techniques for pore structure characterization, and the rela
tionship between microscopic pore structure and flow parameters was discussed. The findings indicate 
that rock composition and pore throat structure collaboratively control shale oil flow. Mesopores and 
macropores primarily develop between dolomite or albite, leading to well-developed pore throat 
structure with larger average throat radius, lower displacement pressure, and better reservoir quality, 
enhancing shale oil flowability. Dolomitic siltstone often exhibits these characteristics, making it a 
favorable lithology for shale oil flow. This study reveals the flow mechanism of shale oil under the action 
of reservoir physical properties, material compositions, temperatures and confining stresses, summa
rizes the geological characteristics of advantageous reservoirs. It provides theoretical support for layer 
selection and efficient development of shale oil reservoirs in the Lucaogou Formation of the Jimsar.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The exploration and exploitation of unconventional resources 
has steadily become a hot topic in many nations due to the rapidly 
rising global energy demand, the ongoing use of conventional oil 
and gas resources, and the shale oil and gas revolution in the 
United States (Zou et al., 2020a; Jin et al., 2023; Li et al., 2024a). 
China is rich in continental shale oil resources, and preliminary 
estimates show that the total reserves are about 28.3 billion tons 
(Bai et al., 2022; Zhao et al., 2023). It has become an important 
strategic target in unconventional oil and gas exploration and 
development in recent years, which is of great significance  to 
safeguarding national energy security (Hou et al., 2017; Yang et al., 

2019; Zou et al., 2020b; Sun et al., 2023). However, the ultra-low 
permeability and the significant  contact force between the fluid 
inside the reservoir and the pore wall in the shale formation have 
made it difficult to develop shale oil (Liu et al., 2022; Li et al., 2022; 
Li and Cai, 2023; Wang et al., 2023).

The place where shale oil flow occurs is the pore network space 
under the control of pore throat, the flow law of shale oil is affected 
by microscopic pore structure, macroscopic physical properties, 
rock composition and effective stress (Li et al., 2020; Du et al., 
2023; Lin et al., 2023). Furthermore, shale pores have a huge 
specific surface area and the fluid molecules near the wall area will 
form a viscous layer with strong adsorption force between the 
fluid  and the surface, which increases the friction coefficient  of 
liquid flow  and hinders the flow  of fluid,  resulting in threshold 
pressure gradient (TPG) and nonlinear flow characteristics (Wang 
and Sheng, 2017; Dang et al., 2022; Jia et al., 2024).

Non-linear flow characteristics are important manifestations of 
micro-nano pore structure in tight reservoirs. Li et al. (2017)
introduced total loss of flow rate (ΔS) and permeability change rate 
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to quantitatively evaluate the dynamic process of gas flow when 
studying the flow process of adsorbed gas in different rank coals. 
On this basis, Lin et al. (2022) characterized the degree of deviation 
from Darcy flow in shale samples from the Jiyang Depression using 
parameter ΔS. The closer the ΔS value approaches 0, the more 
apparent the linear characteristics become. The TPG is an impor
tant parameter to describe the flow  capacity of the reservoir, 
which is common in the fluid  flow  process of tight reservoirs. 
Barenblatt et al. (1960) found that fluid can flow only when the 
driving force of fluid flow in rock is greater than a certain value, 
and proposed the concept of TPG for the first time. The presence of 
TPG, which happens often in shale oil reservoirs, drastically re
duces well productivity and thus it is important to clarify the TPG. 
The TPG in the reservoirs of non-linear fluid  flow has been 
extensively studied. Zhang et al. (2022b) modified the gravity term 
in the Darcy flow equation, applied the non-Darcy flow effect to 
the simulation process, and proposed a model for obtaining the 
TPG. Yue et al. (2024) obtained the TPG through the permeability 
obtained from core displacement experiments. In addition, the 
value of TPG can also be obtained by the intercept of the flow 
curve. In the same way, Teng et al. (2023) also used this way for the 
study of nonlinear Darcy flow.

The Lucaogou Formation is developed in the delta front and 
lake sedimentary environment, the characteristics of fine  grain 
size, complex lithology, large number of thin interbedded layers, 
frequent source-reservoir interbedded layers, strong heterogene
ity and poor reservoir porosity and permeability lead to lower 
production than planned expectations (Zhang et al., 2019; Wang 
et al., 2019; Yu et al., 2023). Accurate prediction of shale oil pro
duction requires an in-depth understanding of the shale oil flow 
mechanism, however, the flow process of shale oil manifests a 
prominent multi-scale effect, and the flow mechanism is still un
clear, posing significant  challenges in elucidating the intricate 
interplay between flow characteristics and reservoir properties. To 
address this issue, this study thoroughly examines the physical 
properties, pore throat structure, and other features of nine sam
ples from the Lucaogou Formation in Jimsar, utilizing mercury 
intrusion capillary pressure (MICP) and scanning electron micro
scopy (SEM) techniques. Additionally, a physical simulation 
experiment is conducted to assess flow behavior. Based on the flow 
characteristics observed in samples of diverse types and lithol
ogies, a quantitative evaluation is performed using TPG and ΔS. 
Finally, a comprehensive analysis is conducted on the intricate 
relationship between reservoir characteristics and flow properties, 
culminating in the identification and summary of favorable flow 
reservoirs within the Lucaogou Formation in Jimsar.

2. Experiment and methodology

2.1. Samples and experiments

2.1.1. Samples
The Jimsar Sag, a secondary tectonic unit in the eastern uplift of 

the Junggar Basin, spans from the Shaqi Uplift in the north to the 
Fukang Fault zone in the south, bordered by the Santai and Guxi 
uplifts to the west and east, covering approximately 1278 km2. It is 
a dustpan-like sag developed on the folded basement of the 
Middle Carboniferous. The terrain gradually slopes from west to 
east, with the stratum thinning eastward (Wang et al., 2022). The 
Lucaogou Formation in Jimsar, deposited in an offshore saline lake 
environment, underwent processes like dolomitization, volcanic 
activity, and terrigenous clastic deposition, yielding a mixed shale 
featuring complex lithology, mineral composition, and strong 
heterogeneity. Due to southern provenance, the southern section 
of the Lucaogou Formation has a higher sandy content, while mud 

content rises northward, along with thicker mudstone layers (Ding 
et al., 2023). Based on lithological variations, the Lucaogou For
mation is divided into the lower member (P2l1) and the upper 
member (P2l2). The upper sweet spot comprises siltstone, argilla
ceous siltstone, and dolomite, while the lower sweet spot is pri
marily dolomitic siltstone (Zhao et al., 2020; Yang et al., 2023).

Nine samples were selected from five  wells of the Lucaogou 
Formation in the Jimsar Sag (Fig. 1(c)). The sampling depth ranged 
from 2674.44 to 3693.41 m, featuring lithologies including dolo
mitic siltstone, doloarenite, siltstone, dolomicrite and mudstone. 
The composition consisted mainly of terrigenous detritus, car
bonate minerals and organic matter (OM). The samples had a 
diameter of approximately 24.5 mm and lengths ranging from 
27.67 to 55.80 mm. Most samples had good porosity (1.8%–15.48%, 
11.76% on average), but the permeability were extremely low 
(0.0046–0.095 mD, 0.0375 mD on average), belonging to the me
dium porosity and ultra-low permeability reservoir. Details of the 
sample information are presented in Table 1.

2.1.2. Experiments
The X-Ray Diffractometer (XRD) test was carried out according 

to the standard SY/T 5163-2018. The processed powder samples 
were placed in the Rigaku Ultima IV X-ray diffractometer for 
testing. The mineral types were judged by the crystal structure, 
and the mineral phase contents were judged by the strength of the 
diffraction peak. The pore throat structure of test samples were 
processed into core plugs with a diameter of 24.5 mm and a height 
of 2 cm, followed by solvent extraction and drying. The treated 
samples were placed in the AutoPore IV 9510 mercury poros
imeter, and the liquid mercury was injected into the sample under 
high pressure for detection. The detection steps were in accor
dance with the Chinese Oil and Gas Industry Standard, SY/T 5346- 
2005. The FEI Helios Nanolab 600i was used to analyze the pore 
characteristics of samples. Before the test, samples were processed 
into a cube of about 1 cm3, and the surface of them were polished 
with sandpaper to obtain a smooth surface, and then samples were 
fixed on the stage for milling. A carbon layer was coated on the 
surface of the samples after milling to improve the conductivity of 
the samples and obtain high-quality image information. In order to 
understand the mineral information, Energy Dispersive Spec
trometer (EDS) analysis was also carried out.

The differential pressure-steady state flow method was used to 
test the flow experiment at different temperatures (40 ◦C, 50 ◦C) 
and different confining stress conditions (10, 15, 20, 25, 30 MPa) 
using the MR-DD high temperature and pressure displacement 
device (National Key Laboratory of Deep Oil and Gas). The inlet 
pressure was provided by the double cylinder constant pressure 
constant flow  pump. The flow  rate in the constant speed mode 
ranged from 0.01 to 17 mL/min, with an accuracy of ≤ ± 0.3%. The 
constant pressure mode operated within a pressure range of 
0–40 MPa, with an accuracy of 0.01 MPa. The inlet pump was 
connected to the pressure converter to convert the pressure from 
the pressure liquid to the flow fluid. The pressure parameter was 
adjusted by the pressure reducing valve, and the pressure was 
supplied by the air pump. The confining stress pump exhibited a 
setting range of 0–40 MPa, with an accuracy of 0.1 MPa, ensuring 
precise control of experimental conditions. The pressure converter 
featured a temperature setting range of 10–80 ◦C, maintaining a 
control accuracy of 0.1 ◦C. The computer input and controlled the 
confining  stress and the sample temperature in the rock core 
holder. The high-precision volumometer (the minimum range is 
1 μL) was used to measure the flow rate under different temper
atures and confining stresses (Fig. 2). During the experiment, the 
tip of the volumometer was inhaled into the black ink column, and 
a closed volume was formed between the end of the core and the 

J.-Q. Liu, J.-Q. Li, Z.-J. Song et al. Petroleum Science 22 (2025) 3900–3914

3901



-4
20

0

-4
00

0

-
0083

-3
60

0

-
0043

-3
20

0

-3000

-2800

-2600

-2
60

0

-2
40

0

-2
20

0

-2
00

0 -1
80

0

-1
60

0
-1

40
0

-1
20

0
-1

00
0

-8
00

-6
00

-4
00

Santai Fault

J7 Well S
outh Fault

Houbaozi

Fault

La
oz

hu
an

gw
an

 Fau
lt

Jimsar Fault

Xi
di

 F
au

lt

WellPinch-out
boundary

Fault

A

E

D

C B

Sa
nt

ai
 U

pl
ift

Shaqi Uplift

G
uxi U

plift

0 2 4 6 8 km

N

(c)

Wulungu DepressionLuliang Uplift

Central Depression
Eastern Uplift

Western Uplift

Piedmont Thrust Belt of NorthTianshan
Study areaBasin boundary

0 20 40 60 80 km

N

(b)

Beijing

Junggar Basin

Study area

Main petroliferous basin

N(a)

Fig. 1. (a) Location of the Junggar Basin in China. (b) Location of the Jimsar Sag in Junggar Basin (modified from Wang et al., 2019). (c) Tectonic units of the Jimsar Sag and sampling 
well location (modified from Ding et al., 2023).

Table 1 
Basic information of samples.

Core ID 
(No.)

Depth, m Length, 
mm

lithology Porosity, % Permeability, mD TOC, % Quartz, % K-feldspar, % Albite, % Calcite, % Dolomite, % Clay, % Else, %

A-1 3333.94 44.42 Siltstone 15.23 0.0612 2.99 20 7 64.2 0.7 5.1 3 /
A-2 3346.06 27.67 Dolomitic siltstone 15.48 0.095 3.29 18.2 4.8 48 0.3 22.2 4.2 2.3
B-1 2676.86 45.24 Siltstone 13.4 0.0506 3.9 27.3 20.2 21.7 5.5 21.2 4.1 /
C-1 3563.02 46.28 Domomicrite 1.8 0.0046 3.48 16.4 6.6 17.6 0.5 51.8 3.4 3.7
C-2 3642.01 42.66 Dolomitic siltstone 13.78 0.0195 2.98 16.1 6.9 34.8 0.4 37.1 4.2 0.5
D-1 3543.67 34.15 Mudstone 7.47 0.0491 2.34 29 8.7 45.8 10.8 4.1 1.6 /
D-2 3549.53 55.80 Doloarenite 14.61 0.0218 1.05 4.8 1.1 9.4 / 81.8 0.4 2.5
D-3 3693.41 33.04 Siltstone 14.12 0.0253 3.32 15.2 5.7 55.9 0.1 16.6 5.3 1.2
E-1 2769.29 43.55 Siltstone 9.91 0.0101 3.87 26.8 22.2 21.8 5.9 8.6 14.7 /
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Fig. 2. Flow simulation experiment device (modified from Lin et al., 2022).
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mineral compositions and TOC

Gas logging porosity and permeability (core plugs)
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pore structure, reservoir space type

Displacement flow experiment (core plugs)
dynamic flow characteristics of shale oil: under confining stress and temperature

Soxhlet extraction
the volume ratio of

dichloromethane to acetone:
3 : 1, 7 days

Drying
110 °C, 24 h

Saturation
vacuumed (-0.1 MPa) for 4 h

and pressurized (15 MPa) for 72 h
to saturate n-dodecane

Flow test
set the temperature, confining
stress and inlet pressure, then

record flow rate

Fig. 3. Workflow of experimental samples.
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ink column of the volumometer. When liquid or gas flowed out 
from the end of the core, the black ink column was pushed. At the 
same time, the stopwatch accurately recorded the time when the 
black ink column flowed through a certain volume. Repeated the 
test and took the stable value as the flow rate.

Qin et al. (2021) performed chromatographic analysis on the 
crude oil samples of the Lucaogou Formation, in which the main 

peak carbon of the P2l1 of the Lucaogou Formation was C17, and the 
main peak carbon of P2l2 of the Lucaogou Formation was C23. 
Considering the loss of light hydrocarbons during sampling and 
placement, n-dodecane was selected as the simulated oil flow. The 
viscosity of n-dodecane at 40 ◦C and 50 ◦C, determined using 
Refprop software, measured 1.0595 mPa⋅s and 0.9178 mPa⋅s, 
respectively (Lin et al., 2022). These results demonstrate the vis
cosity reduction mechanism underlying enhanced shale oil 
mobility with thermal elevation. The detailed experimental pro
cedure is outlined in Fig. 3.

2.2. Theory and methods

2.2.1. Threshold pressure gradient
The micro-nano pore throats in shale oil reservoirs and the 

large specific  surface area leads to shale oil adsorbing onto the 
pore walls and forming a boundary layer. It reduces the effective 
flow space and generates the TPG (Li et al., 2016b). The TPG plays 
an important role in reservoir production, significantly impacting 
the determination of optimal injection-production well spacing, 
optimization of development plans, and enhancement of oil re
covery efficiency (Song et al., 2015; Cui et al., 2022). The flow curve 
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Table 2 
Value of MICP parameters.

Core ID (No.) Vp, cm3/g Pd, MPa Ravg, μm WE, %

A-2 0.0827 0.64 0.2048 35.54
D-1 0.038 0.99 0.0649 14.78
B-1 0.0762 2.85 0.0975 31.5
A-1 0.076 2.34 0.1515 32.17
D-3 0.0756 2.91 0.2269 27.83
D-2 0.028 3.62 0.1797 21.3
E-1 0.0529 2.91 0.0494 21.41
C-2 0.0646 2.33 0.1558 26.72
C-1 0.0132 19.98 0.0769 7.03

Vp is the pore volume of the sample; Pd is the displacement pressure; Ravg is the 
average throat radius; WE is the mercury withdrawal efficiency  reflecting  the 
uniformity of throat distribution.
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depicted by the relationship between pressure gradient and flow 
rate typically exhibits a parabolic shape, which reflects  the 
nonlinear resistance encountered by the fluid as it flows through 
the pore throats. To quantify this relationship and estimate the 
TPG, scholars have proposed the use of quadratic equation fitting 
methods (Teng et al., 2023). However, as the confining stress in
creases or the fluid properties change, the flow curve may deviate 
from the parabolic shape and tend towards linearity. 

Consequently, this study employs both quadratic and linear 
equation fitting  approaches to determine the TPG, and uses this 
parameter to assess flow characteristics (Fig. 4).

2.2.2. Total loss of flow rate
The linear flow  theory based on Darcy's law guarantees the 

successful development of conventional oil reservoirs. However, 
due to the low permeability of shale reservoirs and the strong 
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interaction between fluid  and solid media caused by the large 
specific  surface area of micro-nano pores, the flow  of shale oil 
exhibits nonlinear characteristics, Darcy's law cannot be applied to 
the development of shale oil reservoirs (Sun et al., 2024). To 
describe the flow characteristics of shale oil, the ΔS is introduced 
to quantitatively characterize the degree of deviation from the 
linear Darcy flow. The value of ΔS ranges from − 0.5 to 0.5. When 
ΔS is equal to 0, the flow characteristics of the fluid  conform to 
Darcy fluid,  whereas as the absolute value of ΔS increases, the 
nonlinear characteristics of the fluid  flow  become more 
prominent.

The ΔS is obtained by the area enclosed by the curve connected 
by the normalized data points measured by the flow experiment 
and the straight line with a slope of 1 over the origin (Fig. 5). The 
Min-Max standard deviation calculates the normalized pressure 
gradient and normalized flow rate. The calculation equation is as 
follows: 

yi =

xi − min
1≤j≤n

{
xj

}

max
1≤j≤n

{
xj

}
− min

1≤j≤n

{
xj

} (1) 

ΔS=0:5 − S (2) 

where y is the normalized data point, dimensionless, and x is the 
experimentally measured flow rate or pressure gradient, mL/h or 
MPa/m. The S is the area enclosed by the curve and the coordinate 
axis, which can be obtained by integral method.

3. Results and discussion

3.1. Pore structure characteristics

The size, shape, and distribution of pore throats, which are 
important indicators of pore structure, influence  petrophysical 
parameters as well as reservoir quality and flow capacity (Shi et al., 
2023; Li et al., 2024b). The shale oil flow  channel is the pore 
network under the control of pore throats, which has a better 
matching with the MICP experimental data. Therefore, this study 
uses MICP test to characterize the pore throat and establishes a 
pore throat classification  scheme suitable for shale reservoirs in 
the Lucaogou Formation of Jimsar.

According to the Washburn equation, the pore throat size 
can be obtained from the capillary pressure, and the calculation 
of pore throat characteristic parameters of the rock sample is 

Table 3 
The TPG under different experimental conditions.

Core ID (No.) A-2 D-1 B-1 A-2 D-3 D-2 C-2 E-1

Confining stress, MPa Temperature, ◦C TPG, MPa/m

10 40 0.61 1.04 0.95 0.98 1.26 7.06 / 6.27
50 0.24 0.8 0.27 0.63 0.95 3.82 / 3.99

15 40 0.73 2.49 1.47 1.58 2.76 14.5 2.69 6.54
50 0.42 1.47 1.12 0.69 2.42 4.59 2.02 5.04

20 40 1.14 4.6 3.36 1.87 5.04 15.55 3.2 14.59
50 0.65 2.63 2.52 0.94 4.26 7.42 2.25 12.09

25 40 1.92 6.75 4.35 3.79 8.5 15.74 5.43 21.42
50 1.23 5.51 3.57 2.75 3.25 11.55 4.48 20.79
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Fig. 9. ΔS under different temperatures and confining stresses.
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shown in Table 2 (Washburn, 1921; Rouquerol et al., 2012; Li 
et al., 2016a). The nine samples were categorized into three 
groups based on the displacement pressure (Pd): Type I 
(micron-scale pore throat and low Pd), type II (nano-scale pore 
throat and medium Pd), and type III (nano-scale pore throat and 
high Pd) (Fig. 6). Song et al. (2024) combined the MICP data of 
shale in Jimsar with fractal theory and divided pore size into 
micropore (pore diameter <30 nm), small pore (pore diameter 
ranges from 30 to 200 nm), mesopore (pore diameter ranges 
from 200 to 1500 nm) and macropore (pore diameter 
>1500 nm). This study used this as a standard to count the pore 
throat content of different scales of experimental samples 
(Fig. 7). Type I samples mainly feature mesopores, with an 
average throat radius (Ravg) of 0.1349 μm and low Pd (0.82 MPa). 
The Ravg of type II samples (0.134 μm on average) is not much 
different from that of type I samples, but the Pd (2.83 MPa on 
average) increases obviously. Type III samples have an 
extremely high number of micropores, with high Pd (19.98 MPa) 
and low mercury injection (34.71%), indicating the poorest pore 
throat structure.

3.2. Flow characteristics of shale oil

Flow rate describe the flow capacity of the fluid  and directly 
reflects the fluidity of fluid in the porous medium. The flow pro
cess of shale oil is dynamic and is influenced by temperature, pore 
fluid pressure, and pore system (Lin et al., 2022; Du et al., 2023). 
This study measured the flow rate of samples under different 
temperatures and confining stresses (Fig. 8). At constant confining 
stress, the flow rates of nine samples increase with the increasing 
pressure gradient, and the greater the pressure gradient, the more 
obvious the increase in flow rate. The flow curves demonstrate a 
positive correlation between temperature and flow rate, primarily 
attributed to the decrease in fluid  viscosity and concomitant 
enhancement in fluidity as temperature rises.

However, different samples have different pore throat structure 
and the degree of flow rate changes with temperature. In addition, 
the flow rate decreases with the increase of confining stress, but 
some samples (such as A-2), an increase in confining stress may 
lead to fracture propagation, increasing the flow rate. Meanwhile, 
the increase of confining  stress weakens the nonlinear 
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characteristics of the flow curve. Under the same inlet pressure, 
the difference in flow rate decreases with the increase of confining 
stress. Overall, attributed to the low Pd and large Ravg, type I 
samples display a generally high flow rate. Type II samples have a 
larger Ravg yet a lower flow rate than Type I, but some samples (A-1, 
B-1, D-3) with good sorting and high pore uniformity have a large 
flow rate. Type III sample (C-1), characterized by numerous nano- 
scale pore throats, exhibits a high Pd, resulting in no flow  of n- 
dodecane.

The ΔS of samples under different temperatures and confining 
stresses ranging from − 0.0742 to 0.1438 (0.0201 on average). The 
flow characteristics of each sample are influenced to varying de
grees by confining stress and temperature, resulting in significant 
differences in ΔS values under different temperatures and 
confining stress conditions. But on the whole, ΔS decreases with 
the increase of confining stress and increases with the increase of 
temperature (Fig. 9). The pore throat structure characteristics also 
have a significant effect on the ΔS. The ΔS value of type I reservoir 
changes less than that of type II reservoir (The average range R for 
the former is 0.0925, whereas the latter ranges from 0.0772 to 
0.1778 with an average of 0.1224. Notably, the ΔS value of E-1 
exhibits the most significant fluctuation). Therefore, within type I 
reservoirs, the fluid-solid  interaction is relatively weak, exerting 
minimal influence  on flow, tending towards a linear Darcy flow 
behavior.

The TPG of 8 samples under various conditions is shown in 
Table 3. As the confining  stress increases, the porosity and 
permeability of the sample become worse, resulting in a larger 
TPG. The flow rate rises with temperature, from 40 to 50 ◦C, and 
the TPG correspondingly lowers. In addition, the TPG also in
creases with the deterioration of the pore throat structure. In 

general, the TPG of shale samples is between 0.24 and 21.42 MPa/ 
m, and the TPG of type I reservoir (0.24–6.75 MPa/m, average value 
is 2.01 MPa/m) is significantly lower than that of type II reservoir 
(0.27–21.42 MPa/m, average value is 5.44 MPa/m), demonstrating 
that the development impact and flow capacity of type I reservoirs 
are superior to those of type II reservoirs.

3.3. Geological controls of shale oil flow

3.3.1. Coupling of rock composition and pore throat structure 
analysis

Rock composition is the fundamental factor that determines 
the pore-throat structure of reservoir spaces, indirectly influ
encing fluid  mobility. The diverse rock compositions subjected 
to sedimentation and compaction processes form specific  pore 
throat structures, which dictate the flow  pathways and effi
ciency of fluids  within the reservoir (Macquaker et al., 2014; 
Zhang et al., 2022a; Alarji et al., 2022; Li et al., 2024c). Du 
et al. (2023) investigated the effects of seepage channels 
formed by different mineral combinations on tight oil flow, 
found that seepage channels developed by feldspar dissolution 
pores have better flow  conductivity. Research by Song et al. 
(2024) on the coupling relationship between rock composition 
and pore throat structure in the Lucaogou Formation of Jimsar 
has revealed that small pores in the shale oil reservoirs are 
primarily developed within K-feldspar, quartz, and clay min
erals. In contrast, mesopores are mainly derived from inter
particle pores of dolomite and albite. Additionally, the degree of 
development of mesopores and macropores shows a positive 
correlation with a larger pore diameter and superior reservoir 
physical properties.

Fig. 11. SEM images of samples. (a) D-3; (b) C-2; (c) B-1; (d) A-2; (e) E-1; (f) C-1; (g) D-1; (f) D-2.
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In this study, the combined content of dolomite and albite 
shows a positive correlation with the total of the mesopore and 
macropore volume (Fig. 10(a)). In contrast, the total of the 
micropore and small pore volume are predominantly associated 
with quartz, K-feldspar and clay (Fig. 10(b)). The development of 
mesopores and macropores corresponds to larger Ravg (Fig. 10(c)), 
lower Pd (Fig. 10(d)), and improved pore throat structure. The 
above phenomenons can be observed under SEM images, the 
carbonate minerals in the Lucaogou Formation are predominantly 
dolomite. Due to its high compressive strength, dolomite pre
serves intergranular pores with larger pore sizes. Intragranular 
dissolution pores and micro-fractures are also observed within the 
dolomite (Fig. 11(a)). The albite exhibits well-developed residual 
intergranular pores of large size (Fig. 11(b) and (c)). Additionally, it 
is often encapsulated by OM in organic-rich samples, with micro- 
fractures observable at the contact zones (Fig. 11(d)). The clay 
mineral content of the experimental samples is low, and most of 
them are filled between the pores. Due to its strong plasticity and 
mechanical compaction, the pores are dominated by micropores 
and small pores (Fig. 11(e) and (f)), and the contribution of micro- 

fractures to the flow  rate is not obvious under the action of 
effective stress. Moreover, K-feldspar and quartz mostly develop 
intragranular dissolution pores, contributing mainly to micropore 
pore volume and small pore volume (Fig. 11(g) and (h)).

This series of phenomena is consistent with the results of 
previous study (Song et al., 2024). Therefore, it can be considered 
that dolomite and albite have a main effect on the pore throat 
structure (Fig. 10(e) and (f)). However, it is worth noting that when 
the dolomite content is high (more than 50%), it will form an iron 
dolomite with the iron element in the fluid  and over-cemented, 
the intergranular pores are reduced, the content of mesopores 
and macropores is reduced, and the pore throat structure is 
deteriorated.

3.3.2. Geological control mechanism of shale oil flow
Porosity and permeability are key reservoir factors that influ

ence flow characteristics. Permeability reflects the ability of rock 
to allow fluid  flow  under a pressure differential, with higher 
permeability indicating lower resistance and higher flow  rates. 
Statistical analysis reveals a positive exponential correlation 
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between permeability and flow rate (Fig. 12(a)). The TPG and ΔS 
have a negative power-law correlation with permeability (Fig. 12
(c)–(e)). However, porosity has a lesser impact on flow compared 
to permeability. Increased porosity often accompanies improved 
pore volume, leading to higher flow  rates, lower TPG and ΔS 
(Fig. 12(b)–(d), (f)). The above flow parameters are all taken from 
the confining stress of 20 MPa. Notably, the mudstone sample (D-1, 
green circle in Fig. 12) with relatively low porosity shows high flow 
rates, and low TPG and ΔS. This is due to the fact that shale oil flow 
occurs mainly in interconnected mesopores and macropores, and 
the relatively high macropores content, low Pd, and superior 
connectivity lead to the good flow characteristics of this sample.

The relationship between reservoir physical properties and 
flow characteristics indicates that permeability plays a controlling 
role in shale oil flow. The controlling effect of pore throat structure 
on permeability has been confirmed  by numerous studies (Lala 
and El-Sayed, 2017; Yin et al., 2020; Wang et al., 2024). To eluci
date the micro-control mechanisms of shale oil flow, we investi
gated the relationship between pore throat structure and 
permeability. The results show that permeability is primarily 
controlled by mesopores and macropores, with more developed 
mesopores and macropores leading to a larger Ravg and lower Pd, 
thereby enhancing shale oil flow capacity (Fig. 13). Additionally, 
samples with high connectivity (higher ratio of permeability to 
porosity, higher reservoir quality index, reflecting stronger reser
voir connectivity) have lower Ravg, but still exhibit higher perme
ability (Fig. 13(c)), further emphasizing the controlling effect of 
pore throat structure on shale oil flow.

The coupling relationship between rock composition and pore 
throat structure indicates that K-feldspar and quartz primarily 
feature micropores and small pores formed by dissolution, with 
complex pore morphology. Clay exhibit smaller particle sizes and 
are arranged in ribbon-like structures, resulting in poor pore 
throat structure. In contrast, dolomite and albite predominantly 

feature intergranular pores with regular pore morphology and 
better pore throat structure, serving as primary pathways for shale 
oil flow. However, excessive dolomite content can degrade pore 
throat connectivity due to ferroan dolomitic cementation. Addi
tionally, the relationship between pore throat structure and shale 
oil flow  parameters reveals that samples with well-developed 
mesopores and macropores, better connectivity, and lower Pd 
have a controlling effect on shale oil flow. Therefore, the coupled 
relationship between rock composition and pore throat structure 
synergistically controls shale oil flow.

3.4. Quantitative evaluation on the shale oil flow

Nonlinear flow  characteristics, flow  rate and TPG in low- 
permeability reservoirs significantly  impact reservoir develop
ment and productivity (Dong et al., 2019; Zhu et al., 2022; Yue 
et al., 2024). Analysis of parameter relationships reveals a weak 
negative power-law correlation between ΔS and flow rate (Fig. 14
(a)). Flow rate demonstrates a relatively strong negative correla
tion with TPG (Fig. 14(b)), while ΔS exhibits a moderate linear 
positive correlation with TPG (Fig. 14(c)). Consequently, samples 
with lower TPG generally exhibit higher flow rate. These findings 
indicate that flow characteristics can be assessed judged according 
to the ΔS and flow rate or ΔS and TPG.

The flow evaluation chart of shale oil in the Lucaogou Forma
tion of Jimsar is constructed based on flow rate and ΔS × 100 under 
different conditions (Fig. 15). Based on frequency distribution, the 
flow rates and ΔS are categorized into three intervals. Optimal flow 
characteristics are observed when the flow rate exceeded 8.5 mL/h 
and the absolute ΔS × 100 is below 0.85. Conversely, the worst 
flow  characteristics occur at flow  rates below 3.6 mL/h with an 
absolute ΔS × 100 exceeding 3.6. Therefore, the ratio of ΔS to flow 
rate effectively reflects the quality of flow characteristics. By uti
lizing slope values of k = 0.1 and 1, the evaluation chart can be 
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divided into three distinct zones, superior flow zone, transitional 
flow  zone and poor flow  zone. The chart indicates that Type I 
samples, based on pore throat structure, exhibit significantly 

superior flow characteristics compared to those of Type II. Addi
tionally, different lithological samples display distinct flow  be
haviors. Among Type I samples, dolomitic siltstone shows 
markedly better flow characteristics than mudstone. Similarly, in 
Type II samples, dolomitic siltstone also demonstrates good flow 
properties, confirming the controlling effect of dolomite and albite 
on pore throat structure and, consequently, on flow. However, 
when the dolomite content is excessively high, the pore throat 
structure deteriorates, resulting in poorer flow characteristics for 
doloarenite and dolomicrite.

3.5. Favorable reservoir characteristics of shale oil flow

The research on the flow  control mechanism of shale oil in
dicates that both rock composition and pore throat structure 
collaboratively regulate shale oil flow. The rock composition-pore 
throat structure-shale oil flow  model corresponds to four cate
gories of samples: large pores with large throats, large pores with 
small throats, small uniform pores with throats, and small com
plex pores with throats (Fig. 16). Fig. 16(a) depicts the rock 
composition and pore throat structure of sample A-2, which fea
tures well-developed dolomite and albite, intergranular pores, a 
high content of mesopores and macropores, low Pd, and strong 
shale oil flow capability (indicated by more red arrows for stronger 
flow capability). Fig. 16(b) represents sample C-2 with large pores 
but small throats, similar in rock composition to A-2 but with 
inferior pore throat structure, resulting in poorer flow capability 
due to its fine throats. Fig. 16(c) shows mudstone sample D-1, with 
lower porosity but evenly distributed pore throat structure and 
good pore connectivity, thus exhibiting favorable flow capability. 
Fig. 16(d) illustrates sample C-1 with the worst physical proper
ties, excessive dolomite development, dense reservoir, complex 
flow paths, and no detected flow rate during physical simulation 
experiments.

Wells C and D, situated in adjacent locations with similar 
geological conditions, are both straight wells without hydraulic 
fracturing treatment. Consequently, the reservoir flow character
istics can reflect  the well yield. Excluding engineering factors, 
production data reveal that after 230 days of operation, the daily 
oil yield of Well C plummeted dramatically, with its total oil yield 
being significantly  lower than that of Well D (Fig. 17). This con
sistency with the low flow  rate observed in physical simulation 
experiments using Well C samples further verifies the synergistic 
control of compositional characteristics and pore throat structure 
on shale oil flow. In conclusion, samples with well-developed 
dolomite and albite, typically represented by dolomitic siltstone 
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lithology, exhibit stronger shale oil flow capability as their pore 
throat structures become more developed. Therefore, during the 
development phase, for dolomitic siltstone characterized by well- 
developed mesopores and macropores, emphasis should be placed 
on preserving and enhancing pore connectivity to avoid disrupting 
pore structures that may impact productivity. Conversely, for po
tential reservoirs dominated by micropores, horizontal well 
technology combined with fracturing can be employed to modify 
the reservoir, adjust pore distribution and structure, and optimize 
pore connectivity, thereby improving fluid mobility and achieving 
high and stable shale oil production.

4. Conclusions

(1) The MICP experiment classified  the samples into three 
categories: micron-scale pore throats with low Pd, nano- 
scale pore throats with medium Pd, and nano-scale pore 

throats with high Pd. Most of the experimental samples 
exhibited type II pore throat structures with nano-scale 
pore throats and medium Pd. SEM revealed that the stud
ied samples primarily developed dissolution pores and 
intercrystalline pores, with a low degree of organic matter 
pore development and visible micro-fractures 
development.

(2) The results of the flow  simulation experiments demon
strated that the flow rate of the samples increased with the 
increase in pressure gradient, and the higher the confining 
stress, the smaller the flow  rate. The ΔS of most samples 
decreases with the increase of confining stress and increases 
with the increase of temperature. Conversely, the TPG 
increased with the increase in confining  stress and 
decreased with the temperature rise.

(3) Rock composition and pore throat structure synergistically 
control the flow of shale oil. Mesopores and macropores are 

Dolomite Albite K-feldspar Quartz Calcium Clay

Intergranular pore Intragranular poreMicro-fracture Matrix Pore throat Flow direction

Blind pore

(a) (b) (c) (d)

Fig. 16. Rock composition-pore throat structure-shale oil flow pattern diagram.
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mostly developed between dolomite or albite. Dolomite and 
albite development correlates with enhanced mesopores 
and macropores, leading to improved pore throat structure, 
larger Ravg, lower Pd, and superior shale oil fluidity.

(4) The flow  evaluation chart based on flow parameters in
dicates that type I samples exhibit significantly better flow 
characteristics than type II samples, with dolomitic siltstone 
showing superior flow properties compared to other li
thologies. Additionally, ignoring the influence of engineer
ing factors, the flow  physical simulation results and 
production data further confirm this view.
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TPG Threshold pressure gradient
ΔS Total loss of flow rate
MICP Mercury injection capillary pressure
SEM Scanning electron microscopy
OM Organic matter
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