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Abstract

Fracture size governs fluid mobility in shale, yet its direct quantification remains challeng-
ing. Nuclear Magnetic Resonance (NMR) transverse relaxation time (T2) offers a unique,
non-destructive probe of fracture size distributions; however, a physically grounded con-
version from transverse relaxation time to pore radius r (T2−r) is essential to translate NMR
signals into quantitative geometric constraints on fluid mobility. This study introduces a
capillary-constrained experimental method for T2−r transformation into shale fractures.
The workflow uses computed tomography (CT) scanning to extract fracture geometry. The
gas-displacing-water process is precisely controlled by integrating the pore capillary pres-
sure and back-pressure feedback algorithm. The NMR-CT conversion method performed
in this study differs significantly from the T2−r transformation based on conventional
MICP. Differential spectral analysis isolates fracture-specific T2 responses, and least-squares
fitting derives the T2−r conversion. Constraining displacement pressure and controlling
segmental pressure are effective methods for ensuring the accuracy of fracture displace-
ment. By emphasizing the governing role of capillary pressure during displacement, this
method achieves accurate fracture-targeted displacement and reliable T2−r mapping. The
results significantly advance the use of NMR for quantifying fracture size and evaluating
fluid transport in shale.

Keywords: shale; fracture; transverse relaxation time; capillary; NMR

1. Introduction
Shale plays a significant role in global oil and gas development, with fractures serving

as the primary spaces for hydrocarbon storage and migration. Understanding fracture
distribution characteristics is a critical issue in shale reservoir evaluation [1,2]. Nuclear
Magnetic Resonance (NMR) is an advanced technology for the non-destructive quantitative
evaluation of rock pore structure and is currently the only method capable of continuous
downhole characterization (NMR well logging) [3,4]. There is a clear positive correlation
between NMR response time T2 and pore radius r (denoted T2−r), but accurately achieving
the T2−r transformation remains a technical challenge that researchers are eager to solve.
This transformation is crucial for the study of NMR characterization methods for shale
reservoir fractures [5,6].
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Currently, fracture evaluation methods can be categorized into two types. (1) The
direct observation of fractures using core photos, such as thin sections and scanning
electron microscopy (SEM). The main advantage is direct detail identification, but there
are limitations in terms of scale and three-dimensional information representation [7,8].
(2) Indirect inversion of fracture parameters using algorithms, where seismic and electrical
imaging logs (FMI) have a characterization scale ranging from millimeters to meters,
suitable for formation-scale analysis [9]. CT (computed tomography), NMR, and MICP
(mercury injection capillary pressure) are the main techniques for the quantitative analysis
of fractures at the core scale, but only the first two belong to non-destructive testing [10,11].
CT can intuitively provide fracture size information, but it cannot achieve full formation
scanning [12]. NMR can quickly perform pore-throat analysis from the laboratory to entire
wells, but the results provided are time values T2 rather than size values r [13,14]. Assigning
empirical values and coupling characteristic points are currently the most commonly used
T2−r conversion methods [15]. Sondergeld et al. assigned a value of 50 nm/ms to shales,
with the converted pore lower limit ranging from 5 to 150 nm, but the accuracy of this
method significantly depends on the researcher’s experience [16]. The method of extracting
coupled points through spectrum superposition can better reflect target-zone information,
but the calculation results are relatively rough [17,18].

Combining CT and NMR is an ideal method to achieve T2-to-r conversion, but the
prerequisite is to clarify the nuclear magnetic distribution of fractures [19]. Methods
for extracting fracture nuclear magnetic distribution primarily include spectral analysis
and fluid injection [20]. Golsanami (2016) reviewed methods for studying open fractures
using NMR well logging [21,22], among which the use of fractal dimensions is the most
widespread [23,24]. Dong (2022) conducted NMR experiments for pore-throat division
using a solution of guar gum formulated with heavy water, which is a meticulous but
expensive process [25]. Similar studies often control fracture displacement pressure based
on empirical formulas without an explicit theoretical basis [26,27].

In this study, we leverage the advantages of CT and NMR in characterizing shale
pores and throats to conduct experimental research on the T2−r transformation method for
fractures. First, we performed CT scans to clearly determine fracture size information and
then calculated the capillary force characteristic parameters to constrain the displacement
experiment pressure, obtain accurate fracture nuclear magnetic distribution through the
differential spectrum method, and finally elucidate the T2−r relationship through the
least-squares fitting method, realizing the transformation from nuclear magnetic time to
size. This study significantly enriches the application of NMR technology in evaluating
shale fractures.

2. Materials and Methods
2.1. Sample and Principle

The sample is an organic-rich shale selected from a certain formation (named Liang-
gao-shan) in the Sichuan Basin, Zi Gong, China, with a TOC content of 2.0% [28]. The
lithology is dark gray feldspathic shale, containing 54.2% feldspar, 1.8% carbonate minerals,
and 37.4% clay minerals. The rock sample has a porosity of 3.62%, a permeability of 2.48 mD,
and a matrix density of 2.66 g/cm3. Figure 1 shows the incandescent light photograph and
thin section image of the selected sample, with obvious microfractures visible in the images.

CT scanning utilizes differential attenuation characteristics of X-ray as they penetrate
different components to measure the internal structure of rocks [29,30]. The attenuated
X-ray are received by a detector located behind the rock sample, forming projections. In
rock CT scanning, the X-ray source and detector are placed on either side of a rotating stage.
High-speed electrons from the source bombard a metal target, generating X-ray [31,32]. By
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rotating the sample around its central axis, two-dimensional slice images at various angles
can be obtained. Using mathematical methods to reconstruct these two-dimensional slices
results in three-dimensional structural images of the rock, which can clearly display fine
internal structures, such as fractures and pore distribution [33,34].

Figure 1. Core photo (a) and thin section image (b) of the selected sample. Green lines show the
imaged area.

NMR T2 is an advanced technology for analyzing the pore structure and fluid charac-
teristics of rock cores [18,35]. When a rock sample is placed in a uniform magnetic field, the
hydrogen nuclei (1H protons) within the rock exhibit different magnetization states in the
magnetic field and undergo magnetic resonance phenomena as the field changes [31,36].
Different pore structures and sizes have distinct T2 response patterns, but the positive
correlation between T2 and r remains consistent [15,37]. Therefore, T2 spectra are com-
monly used to analyze core pore structures, identify fluids (such as water, oil, and gas), and
calculate permeability. The CPMG (Carr–Purcell–Meiboom–Gill) sequence is often used in
laboratories to measure the NMR T2 spectra [3,38].

2.2. Methods

The experimental procedure shown in Figure 2 consists of five parts: (1) pre-treatment,
(2) CT scanning to extract fracture size rf and calculate capillary force Pf, (3) a fracture fluid
displacement experiment, (4) an NMR differential spectrum method to extract fracture time
T2f, and (5) the transformation of T2f to rf.

Figure 2. Procedures for transformation of T2f-rf.
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Step 1. Pre-treatment.

(1) Sample preparation and drying. Shale samples were prepared into standard
plugs with a length of 50 mm and a diameter of 25.4 mm using wire cutting
technology. They were then placed in an oven for dehydration at 200 ◦C
for 24 h, as Sondron’s experiment showed that drying at 200 ◦C can remove
residual fluids without destroying the clay structure [39]. After drying, the
samples were stored in a desiccator containing silica gel particles to prevent
moisture absorption [40].

(2) Vacuum pressure saturation. The rock sample was placed in a water-filled
pressure tank and vacuumed to 130 Pa, followed by pressure saturation at
32 MPa for 24 h.

(3) Archimedes’ displacement method was used to measure the total volume, Vb.

Step 2. CT scanning to extract fracture size rf and calculate capillary force Pf.

(1) CT, combined with digital image processing technology, is used to distinguish
pores from fractures and extract the fracture aperture distribution rf. Define the
fracture size boundary values as rfmax and rfmin, which will be used as reference
values for subsequent T2−r conversion.

(2) Calculate the total volume of fractures Vf, which will be used to monitor the
progress of the fracture displacement experiment.

(3) Calculate the capillary force parameter Pf to constrain the displacement experi-
ment pressure. Based on the inverse relationship between capillary pressure
and size, the capillary force boundary values Pfmin and Pfmax are estimated
using the Washburn equation.

rf = 0.735/Pf (1)

Step 3. Fracture Fluid Displacement Experiment under Capillary Force Constraint.

(1) Set displacement pressure Pd = Pfmax, with a confining pressure Pc = Pd + 2 MPa.
A differential pressure of 2 MPa is used to ensure that the gas does not leak
from the sides. The initial value of backpressure is Pb = Pfmin, with a minimum
value of 0.1 MPa.

(2) Segmented Pressure Control Function for Fracture Displacement. After placing
the rock sample in the holder and applying confining pressure to fix it, we
placed a graduated cylinder at the outlet end to collect the expelled water and
calculate the cumulative fluid volume V(t). Next, we installed a pneumatic
tube near the core side of the outlet end to allow periodic air release, prevent-
ing the liquid from sticking to the pipe wall and affecting the measurement
of V(t). The pressure adjustment function was set to two segments. The first
segment was a buffer stage, the duration of which was related to the amount of
fluid in fractures with capillary forces below 0.1 MPa; the second segment was
used to displace fluids in smaller-sized fractures, with the completion time of
displacement related to the total volume of fractures, Vf.

V(t) =

{︄
Pf min· S

L (0 < t ≤ ∆ta)

Kp·
[︂
e(t) + 1

TI ·
∫︁ t

0 e(t)dt
]︂
+ V(ta) (t > ta)

(2)

ta =

∫︁ r f p
r f max

r f dr f∫︁ r f min
r f max

r f dr f
(3)

e(t) = Vf − V(t) (4)
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Kp =
L
S
·Vf =

L
π·r2 ·Vf (5)

where L is the length of the core; S is the cross-sectional area; e(t) is the de-
viation from the target value; t(a) is the buffer time for core displacement,
corresponding to the content in the low capillary force interval of fractures; Kp

is the proportional adjustment function used for high capillary force fracture
displacement, which is a manually entered value before system operation;
and rfp = 7.35 µm represents the radius of the fracture at the point where the
capillary force is 0.1 MPa.

(3) The displacement process is considered complete when the cumulative fluid
volume expelled from the fractures equals the total volume of the fractures
(V(t) = Vf), or when the displacement pressure (Pd) and backpressure (Pb) both
reach the maximum capillary force value (Pfmax). These conditions ensure
that all fluids within the fractures have been effectively displaced, providing
accurate data for subsequent analysis.

Step 4. Extraction of fracture time T2f using the NMR differential spectrum method.

(1) Set parameters: TE = 70 us, Tw = 10 s, NECH = 8000, and SCAN = 32. Distribute
points in T2 from 0.01 to 10,000, with a BRD algorithm compensation factor
α = 0.1.

(2) Measure the T2 spectra in the dry state (Tdry) and saturated state (Tsat). Use
the differential spectrum method to calculate the overall distribution of pores
and fractures, T2mf.

T2mf = Tsat − Tdry (6)

(3) After the gas drive experiment, test the matrix pore T2 spectrum T2m. Use the
differential spectrum method to calculate the NMR distribution of fractures T2f.

T2f = T2mf − T2m (7)

Step 5. Calculation of the T2f−rf quantitative transformation relationship using the least-
squares method with cumulative curves.

Plot the cumulative distribution frequency curves for both NMR and CT data of
fractures, and read the data points (x, rfi, Tfi). Based on the principle of the least-squares
method, perform an rf(i)−Tf(i) fitting to obtain the coefficients that yield the smallest error.
Substitute the NMR data into the transformation equation to obtain the corresponding size
measurements [41–43].

3. Results
3.1. CT Results

Figure 3 presents the results of CT scanning (upper image) and reconstruction (lower
image). The first row displays 2D grayscale images of both horizontal and vertical slices,
along with a 3D grayscale image of the entire sample. In these images, prominent fractures
are clearly visible. The second row shows reconstructed three-dimensional volume images
that include integrated pore-fracture distribution, pore distribution, and fracture distribu-
tion. Here, red represents the matrix, blue denotes the matrix pores, and green indicates the
fractures. The reconstructed structure reveals the distribution characteristics of fractures
within the core’s three-dimensional structure. Fractures exhibit non-uniform distribution in
the vertical direction, while they generally show a through-going pattern in the horizontal
direction. Fractures from upper and lower layers connect via small crack surfaces to form
larger crack faces.
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1D grayscale image 3D grayscale image

Pore-fracture Pores Fractures

Figure 3. CT scanning and 3D reconstructed images. Red, blue and green represent the distributions
of matrix, pores and fractures.

Figure 4 presents the results of crack size distribution based on calculations from CT
images. The x-axis represents crack size, while the y-axis shows the frequency of pixel
occurrence. The label value denotes ‘size/capillary force’. Cracks are mainly distributed
between 1 and 52 µm, with a peak at 22.7 µm. Using the spectral area integration method,
it is calculated that cracks larger than 10 µm accounts for 94% of the total, and those greater
than 1 micrometer exceed 98%. According to the Washburn equation, capillary forces for
cracks larger than 1 micrometer range between 0.014 and 0.735 MPa, with a peak pressure
point at 0.032 MPa.

Figure 4. CT-calculated fracture size and capillary pressure for special points.

3.2. NMR Results

Figure 5a presents T2 spectra measured under various conditions. ‘Sat’ (saturated)
and ‘Dry’ represent the upper and lower boundaries of pore characterization, respectively.
The difference between these two spectra reveals a pore-fracture distribution ranging from
1 to 300 ms, characterized by a low left peak and a high right peak (Figure 5b). ‘Disp-1’
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is a spectrum obtained during displacement, while ‘Disp-2’ represents the spectrum after
complete fluid displacement in fractures. The difference between ‘Sat’ and ‘Disp-2’ yields
the fracture distribution. Figure 5c (blue line) shows that the fracture T2 spectrum exhibits
a single peak, with values predominantly greater than 30 ms, and the main peak at 100 ms.
The difference between ‘Disp-2’ and ‘Dry’ represents the pore fluids that were not expelled
(Figure 5c, green line). The pore T2 spectrum displays multiple peaks, generally within
the range of 1 to 100 ms. The left peak at 1 ms has a small amplitude and narrow width,
whereas the right peak at 10 ms has a larger amplitude and broader distribution. Overall,
both the size and amplitude of the pore signals are smaller than those of the fractures.
Figure 5d–f shows the two-dimensional NMR spectra corresponding to the dry, saturated,
and displaced states, respectively. Specifically, Figure 5d illustrates the distribution of
residual hydrogen signals in the skeleton under dry conditions.
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Figure 5. T2 (a–c) and T1−T2 (d–f) for pore-fracture distribution.
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3.3. T2−r Transformation Results

Figure 6a displays the cumulative distribution curves for fractures obtained from
NMR (red dashed line) and CT (blue solid line), with the x-axis representing the cumulative
signal. After interpolating points on the cumulative curve and performing data fitting, the
least-squares method yields a T2f−rf conversion relationship that follows an exponential
rule (Equation (8)). In Figure 6b, the red line represents the original fracture CT distribution
(same as Figure 4), while the blue line shows the fracture NMR size distribution calculated
using Equation (8). After the conversion, the main peaks of fractures derived from both CT
and NMR are relatively close, exhibiting a unimodal pattern.

r = 10−3 × 120.18 × T2
1.03 µm/ms (8)

Figure 6. Fitting results of T2 (a) and width (b) for fractures derived with CT (red dash-line) and
NMR (blue solid-line).

4. Discussion
4.1. Constraint Boundaries to Prevent Over-Displacement

The disparity in pore-fracture sizes influences capillary flow efficiency, with permeabil-
ity following the pattern ‘fractures > matrix-pores’. Although fracture fluid dehydration is
more efficient than that of matrix pores, over-displacement (expulsion of matrix pore fluids)
can still lead to an increase in the identified fracture NMR signal, making the avoidance of
over-displacement a primary concern for extracting fracture NMR signals. Ideally, only
when the cumulative liquid output volume V(t) equals the fracture volume Vf does the rock
pore-fracture system reach a state where fractures are dry and only matrix pores contain
liquids, marking the completion of the fracture displacement experiment. Quantifying the
boundary between pore and fracture displacement pressures is crucial to prevent over-
displacement. In this study, we calculated the capillary pressure range of CT-determined
fractures using the Washburn equation, which falls between 0.014 and 0.735 MPa. We set
the Pd to the maximum capillary force value (Pd = 0.74 MPa). While there will inevitably
be some overlap between large pores and small fractures, this selected Pd ensures the
integrity of fractures as much as possible. The confining pressure Pc on the rock sample
is approximately 2.74 MPa. At this confining pressure, significant stress changes in the
pore-fracture structure are unlikely, contributing to the accuracy of the T2−r conversion.

4.2. Staged Pressure Control to Prevent Inadequate Displacement

Inadequate displacement is the second issue to consider. Due to the variability in frac-
ture permeability, once gas penetrates larger fractures and forms preferential flow channels,
it will directly discharge from the rock along these large fractures without diffusing further
to displace fluids in smaller fractures. This can lead to inadequate displacement, which
directly reduces the total NMR signal identified by the difference spectrum method. To
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address this, backpressure is often set in laboratory settings to obstruct gas flow, forcing
smaller intervals that achieve a more thorough displacement. For the studied samples, the
capillary pressure between the peak point of fractures and the maximum size (r = 52 µm) is
within the range of 0.014–0.03 MPa. This interval’s capillary force is only slightly greater
than atmospheric pressure, making it easy for fluid to escape from fractures under actual
production conditions. Considering the practical performance of the displacement equip-
ment, we recommend setting the minimum backpressure at 0.1 MPa. At this pressure, the
fracture radius is 7.35 µm. We leveraged differences in fracture permeability by modeling
fractures as a series of pipes with varying sizes and conducted staged displacement experi-
ments on fracture fluids using 7.35 µm as a boundary. By employing the capillary force
feedback algorithm shown in Equation (4) for intelligent staged pressure control, we can
gradually expel fracture fluids, effectively avoiding the problem of inadequate displace-
ment that often results from fixed backpressures or manual pressure increases. Therefore,
the completion criteria for the experiment should include two parts: (1) the cumulative
liquid output volume equals the fracture volume Vf, and (2) the adjusted backpressure
value is less than both the displacement pressure and the maximum capillary force of
the fractures.

4.3. Multi-State Tests for Extracting NMR Pore Boundaries

Determining the boundary conditions of pores (Tsat and Tdry) and eliminating the
influence of matrix signals is fundamental to studying the pore-fracture structure in shale
using NMR. Unlike reservoir rocks, such as sandstone, that do not contain organic matter
and thus cannot generate hydrocarbons, where the oil present is a product of migration
and has a T2d = 0, there is no need for additional testing of the dry state nuclear magnetic
spectrum. In contrast, source rocks have the capacity for self-generation and storage of
hydrocarbons, and their dried samples contain residual organic matter (such as kerogen or
solid bitumen) within the rock skeleton. Therefore, it is necessary to remove the hydrogen
signal from the rock skeleton in the T2 spectrum to accurately extract the distribution of nu-
clear magnetic pores. Figure 5(d–f) shows that the left peak (T2 < 0.3 ms) remains relatively
unchanged throughout the process, mainly located at the top-left corner, indicating short
T2 and long T1 characteristics typical of solid components. This suggests that these signals
originate from some kerogens or solid bitumens, which are part of the rock skeleton. Thus,
Tdry represents the background signal of nuclear magnetism (i.e., the lower boundary).
The difference between Tsat and Tdry represents the actual PSD of shale, which exhibits a
bimodal shape with the right peak significantly higher than the left, suggesting a higher
content of large pores compared to small ones. This contrasts with the feature shown
by Tsat, which indicates a high content of small pores. After the gas drive experiment,
the differences in the two-dimensional distribution of NMR signals in fractures are also
very noticeable.

In this study, we performed an NMR-CT conversion, which differs significantly from
the T2−r transformation based on MICP. MICP primarily focuses on matrix pores, and due
to the limitations of detecting smaller pores, there can be discrepancies in total pore volume
between NMR and MICP methods, making conversions based on cumulative signal volume
less reliable. Our research specifically targeted fractures, with the effective separation of
fractures as the basis. The total quantity and distribution of fractures were clear, and no
issues related to insufficient signal detection were detected. Therefore, performing a T2f−rf

transformation for fractures’ transverse relaxation time and the physical size based on
cumulative signal volume is credible.
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5. Conclusions
In this study, we leveraged the advantages of CT scanning for extracting fracture

information and made full use of the control effect of capillary forces on flow capacity. We
provided a robust methodology for accurately converting T2 signals into corresponding
radius values. This is of great significance for evaluating the nuclear magnetic properties of
fractures. The main conclusions are as follows. Multi-state NMR scanning is fundamental
for quantifying the true NMR distribution of fractures. Constraining displacement pressure
and segmental pressure control are effective methods for ensuring the accuracy of fracture
displacement. Clearly defining the content of fractures is crucial for achieving accurate
T2−r conversion using the least-squares method. A limitation of this study is that it does
not consider the influence of fluid viscosity on the displacement process or the impact of
stress on pore structure.

Author Contributions: X.D.: Conceptualization, Visualization. X.S.: Writing—Review and Edit-
ing, Methodology. P.L. and J.Z. (Jiahui Zhang).: Investigation. W.S. and Z.C.: Investigation. J.Z.
(Jingjie Zhang): Funding, Resources. All authors have read and agreed to the published version of
the manuscript.

Funding: This work is supported by the National Natural Science Foundation of China (42204131),
the Natural Science Foundation of Heilongjiang Province (YQ2023D004), the Henan Province Key
Research and Development and Promotion Program (262102240061), and Qingdao Key Technology
Research and Industrialization Demonstration Project (24-1-2-qljh-1-gx).

Data Availability Statement: Data is available upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gale, J.F.; Laubach, S.E.; Olson, J.E.; Eichhuble, P.; Fall, A. Natural Fractures in shale: A review and new observations. AAPG Bull.

2014, 98, 2165–2216. [CrossRef]
2. Lai, J.; Wang, G.; Wang, Z.; Chen, J.; Pang, X.; Wang, S.; Zhou, Z.; He, Z.; Qin, Z.; Fan, X. A review on pore structure characterization

in tight sandstones. Earth-Sci. Rev. 2018, 177, 436–457. [CrossRef]
3. Dong, X.; Shen, L.W.; Liu, X.; Zhang, P.; Sun, Y.; Yan, W.; Jiang, L.; Wang, F.; Sun, J. NMR characterization of a tight sand’s pore

structures and fluid mobility: An experimental investigation for CO2 EOR potential. Mar. Pet. Geol. 2020, 118, 104460. [CrossRef]
4. Freedman, R.; Lo, S.; Flaum, M.; Hirasaki, G.; Matteson, A.; Sezginer, A. A new NMR method of fluid characterization in reservoir

rocks: Experimental confirmation and simulation results. SPE J. 2001, 6, 452–464. [CrossRef]
5. Kleinberg, R.L.; Flaum, C.; Griffin, D.D.; Brewer, P.G.; Malby, G.E.; Peltzer, E.T.; Yesinowski, J.P. Deep Sea NMR: Methane hydrate

growth habit in porous media and its relationship to hydraulic permeability, deposit accumulation, and submarine slope stability.
J. Geophys. Res. Solid Earth 2003, 108, 2508. [CrossRef]

6. Golsanami, N.; Jayasuriya, M.N.; Yan, W.; Fernando, S.G.; Liu, X.; Cui, L.; Zhang, X.; Yasin, Q.; Dong, H.; Dong, X. Characterizing
clay textures and their impact on the reservoir using deep learning and Lattice-Boltzmann simulation applied to SEM images.
Energy 2021, 240, 122599. [CrossRef]

7. Fan, D.; Ettehadtavakkol, A. Analytical model of gas transport in heterogeneous hydraulically-fractured organic-rich shale media.
Fuel 2017, 207, 625–640. [CrossRef]

8. Liu, B.; Bai, L.; Chi, Y.; Jia, R.; Fu, X.; Yang, L. Geochemical characterization and quantitative evaluation of shale oil reservoir by
two-dimensional nuclear magnetic resonance and quantitative grain fluorescence on extract: A case study from the Qingshankou
Formation in Southern Songliao Basin, northeast China. Mar. Pet. Geol. 2019, 109, 561–573. [CrossRef]

9. Abe, A.; Kim, T.W.; Horne, R.N. Laboratory hydraulic stimulation experiments to investigate the interaction between newly
formed and preexisting fractures. Int. J. Rock Mech. Min. Sci. 2021, 141, 561–573. [CrossRef]

10. Zheng, S.; Yao, Y.; Liu, D.; Cai, Y.; Liu, Y. Nuclear magnetic resonance surface relaxivity of coals. Int. J. Coal Geol. 2019, 205, 1–13.
[CrossRef]

11. Liu, B.; Nakhaei-Kohani, R.; Bai, L.; Wen, Z.; Gao, Y.; Tian, W.; Yang, L.; Liu, K.; Hemmati-Sarapardeh, A.; Ostadhassan, M.
Integrating advanced soft computing techniques with experimental studies for pore structure analysis of Qingshankou shale in
Southern Songliao Basin, NE China. Int. J. Coal Geol. 2022, 257, 103998. [CrossRef]

https://doi.org/10.3390/magnetochemistry12080083

https://doi.org/10.1306/08121413151
https://doi.org/10.1016/j.earscirev.2017.12.003
https://doi.org/10.1016/j.marpetgeo.2020.104460
https://doi.org/10.2118/63214-MS
https://doi.org/10.1029/2003jb002389
https://doi.org/10.1016/j.energy.2021.122599
https://doi.org/10.1016/j.fuel.2017.06.105
https://doi.org/10.1016/j.marpetgeo.2019.06.046
https://doi.org/10.1016/j.ijrmms.2021.104665
https://doi.org/10.1016/j.coal.2019.02.010
https://doi.org/10.1016/j.coal.2022.103998
https://doi.org/10.3390/magnetochemistry12080083


Magnetochemistry 2026, 12, 83 11 of 12

12. Tan, M.-J.; Xu, J.-J.; Zou, Y.-L.; Xu, C.-C. Nuclear magnetic resonance (NMR) microscopic simulation based on random-walk:
Theory and parameters analysis. J. Cent. South Univ. 2014, 21, 1091–1097. [CrossRef]

13. Ma, X.; Wang, H.; Zhou, S.; Feng, Z.; Liu, H.; Guo, W. Insights into NMR response characteristics of shales and its application in
shale gas reservoir evaluation. J. Nat. Gas Sci. Eng. 2020, 84, 103674. [CrossRef]

14. Minagawa, H.; Nishikawa, Y.; Ikeda, I.; Miyazaki, K.; Takahara, N.; Sakamoto, Y.; Komai, T.; Narita, H. Characterization of sand
sediment by pore size distribution and permeability using proton nuclear magnetic resonance measurement. J. Geophys. Res.
2008, 113, B07210. [CrossRef]

15. Guo, J.-C.; Zhou, H.-Y.; Zeng, J.; Wang, K.-J.; Lai, J.; Liu, Y.-X. Advances in low-field nuclear magnetic resonance (NMR)
technologies applied for characterization of pore space inside rocks: A critical review. Pet. Sci. 2020, 17, 1281–1297. [CrossRef]

16. Sondergeld, C.H.; Ambrose, R.J.; Rai, C.S.; Moncrieff, J. Micro-structural studies of gas shales. In Proceedings of the SPE
Unconventional Gas Conference, Pittsburgh, PA, USA, 23–25 February 2010.

17. Dai, C.; Cheng, R.; Sun, X.; Liu, Y.; Zhou, H.; Wu, Y.; You, Q.; Zhang, Y.; Sun, Y. Oil migration in nanometer to micrometer sized
pores of tight oil sandstone during dynamic surfactant imbibition with online NMR. Fuel 2019, 245, 544–553. [CrossRef]

18. Liu, X.; Dong, X.; Golsanami, N.; Liu, B.; Shen, L.W.; Shi, Y.; Guo, Z.; Cui, L.; Sun, Y.; Du, Y.; et al. NMR characterization of fluid
mobility in tight sand: Analysis on the pore capillaries with the nine-grid model. J. Nat. Gas. Sci. Eng. 2021, 94, 104069. [CrossRef]

19. Westphal, H.; Surholt, I.; Kiesl, C.; Thern, H.F.; Kruspe, T. NMR measurements in carbonate rocks: Problems and an approach to a
solution. Pure Appl. Geophys. 2005, 162, 549–570. [CrossRef]

20. Yu, H.; Xu, H.; Fu, W.; Lu, X.; Chen, Z.; Qi, S.; Wang, Y.; Yang, W.; Lu, J. Extraction of shale oil with supercritical CO2: Effects of
number of fractures and injection pressure. Fuel 2021, 285, 118977. [CrossRef]

21. Golsanami, N.; Sun, J.; Zhang, Z. A review on the applications of the nuclear magnetic resonance (NMR) technology for
investigating fractures. J. Appl. Geophys. 2016, 133, 30–38. [CrossRef]

22. Golsanami, N.; Zhang, X.; Yan, W.; Yu, L.; Dong, H.; Dong, X.; Cui, L.; Jayasuriya, M.N.; Fernando, S.G.; Barzgar, E. NMR-Based
study of the pore types’ contribution to the elastic response of the reservoir rock. Energies 2021, 14, 1513. [CrossRef]

23. Ouyang, Z.; Liu, D.; Cai, Y.; Yao, Y. Fractal analysis on heterogeneity of pore–fractures in middle–high rank coals with NMR.
Energy Fuels 2016, 30, 5449–5458. [CrossRef]

24. Iraji, B.; Shadizadeh, S.R.; Riazi, M. Experimental investigation of CO2 huff and puff in a matrix-fracture system. Fuel 2015, 158,
105–112. [CrossRef]

25. Dong, X.; Shen, L.W.; Liu, B.; Cui, L.; Ostadhassan, M.; Pan, Z.; Li, H. Fracture’s impact on the recovery of hydrocarbon from
low-permeability rock’s pores: New insights from 1H nuclear magnetic resonance experiment. SPE J. 2022, 27, 2913–2925.
[CrossRef]

26. Baraka-Lokmane, S.; Teutsch, G.; Main, I.G. Influence of open and sealed fractures on fluid flow and water saturation in sandstone
cores using Magnetic Resonance Imaging. Geophys. J. Int. 2001, 147, 263–271. [CrossRef]

27. Dey-Barsukov, S.; Dürrast, H.; Rabbel, W.; Siegesmund, S.; Wende, S. Aligned fractures in carbonate rocks: Laboratory and in situ
measurements of seismic anisotropy. Int. J. Earth Sci. 2000, 88, 829–839. [CrossRef]

28. Zeng, Y.; Pang, Y.; Ding, S.; Di, K.; Shen, Z.; Chen, S. Pore-fracture network alteration during forced and spontaneous imbibition
processes in shale formation. J. Pet. Sci. Eng. 2022, 209, 109846. [CrossRef]

29. Nie, X.; Song, J.; Wei, W.; Cai, J. Digital rock physics and resistivity well logging interpretation in unconventional reservoirs:
Advances and prospects. Adv. Geo-Energy Res. 2025, 18, 287–290. [CrossRef]

30. Dong, X.; Zeng, Y.; Tang, J.; Shi, X.; Shi, W.; Liu, W. Whole-Rock Mineral Component Identification in Shale SEM Images Using a
DAM-Transformer and Analysis of NMR Response Characteristics. Magnetochemistry 2026, 12, 78. [CrossRef]

31. Jorand, R.; Fehr, A.; Koch, A.; Clauser, C. Study of the variation of thermal conductivity with water saturation using nuclear
magnetic resonance. J. Geophys. Res. 2011, 116, B08208. [CrossRef]

32. Yang, K.; Connolly, P.R.; Li, M.; Seltzer, S.J.; McCarty, D.K.; Mahmoud, M.; El-Husseiny, A.; May, E.F.; Johns, M.L. Shale rock core
analysis using NMR: Effect of bitumen and water content. J. Pet. Sci. Eng. 2020, 195, 107847. [CrossRef]

33. Liu, X.; Wang, J.; Ge, L.; Hu, F.; Li, C.; Li, X.; Yu, J.; Xu, H.; Lu, S.; Xue, Q. Pore-scale characterization of tight sandstone in
Yanchang Formation Ordos Basin China using micro-CT and SEM imaging from nm- to cm-scale. Fuel 2017, 209, 254–264.
[CrossRef]

34. Yuan, Y.; Rezaee, R. Impact of paramagnetic minerals on NMR-converted pore size distributions in Permian Carynginia shales.
Energy Fuels 2019, 33, 2880–2887. [CrossRef]

35. Wachowicz, K. Evaluation of active and passive shimming in magnetic resonance imaging. Res. Rep. Nucl. Med. 2014, 4, 1–12.
[CrossRef]

36. Walsh, D.; Turner, P.; Grunewald, E.; Zhang, H.; Butler, J.J., Jr.; Reboulet, E.; Knobbe, S.; Christy, T.; Lane, J.W.; Johnson, C.D.; et al.
A small-diameter NMR logging tool for groundwater investigations. Groundwater 2013, 51, 914–926. [CrossRef] [PubMed]

37. Grunewald, E.; Knight, R. A laboratory study of NMR relaxation times in unconsolidated heterogeneous sediments. Geophysics
2011, 76, G73–G83. [CrossRef]

https://doi.org/10.3390/magnetochemistry12080083

https://doi.org/10.1007/s11771-014-2041-1
https://doi.org/10.1016/j.jngse.2020.103674
https://doi.org/10.1029/2007jb005403
https://doi.org/10.1007/s12182-020-00488-0
https://doi.org/10.1016/j.fuel.2019.01.021
https://doi.org/10.1016/j.jngse.2021.104069
https://doi.org/10.1007/s00024-004-2621-3
https://doi.org/10.1016/j.fuel.2020.118977
https://doi.org/10.1016/j.jappgeo.2016.07.026
https://doi.org/10.3390/en14051513
https://doi.org/10.1021/acs.energyfuels.6b00563
https://doi.org/10.1016/j.fuel.2015.04.069
https://doi.org/10.2118/209787-pa
https://doi.org/10.1046/j.0956-540x.2001.01519.x
https://doi.org/10.1007/s005310050309
https://doi.org/10.1016/j.petrol.2021.109846
https://doi.org/10.46690/ager.2025.12.07
https://doi.org/10.3390/magnetochemistry12070078
https://doi.org/10.1029/2010jb007734
https://doi.org/10.1016/j.petrol.2020.107847
https://doi.org/10.1016/j.fuel.2017.07.068
https://doi.org/10.1021/acs.energyfuels.8b04003
https://doi.org/10.2147/rrnm.s46526
https://doi.org/10.1111/gwat.12024
https://www.ncbi.nlm.nih.gov/pubmed/23425428
https://doi.org/10.1190/1.3581094
https://doi.org/10.3390/magnetochemistry12080083


Magnetochemistry 2026, 12, 83 12 of 12

38. Dong, X.; Shen, L.W.; Golsanami, N.; Liu, X.; Sun, Y.; Wang, F.; Shi, Y.; Sun, J. How N2 injection improves the hydrocarbon
recovery of CO2 HnP: An NMR study on the fluid displacement mechanisms. Fuel 2020, 278, 118286. [CrossRef]
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