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Low-permeability sandstone reservoirs usually exhibit complex pore structure
characteristics that significantly controls the type of fluid in the pore space and
its occurrence and seepage mechanisms. In this work, the mercury injection
capillary pressure (MICP) and low-field nuclear magnetic resonance (LNMR)
analyses were conducted on low-permeability sandstone samples collected
from the fourth member of the Eocene Shahejie Formation (Es,) of Dongying
sag to characterize the pore structure, analyze the relationship between dual
LNMR T, cutoff values and the pore fluid type, and discuss the role of dual
LNMR T, cutoff values on the pore structure characterization. The results (1)
indicated that the pore structure of low-permeability sandstones in the study
area exhibits strong heterogeneity and can be divided into three types based
on the MICP and LNMR results. Typically, sandstone samples with a type | pore
structure usually exhibits characteristics such as low displacement pressure
(Pd), large average pore throat radius, and a wide distribution of pore size.
(2) shown that the dual LNMR T, cutoff values can better characterize the
occurrence of fluids in sandstone samples in the study area. When T, >T,c,,
fluid in the pore space is fully moveable; conversely, when T,<T,c,, fluid
becomes completely immobile. The T,¢; and T,, range from 0.16 to 3.37 ms
and from 17.34 to 346.78 ms, respectively. (3) found that fractal dimensions
derived from LNMR curves under dual LNMR T, cutoff values provide a more
precise characterization of pore structure heterogeneity in low-permeability
sandstone reservoirs compared to a single fractal dimension. When T,>T,4,
pores demonstrate fractal characteristics, enabling the representation of pore
structure heterogeneity through fractal dimensions. Specifically, samples with
Type | pore structures tend to show the smallest D2 and D3 values. In generally,
by applying dual T, cutoffs (T,c, and T,¢,) to LNMR-derived fractal dimensions,
the pore structure of low-permeability sandstones can be better characterized,
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facilitating more accurate reservoir effectiveness assessments for oil and gas

exploration.
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1 Introduction

In recent years, China’s conventional oil and gas production
has declined, while demand for unconventional resources has
steadily risen (Zou et al., 2014; Lai et al., 2023). Low-permeability
sandstone reservoir, as a favorable reservoir, has become a hotspot
for unconventional oil and gas exploration and development (Ji and
Fang, 2023; Yang et al., 2025).

The pore structure of reservoir rocks encompasses the three-
dimensional architecture of pore spaces, including pore and throat
geometry, size distribution, and spatial connectivity (Hu et al., 2017;
Lai et al., 2018b; Zeng et al., 2024), governing storage capacity,
permeability, and recovery dynamics for oil and gas reservoirs
(Qiao et al.,, 2019; Feng et al., 2025), especially low-permeability
sandstone reservoir. Therefore, the study of the pore structure
of low-permeability sandstone reservoir has a very important
theoretical and practical significance. Currently, the characterization
methods for reservoir pore structure draw upon those used
for porous materials to meet research requirements. From the
perspective of characterization methods, pore structure analysis can
be primarily categorized into three approaches: image analysis, such
as field emission scanning electron microscopy (Yan et al., 2018;
Ni et al., 2021; Ni et al., 2025), fluid injection methods, such as
MICP, NMR (Guo et al,, 2019; Zhang et al., 2019; Yang et al., 2022),
and non-fluid injection methods, such as micro-nano computed
tomography (Kong et al., 2019; Su et al., 2022). Both advantages and
limitations exist for each method; thus, combining the advantages
of each method is beneficial to the overall understanding of
low-permeability sandstone pore structures (Lai et al, 2018b).
Moreover, considering the subsequent analysis and evaluation of
pore structures in continuous well logging profiles, it is crucial
to enhance pore structure characterization and research based on
NMR experiments because of the wide using of NMR logging.

According to existing research, pore structure evaluation based
on NMR experiments primarily focuses on the following aspects:
comparative analysis of NMR curve morphology characteristics,
conventional NMR pore structure parameter analysis, NMR
sensitive parameter analysis, and NMR fractal dimension
calculation (Yan et al., 2020; Li et al, 2025). Sun et al. (2024)
indicated that the complex pattern of left and right peak of NMR
T, spectra are closely related to their complex pore structure
characteristics, and that the proportion of large-size pores decreases
with the decrease of the long T, components. Yan et al. (2020)
analyzed the morphological differences of the NMR T, distribution
for different tight sandstone sample from Chang 7 formation,
Ordos Basin, and proposed several sensitive NMR parameters
to characterize the pore structure. Further, fractal analysis is
widely used to characterize the pore structure of rocks based
on nitrogen adsorption, MICP and NMR test results. Usually,
the smaller the NMR fractal dimension is, the better the pore
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structure is (Yan et al., 2018; Lai et al.,, 2018a; b). From the above
research progress, the NMR fractal dimension based on NMR
T, spectra as a single parameter can quantitatively characterize
the differences in pore structure of different samples. Notably,
some samples exhibit poor linearity (Liu et al., 2021), potentially
compromising the reliability of calculated fractal dimensions.
This likely stems from the complex multi-scale pore network
characteristics inherent to unconventional reservoir rocks. The
NMR T, cutoff value, as one of the parameters characterizing
the NMR pore structure, can divide the pore space into free fluid
pore space and bound fluid pore space, which to a certain extent
portrays the pore multi-scale distribution characteristics of rocks.
However, previous studies have demonstrated that the conventional
T, cutoff method exhibits significant limitations, as irreducible
fluids persist when T,>T,s, while portions of movable fluids
are unexpectedly removed during centrifugation when T, < T,
(Fan etal., 2018). Recently, the dual T, cutoft value methodology was
developed (Fan et al.,, 2018; Zheng et al., 2022), and can re-classified
the pore fluid as absolute irreducible-fluid, absolute movable-
fluid, and partial movable-fluid in coals, sandstones, and shales
(Zhang et al., 2021).

Following the successful previous research of dual T, cutoff
value methodology and fractal analysis, it is necessary to combine
the double T, cutoff value method and the fractal dimension
method to finely characterize the pore structure of low-permeability
sandstone reservoirs. Thus, based on MICP and LNMR experiments,
the main aims of this work are to: (1) evaluate the pore
structure using MICP and LNMR experiments; (2) determine
the dual LNMR T, cutoff values and discuss the relationship
between the LNMR pore structure parameters and pore component
percentages; and (3) characterize the fractal features of low-
permeability sandstones using the dual LNMR T, cutoft values
and discuss the relationship between them and the pore structure
type. The results are expected to further the understanding
of pore structure characterizations of low-permeability and the
determination of favorable oil and gas sections in well logging
profiles.

2 Location and geological setting

Bohai Bay Basin is an important hydrocarbon exploration
basin and its tectonic evolution can be subdivided into a synrift
stage between 65.0 and 24.6 Ma and a postrift stage from 24.6 Ma
to the present (Guo et al., 2010). Geographically, the Dongying
Sag, developed in the Cenozoic rift period, is located in the
southern part of the Jiyang depression in the Bohai Bay Basin
with an area of 5,700 km? (Figures 1A,B). It is bounded by the
Chenjiazhuang Uplift, the Qingtuozi and Guangrao uplifts, the Luxi
Uplift, and the Qingchen-Linjia-Binxian uplifts (Ma et al., 2017;
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Zhang et al., 2024). From north to south, Dongying sag consists
of five secondary tectonic provinces: the northern steep slope, the
Minfeng subsag, the central anticline, the Niuzhang subsag, and
the southern gentle slope (Figure 1C). The sedimentary sequences
of Dongying sag, in an ascending order, consist of the Paleocene
Kongdian (Ek), Shahejie (Es), and Dongying (Ed) formations, the
Neogene Guantao (Ng) and Minghuazhen (Nm) formations, and the
Quaternary Pingyuan (Qp) Formation (He et al., 2016; Figure 2).
The Shahejie formation can be divided into Es,, Es,, Es;, and Es,
from top to bottom. Among them, Es, is the main study layer in
this work.

3 Database and experimental methods
3.1 Samples and experiments

A total of 37 low-permeability sandstone samples were collected
form the Es, of the Dongying sag in this work and were
used to conducted MICP and LNMR analyses. Among the
samples, 16 were subjected to LNMR test and 21 to MICP
analysis.

MICP is the most frequently used method in rock reservoir
evaluation. The pressure and pore radius required to inject mercury
from non-wetting mercury into different pores is described by the
Washburn equation (Washburn, 1921). According to the injection
volume under different pressure, the pore volume and pore size
distribution of the rock can also be obtained (Gong et al., 2015).
In this work, the MICP measurements were performed on the
Poremaster 60 type automatic mercury injection instrument made
by Quantachrome Instruments after the samples were cleaned, dried
and equilibrated.

The LNMR T, spectrum measured by rock-saturated single-
phase fluid can reflect the pore structure inside the rock, and
the transverse relaxation time T, and the aperture radius can be
converted to each other (Mitchell and Fordham, 2014; Abouelresh,
2017). Depending on the characteristics of low-porosity and
low-permeability of core samples, the NMR instrument adopts
AniMR-150 full-diameter core magnetic resonance imaging system
made by Shanghai Niumag Company in Experimental Teaching
Center for Oil and Gas Geology and Exploration at Southwest
Petroleum University. The samples were treated by a cleaning,
drying, vacuuming, and saturating procedure to achieve a water-
saturated state. The echo spacing, number of echoes, number of
scans, and test temperature were 0.16 ms, 2048, 256, and 25°C,
respectively. Saturated with water and followed with centrifugation,
NMR tests were performed separately, and the saturated T,
spectrum and the centrifugal T, spectrum were obtained
by an inversion method of multi-exponential fitting method
(Coates et al., 2000).

3.2 Theory

3.2.1 Low-field nuclear magnetic resonance

Based on the NMR relaxation mechanism, the transverse
relaxation time of NMR consists of three parts: bulk relaxation
time, surface relaxation time and diffusion relaxation time
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(Coates et al., 2000; Dunn et al., 2002). The relationships between
them can be expressed as:

—_=—t
T, Ty Pz(

where T, is the transverse relaxation time, determined by the nature
of the pore fluid (ms); T, is the bulk relaxation time of the fluid

11 N

1

(ms); p,(S/V) is the surface relaxation time, which is greatly affected
by the pore size (ms); D (yGTE)2/12 is the diffusion relaxation time
(ms); D is the diffusion coefficient (um?/ms); G is the magnetic field
gradient (gauss/cm); Ty is the echo interval (ms); S is the surface
area of the pores (cm?); V is the volume of the pores (cm®); p, is the
transverse surface relaxation strength of rock (um?/ms).

The laboratory often uses water-saturated cores for experiments,
the value of T,y is usually above 3 s, which is much larger than
the T, value; that is, 1/T,p is much smaller than the 1/T), value, so
the volume relaxation time can be ignored. At the same time, when
the magnetic field is uniform (i.e., the magnetic field gradient G is
small) and the echo time interval is short (T} is small), the analysis
of diffusion relaxation contribution is also small, and the diffusion
relaxation time is also negligible (Talabi et al., 2009). Therefore,
the relaxation contribution of the fluid mainly comes from the
surface relaxation of the rock particles, so the Equation 1 can be

1. (E)
T, P\v

According to Equation 2, the magnitude of the T, value is mainly

approximated as:

(2)

determined by the nature of the rock and the ratio of the pore surface
area to the pore volume (S/V). If the pores are assumed to consist of
ideal spheres, then S/V = 3/r; if the throat is assumed to consist of
anideal cylinder, then S/V =2/r_ (Zhu et al., 2018). If the pore radius
is proportional to the throat radius, Equation 2 can be rewritten as

Fon(2)

where F is a pore shape factor that is related to pore morphology;

Equation 3:
Ey

Tc

3)

for spherical pores, F, = 3; for cylindrical pores, F, = 2 (Xiao et al.,
2016; Xiao et al., 2018; Zhang et al., 2019).

3.2.2 Mercury injection capillary pressure

At a given pressure, mercury at a normal temperature is pressed
into the pores of the porous material to be tested, and when
mercury from entering the capillary, the contact surface of the
capillary with mercury is generated by capillary forces in the
opposite direction of external pressure, hindering mercury enters
the capillary. According to the balance principle of forces, when
the external pressure is large enough to overcome the capillary
force, mercury will invade the pores. Therefore, a pressure value
supplied by the outside can be used to measure the size of the
corresponding aperture (Njiekak et al., 2018).

Assuming that all pores of the porous medium are cylindrical,
the principle of the pressure-measuring mercury method can be
expressed as Equation 4:

D= (-40cos 0)/p (4)

where D is the pore diameter (m); o is the surface tension of mercury
(mN/m); 0 is the contact angle of mercury and capillary surface; p is
the external pressure (mN/m?).
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FIGURE 1
(A) Location of the Jiyang depression, Bohai Bay Basin, eastern China (modified from Guo et al., 2010); (B) tectonic unit division of Dongying sag
(Ma et al,, 2017); (C) Cross section AA" showing major stratigraphic units and tectonic features within the Dongying sag (modified from Guo et al., 2010).
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FIGURE 2
Stratigraphy and tectonic evolution of the Dongying sag (modified from He et al., 2016).

3.2.3 Fractal dimension

In late 1970s, the French mathematician Mandelbrot (1977)
founded fractal geometry (Mandelbrot, 1977). At present, fractal
theory has been widely used in the study of microscopic
pore structure of reservoirs, and has become a simple and
effective way to quantitatively characterize the heterogeneity and
complexity of reservoir pore structure (Yan et al., 2018; Xia et al.,
2025). By analyzing the superposition relationship of several
mechanisms of NMR transverse relaxation, Equations 5, 6, can
be used to calculate the fractal dimension (Zhou et al., 2016;
Yan et al., 2017):
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where T, is the transverse relaxation time (ms); S, is the ratio of
pore volume smaller than the corresponding T, value of the total
pore volume (fraction); T, .. is the maximum transverse relaxation
time (ms). Based on fractal geometry theory, the fractal dimension
of the pore size distribution in low-permeability sandstone is
generally between 2 and 3 (Wang et al, 2018). The closer the
fractal dimension is to 2, the smoother the pore surface is, and the
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FIGURE 3
MICP (A) and LNMR (B) curves of the low-permeability sandstone samples from Es, of Dongying sag.

TABLE 1 Pore structure types of low-permeability sandstone samples in the study area.

Pore structure Typical samples LNMR characteristics MICP characteristics
type D P e D
T, cutoff value | Irreducible water Py Shiteriese Maximum pore
saturation throat radius
I 13,34 >8 ms <25% <1 MPa >65% >0.5 um
1 6,23 5~8ms 25~ 65% 1~2MPa | 40~65% 0.05 ~ 0.5 um
I 1,30 <5 ms >65% >2 MPa <40% <0.05 pm

better the reservoir performance is. The closer the fractal dimension ~ complexity of pore structure in the low-permeability sandstones
value is to 3, the coarser the pore surface is, and the poorer the  within the study area. Since reservoir pore structure governs
reservoir performance is (Lai et al., 2018a). If the value of the fractal ~ fluid distribution, LNMR can obtain information related to the
dimension is greater than 3 or smaller than 2, then the void within ~ occurrence state of pore fluids, which forms the basis for evaluating
this size range does not have a fractal structure. reservoir pore structure using LNMR T, spectra. From the

perspective of LNMR T, spectrum characteristics, the samples

exhibit a broad distribution of T, distributions and diverse spectral

4 Results and discussion shapes, with T, cutoff values and T, geometric means ranging from
2.47 to 27.68 ms and 1.25 to 25.82 ms, respectively (Figure 3B). The
4.1 Pore structure characteristics combined LNMR and MICP data reveals that the low-permeability

sandstones in the study area exhibit complex pore structures, diverse
MICP and LNMR curves of low-permeability sandstone samples ~ pore types, and strong heterogeneity.
in the study area are given in Figure 3. Figure 3A illustrates To better evaluate the pore structure of low-permeability
a significant divergence in the capillary pressure curves of the  sandstones in the study area, three major pore structure types were
low-permeability sandstone samples within the study area. The  categorized through LNMR and MICP integration (Table 1).
mercury injection segment is notably short and irregular, suggesting

poor sorting of pore throat sizes and a predominance of small- o Type I: Type I pore structures display MICP curves with
sized pore throats. Additionally, the displacement pressure (Py), pronounced plateaus (Py < 1MPa, Sygy, > 65-76%,
maximum mercury saturation (Spgy,y)> and maximum pore throat maximum pore throat radius>0.5um). Corresponding
radius range from 0.31 to 15.02 MPa, 12.26% to 76.82%, and LNMR spectra show high T, components (T, cutoff>8 ms)
0.05 to 2.41 um, respectively. The morphological and parametric and low bound water (<25%). This pore structure type
characteristics of the MICP curves collectively demonstrate the predominantly occurs in well-sorted fine sandstones with
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Low-permeability sandstones LNMR T, spectrum with single cutoff value of Type | structure (A), Type Il structure (B), Type Il structure (C) and the
schematic diagram of single LNMR T, cutoff value (A) and dual LNMR T, cutoff value (D).

wide distribution of pore size, demonstrating optimal reservoir
performance with both the highest storage capacity and flow
capacity.

Type II: Type II pore structures exhibit a moderate plateau
segment in MICP curves, with Py ranging from 1 to 2 MPa,
Stgmax between 40% and 65%, and maximum pore throat
radius typically between 0.05 and 0.5 pm. The LNMR T,
spectra show an increased proportion of low T, components,
indicating a higher abundance of smaller pores, with T,
cutoft values distributed between 5 and 8 ms and bound water
saturation ranging from 25% to 65%. Sandstone samples with
this pore structure demonstrate moderate storage and flow
capacity.

Type IIL: Type III pore structures exhibit MICP curves without
distinct plateau segments, characterized by P4 exceeding 2 MPa,
Stgmax elow 40%, and maximum pore throat radius smaller
than 0.05 um. The LNMR T, spectra are dominated by low
T, components, with T, cutoff values below 5 ms and bound
water saturation exceeding 65%. Sandstone samples possessing
this pore structure type demonstrate the poorest storage and
flow capacity.
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4.2 Dual LNMR T, cutoff value and its
relationship between pore fluid type

In LNMR T, spectra, single T, cutoff value serves as
a crucial parameter and is determined by comparing the
cumulative curve of LNMR T, spectra in fully water-saturated
and centrifuged states (Chen et al., 2023). For detail, (1) drawing
a horizontal line from the maximum of the cumulative curve of
NMR T, spectra in centrifuged state (parallel to the X-axis); (2)
determining the intersection point of this line with the cumulative
curve of NMR T, spectra in fully water-saturated state; (3) the
horizontal coordinate corresponding to this point is the single T,
cutoff value. After that, the pore of low-permeability sandstones in
the study area is divided into two parts by the single T, cutoff value.
It is considered that the fluid occupying pores with T, relaxation
times exceeding the single T, cutoff value exhibit free mobility,
whereas that in pore spaces below the single T, cutoff is deemed
completely immovable.

Figures 4A-C compares the LNMR T, distributions of low-
permeability sandstone samples under fully water-saturated and
bound water states. However, experimental results reveal that:
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TABLE 2 Dual T, cutoff values and the LNMR pore structure parameters of low-permeability sandstone samples in the study area.

Sample ID | LNMR porosity (%) LNMR Togm (Ms) | Toey (Ms) | Toep (Ms)  PL(%)  P2(%) | P3 (%)
permeability (mD)
1 5.18 0.0139 242 0.22 121.79 0.49 97.36 215
2 5.28 0.0215 3.52 0.16 121.79 0.15 99.21 0.64
3 11.46 03627 14.15 3.37 194.45 21.07 77.38 156
4 9.22 0.0155 9.59 0.83 51.65 448 86.45 9.08
5 145 03223 13.81 2.28 55.84 13.17 69.59 17.24
6 11.88 0.032 5.89 1.32 96.38 19.37 78.85 1.78
7 12,66 0.1323 5.44 0.83 17.34 8.79 7221 19.01
8 421 0.0164 9.59 021 346.78 0.24 99.52 024
9 5.87 0.0141 24 0.9 17.34 18.56 78.74 271
10 9.58 0.0583 3.26 155 3235 27.32 70.36 2.33
11 3.92 0.0222 1.25 0.61 194.45 22.05 77.91 0.04
12 7.74 0.0399 278 1.22 60.37 25.41 73.29 130
13 17.12 82233 25.82 0.38 60.37 0.51 59.53 39.97
14 8.64 0.0665 9.62 155 60.37 14.31 74.79 10.91
15 14.13 04741 9.7 0.9 89.15 8.20 80.51 1129
16 19.42 27722 25.42 143 131.67 448 85.51 10.01

Note: Ty, is the T, geometric mean value, ms; P1 is the pore component percentage of the pores filled with completely immobile fluid (T,<T),, ); P2 is the pore component percentage of the
pores filled with mixed mobile/immobile fluid (T,¢,<T,<T,¢,); P3 is the pore component percentage of the pores filled with fully mobile fluid (T, > T,,).

(1) In pore spaces below the T, cutoff value, centrifuged T,
spectra exhibit reduced amplitudes compared to 100% saturated
states, demonstrating partial fluid mobility; (2) Conversely,
pore spaces above the T, cutoff retain immobile fluid after
centrifugation (Figure 4A).

Possible reasons for this phenomenon are: (1) The fluid
in sub-cutoff pores experiences strong surface forces and is
predominantly controlled by small pore constraints. However,
centrifugal displacement effects are governed by the applied
centrifugal force, enabling partial mobility of this fluid fraction
under sufficient centrifugation conditions. (2) Fluids in pores
exceeding the cutoff diameter experience minimal solid surface
forces, yet their mobility remains constrained by interconnected fine
pore throats. During centrifugation, these fluids cannot overcome
the capillary barriers presented by the adjacent narrow pore throat.
(3) Fluids in pores exceeding the cutoff diameter can overcome
adjacent pore throat capillary barriers during centrifugation.
However, partial or complete fluid retention occurs as surface-
bound films due to the presence of hydrophilic mineral coatings on
pore surfaces (Fan et al., 2018). Overall, it can be seen that using
the conventional single cutoff value cannot accurately characterize
the occurrence of fluid in the pore space of low-permeability
sandstone.

Frontiers in Earth Science

To accurately characterize fluid occurrence states in low-
permeability sandstones using LNMR T, spectra, the dual T, cutoff
value methodology was applied (Fan et al., 2018; Zheng et al., 2022).
For T,¢,, it can be determined as follow:

A -A ;
Saturated,T,; Centrifuged,T,;
: fusedTo o .01 )

ASaturated,Tzl

where Agy a4, means the signal amplitude of water saturation
condition at transverse relaxation time T,; ACentrifuged,,, Means
the signal amplitude after centrifugal measurements at transverse
relaxation time T,;. The minimum T; value that satisfies Equation 7
is Tycp. For Ty, it is defined as the T, value (horizontal coordinate)
of the first non-zero point when analyzing the centrifuged LNMR T,
spectrum from right to left.

Based on the dual T, cutoff method, fluids in low-permeability
sandstones can be classified into three types: (1) Completely
immobile fluid (T, < T,¢;); (2) Fully mobile fluid (T, > T,c,);
(3) Mixed mobile/immobile fluid (T, < T, < Tye,) (Figure 4D).
After that, the pore component percentage of these three fluid types
were calculated by the equation reported in Zhang et al. (2019).
The LNMR porosity, permeability, pore structure parameters and
pore component percentage are given in Table 2. From the results,
different low-permeability sandstone samples exhibit different pore
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FIGURE 5
Relationships between P3 and (A) LNMR porosity, (B) LNMR permeability,

different P3 grades (D).

component percentage of the pores filled with completely immobile
fluid (T, < T,¢,), mixed mobile/immobile fluid (T, < T, < Tyey),
and fully mobile fluid (T, > T,,), which may be attributed to
variations in their pore structures.

4.3 Dual LNMR T, cutoff value and its
relationship between pore structure type

Relationship between the pore component percentage and
LNMR pore structure parameters were also analyzed to clarify
the role of dual T, cutoff value of LNMR T, spectra on the
evaluation of pore structure of low-permeability sandstone. The
relationship between P3 and LNMR pore structure parameters
are shown in Figure 5. A clear positive correlation between P3
and LNMR porosity, LNMR permeability and T, geometric mean
value (Figures 5A-C), showing that the low-permeability sandstone
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samples in the study area containing more pores filled with fully
mobile fluid often have better pore structure. The classification
and determination of dual T, cutoff values reveal that fully mobile
fluids predominantly reside in the high-T, region, corresponding to
large pore spaces. Previous studies have demonstrated that under
similar conditions, sandstone samples with a higher proportion
of large pores typically exhibit superior storage capacity and
permeability, particularly the latter (Yan et al., 2020). This also
explains why sandstone samples with similar porosity can exhibit
significant permeability variations. Consequently, P3 shows a strong
positive correlation with the aforementioned LNMR pore structure
parameters. Similarly, the cross-plot of porosity, permeability, and
P3 demonstrates that sandstone samples with high porosity and
high permeability consistently exhibit elevated P3 values, further
validating the effectiveness of the dual T, cutoff method for pore
structure characterization in low-permeability sandstones in the
study area.
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TABLE 3 Fractal dimension and regression analysis correlation coefficient of LNMR T, spectra of rock samples with different pore structure types.

Pore structure type Fractal dimension D Average dimension D Average correlation coefficient R

1 2.0367 (Sample 13) 2.1396 0.9018
1T 2.0379 (Sample 6) 2.1629 0.8590
i 2.2120 (Sample 1) 2.1978 0.7540

TABLE 4 Fractal dimension and regression analysis correlation coefficient values of LNMR T, spectra of rock samples with different pore structure types
constrained with dual T, cutoff values.

Pore structure

Average fractal dimension D

Average correlation coefficient R

t
= Toc1 £ Tp <Toep Ta 2 Tocrp (D3) Toc1 £ Tp <Toep Ta 2 Tpep (D3)
(D2) D2)
1 22587 2.7645 0.9877 0.9085
I 2.4556 2.9921 0.9678 0.8938
i} 23105 2.9853 0.9416 0.9383
Additionally, fractal geometry governs natural systems  the pore system of the low-permeability sandstones in the study

universally (Mandelbrot, 1977), and the pore characteristics of rocks
have been conclusively demonstrated to exhibit fractal behavior
(Lai et al., 2018a; Lai et al., 2018b; Li et al., 2025; Xia et al., 2025).
The pore structure of rocks represents the ultimate manifestation of
their pore development characteristics. So, the fractal dimension,
a quantitative parameter of fractal behavior, can be employed to
analyze variations in pore structures and assess their heterogeneity
across different rock types.

As previously discussed, the fractal dimension characterizing
the pore structure of sandstone samples in the study area can
be derived from the slope of the linear relationship between
Ig(S,) and lg(T,) in LNMR data analysis (Figures 6A,CE).
The results demonstrate that fractal dimension values exhibit a
systematic increasing from Type I to Type III reservoirs. That
is, as the reservoir heterogeneity gradually increases, the porosity
and permeability decrease, the reservoir storage performance and
seepage capacity deteriorate, and the fractal dimension gradually
increases (Table 3). Furthermore, the fitting curves for Type
I and II pore structures exhibit high correlation coefficients
(R > 0.85), whereas Type III displays a significantly lower
correlation coefficient, which means the fractal feature is not well
expressed.

Then, fractal theory and the dual T, cutof LNMR
methodology were integrated to rigorously characterize the
fractal properties of pore in low-permeability sandstone samples,
thereby providing a comprehensive evaluation of pore structure
heterogeneity. Figures 6B,D,F presents the fractal dimensions of
pore with different fluid types under the constraints of dual T,
cutoff values from LNMR analysis. Results shown that the dual T,
cutoff value constrained fractal analysis using LNMR T, spectrum
yields significantly higher correlation coeflicients for the Ig (S,)-
lg (T,) relationship compared to conventional fractal analysis, which
indicated that it accurately expresses the fractal characteristics of

Frontiers in Earth Science

area and the heterogeneity of the pore structure. Notably, when
T, values fall below the T,¢;, the slope of the linear relationship
between 1g (S,) and Ig(T,) are exceed 3, suggesting that pore
systems hosting completely immobile fluids may deviate from fractal
principles. Two possible explanations are offered: (1) the relationship
between T, and pore size is not linear; (2) there is multimodal
pore throat distributions in the pore filling with completely
immobile fluid.
Beyond the
fractal dimensions and pore structures under LNMR dual
T, cutoff constraints remains consistent with prior analyses.

considerations, the relationship between

Specifically, for pore spaces containing either fully mobile water
or mixed mobile/immobile fluid, increasing pore structure
heterogeneity correlates with progressively higher fractal
dimensions (Table 4). In summary, the LNMR dual T, cutoff
value method enables precise characterization of pore structure
heterogeneity in low-permeability sandstones in the study area,
which further facilitates the identification of favorable sweet spot
intervals.

5 Conclusion

Based on the present work, the following conclusions
can be drawn:

(1) The analysis of MICP and NMR curves show that the pore
structure of low-permeability sandstone samples are complex,
strong heterogeneity, and can be divided into three types.
Typically, Type I pore structures characterized by Pd <
1 MPa, Spgax > 65-76%, T, cutoff > 8 ms and low bound
water (<25%).

(2) Based on the dual LNMR T, cutoff values methods, the
Tyc; and T, of the low-permeability sandstone samples
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range from 0.16 to 3.37 ms and from 17.34 to 346.78 ms,
respectively. Also, the pore space can be segregated into pores
filled with completely immobile fluid, pores filled with mixed
mobile/immobile fluid and pores filled with fully mobile fluid
with Ty, and T,e,.
(3) The integration of dual T, cutoff methodology with fractal
dimension analysis enables precise characterization of
pore structure heterogeneity in low-permeability sandstone
reservoir, and smaller D2 and D3 values directly indicate

superior pore structure.
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