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ARTICLE INFO ABSTRACT
Keywords: The Paleogene lacustrine delta-turbidite facies sandstones of the Third Member of the Shahejie Formation (Esg)
Bohai Bay basin in the Linnan Depression have abundant tight oil resources. Movable fluids can independently characterize
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reservoir fluid mobility and recovery efficiency, which are essential for accurate reservoir assessment and effi-
cient development and evaluation of oil reservoirs. Systematic research on the distribution patterns and con-
trolling factors of movable fluids in the tight sandstone reservoirs of the Linnan Depression is lacking. To address
this gap, this study employs multi-gradient centrifugation combined with Nuclear Magnetic Resonance (NMR) to
characterize fluid mobility and determine the lower limit of the movable fluid pore radius (LLMPR) in various
lithofacies of lacustrine delta-turbidite facies sandstones. In conjunction with core descriptions, thin section
observations, X-ray diffraction (XRD) analysis, gas permeability tests, and High-pressure mercury injection
(HPMI) data, this research explicates the macroscopic impacts of depositional and diagenetic processes and the
microscopic effects of pore structure on fluid movability. The study identifies four lithofacies (delta front facies
massive siltstone (DFMS). delta front facies laminated siltstone (DFLS). slump turbidite facies siltstone (STS),
and slump turbidite facies calcareous siltstone (STCS)) with corresponding pore structures and space types (I-
micropores, II-micropores, mesopores, macropores). DFLS and DFMS feature well-developed primary inter-
granular and intragranular dissolution pores, high HPMI mercury intrusion saturation, and large average pore
radius, primarily contributing to fluid mobility through mesopores and macropores with movable fluid satura-
tion of 56.1% and 52.9%, respectively. In contrast, STS and STCS mainly comprise mesopores and micropores
with lower movable fluid saturation of 33.5% and 27.5%, influenced by clay filling and carbonate cementation,
resulting in poor connectivity. Macroscopically, better-sorted delta-front sand bodies develop connected pores
within rigid quartz and feldspar particle frameworks, increasing the proportion of mesopores and macropores.
Microscopically, reservoir properties, RQI, maximum invasion saturation, displacement pressure, and average
pore radius significantly influence fluid movability. As centrifugal force increases, fluid output from pores slows,
and the LLMPR decreases exponentially. At an optimal centrifugal force of 2.75 MPa, the LLMPR in the Linnan
Depression is calculated to be 0.033 pm. Based on these insights, a fluid mobility model for lacustrine delta front-
turbidite facies tight sandstones is established, identifying DFMS and DFLS as the optimal lithofacies for movable
fluids. This study provides theoretical references for understanding and effectively developing deep tight
sandstone reservoirs.

1. Introduction important topic in the field of oil exploration and development(Zou
et al., 2015; Hu et al., 2020; Alvarado et al., 2010). Currently, there are

With decreasing production from conventional oil reservoirs, tight 66 known basins containing tight oil resources, with a global technically

oil reservoirs with immense resource potential have become an recoverable reserve amounting to 639.3 billion tons. As the most
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Fig. 1. (a)Geographic location of the Bohai Bay Basin. (b)Tectonics of the Huimin Depression region. (c)Geologic map of the Linnan Depression region. (d)Strati-

graphic histogram of the T305 well.

successful region for developing tight oil resources, the United States
reached a production of 378 million tons in 2022, accounting for 64% of
its crude oil output(Kazemzadeh et al., 2023). In recent years, China has
achieved remarkable progress in the exploration of continental tight oil,
with onshore tight oil distributed across an area of 200,000 square ki-
lometers(Wang et al., 2023a; Wu et al., 2022). Chengzao Jia used the
method of resource abundance analogy to estimate the total geological
resources as 106.7 to 111.5 billion tons(Jia et al., 2012). Currently,
breakthroughs have been made in nine basins, including the Ordos
Basin, Junggar Basin, Sichuan Basin, Songliao Basin, and Bohai Bay
Basin(Yao et al., 2020; Wang et al., 2018). In 2023, the production of
tight oil reached 14 million tons. In particular, the Bohai Bay Basin’s
Jiyang Depression has abundant tight oil resources in the Paleogene
system(Ma et al., 2023; Wang et al., 2022b; Wang et al., 2019). As of
2019, the proven reserves have reached 194 million tons, and the pre-
dicted prospective resources exceed 500 million tons(Jia et al., 2023).
The Linnan Depression is the main tight oil production area in the Jiyang
Depression of the Bohai Bay Basin(Wang et al., 2020a, 2020b, 2021c).
The primary layer is the third member of the Shahejie Formation(Es3).
Compared to tight oil reservoirs in basins such as the Ordos Basin and
the Junggar Basin, the continuous subsidence of the fault basin in the
study area led to the development of a lake-delta front and the slumping
of turbidite sands in the Es3(Li et al., 2014). These sands are generally
buried at depths of 3200-5000 m, classifying them as deep tight reser-
voirs(Han et al., 2023). The reservoirs are characterized by low porosity,
complex diagenesis, poor pore-throat connectivity, and strong hetero-
geneity, resulting in significant differences in the effectiveness of the
development of each well. From a geological perspective, the key factor
affecting the production and recovery rate of tight oil in the Linnan
Depression is the mobility of crude oil(Dong et al., 2023; Qu et al.,
2022).

The parameters of mobile fluid play a vital role in assessing the
characteristics of fluid presence and percolation features in the reservoir

(Wei et al., 2023). Quantitative characterization of the distribution of
movable fluids in microscale pores can provide evidence for addressing
key geological issues restricting the productivity of tight sandstone
reservoirs(Lai et al., 2018; Li et al., 2023a, 2023b). Many scholars have
used nuclear magnetic resonance (NMR) technology to determine the Ty
cutoff value for saturated fluid rocks, which refers to the T, time
threshold on the NMR T, distribution plot used to distinguish bound
water from free fluids (such as free water or oil). Signals below this
cutoff value typically represent fluids trapped in small pores or by
capillary pressure that cannot flow, while signals above this cutoff value
represent fluids that can flow freely in larger pores.(Ge et al., 2015; Guo
et al., 2020). The scholars have defined movable fluid saturation (MFS)
to characterize the mobility of fluids(Ge et al., 2015; Zang et al., 2022a;
Meng et al., 2021; Wang et al., 2023a, 2023b). However, due to the
presence of a large number of poorly connected cellular and
ink-bottle-like pores in sandstone, as well as hydrophilic minerals such
as potassium feldspar and illite, the strong adhesive forces in the fine
throats and on the mineral surfaces result in the incomplete mobility of
crude oil in pores larger than the Ty cutoff value(Dai et al., 2018; Wu
etal., 2023). Therefore, it is necessary to use a combination of centrifuge
experiments and nuclear magnetic resonance (NMR) methods(Jiang
et al., 2021). By comparing the differences in the shapes of the NMR
curves of the samples before and after centrifugation, the accurate MFS
can be determined, along with the lower limit of movable fluid in the
pores(Zang et al., 2022a,b; Wang et al., 2023b). Concurrently, in the
context of existing research, numerous scholars have acknowledged that
reservoir quality, pore structure parameters, the contents of clay min-
erals, the evolution of secondary porosity, the occupancy of carbonate
cementation, and the implications of compaction processes collectively
exert substantial influence on the mobilization and retention of fluids
within reservoirs(Jiang et al., 2023; Guo et al., 2022). However, within
the Linnan Depression, the lacustrine environment has led to diverse
sedimentary microfacies, including delta front and slumping turbidite



Table 1

Sandstone samples’ physical properties and mineral composition.

Type Sample  Well Depth/ K/ ©/% Distance to the sand- Mineral composition/% Clay mineral composition/%
m mb mud interface/m Clay Quartz  Potassium Plagioclase Calcite  Dolomite  Ferroan Illite-Smectite Illite  Kaolinite  Chlorite
Feldspar Feldspar Dolomite Mixed Layer
I 1 S744 3161.7 1.48 11.07 0.7 9.8 57.4 5.8 26.2 0.7 0.0 0.0 36 16 48
2 S543 3231.98 1.21 1195 7.7 5.3 45.8 14.6 26.6 3.3 4.4 0.0 49 18 17 16
3 TX302 3493.42 1.34 12.68 5.3 17.8  48.6 0.9 27.4 0.9 4.4 0.0 44 17 29 10
4 TX302 3495.92 0.99 10.42 6.1 6.1 54.7 4.1 29.0 5.6 0.5 0.0 41 15 44
5 TX302 3492.72 1.06 11.32 23 8.6 57.6 7.2 24.4 0.7 0.0 1.6 47 22 32
I 6 T301 3439.74 1.20 11.02 0.8 4.2 73.2 1.6 20.1 0.4 0.4 0.0 36 10 35 19
7 S541- 3221.8 0.82 10.06 1.7 12.7 58.6 7.1 19.9 0.8 0.9 0.0 60 13 27
X20
8 T301 3403.9 1.37 9.83 2.0 7.4 56.9 4.3 29.4 2.0 0.0 0.0 39 14 37 10
9 S541- 3218 0.87 10.82 1.8 5.5 62.1 6.1 24.5 0.5 0.0 1.3 53 17 22 8
X20
10 S541- 3332 0.60 8.21 15.5 10.0 57.1 3.0 14.4 11.8 3.7 0.0 48 19 29 4
X20
111 11 TX307 4230.6 0.39 8.87 2.0 5.5 70.2 0.7 13.9 2.7 7.0 0.0 55 30 15
12 TX307 4228 0.53 1092 8.0 5.9 56.0 4.3 19.4 13.2 1.2 0.0 65 29 6
13 T306 4005.04  0.33 8.65 7.4 152 515 0.0 25.9 5.2 2.2 0.0 55 27 18
14 L86 3935.58 0.93 9.11 11.5 20.1 52.3 3.8 12.3 8.7 2.8 0.0 67 11 17 5
15 T305 4209.55 0.30 7.48 4.1 18.7 514 0.0 25.8 2.2 1.9 0.0 50 37 13
v 16 T306 4017.33 0.14 7.77 26.0 6.7 42.5 1.1 23.7 25.6 0.4 0.0 78 14 4 4
17 L81 3899.41 0.10 7.87 11.8 9.3 46.2 2.4 30.2 11.0 0.8 0.0 21 29 38 12
18 TX307 4364.7 0.02 7.15 21.7 10.0 425 0.0 25.7 19.1 2.7 0.0 37 25 38
19 T305 4215.8 0.03 5.18 15.2 9.9 53.7 0.0 21.2 10.3 0.0 4.9 81 31 12
20 T306 4017.76 ~ 0.05 4.62 13.4 15.2 53.2 0.0 18.2 8.8 0.0 4.6 51 24 25
21 L81 3851.7 0.19 3.89 34.7 8.6 34.8 2.2 19.7 28.2 6.5 0.0 55 15 30
22 T305 4203.5 0.20 5.59 15.1 224  48.0 0.0 14.5 15.1 0.0 0.0 23 38 39
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microfacies(Li et al., 2022, 2023b). Consequently, reservoirs exhibit
distinct characteristics influenced by various factors, such as the sedi-
mentary environment, diagenetic processes, and pore development.
From macroscopic sedimentary structures to microscopic mineralogy
and pore structures, reservoirs of different lithofacies exhibit notable
differences, resulting in distinct profiles of movable fluid distribution
(Yang et al., 2020). Hence, it is imperative to conduct a systematic and
comprehensive investigation into the characteristics of fluid presence
and mobility within reservoirs of different lithofacies in the lacustrine
depositional environment of the Linnan Depression.

To address the aforementioned issues, this study employs 22 sand-
stone samples from the tight reservoirs in the Es3 in the Linnan
Depression, as a case study. Experimental techniques, including thin
section analysis, XRD, helium porosity, nitrogen permeability, SEM and
HPMI, are applied to elucidate the sedimentary architecture, petrolog-
ical attributes, and pore structure of these tight sandstone reservoirs. On
this basis, nuclear magnetic resonance (NMR) combined with centrifuge
experiments at different rotational speeds is conducted to comprehen-
sively evaluate the fluid mobility and establish the lower limit of
movable fluid in pore structures. Finally, a comprehensive assessment of
the geological factors controlling fluid mobility is conducted, and a
model for evaluating the fluid mobility for the deep tight sandstone
reservoirs in theLinnan Depression is established, with the aim of
providing theoretical support for the next step of oil development and
evaluation.

2. Geological background

The Bohai Bay Basin is a Mesozoic—Cenozoic continental rift oil and
gas basin developed on the eastern block of the North China Craton(Li
et al., 2022, Fig. 1a). The Linnan Depression is located in the south-
western part of the Huimin Sag in the Jiyang Depression(Wang et al.,
2020a, 2020b). Controlled jointly by the Xiakou and Linshang Fault, the
Linnan Depression developed into an ENE-trending, irregularly shaped
negative graben structure during the Paleogene rifting process(Wang
et al., 2020a; Feng et al., 2018, Fig. 1b and c). The Linnan Depression is
marked by the full development of both the Paleocene and Neo-
proterozoic systems, including the Kongdian, Shahejie, Dongying,
Guantao, and Minghuazhen Formation, in descending order(Liu et al.,
2023). The lower Es3 of the Paleoproterozoic Shahejie Formation was
formed during the lake flooding period of the paleolake basin. 60~260
m-thick dark mudstone were deposited, which is the main hydrocarbon
source rock system(Wang et al., 2020a,b; Liu et al., 2021, Fig. 1d).
During the depositional periods of the Esg, the terrain was influenced by
the development of the central uplift zone and the activity of the Lin-
shang Fault(Wang et al., 2022). As a result, terrigenous clastic materials
from the Chengning Uplift experienced two major phases of accumula-
tion within the depression, leading to the formation of two centers of
sand body thickness(Liu et al., 2023). These phases correspond to the Ji
Shan delta-slump deposits in the Middle Es3 member in the northeast
and the Pan River delta-slump deposits in the Lower Es3 member in the
northwest, both of which are part of the Paleogene system(Zhou et al.,
2013). Influenced by complex diagenetic processes at great burial
depths, reservoir rock types are intricate. Under the influence of the
same provenance, both reservoir sets predominantly consist of feld-
spathic sandstone and lithic feldspathic sandstone, with values less than
12%, classifying them as tight reservoirs. Vertically, the lower Shahejie
organic-rich source rocks are interbedded within two sets of delta-slide
depositional sand bodies(Wang et al., 2020a; Feng et al., 2018). The
proximity of the source to the reservoir facilitates the vertical migration
of crude oil, leading to the accumulation of abundant tight oil.
Currently, in the Linnan Depression, six oil fields have been discovered:
Lin Shanghe, Lin Pan, Yuhuangmiao, Qudi, Jiangjiadian, and Lin Nan.
The proven geological oil reserves total approximately 70 million tons
(0.7 x 108 t) (Pei et al., 2017). The tight oil reservoirs are located pri-
marily in the Shanghe region of the Shanghe Oilfield, the Tianjia and

Marine and Petroleum Geology 170 (2024) 107090

Dalujia regions of the Lin Pan Oilfield, and the Jiangjiadian region of the
Jiangjiadian Oilfield (Fig. 1c). To date, a total of 135 million tons of
third-level tight oil reserves have been reported, revealing significant
resource potential(Feng et al., 2018).

3. Samples and methods
3.1. Samples

In this research, 22 specimens were gathered from the 9 most
representative drill cores from wells in the Linnan Depression. The
samples were acquired by slicing along the bedding planes, measuring
2.5 cm in diameter and 8 cm in height. The samples are primarily
composed of fine siltstone and encompass a wide range of lithofacies
types. To avoid structural damage to the sandstone surface caused by
weathering and to enhance the accuracy of measurements of reservoir
parameters, such as porosity and pore structure, all the samples were
analyzed using fresh surfaces. The 8 cm drill core was longitudinally cut
into three cylindrical plug samples. The middle section, with a length of
5 cm, was used for porosity, permeability, NMR, and HPMI analyses. The
remaining 3 cm was divided into two short cylinders, each 1.5 cm in
height (top and bottom). We used these two 1.5 cm short cylinders for
the preparation of thin sections, fluorescent thin sections, cath-
odoluminescence, and X-ray diffraction studies. Before the experimental
measurements, a washing solvent was prepared by mixing dichloro-
methane and methanol at a ratio of 93:7 to remove any residual oil from
the rock samples (Keshavarz., 2019). During the washing process, the
temperature was set at 90 °C, the pressure at 0.5 MPa, and the washing
time was seven days. After washing, the samples were dried in a
constant-temperature chamber (60 °C/48 h) before proceeding with the
experiments. Table 1 lists the rock physics and mineral characteristics of
22 samples. The basic constituents of the rock are quartz, plagioclase,
calcite, and clay. The quartz contents range from 34.80% to 73.23%,
with an average of 53.38%. The acidic plagioclase contents range from
12.30% to 30.20%, averaging 22.38%, while the potassium feldspar
contents average only 3.15%. Calcite, the main carbonate mineral, has
contents varying from 0.4% to 28.20%, with a mean value of 8.04%. The
clay contents span from 4.23% to 22.4%, averaging 10.68% (Table 1).
The samples collected were classified into four types based on lithofacies
classification. Type I is characterized by delta front facies massive silt-
stone (DFMS), Type II by delta front facies laminated siltstone (DFLS),
Type III by slump turbidite facies siltstone (STS), and Type IV by slump
turbidite facies calcareous siltstone (STCS).

3.2. Experimental methods

3.2.1. X-ray diffraction analysis

X-ray Diffraction(XRD) enables the quantitative analysis of the
mineral composition and content (Pawloski et al., 1985). In this study, a
D8AA25 X-ray diffractometer was employed for detection. After drying
the rock samples in a 60 °C oven for 48 h, the samples were ground to a
particle size less than 40 pm and pressed into pellets using a
back-pressure method. The computer-acquired diffraction spectra
ranged from 3° to 45°. The contents of various minerals were deter-
mined using the corresponding formulas and reference intensity values
for minerals.

3.2.2. Thin section observation

A cast thin section was created by injecting blue resin into the
evacuated pores of the rock sample to identify pore types and sizes
(Wang et al., 2021a). To distinguish carbonate minerals, thin sections
were stained with Alizarin Red. After the resin solidified, the samples
were cut and polished using the French Brot CTS sample preparation
system. The rock particle composition, pore structure, and connectivity
were observed using a LinKan-350 polarizing microscope. Utilizing
fluorescent thin sections is an effective method for studying rock
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structures in reservoirs and the occurrence of fluids in oil reservoirs (Xia
et al., 2021; Liu et al., 2020). The sample was first sliced into 0.3 mm
thick sections and subsequently sequentially cut and polished using a
cutting machine and diamond sand to create circular slices with di-
ameters of ®3 mm and thicknesses of 100 pm. After staining with hy-
droxy fluorescent dye, the rock components and the spatial distribution
of oil and water were analyzed using a Leica Dmrx polarized fluores-
cence microscope and Cias-2007 image analyzer. Based on the identi-
fication from cast thin sections and fluorescent thin sections, we
analyzed the sandstone samples using a CL8200-MK5 cath-
odoluminescence instrument to determine the types and extent of
diagenesis, such as calcite cementation and feldspar dissolution. The
experimental conditions were a temperature of 25 °C, humidity of 45%,
vacuum of 0.3Pa, beam voltage of 13 kV, and beam current of 340 pA.

3.2.3. Porosity and permeability tests

The porosity of the thoroughly dried samples was measured using a
JS 100007 helium porosity measurement instrument, with high-purity
helium (99.99%) chosen as the working medium for porosity measure-
ments. The measurement principle is based on Boyle’s gas expansion
law. The permeability parameters of the samples were obtained using an
A-1013 gas permeameter.To reflect the characteristics of porosity and
permeability in the reservoir, this paper introduces the Reservoir
Quality Index (RQI) to evaluate reservoir quality. Amaefule proposed
this parameter to characterize reservoir quality and fluid flow capacity
(Amaefule et al., 1993). When the permeability is measured in milli-
darcies (mD), the Reservoir Quality Index is defined by equation (1).

RQI= 0.0316\/5 @

In equation (1), RQI represents the Reservoir Quality Index; k (mD)
denotes permeability in millidarcies; ¢ (%) denotes porosity.

3.2.4. Scanning electron microscopy observation

Scanning Electron Microscopy(SEM) can be used for the qualitative
observation of mineral composition, pore types, and sizes (Chukwuma
et al., 2018). Prior to observation, the sample was sliced into thin sec-
tions, and the observation surface was argon-ion polished and
gold-coated to enhance sample conductivity. Finally, observations were
performed using a ZEISS Merlin microscope with a maximum resolution
of 1 nm. The pore morphology and mineral elemental composition were
observed using secondary electron detectors and EDS.

3.2.5. High Pressure Mercury Injection analysis

High Pressure Mercury Injection (HPMI) testing is a method in which
a mercury porosimeter is used to inject mercury into a porous solid
under different pressures to determine the pore characteristics of the
sample (Jiao et al., 2020; Gao et al., 2021). The injection pressure and
pore radius in the mercury intrusion experiment satisfied the Washburn
equation(Matthews et al., 1995). In this study, Corelab CMS300 and
Auto Pore IV 9510 instruments were used. The mercury intrusion tests
included both pressurized intrusion and pressurized withdrawal tests,
with a maximum experimental pressure of 200 MPa. The Washburn
equation was used to convert the mercury intrusion pressure curve into a
throat radius (Zhao et al., 2021).
D—or— _4ocos O @

p

In equation (2), D(cm) represents the pore diameter; r(cm) denotes
the pore radius; 6 is the wetting angle; o represents the surface tension of
mercury in 1072 N/m; p(MPa) represents the injection pressure in
Pascals.

3.2.6. Nuclear magnetic resonance and centrifugation

Nuclear Magnetic Resonance(NMR) is a physical process in which
atomic nuclei with non-zero magnetic moments split their spin energy
levels under the influence of an external magnetic field, and absorb
radiofrequency radiation of a certain frequency to enter a higher energy
state (Becker et al., 1993; Griesinger et al., 2012). After the radio-
frequency pulse ceases, under the influence of the main magnetic field,
the transverse macroscopic magnetization vector gradually decreases to
zero, corresponding to the transverse relaxation time (Noack et al.,
1971; Korb et al., 2018). For the same fluid properties and rock sample,
the relaxation time is determined by the pore size (Washburn et al.,
2014). The NMR T, spectra of tight sandstone saturated with a
single-phase fluid (anhydrous kerosene) can better reflect the internal
pore structure of the rock. In a homogeneous magnetic field, the trans-
verse relaxation time T is given by:

1 S 1
T, 7 (V) T, 3
In equation (3), To (ms) is the transverse relaxation time in milli-
seconds; Top(ms) is the bulk relaxation time in milliseconds; p(pm/ms) is
the transverse surface relaxation rate in micrometers per millisecond; S
(um?) is the surface area of a single pore in square micrometers; V(pm®)
is the volume of a single pore in cubic micrometers.
Since the value of Top is significantly greater than T5, the value of 1/
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Top can be neglected, and equation (3) can be simplified to:

1 S
T, " (V) 4

From equation (4), it can be seen that T, is related to the specific
surface area S/V of a single pore. Let the value of S/V equal to the value
of Fs/r, then we have:

r

= 5
PaFs ®

T,
In equation (5), r(um) is the pore radius in micrometers; Fs is the
shape factor of a pore, which is related to the geometric shape of the
pore.
Let the value of C be equal to the value of pyFs, then we have equation

6):
r= CT2 (6)

From equation (6), it can be seen that the transverse relaxation time
Ty is theoretically linearly proportional to the pore radius. Once the
value of C is determined, the NMR T, spectra can be converted into the
pore throat radius distribution curve (Zheng et al., 2018). The conver-
sion coefficient C is influenced by the transverse relaxation rate of the
rock and the pore shape factor, and cannot be directly measured through
experiments. Therefore, domestic and foreign scholars usually calibrate
the NMR T, spectra with high-pressure mercury intrusion curves to

determine the conversion coefficient C (Slijkerman et al., 2001; Liu
et al.,, 2019). For example, using Sample 1 (S744, 3161.7 m), after
standardizing the signal intensity of the NMR T spectra, the cumulative
curve of NMR is obtained by accumulating from left (small pores) to
right (large pores) (Fig. 2a). Similarly, by accumulating the pore throat
radius data from high-pressure mercury intrusion experiments from left
to right, the cumulative curve of the pore throat radius is obtained
(Fig. 2a). Then, the comparable interval of the two curves is defined
using the pore throat radius range obtained from high-pressure mercury
intrusion. Applying the principle of maximum similarity, the two curves
are overlapped as closely as possible using the least squares method,
thus obtaining the pore throat radius conversion coefficient C of the
NMR T, spectra. Based on the obtained conversion coefficient C, the
NMR T spectra can be converted into a pore throat radius distribution
curve (Fig. 2b).

The nuclear magnetic resonance experiment was conducted at the
State Key Laboratory of Petroleum Resource and Prospecting, China
University of Petroleum (Beijing), using MicroMR12 equipment with a
main frequency of 12.0 MHz. To ensure the stability of the magnetic
field, the laboratory temperature was maintained at 25 °C + 0.5 °C, and
the magnetic field temperature was controlled at 32 °C + 0.1 °C. The
waiting time was set to 3000 ms, the echo spacing was 0.1 ms, the echoes
number was 6000, and the accumulation was carried out 64 times.

This study employs centrifugal force to characterize displacement
pressure using a high-speed centrifuge to generate centrifugal force and
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pores, T306, 4004.5m,Scanning electron microscope (SEM). (n)Intragranular dissolution pores, TX307, 4230.6m,Scanning electron microscope (SEM).(o)Intra-
granular dissolution pores, TX307, 4230.6m,Scanning electron microscope (SEM). (p)Carbonate mineral cementation, L81, 3851.7m,Scanning electron microscope
(SEM). (q)Carbonate mineral cementation, L81, 3851.7m,Cast thin section. (r) Intercrystalline pores in illite, T306, 4017.76m,Scanning electron microscope (SEM).
(s)Intercrystalline pores in illite, L81, 3851.7m,Scanning electron microscope (SEM). (t)Carbonate cements showing faint yellow fluorescence, L81, 3851.7m,
Fluorescent thin section.

expel fluids from the rock. At various rotational speeds, the centrifugal
pressure difference of two-phase fluids equals the capillary pressure.

P;=1.097 x 10" °ApL (Re - %) n” %)

The formula for calculating the capillary pressure is given by Equa-
tion (8):

_20cos0

P==2

(C))

In the equation, P represents the centrifugal capillary pressure
(MPa); A, (g/ml) represents the density difference between two-phase
fluids; L (cm) represents the sample length; R, (cm) represents the
outer rotating radius of the rock sample; 7 (rpm) represents the rotation

speed; P. (MPa) represents the capillary force; 6 (mN/m) represents the
interfacial tension between gas and water, typically 72(Kashefi et al.,
1976); 0 (°) represents the wetting angle, with a wetting angle of 0 for
gas-water centrifugation; and r (um) represents the pore radius(Hachem
et al., 2022).

The specific steps were as follows: @ The oil washing solvent was
prepared by mixing dichloromethane and methanol at a ratio of 93:7.
The rock sample was washed with the prepared solvent and then placed
in a constant temperature box for drying (60 °C/48 h). The dimensions
were measured, the rock samples were weighed, and the sample volume
was calculated. @ The rock core was evacuated for 4 h, saturated with
water-free kerosene under a pressure of 30 MPa for 48 h, weighed, and
subjected to oil saturation nuclear magnetic resonance (NMR) T spec-
trum measurements. ® With a centrifuge at speeds of 2000, 4000, 6000,
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Fig. 5. Observations of micro-fracture characteristics in core samples, thin sections, and scanning electron microscopy. (a) Tectonic fracture, TX302,3493.42m. (b)
Micro-fractures rich in oil, S543, 3231.98m. (c) High-angle structural fracture with hydrocarbon indications, T301, 3403.9m. (d) Micro-fractures filled with crude oil
and bitumen, T301, 3403.9m. (e) Diagenetic fractures, T306,4005.4m. (f) Diagenetic fractures, L86, 3935.58m. (g) Bedding plane fractures filled with bitumen,

T305, 4215.8m. (h) Feldspar vein fractures, T305, 4215.8m.

8000, 10000 and 11000 rpm, the rock sample was centrifuged for 2 h at
each speed. After centrifugation, the sample was weighed, and the Ty
spectra were measured at different speeds. @ Based on the centrifuga-
tion and experimental results, the movable fluid saturation was
calculated.

According to the principles of NMR, the area under the T spectrum
reflects the volume of fluids within the rock core. Different from the
idealized conditions assumed by the T, cutoff method (assuming that
bound fluids exist only in small pores and that movable fluids exist only
in large pores), we employed an area-based approach to calculate the
difference between the saturation state and the T spectrum area after
centrifugation (Equation (9))(Zheng et al., 2019). This difference, when
compared to the area of the saturation state Ty spectrum (excluding the
area of the dry state Ty spectrum), was used as the movable fluid satu-
ration(MFS).

Tz max T2 max
)dT, — S(Tac)dT:
ps =y SUTo)d2 o SCTac)dTs ©
sz min S de - sz min S )de

In the equation, S(T»s) represents the expression for the Ty spectrum
distribution under saturated conditions, S(Ts.) represents the expression
for the Ty spectrum distribution under centrifuged conditions, and S
(T2q) represents the expression for the Ty spectrum distribution under
dry conditions.

4. Results
4.1. Mineral petrology and sedimentary characterization

Through detailed observations and descriptions of core samples, it
has been definitively determined that the study area is characterized by
four distinct lithofacies: Type I is characterized by delta front facies
massive siltstone (DFMS), Type II by delta front facies laminated silt-
stone (DFLS), Type III by slump turbidite facies siltstone (STS), and Type
IV by slump turbidite facies calcareous siltstone (STCS) (Fig. 3a—e, I, and

m). Thin section observations reveal that the sandstones are predomi-
nantly lithic feldspathic sandstone and feldspathic sandstone (Fig. 3b-f,
j» and n). Metamorphic rock fragments constitute the primary lithic
component, accounting for 25% of the total lithic composition. The
mineral grains are mostly subrounded to subangular, with grain sizes
ranging from 0.06 mm to 0.5 mm. The grains exhibit point-line contacts
and are accompanied by clay mineral fillings and carbonate mineral
cementation.(Fig. 3c-g, k, and o). The sorting and structural maturity of
the sandstone transition from medium to poor as it progresses from the
facies indicating a deltaic front of a lacustrine environment to slump-
turbidite deposition, reflecting the rapid accumulation of sediment in
a slump-gravity flow system(Fig. 3a—e, i, and m). X-ray diffraction (XRD)
analysis reveals that the four main mineral components in the sand
bodies are primarily quartz, feldspar, calcite, and clay minerals
(Fig. 3d-h, 1, and p). Quartz and acidic plagioclase feldspar have the
highest average proportions, accounting for 53.38% and 22.38%,
respectively. Potassium feldspar is not well developed. Carbonate min-
erals exist as cement within primary residual intergranular pores and
secondary dissolution pores, with calcite being the major component,
averaging between 2.24% and 16.87%. Dolomite content is relatively
low and is considered a minor carbonate mineral. Additionally, sulfate
mineral gypsum, iron oxide mineral hematite, and sulfide mineral pyrite
have also been found. In the slump-turbidite facies, active ion exchange
from thin sandstone-thick mudstone combinations results in higher
carbonate mineral contents (average of 12.50%) than from sand bodies
at the deltaic front. The supply of terrestrial clastic sediments from the
Chengning Uplift results in a relatively low clay mineral content in the
reservoir (averaging 10.68%), with the highest clay content occurring in
the facies representing the low-energy environments of the slump-
turbidite facies (average of 12.28%)(Zhang et al., 2019). The clay
component consists of kaolinite, chlorite, illite, and I/M mixed layers
(illite/montmorillonite mixed layers), with the I/M mixed layers ac-
counting for only 20-30% of the clay fraction. This suggests that the
reservoir underwent diagenetic evolution during the middle stage of
lithification, during which illite minerals gradually formed.
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Fig. 6. Capillary pressure curves and full pore size distribution plots of the tight reservoir in the fourth type of delta turbidite facies in the Linnan depression.(a)
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4.2. Pore system characterization

Through thin section and scanning electron microscopy (SEM) ob-
servations, we identified a variety of pore types in the sandstone layers,
primarily including residual primary intergranular pores, secondary
dissolution pores (intergranular and intragranular), intercrystalline
pores of clay minerals, and limited occurrences of microfractures.
Influenced by deep burial diagenesis, the four lithofacies exhibit distinct
pore types and pore structure characteristics. The DFMS lithofacies
shows the most developed pore systems, dominated by residual primary
intergranular pores (Fig. 4a) and secondary dissolution pores, contrib-
uting significantly to porosity. The primary intergranular pores appear
in triangular, quadrilateral, and irregular polygonal shapes, with rela-
tively large pore sizes. Secondary dissolution pores include small-scale
dissolution pores and large-scale moldic pores (Fig. 4b, ¢, and d), with
bitumen filling observed within these pores (Fig. 4e). The DFLS lith-
ofacies develops a small amount of primary intergranular pores (Fig. 4f
and g) and a large number of secondary intergranular dissolution pores
(Fig. 4h and i). Feldspar and lithic grains exhibit pronounced dissolution
due to the action of acidic formation waters, with strong dissolution
along cleavage planes; oil and water traces are observed within these
dissolution pores (Fig. 4j).For the STS lithofacies, primary intergranular
pores are drastically reduced under strong compaction, with secondary
dissolution pores (Fig. 4k) and intercrystalline pores of clay minerals
(Fig. 41 and m) providing the main pore space. These secondary

dissolution pores are predominantly intragranular, mainly developed in
plagioclase and to a lesser extent in potassium feldspar, characterized by
honeycomb-like dissolution structures formed through hydrocarbon
infiltration and erosion (Fig. 4n and o). The intercrystalline pores of clay
minerals, primarily in kaolinite and illite, are minute, with pore throats
being narrow and most pore diameters less than 1 pm. For the STCS
lithofacies, impacted by intense carbonate cementation and clay matrix
filling, primary residual intergranular pores and some dissolution pores
are completely occluded (Fig. 4p and q), with intercrystalline pores of
clay minerals being the main reservoir space. Clay films are frequently
present along the margins of brittle mineral grains, with secondary illite
and kaolinite extensively filling these pores (Fig. 4r and s), resulting in
extremely poor oil-bearing characteristics (Fig. 4t).

Through indoor core observation and microscopic identification, we
have identified structural fractures, diagenetic fractures, and
structurally-diagenetic compound fractures (joint fractures, grain
boundary fractures, and intragranular fractures) in the sandstone layers.
Influenced by the intense activity of the Lingshang Fault of the Paleo-
gene Shahejie Formation (Wang et al., 2023b), tectonically induced
structural fault fractures and joint fractures have developed, commonly
observed in the DFMS (Fig. 5a), where fractures frequently exhibit
excellent hydrocarbon shows (Fig. 5b). In DFLS, mid-to-high angle
structural fractures were also observed (Fig. 5c), and along the bedding
planes, bedding fractures are well developed, with good hydrocarbon
shows frequently observed along these fractures (Fig. 5d). Influenced by
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Table 2

Mercury compression and NMR parameters of tight reservoir in Linnan depression.

Type Number Mercury injection curve parameters NMR pore size distribution ratio
R, R, Rso Shg S: Peq I-micropores II-micropores mesopores macropores
/pm /pm /pm /% /% /MPa

1 (DFMS) 1 0.445 0.182 2.007 90.06 64.43 0.32 0.45 0.18 2.01 90.06
2 0.307 0.164 1.13 89.07 65.02 0.455 0.31 0.16 1.13 89.07
3 0.225 0.219 0.724 87.02 54.42 0.676 0.23 0.22 0.72 87.02
4 0.232 0.214 0.587 87.57 55.36 0.676 0.23 0.21 0.59 87.57
5 0.226 0.168 0.674 83.37 56.79 0.676 0.23 0.17 0.67 83.37

1I (DFLS) 6 0.21 0.12 0.364 87.40 55.02 0.678 0.21 0.12 0.36 87.40
7 0.235 0.221 0.903 87.57 57.58 0.675 0.24 0.22 0.90 87.57
8 0.226 0.15 0.57 84.61 53.67 0.672 0.23 0.15 0.57 84.61
9 0.234 0.186 1.449 83.08 53.38 0.672 0.23 0.19 1.45 83.08
10 0.194 0.097 0.584 83.40 50.51 0.672 0.19 0.10 0.58 83.40

1II (STS) 11 0.181 0.067 0.928 80.18 49.81 0.676 0.18 0.07 0.93 80.18
12 0.106 0.049 0.168 77.00 49.03 2.048 0.11 0.05 0.17 77.00
13 0.103 0.03 0.339 73.43 46.85 2.057 0.10 0.03 0.34 73.43
14 0.059 0.015 0.042 71.79 45.59 2.053 0.06 0.02 0.04 71.79
15 0.082 0.015 0.05 71.26 37.71 1.363 0.08 0.02 0.05 71.26

IV (STCS) 16 0.025 0.01 0.041 76.77 51.08 5.494 0.03 0.01 0.04 76.77
17 0.023 0.009 0.051 75.37 47.23 5.505 0.02 0.01 0.05 75.37
18 0.018 0.009 0.112 77.54 56.48 8.26 0.02 0.01 0.11 77.54
19 0.017 0.007 0.055 72.71 50.89 8.259 0.02 0.01 0.06 72.71
20 0.02 0.009 0.041 75.21 51.29 8.259 0.02 0.01 0.04 75.21
21 0.028 0.005 0.02 58.79 28.97 5.504 0.03 0.01 0.02 58.79
22 0.037 0.019 0.047 75.09 46.16 5.497 0.04 0.02 0.05 75.09

Note: Note: Ry, Rsg, Ra, S, Sr, Peq respectively represent the maximum pore radius, average pore radius, median pore radius, maximum mercury intrusion saturation,

final residual mercury saturation, and displacement pressure.

deep burial diagenesis, local volume expansion due to rock diagenesis
typically results in the development of diagenetic fractures along
clay-rich laminae, which are prevalent in the high-clay-content STS
(Fig. 5e and f) and STCS (Fig. 5g). Furthermore, SEM observations reveal
the widespread presence of feldspar and calcite joint fractures in STCS
(Fig. 5h).

4.3. Pore size distribution characteristics

4.3.1. HPMI results

High-pressure mercury injection (HPMI) tests record the change in
mercury saturation with pressure during mercury injection (Zhang et al.,
2019). The nonwetting phase mercury is injected sequentially from
larger to smaller pores. The mercury injection process reflects the
characteristics of all the pore throats. The pore structure parameters are
obtained through HPMI. Based on the differences in the morphology of
the mercury injection and withdrawal curves, HPMI parameters, and
pore size distribution, the four lithofacies of sandstones are classified

10

into four types (Fig. 6).

The Type I to Type IV sandstones exhibit a decreasing trend in
maximum mercury saturation (Spg) from 87.4% to 73.1%, and the
desaturation behavior follows the same trend (Fig. 6a, b, ¢, and d).
Simultaneously, the capillary pressure curve gradually shifts to the right
from an overall leftward skew (Fig. 6a, b, ¢, and d). The platform cross-
section ranges from the lowest in Type I to the highest in Type IV,
indicating a decreasing trend in reservoir pore throat selectivity. The
average capillary pressures at saturation for the Type I and Type IV
sandstones are 0.5 MPa, 0.67 MPa, 1.639 MPa, and 6.683 MPa,
respectively, suggesting a decrease in the size of the largest connected
pores. The average pore radius of the reservoir decreases from 0.29 pm
to 0.024 pm. This comprehensive analysis indicates a transition from
lacustrine deltaic sandstones to turbidite sandstones, with decreasing
rock sorting, physical properties, and pore structure. The reservoir
transitions from being dominated by micrometer to submicrometer
pores, gradually shifting toward nanopores (Fig. 6e, f, g, h, I, j, k and k).
Fig. 7 shows that, from the Type IV sandstone to the Type I sandstone,
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the reservoir porosity and permeability gradually increase, and Spg
gradually increases (Fig. 7), indicating an improvement in the reservoir
pore structure and facilitating the flow and displacement of nonwetting
phase fluids. SEM observations reveal that Type I and Type II deltaic

11

blocky and laminated sandstones primarily exhibit developed dissolu-
tion pores and residual intergranular pores (Fig. 4a and b). Additionally,
structural fractures and diagenetic microfractures are present (Fig. 5a, b,
¢, and d), giving them relatively high storage and permeability



Y. Wang et al. Marine and Petroleum Geology 170 (2024) 107090

Table 3
Parameters of movable fluid distribution in four types of dense sandstones.
Type Sample Centrifugal NMR parameters Movable fluid in different pores
Micropores Mesopores Macropores

0.09 MPa 0.34 MPa 0.75 MPa 1.34 MPa 2.09 MPa 2.75 MPa MFS PM; MFS e PM, MFSp, PM3

/% /% /% /% /% /%
1 (DFMS) 1 13.7 33.2 35.9 49.0 59.5 63.8 2.5 4.0 26.2 41.1 35.0 54.9
2 8.2 25.9 39.9 46.7 55.3 60.1 2.6 4.3 35.6 59.3 21.9 36.4
3 4.5 25.9 43.5 50.1 52.4 56.5 1.3 2.3 13.8 24.5 41.4 73.3
4 8.9 22.4 32.8 39.7 45.8 50.3 1.2 2.4 11.6 23.0 37.5 74.6
5 10.5 22.0 29.8 36.9 44.4 49.7 0.6 1.1 31.4 63.1 17.8 35.8
1I (DFLS) 6 10.3 21.4 29.7 39.9 49.3 54.1 1.9 3.5 27.6 51.0 24.6 45.5
7 11.4 26.4 43.1 50.1 53.6 58.4 16.2 27.7 30.1 51.5 12.1 20.7
8 10.4 29.9 40.1 48.3 49.1 53.4 5.1 9.5 26.6 49.8 21.7 40.8
9 7.9 28.3 46.0 49.4 52.6 54.1 1.1 2.1 23.7 43.8 29.3 54.1
10 9.3 20.0 29.9 34.0 39.0 44.6 0.5 1.2 27.7 62.0 16.4 36.8
III (STS) 11 11.8 14.5 25.0 323 36.7 39.0 5.0 12.7 28.0 71.7 6.1 15.5
12 4.4 6.6 15.0 24.7 31.4 38.8 2.6 6.6 25.4 65.4 10.9 28.0
13 4.4 9.5 15.6 19.3 27.2 32.8 2.2 6.8 17.3 52.8 13.2 40.4
14 6.9 12.9 12.2 19.3 25.5 33.6 5.1 15.1 20.7 61.5 7.9 23.4
15 9.7 135 14.9 15.6 19.8 23.6 1.4 5.9 18.9 80.1 3.3 14.0
IV (STCS) 16 8.2 11.0 17.8 23.4 31.9 34.5 14.9 43.2 16.2 47.0 3.4 9.8
17 4.8 14.2 23.7 29.4 32.9 35.4 9.3 26.3 23.1 65.1 3.0 8.6
18 11.7 17.6 21.9 25.9 28.3 32.3 5.4 16.7 23.3 72.2 3.6 11.0
19 5.7 13.6 20.2 22.7 25.4 27.2 10.2 37.5 16.4 60.1 0.6 2.4
20 5.1 12.7 16.1 18.2 19.5 21.0 12.5 59.6 7.5 35.7 1.0 4.6
21 10.0 16.3 19.5 18.3 18.7 20.1 8.3 41.4 11.0 54.6 0.8 4.0
22 9.6 14.9 18.9 20.6 21.8 22.3 8.9 40.0 12.4 55.7 1.0 4.3

Note: PM;, PM,, and PMj3 are the proportion of movable fluid in Micropores, Mesopores, Macropores. MFS,,;, MFS,,e, and MFS,, are the saturation of movable fluid in
Micropores, Mesopores, Macropores.

secondary enlargement
of quartz

100um

calcite-filled %

-

dissolution pores

300um

Fig. 10. Cast thin section and cathodoluminescence images display the types of diagenesis.(a) Rigid particle fracture, cast thin section, single polarization, sample11.
(b) Calcite cementation, cathodoluminescence, cross-polarization, sample22.(c) Mudstone cementation and iron cementation, cast thin section, single polarization,
samplel3.(d) Secondary enlargement of quartz, cast thin section, cross-polarization, sample8.(e) Calcite filling primary intergranular pores, cathodoluminescence,
cross-polarization,sample12.(f) Calcite cement filling feldspar and lithic fragments dissolution pores, cathodoluminescence, cross-polarization, sample12.(g) Feldspar
dissolution pores, cast thin section, single polarization, sample16.(h) Intergranular dissolution pores, cast thin section, single polarization, sample7.

capacities (average porosities of 11.57% and 9.99%, and average per- 4.3.2. NMR results

meabilities of 1.21 mD and 0.979 mbD, respectively) (Table 1). In NMR measurements were conducted on saturated anhydrous kero-
contrast, the Type III and Type IV turbidite sandstones are affected by sene samples, converting the transverse relaxation time into the pore
carbonate minerals and mud fillings (Fig. 4m, n, o, p, q, and r). The size to obtain the Ty spectrum of the pore distribution (Rudszuck et al.,
presence of intergranular dissolution pores and residual intergranular 2019). The shape, amplitude, and range of the Ty spectrum characterize
pores diminishes, whereas the occurrence of intercrystalline pores and the distribution of pore sizes and the connectivity of the pores(Liu et al.,
intragranular dissolution pores sees an increase.The pore throats 2018).When a rock sample is saturated with a homogeneous fluid, the
become finer, resulting in reduced reservoir connectivity and poorer pore size influences the NMR relaxation times, with larger pores typi-
storage and permeability capacities (average porosities of 9.01% and cally corresponding to longer relaxation times. Unlike the pore structure
6.01%, and average permeabilities of 0.499 mD and 0.107 mD, classification scheme for shale (pores >2 nm as micropores, pores be-
respectively) (Table 1). tween 2 nm and 50 nm as mesopores, and pores >50 nm as macropores),
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using a broader pore size range to classify pores in tight sandstones can (25-200 nm), mesopores (100-1000 nm), and macropores (>1000
better describe the pore characteristics and fluid flow behavior(Gao nm) (Table 2). In the Type I DFMS, the Ty spectrum shows a distinct
et al., 2016; Zhao et al., 2016). The pore classification for sandstones in single right peak (0.1-10 pm) (Fig. 8a), while in the Type II, III, and IV
the Linnan Sag is as follows: I-micropores (<25 nm), II-micropores sandstones, the amplitude of the right peak decreases, and the main peak
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gradually shifts to the left (Fig. 8b, ¢, and d). Some samples of Types III
and IV exhibit a bimodal structure, with an increased proportion of
micropores (Fig. 8e). Types I and II sandstones feature full-size pores,
mainly mesopores and mesopores, with mesopores (microfractures,
feldspar-rock debris dissolution pores, and a certain proportion of pri-
mary intergranular pores) accounting for 26%. However, Type III (STS)
sandstones are dominated by micropores, with a certain proportion of
mesopores (42%). Type IV reservoirs have limited development of mi-
cropores and a few mesopores (16.9%). Under strong compaction,
strong carbonate cementation, and clay filling, the proportion of mac-
ropores is less than 2% of the total pores. The lack of large pores and the
development of small pores in Type III and IV reservoirs are consistent
with the HPMI results.

4.4. Movable fluid saturation characterization

The movable fluids in rock pores are free fluids that flow by over-
coming capillary forces and viscous resistance under certain external
forces, while bound fluids generally exist in micropores and dead pores,
making them difficult to flow under external forces (Bear., 2013). To
quantitatively characterize the proportion of movable fluids and clarify
their relationship with the pore structure, saturated anhydrous kerosene
samples were centrifuged at different rotational speeds. The capillary
pressure difference between two-phase fluids at different speeds equals
the capillary pressure, which is calculated using Equation (5). At rota-
tional speeds of 2000, 4000, 6000, 8000, 10000, and 11000 rpm, the
corresponding centrifugal forces measure 0.09, 0.34, 0.75, 1.34, 2.09,
and 2.75 MPa, respectively.

Fig. 9 and Table 3 present the NMR T3 spectra and MFS (movable

14

fluid saturation) data, respectively, of four types of typical sandstone
samples under different centrifugal forces. In the low centrifugal force
state (<0.09 MPa), which represents the initial stage of fluid differen-
tiation (Fig. 9a, b, c and d), the proportion of bound fluids is high (86.3%
~91.5%). The four types of sandstones have similar MFS (mean fluid
saturation) values (average MFS values ranging from 90.2% to 92.6%).
The NMR T, spectra exhibit a higher peak on the right and a changing
envelope area, while the left peak remains low and stable. This stage
indicates that fluids in macropores (intergranular dissolution pores and
microfractures) are easily initiated and expelled under low-pressure
conditions. In the medium centrifugal force state (0.34-0.75 MPa), the
right peaks of the T, spectra for the Type I and Type II delta front
sandstones noticeably decrease (the envelope area significantly de-
creases), and the envelope peak begins to shift to the left (Fig. 9a and b).
For the Type III and Type IV turbidite sandstones, there is also a slight
decrease in the right peak (Fig. 9c and d). This stage suggests that fluids
in the mesopores of sandstone start overcoming capillary forces under
centrifugal forces, and the difference in the proportion of mesopores
among the four types of sandstones is the main reason for the variation
in the decrease in the right peak of the Ty spectrum. Under high cen-
trifugal force conditions (1.34-2.75 MPa), there’s a noticeable decel-
eration in the leftward movement of the Ty spectrum’s rightmost peak
(Fig. 9a, b, ¢, and d). At this stage, the Ty spectrum aperture range is
limited to less than <1 pm, indicating that after the expulsion of fluids in
critical macropores and mesopores, the remaining fluids are confined to
micropores, making it difficult for them to be expelled.

At the maximum centrifugal force (2.75 MPa), the MFS of all the
samples span from 20.14% to 63.77%, averaging out at 41.15%. The
MEFS of DFMS is the highest, averaging 56.1%. DFLS follows closely, with
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correlation plots.

an average of 52.9%. STS and STCS exhibit lower movable fluid satu-
rations, with averages of 33.5% and 27.5%, respectively. The differences
in the amplitudes of the micropore, mesopore, and macropore ranges
were calculated separately to determine the variations in fluid occur-
rence states at multiple scales (Table 3).

DFMS and DFLS mobile fluids are primarily present in mesopores and
macropores. For PM3, the respective proportions are 55.0% and 39.6%,
while for PM,, the proportions are 42.2% and 51.6%, respectively. The
mobile fluids in STS are mostly present in mesopores, with PMy ac-
counting for 66.11%, while the proportion of PM3 decreases to 24.47%.
In STCS, mobile fluids are present in both mesopores and micropores,
with PM; and PM; accounting for 55.8% and 37.8%, respectively. The
primary cause of this distribution is the absence of macropores due to
carbonate cementation, muddy filling causing intergranular dissolution
pores, and residual intergranular pores, leading to fluid confinement in
clay intercrystalline pores and intragrain pores.

5. Discussion

5.1. Macroscopic and microscopic geological elements jointly control fluid
mobility

5.1.1. Macroscopic control of fluid mobility by physical sources,
depositional environments and diagenesis

The movement of fluids in tight sandstone is influenced by macro-
geological factors, such as provenance, the depositional environment,
and diagenetic processes (Zang et al., 2022a). The provenance and
depositional environment control the composition, grain size, and pore
types of sandstones, thereby affecting the saturation of movable fluids
(Bjorlykke et al., 2014). In the Linan Depression, continuous subsidence
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in the Paleogene Es3 period in the southern basin and a sustained supply
of terrestrial clastics in the northern Chengning Uplift resulted in similar
reservoir lithologies composed mainly of lithic arkose and arkose (Wang
et al., 2020a, Fig. 3a—e, i, and m). The transition from delta front (DFMS
and DFLS) to semideep lake turbidite deposition (STS and STCS) led to a
decrease in the MFS of sandstones from 54.5% to 30.1% (Table 3).
Simultaneously, both depositional and diagenetic processes controlled
reservoir pore types, sizes, and shapes. DFMS and DFLS formed in a delta
front environment, but DFLS formed in a relatively low-energy water
environment with finer grain sizes than DFMS. These strata contain
easily fillable fine-grained muddy sediments within bedding structures
(Fig. 3f). Additionally, compared with DFMS, DFLS has experienced
greater mechanical compaction and dissolution, resulting in poorer pore
throat connectivity and pore structure and leading to slightly lower fluid
mobility (MFS = 52.9%).

With increasing burial depth and maturation of mineral components,
the impact of diagenetic processes on fluid mobility becomes more
pronounced (Wintsch et al., 1994). the fracturing of rigid particles (like
quartz) and the deformation of plastic particles (such as mica) (Li et al.,
2023a, Fig. 10a). During compaction, pseudomicritization damages
primary pores, leading to decreased pore connectivity. Through statis-
tical analysis of collected data from oil fields and experimental sample
data, it is observed that the average porosity reduction in the Esg
reservoir of the Linan Depression typically ranges between 0.65% and
1.3% per 100 m (Fig. 12a). Sandstone reservoirs deeper than 3200 m
predominantly exhibit porosities between 5% and 13%, characterizing
them primarily as deep tight reservoirs. Thin section observations reveal
cementing components, such as carbonate minerals, sulfate minerals,
silica minerals, clay minerals, and iron-bearing minerals in sandstones
(Fig. 10b, ¢, and d). Carbonate cementation and authigenic clay mineral



Y. Wang et al.

Marine and Petroleum Geology 170 (2024) 107090

100, 10
(a) i s 1(b) {
b
= il cn
e Il
= 80 £ 30 I
=] =
= 3
= 2.75MP, 2 5 i
2 T ,¢====_.- 5
o 60 a2 09MParock sample 3 60
o’ ~e—1.34MParock sample =]
= ~a—().75MPa rock sample £ o =
E 40} —*—0.34MPa rock sample S 2 4o
= —a—().09MPa rock sample '->J
5‘) —e—saturated oil rock sample S
B <
©20 = 20]
g
s ’/
“ 0 AJ"
(?.OI 0.1 1 10 100 1000 10000 1E-4 0.001 0.01 0.1 1 10 100 1000
Pore radius/pum
100 10
() = )
S O [T\
2% £ 80
e 2.75MParock sample 9:_,
; ~=#—=2.09MPa rock sample _ﬁ
‘g(;() ~e—1.34MParock sample a(’o
= ~a—().75MPa rock sample v -
a —e—().34MPa rock sample { g
E 4ol —*—0.09MPa rock sample =)
s X ed oi > 40
— —e—saturated oil rock sam,
< (3]
= >
en ‘S
e <
w1 20 = 20
g -
&) .'-_I
0 s
(S;.Ul 0.1 1 10 100 1000 10000 1E-4 0.001 0.01 0.1 1 10 100 1000
T,/ms P e
100, 100 oreradius/pum
\°
=
. (e) S )
) o0
580 £ =80
oo OF ot =
= 2.75MParock sample Sememessensssscsscesssssasssesl O
b +—2.09MPa rock sample 5
S 60} —e— 1.34MPa rock sample 2,60
£ | ——0.75MParock sample é’ |
& | —e—(0.34MParock sample ] ‘
g 40} —*—0.09MPa rock sample g 40
~ —e—saturated oil rock sampl o ‘
= -
=) =)
@ 20 =20 [
=
E /|
© s
o1 0.1 ] 10 100 1000 TO000 1E-4  0.001 0.01 0.1 1 10 100 1000
T,/ms b
i 2 100 Pore radius/pm
(g2) = ((h) -
5 & =
e o0,
= 80
] 30 2.75MParock sample g
'é ~=2.09MPa rock sample o
o = |.34MPa rock sample 5
.g 60 ——0.75MPa rock sample 4 a.60
= | =—0.34MParock samplg g
g- ———0.09MPa rock sampge =
=40 mple 240
= o
g z
020 =20
=
g
=
O 0
(S{Ol 0.1 1 10 100 1000 10000 1E-4 0.001 0.01 0.1 1 10 100 1000
T,/ms Pore radius/um

Fig. 15. NMR signal accumulation curves and pore cumulative distribution curves at different centrifugal forces in four types of reservoirs. (ab) Pore structure of
DFMS. (c ~ d) Pore structure of DFLS. (e ~ f) Pore structure of STS. (g ~ h) Pore structure of STCS.

cementation dominate, with minor amounts of secondary quartz
cementation. Cementation not only plugs primary intergranular pores
(Fig. 10e) but also fills secondary feldspar and detrital dissolution pores
(Fig. 10f). When the carbonate mineral content exceeds 10%, the rock
properties deteriorate sharply, leading to a significant reduction in the
MEFS (Fig. 10a). Due to the continuous dehydration of the Paleogene Es4
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gypsum-salt layer since the Dongying period, the formation water of the
third member of the Paleogene Shahejie Formation was alkaline for a
period(Wang et al., 2021a,b,c). This exacerbated the cementation of
carbonate minerals, especially near the center of the depression where a
certain proportion of calcareous fine sandstone (STCS) developed in
turbidite facies reservoirs, characterized by poor physical properties and



Y. Wang et al.

10
DFMS @ DFLS @ STS @ STCS
El e
)
K=,
=
e
8 °
=
L [ J
£ 01
y=-0.20In(x)+0.26
-~ R*=0.75
y=-0.004In(x)+0.04
R*=0.99
0.01

0.0 0.5 1.0 1.5 2.0 2:5 3.0

Centrifugal forces/MPa

Fig. 16. Pore-throat radii of movable fluids under different centrifugal forces in
four types of sandstone lithologies.

low MFS (Fig. 1la). Simultaneously, active ion exchange at the
sand-mud interface promoted the diffusion of C0%~, Fe?*, Ca?™, and
Mg?t from mudstone to sandstone, replacing K+ in sandstone and
leading to carbonate cementation. The statistical analysis indicated that
sandstones farther from the sand-mud interface had lower carbonate
mineral contents (Fig. 11b). The influence of clay cementation on fluid
mobility is reflected in the different crystal forms and occurrences of
various clay components in the reservoir. SEM images show that illite
appears in sheet or flocculent forms filling feldspar dissolution pores and
intergranular pores between clastic particles (Fig. 4m), resulting in a
decrease in reservoir movable fluid saturation (Fig. 12g). In contrast,
kaolinite fills feldspar and lithic dissolution pores in a book-like form
(Fig. 4i). However, since high kaolinite content often indicates signifi-
cant feldspar dissolution pores, kaolinite has a weak positive impact on
reservoir movable fluid saturation (Fig. 12h). Compared to the other two
clay minerals, the content of illite-smectite mixed layers and chlorite has
a smaller impact on reservoir movable fluid saturation (Fig. 12f and i).
Although secondary porosity can be generated during the kaolinization
of feldspar minerals, the strong hydrophilicity of illite and kaolinite
makes reservoir fluids prone to strong adsorption, restricting fluid flow.
Moreover, illite swells easily upon water absorption, reducing its pore
and throat sizes and leading to a decrease in fluid mobility (Hou et al.,
2021, Fig. 12c¢).

Erosion is the main process for creating secondary pores.The Sha-
hejie Formation hydrocarbon source rocks in the Minghuazheng,
Guantao (14.0-2.8 MPa), and Dongying (26.2-24.6 MPa) periods un-
derwent two phases of hydrocarbon generation (Li et al., 2023b),
resulting in the abundant generation of organic acids. During the
transformation process from kaolinite to illite, the amount of acidic pore
water increased. Feldspars, lithic fragments, quartz, and carbonate ce-
ments were directly eroded to varying degrees, forming intergranular
dissolution pores (Fig. 10g and h) and intercrystalline dissolution pores
(Fig. 4n). Simultaneously, clastic particles initially altered by carbonate
minerals further eroded due to the dissolution of the altering agents in
later stages. Erosion processes often initiated along the edges of particles
or at structurally weak positions, such as mineral cleavages, forming
secondary enlarged intergranular pores and intragrain dissolution pores.
Additionally, a partial clay matrix and cement dissolution further
enhanced erosion, promoting the improvement of physical properties
(Herlinger et al., 2017). An increase in the feldspar and quartz mineral
contents is correlated with a significant increase in the MFS, which is
also supported by relevant data (Fig. 12d and e).
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5.1.2. Microscopic control of fluid mobility by reservoir pore permeability
properties and pore structure

Differences in sedimentary environments and diagenetic processes
during burial result in variations in the petrophysical properties and
pore structures of different lithofacies. Parameters such as porosity, pore
radius, displacement pressure, and mercury saturation are crucial
microscopic geological elements that constrain fluid flow capabilities
(Wang et al., 2021b). For tight sandstones, the MFS has a positive cor-
relation with porosity and permeability, with R? of 0.81 and 0.61,
respectively (Fig. 13a and b). Some high-porosity samples deviate from
the baseline of the fitted curve, indicating that high porosity does not
necessarily represent good pore connectivity. The introduction of the
reservoir quality index (RQI) reflects changes in reservoir pore struc-
tures. When the RQI is less than 0.22 and the MFS is less than 40%
overall (Fig. 13a and b), poor reservoir quality restricts fluid flow.By
establishing the correlation between average pore throat radius,
movable fluid saturation, and the Reservoir Quality Index (RQI)
(Fig. 13c and d), the results show that both MFS and average pore throat
radius have a strong positive correlation with the RQIL This indicates
that the greater the RQI, the better the reservoir’s storage and mobility
properties.

The HPMI experiment indicate that the MFS and pore radius are
significantly correlated (Fig. 14a). STS and STCS developed in a weak
alkaline environment during the Dongying Depression period, with thin-
layer sandstone nested in thick mudstone. The proximity of sandstone to
the sand-mud interface and active ion exchange favor the occurrence of
carbonate cementation. Cementitious materials block residual inter-
granular and dissolved pores, resulting in smaller pore radii in both
deltaic and turbidite sandstones compared to DFMS and DFLS sand-
stones. The inferior pore structure increases the resistance to fluid in-
jection into the reservoir, as observed in the mercury injection
experiment, where an increase in reservoir displacement pressure and a
decrease in maximum mercury saturation occur. In production, STS and
STCS exhibit poor oil and gas availability, low oil saturation, and low
single-well productivity due to their less favorable pore structure
(Fig. 14b and c).

5.2. Lower limit of movable fluid pore radius

This paper performs normalization on the amplitude of Ty spectral
signals of oil-saturated samples and plots the cumulative distribution
curves under different centrifugal forces (Fig. 15a-c, e, and g). The Ty
spectral curves are then horizontally extended to the right, drawing
horizontal lines that represent the residual oil signals at corresponding
centrifugal forces. These horizontal lines are overlaid on the normalized
cumulative distribution curves of HPMI pores (Fig. 15b-d, e, and f). The
data at the intersection points on the horizontal axis indicate the mini-
mum pore throat radius required to mobilize reservoir oil under the
respective centrifugal forces (Fig. 15b-d, e, f).

An increase in the centrifugal force leads to an exponential decrease
in the lower limit of movable fluid pore radius (LLMPR) (Fig. 16). When
the centrifugal force reaches 2.09-2.75 MPa, there is a minimal increase
in the amount of mobile fluid within the pores, and the NMR signals
cease to increase or show only weak increases. This indicates that the
NMR experiment has reached the optimal centrifugal force, obtaining
the maximum value of mobile fluid saturation under ideal conditions. It
is observed that, compared with larger pores, smaller pores require
significantly greater centrifugal forces for displacing fluids. At the
maximum centrifugal force of 2.75 MPa, the for DFLS, DFMS, STS, and
STCS are 0.344, 0.246, 0.140 and 0.033 pm, respectively. Delta front
sand bodies require relatively low centrifugal forces to yield a sub-
stantial amount of mobile fluid, while turbidite sandstone exhibits a
complex pore structure with a greater proportion of micropores. The
absence of mesopores and macropores in turbidite sandstone necessi-
tates stronger centrifugal forces to obtain a limited amount of mobile
fluid. Considering the ease of recovering oil from larger pores and
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microfractures during production, setting the LLMPR at 0.033 pm for
deep-seated tight sandstones in the Linnan Depression seems reasonable.

5.3. Differential fluid mobility patterns in the Linnan Depression
delta—turbidite-phase sandstones

In the Linnan Depression, tight sandstones are constrained by
macroscopic depositional environments, diagenetic processes, and
microscopic storage and permeability characteristics. The four types of
sandstones exhibit significant differences in fluid saturation and in the
LLMPR under different centrifugal forces. Based on this, a fluid mobility
assessment model for the four types of sandstones in the lacustrine
delta-turbidite depositional system of the study area is established
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(Fig. 17). Among them, the blocky sandstone on the delta front (DFMS)
has the optimal pore structure and fluid mobility. This lithofacies con-
sists of thick-bedded sandstones with continuous stacking (Fig. 17a) that
exhibit strong dynamic water conditions, good mineral particle selec-
tivity, and weak influence from the muddy matrix and carbonate cement
(Fig. 17b). The original intergranular and intergranular dissolution
pores are well developed and include mesopores and macropores,
resulting in the highest fluid mobility. The laminated sandstone on the
delta front (MFLS) formed in a weaker dynamic water environment, and
the development of muddy bedding affected the original pore spaces
(Fig. 17f). However, it still predominantly contains mesopores, ensuring
good pore connectivity and permeability, leading to higher fluid satu-
ration (Fig. 17j-n). In contrast, the sandstone lithofacies of the turbidite
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depositional system are closer to the center of the basin, with thin single
sand bodies and thin layers embedded in thick mudstone (Fig. 17¢ and
d). Under the influence of differential sorting and strong ion exchange at
the source-reservoir interface, there are high contents of carbonate
cement and mud (Fig. 17g-and h). Most of the intergranular dissolution
and original intergranular pores are filled with cement, resulting in poor
pore connectivity and low permeability (Fig. 17k and L). Fluids are
mostly confined to micropores, leading to poor reservoir mobility
(Fig. 170 and p).

6. Conclusion

The Paleogene Esg section of the Linnan Depression contains signif-
icant tight oil resources within its lacustrine delta-turbidite facies
sandstone deposits. Based on core descriptions, this study identified four
lithofacies of sand bodies. We determined the MFS and LLMPR values for
these lithofacies using a combination of NMR and centrifugation tech-
nique. Factors influencing fluid mobility were analyzed by integrating
data from XRD, gas-measured poroperm analysis, microscopic obser-
vations, and HPMI, leading to the development of a fluid mobility
evaluation model for the lacustrine delta front-turbidite facies sand
bodies. The main findings and conclusions are as follows.

(1) In the lacustrine environment, four lithofacies have developed:
DFMS, DFLS, STS, and STCS, all comprising lithic feldspathic
sandstones and feldspathic sandstones. The DFMS and DFLS
lithofacies exhibit more developed primary intergranular and
intragranular dissolution pores. In contrast, the STS and STCS
lithofacies are characterized by secondary intragranular dissolu-
tion pores and intercrystalline pores of clay minerals, resulting in
poorer pore connectivity and oil-bearing properties.

Four lithofacies correspond to four types of HPMI pore structures.
In DFMS, DFLS, STS, and STCS, the average pore diameter,
maximum mercury intrusion saturation, and MFS sequentially
decrease, while displacement pressure progressively increases. In
DFMS and DFLS, fluids are stored in mesopores and macropores,
with mesopores primarily contributing to fluid mobility. In STS
and STCS, fluids are confined to micropores and a limited number
of mesopores, with micropores making the most significant
contribution to fluid mobility.

Provenance, depositional environment, and diagenesis macro-
scopically affect the fluid mobility of the four lithofacies.
Microscopically, reservoir quality and pore structure significantly
influence the saturation of movable fluids, with parameters such
as RQI, displacement pressure, and average pore diameter play-
ing dominant roles. At the optimal centrifugal force of 2.75 MPa,
the LLMPR in the Linnan Depression is calculated to be 0.033 pm.
DFMS and DFLS are the optimal lithofacies for movable fluids,
possessing the best pore structure and the highest movable fluid
saturation. STS and STCS typically consist of thin sand bodies
embedded within thick mudstones, influenced by carbonate
cementation and muddy infilling, resulting in poor fluid mobility,
and are considered secondary lithofacies. The established fluid
mobility model for lacustrine tight sandstones provides a theo-
retical reference for exploration and effective development in
similar geological settings.
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