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a b s t r a c t

It is of great significance  to evaluate the petrophysical properties in shale oil reservoir, which can 
contribute to geological storage CO2. Two-dimensional nuclear magnetic resonance (2D NMR) tech
nology has been applied to petrophysical characterization in shale oil reservoir. However, limitations of 
traditional 2D NMR (T1-T2 or T2-D) in detecting short-lived organic matter and the complexity of mineral 
compositions, pose NMR-based petrophysical challenges. The organic pores were assumed saturated oil 
and the inorganic pores were assumed saturated water, and the numerical algorithm and theory of T1- 
T2* in shale oil reservoir were proposed, whose accuracy was validated through T2, T1-T2 and T2* ex
periments. The effects of mineral types and contents on the T1-T2* responses were firstly simulated by 
the random walk algorithm, revealing the NMR response mechanisms in shale oil reservoir with 
complex mineral compositions at different magnetic field frequency (f). The results indicate that when 
the pyrite content is 5.43%, dwell time is 4 μs, the f is 200 MHz, and echo spacing is 0.4 ms, the T1-T2*- 
based porosity is 2.39 times that of T1-T2-based porosity. The T*

2LM is 0.015 ms, which is 0.015 times that 
of T2LM. The T1LM is 8.84 ms, which is 0.63 times that of T1LM. The T1-T2*-based petrophysical conversion 
models were firstly created, and the foundation of petrophysical conversion was laid at different f.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

Energy affects human development and societal progress. In 
recent years, clean energy has been continuously developing, but 
its supply capacity is limited, while ongoing extraction of fossil 
fuels has led to energy shortages (Cui et al., 2022). Shale reserves 
are vast, and their effective development can help alleviate energy 
shortages (Zhou et al., 2023; Saif et al., 2019). Shale oil is extracted 
from shale through techniques such as pyrolysis and thermal 
dissolution (Kang et al., 2020; Zou et al., 2010; Li et al., 2022; Liu 
et al., 2022a; Liu et al., 2022b; Zhang et al., 2019; Ozotta et al., 
2022). The situ thermal decomposition technology, economically 
viable and pollution-free, is considered an effective method for 
extracting shale oil (Wang et al., 2023; Zhang et al., 2023; Lei et al., 
2021). However, since the industrial revolution, people have faced 

the problem of continuous CO2 emissions leading to a gradual 
increase in global temperatures (Leung et al., 2014; Bai et al., 2015; 
Ershadnia et al., 2022). It is of great significance  to achieve 
geological storage CO2 in shale reservoirs while obtaining eco
nomic benefits  from shale oil. Therefore, understanding the pet
rophysical properties of shale oil reservoir is essential.

NMR logging, a non-destructive, non-invasive technique, has 
been utilized to the petrophysical characterization (Liu et al., 
2024a, 2024b; Xu et al., 2023; Jiang et al., 2023). Traditional 2D 
NMR logging (T2-D and T1-T2) provides various relaxation time 
information to accurately characterize the petrophysical proper
ties of conventional reservoirs. However, the measurement effec
tiveness is poor for shale reservoirs rich in organic matter with low 
diffusion rates. T1-T2* and T1*-T2* can compensate for this defi
ciency. Zamiri et al. (2021) utilized a 100 MHz NMR instrument to 
measure T1-T2 and T1-T2* relaxation spectra for quantitatively 
monitoring variable fluid contents through evaporation and water 
adsorption/desorption experiments (Zamiri et al., 2021). Guo et al. 
(2021) utilized T1-T2* relaxation spectra to investigate relaxation 
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information of solid-state materials (Guo et al., 2021). Guo et al. 
developed novel technique using T1*-T2* relaxation correlation 
(Guo et al., 2022a, 2022b). In the meanwhile, for quantifying the 1H 
content in organic matter, Zamiri et al. (2022) employed T1-T2* 
spectra integrated with thermogravimetric analysis and multi- 
stage pyrolysis experiments (Zamiri et al., 2022). Zamiri et al. 
(2023) utilized high-field  and low-field  T1-T2* and T1*-T2* 
spectra to identify signals from water, oil, and kerogen. They 
monitored fluid  changes during water uptake/release, evapora
tion, multi-temperature-stage pyrolysis, and water absorption 
experiments by T1-T2* measurements and NMR imaging (Zamiri 
et al., 2023). These experiments are impractical to quantify the 
effect of each factor on petrophysical properties. Additionally, 
limitations in NMR technology restrict the use of T1-T2* and T1*- 
T2* relaxation correlations for measuring petrophysical properties 
in downhole shale reservoirs, posing challenges for characterizing 
petrophysical properties based on 2D NMR logging.

2D NMR numerical technology, on the basis of NMR relaxation 
mechanisms, facilitates the petrophysical conversion between 2D 
NMR experimental measurements and logging. For the shale oil 
reservoir, there is a lack of T1-T2* theories and only a few re
searchers have studied the T1-T2 relaxation theories and T2*-based 
numerical methods in porous media. Drain (1962) considered that 
the uneven magnetic field  generated by loosely packed and 
densely packed spherical samples widens the NMR spectra. They 
calculated the magnetic field  distribution contributed by neigh
boring spheres and regions near adjacent spheres (Drain et al., 
1962). Brown et al. (1993) suggested that magnetic field  exhibi
ted an increasing characteristic, conducting the CPMG and spin 
echo pulse sequences in porous media, has experimentally 
confirmed that the transverse surface relaxation rate is related to 
the frequency and rotational correlation time of hydrogen atoms in 
pore fluids (Brown et al., 1993). Ford et al. (1993) linearly super
posed dipole magnetic fields to study the impact of local magnetic 
field  gradients on NMR spin echoes (Ford et al., 1993). Bergman 
et al. (1995) proposed NMR relaxation theory for heterogeneous 
magnetic fields  in porous media, and calculated the impact of 
diffusion time on transverse relaxation rates (Bergman et al., 
1995). Sen et al. (1999) suggested that the internal magnetic 
field  (IMF) was influenced  by the position of hydrogen nuclei 
within the pores (Sen et al., 1999). Valckenborg et al. (2002) used a 
random walk (RW) method to simulate the FID pulse sequence of 
fluid inside a single spherical pore in porous media. In their sim
ulations, the pores were considered isolated, and a constant 
gradient in the IMF resulted from the unchanged susceptibility 
differences between the pore fluid and the matrix (SDPM). Their 
study revealed that the SDPM led to dephasing of 1H nuclei, and 
this dephasing behavior was related to the IMF (Valckenborg et al., 
2002). Audoly et al. (2003) used numerical simulations to study 
the non-uniform distribution of IMF in a packed sphere model 
pore. The results indicate that the IMF is related to the pore 
structure factor of the porous medium, which can be used to 
characterize the pore structure (Audoly et al., 2003). Chen et al. 
(2005) used finite  element methods to simulate the microscale 
distribution of IMFs and gradients Berea sandstone with different 
water saturation states (Chen et al., 2005). The results indicated 
that they observed spatial distributions of IMFs and gradients 
within Berea sandstone that exhibit Lorentzian characteristics. 
They confirmed that the diffusion-decay internal field method can 
be used to study pore size distributions, and the Lorentzian dis
tributions are related to the intensity of external magnetic fields 
(EMF), the SDPM, and the pore structure. It confirms the presence 
of free induction decay (FID) responses in fluid-saturated media. 
They derived their theoretical equations, demonstrating a linear 
relationship between the linewidth of T2* spectra and the SDPM as 

well as the intensity of magnetic field.  Müller et al. (2005) sys
tematically analyzed specific surface area, porosity, and pore size 
distribution based on NMR experiments, N2 adsorption experi
ments, and measurements of synthetic and natural unconsoli
dated samples. By comparing longitudinal relaxation times (T1) 
and T2* measured by surface NMR instruments and laboratory 
NMR instruments, they demonstrated that T1 shows good corre
spondence across different frequencies. However, due to the in
fluence  of dispersed phases caused by magnetic field 
inhomogeneity, there is a significant  difference in T2* measured 
between surface NMR instruments and laboratory NMR in
struments. It is suggested that correction factors for T2 and T2* in 
the presence of low concentrations of paramagnetic minerals are 
in the range of 1.5–2 (Müller et al., 2005). Müller-Petke et al. (2011)
found that differences in instrument dead time, magnetic field 
inhomogeneity, and the instrument frequency can lead to surface 
NMR measurements indicating lower water content compared to 
NMR logging (Müller-Petke et al., 2011). Grunewald et al. (2011)
established a numerical simulation theory based on FID, investi
gating the influences of pore size and magnetization from different 
porous media on surface NMR responses. The results indicate that 
T2* is highly sensitive to pore size in low magnetization porous 
media. As the magnetization of the porous media increases, the 
sensitivity of T2* to pore size decreases due to the influence  of 
pore-scale behavior in the porous media. Larger pore sizes exhibit 
higher scatter effects, and it was confirmed  through laboratory 
NMR experiments (Grunewald et al., 2011).

According to published papers, no reports related to T1-T2* 
numerical method relaxation theory have been found for shale oil 
reservoir. In the meanwhile, no reports T1-T2* numerical in
vestigations related to the heterogeneity of organic matter and 
mineral distributions have been found. No reports on T1-T2*-based 
petrophysical conversions have been found.

Currently, the T1-T2*-based numerical algorithm and theory in 
shale oil are still in the exploratory stage. Despite the challenges, the 
T1-T2*-based relaxation theory specific  to shale oil reservoir was 
firstly proposed in this paper. Different from the previous method, 
heterogeneity of mineral distribution was considered, and the T1-T2* 
numerical simulation method was firstly  proposed in shale oil 
reservoir. The influences of complex minerals on the T1-T2* responses 
were firstly simulated by the improved RW algorithm, revealing the 
T1-T2* response mechanisms at different magnetic field frequencies 
(f) in shale oil reservoir with complex minerals. Additionally, the T1- 
T2*-based petrophysical models were firstly established.

2. Theory

2.1. T1-T2* relaxation theory

Shale reservoirs consist of inorganic and organic pores. Typi
cally, the former is considered water-wet, while the latter is oil- 
wet (Yang et al., 2018). The organic pores were assumed satu
rated oil and the inorganic pores were saturated water. On the 
basis of the T2* and T1-T2 relaxation theory (Liu et al., 2025; Liu 
et al., 2024c), the T1-T2* relaxation theory of pore fluids  is pro
posed, expressed as: 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1
T*

2;L
=

1
T2ori;L

+
1

T2Lm
+

1
T2Li

1
T1;L

=
1

T1RB;L
+

1
T1TB;L

+
1

T1S;L
;

(1) 

where L is oil (O) or water (W), 1=T*
2;L is the effective spin-spin 

relaxation rate from fluids.  1=T2ori;L are the relaxation rates of 
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fluids.  1=T2Lm and 1=T2Li are the spin-spin relaxation rate at the 
influence of external and IMFs. 1=T1RB;L and 1=T1TB;L are the lon
gitudinal bulk relaxation rates correspond to intramolecular and 
intermolecular dipole-dipole interactions, respectively. In prac
tical T1-T2* measurements, the EMF is uniform, so 1/T2Lm is 0.

The bulk relaxation time (T2B) for fluids were determine by the 
L-S model (Lipari et al., 1982; Liu et al., 2024a) and the B-P-P model 
(Tandon et al., 2017; Bloembergen et al., 1948). Meanwhile, ac
cording to the Chen et al.’s research (Chen et al., 2005), the 
relaxation rate corresponding to the IMF is shown as: 

1
T2Li

=
γ⋅C1⋅Δχ⋅B0

2
; (2) 

In Eq. (1), 1/T2ori,L can be expressed as: 

1
T2ori;L

=
1

T2B;L
+

1
T2S;L

; (3) 

Eq. (2) and Eq. (3) were substituted Eq. (1), for simplification, it 
can be expressed as: 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1
T*

2;L
=

1
T2B;L

+
1

T2S;L
+ É ⋅γ⋅Δχ1⋅B0

1
T1;L

=
1

T1RB;L
+

1
T1TB;L

+
1

T1S;L
;

(4) 

where É  = C1/2, which is determined by FID experiments. The 
pores were assumed the cylindrical structure extending along the 
pore wall (Liu et al., 2024a), and the transverse and longitudinal 
relaxavities (ρ2S;W, ρ2S;O, ρ1S;W and ρ1S;O) can be shown as: 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
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3
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13
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√

8
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)
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B
4

⋅(3J2D(ωI; τ) + 7J2D(ωS; τ))

ρ1S;O =
C
4

⋅(3J1D(ωI; τ) + 7J1D(ωS; τ));

(5) 

where C and B are parameters associated with the fluid  charac
teristics and pore structure. J1D and J2D represent the spectral 
density functions related to one-dimensional motion and two- 
dimensional translational motion, respectively.

The pore structure and fluid  properties in shale reservoirs 
remain constant. Therefore, when the EMF is constant, the ρ*

2S;W, 

ρ*
2S;O, ρ*

1S;W and ρ*
1S;O based on the saturation recovery-free in

duction decay (SR-FID) pulse sequence remain unchanged and can 
be expressed as: 

⎧
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(6) 

where ρ*
2S;W, ρ*

2S;O, ρ*
1S;W, and ρ*

1S;O have been determined by the 

NMR experiments at different f (Liu et al., 2024a). The magnetic 

field heterogeneity between organic matter and shale matrix was 
considered, and the P model is used to calculate the bulk relaxation 
time of organic matter (Singer et al., 2020), proposing the T1-T2* 
relaxation theory, which can be expressed as: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1
T*
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1
T2S;L
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1
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1
T*
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=

1
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+ É ⋅γ⋅Δχ2⋅B0

1
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1

T1RB;L
+

1
T1TB;L

+
1
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1
T1;K

=
1

T1B;K
;

(7) 

2.2. T1-T2* numerical simulation method

Based on the T1-T2* relaxation theory, numerical simulations 
can be conducted using the SR-FID pulse sequence (Fig. 1). This 
pulse sequence requires a short polarization time. Here, SR is used 
to encode T1, while FID is used to encode T2*.

The TW can be used to acquire the echo data, which can be 
shown as: 

Echo(TW; t)=
∫ ∫

K1(TW; T1)f (T1; T2
*)K2(t; T2

*)dT1dT2
*

+ Noise(TW; t)
(8) 

where K1(TW; T1) =
[
1 − exp

(
− TW

T1

)]
, and K2(t; T2

*) = exp
(
− t

T2
*

)

are the kernel functions related to the T1 and T2. Noise(TW; t) is the 
random noise.

The RW method has been employed for NMR numerical 
simulation in shale reservoirs (Liu et al., 2024a, 2024b, 2024c). 
Based on previously constructed digital cores with complex mul
tiple components in the study area (Liu et al., 2023), it was firstly 
proposed to use the RW method to simulate SR-FID pulse se
quences. During T1 editing, the hydrogen nuclei in fluids undergo 
inelastic collisions with pore surfaces, then the hydrogen nuclei is 
polarized, and it goes through the T2* measurement. The ampli
tude can be shown as: 

AMP3 =AMP2⋅
(

1 −
2
3

⋅
ρ2S;Lr

D
⋅ 0:96

)

; (9) 

During the T2* acquisition phase, effected by the heterogeneous 
internal magnetic field  gradients, the hydrogen nuclei undergo 
diffusion due to non-elastic collisions between pore surfaces and 
the pore fluid, which can be represented as: 

Fig. 1. Schematic diagram of the SR-FID pulse sequence. Tw, waiting time; Td, dwell 
time.
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MD(t)=MD0
exp(É ⋅ iγB0t)

1
M

∑M

m=1

⋅exp(É ⋅ iγzn0t)

⋅
1
P

∑P

p=1

exp
(

É ⋅ iγG
∫t

0
zp(τ)dτ

) (10) 

where MD0
exp(É ⋅iγB0t) represents the contribution to the phase 

from EMF. It does not lead to phase accumulation. MD0 
represents 

the initial magnetization of each hydrogen nuclei. P represents the 
number of hydrogen nuclei. Zn0 represents the initial position of 

the m-th pore voxel. 
∫P

p=1

zp(τ)dτ represents the change in phase of 

the p-th hydrogen nucleum. P represents the number of hydrogen 
nucleum.

Therefore, the expression for the phase decay of the FID is ob
tained as: 

MD(t)=
1
M

∑M

m=1

⋅exp(É ⋅ iγzm0t) ⋅
1
P

∑P

p=1

exp
(

É ⋅ iγG
∫t

0
zp(τ)dτ

)

= Mʹ
D(t) ⋅ Mʹ́

D(t);

(11) 

when the FID was simulated, the diffusion relaxation magnetiza
tion of each particle can be computed using its cosine phase, 
expressed as: 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Mʹ
D(t) =

1
M

∑M

i=1

cos(É ⋅ϕ0i(t))

Mʹ́
D(t) =

1
P

∑P

i=1

cos(É ⋅ϕ1i(t));

(12) 

For the i-th proton (1H) at each time step, the phase offset 
generated by spin can be shown as: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ϕ0(t + Δt) = ϕ0(t) + γGz⋅
(

z0(t + Δt) + z0(t) − 2z0(0)
2

)

⋅Resolution⋅k⋅Td

ϕ1(t + Δt) = ϕ1(t) + γGz⋅
(

z(t + Δt) + z(t) − 2z(0)
2

)

⋅Δt

+γGz⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅

D⋅Δt3

6

√

⋅Normal();

(13) 

where “Resolution” represents the resolution for multicomponent 
digital shale core. z0(t + Δt), z0(t), and z0(0) are the initial position 
of 1H in digital shale core at the t+ Δt, t, and initial time. Normal()
is the Gaussian function.

After the changed phase is simulated by Eq. (13), the 1= T2B;L 

and 1=T*
2B;K were incorporated, the SR-FID simulations completed, 

as illustrated in Fig. 2.

3. Experimental

3.1. Research plan

The cores come from Chang 7 member of the Ordos Basin. 
Based on experiments including organic carbon analysis, T2 ex
periments at different frequencies, T1-T2 experiment, T2* experi
ment, and X-ray diffraction quantitative analysis (XRD), 

geochemical characteristics of the study area were determined 
through multi-stage thermal decomposition experiments (parallel 
sample #C-1). The focused ion beam scanning electron microscopy 
(FIB-SEM) experiments, XRD experiments, and quantitative eval
uation of minerals by scanning electron microscopy (QEMSCAN) 
experiments were used to create the digital shale core repre
senting the shale oil reservoir (Fig. 3(a)). This multi-component 
digital shale core exhibits both the characteristics of micro-scale 
pore fluid  distribution and the mineral distribution constrained 
at macro-scale by XRD. Gas chromatography experiments, 
different frequency NMR T2 experiments, T2* experiments, and 
inversion recovery-Carr-Purcell-Meiboom-Gill (IR-CPMG) experi
ments (Fig. 3(c)) were conducted to determine the ρ2, ρ1, and T2B of 
pore fluids (Fig. 3(b)).

3.2. Multi-temperature pyrolysis experiments

Based on TOC experiment, #C-1 sample was crushed into 
fragments smaller than 100 mesh and subjected to multi- 
temperature pyrolysis experiments using a rock pyrolysis instru
ment. The heating rate during pyrolysis was 25 ◦C/min. S1-1 was 
analyzed under isothermal conditions at 200 ◦C for 3 min, S1-2 at 
350 ◦C for 3 min, S2-1 at 450 ◦C for 3 min, and S2-2 at 600 ◦C for 
3 min. Consequently, geochemical parameters for parallel sample 
#C-1 were obtained as shown in Table 1.

The results indicate that the sample exhibits a low Tmax, sug
gesting low organic matter maturity. The sum of S1-1 and S1-2 
proportions exceeds 50%, indicating a high movable oil content, 
while the proportion of S2-1 is relatively high, indicating a high 
adsorbed oil content, which correlates with the low thermal 
evolution in this region. Additionally, low TOC suggests low 
organic richness in this area. The results are consistent with the 
geochemical patterns of the area.

3.3. Parameter calibration

In previous studies, based on T2 experiments at different fre
quencies, extraction, and gas chromatography, the transverse 
surface relaxavities of fluids, as well as the bulk relaxation times of 
each fluid component, were determined (Liu et al., 2024a). Due to 
the consistent fluid  properties, the ρ1S of water and oil remain 
unchanged. As described in Section 2.1, the transverse surface 
relaxavities and T2B of water and oil at different f are presented in 
Table 2. They can be utilized for SR-FID numerical simulations.

3.4. Result validation

Based on the T1-T2 experimental results, peak values of T1 were 
determined as 124 ms, 240.4 ms, and 21.5 ms for organic matter, 
oil, and water, respectively. Their simulation results were 155 ms, 
178.6 ms, and 31.3 ms, respectively. The experimental and nu
merical results of T1 value for each component were shown in 
Fig. 4(a). From Fig. 4(a), they are distributed along the 45◦ line. 
Based on the T2* experimental results, the peak values of T2* were 
determined as 0.033 ms, 0.222 ms, and 0.222 ms for organic 
matter, oil, and water. Their simulation results were 0.038 ms, 
0.169 ms, and 0.068 ms. The results indicate that the experimental 
T2* value for water is bigger than the simulation, while the peak 
value T2 for oil is similar to the simulation (Fig. 4(b)). This is 
attributed to oil being present in organic pores and water being 
present in inorganic pores, and significant  SDPM causing T2 of 
water to move more towards shorter relaxation times. The T2* 
values between numerical and experimental results show similar 
value, validating the accuracies of T1-T2* numerical study and 
relaxation theory.
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4. Numerical simulation

4.1. Pyrite contents

Based on the T1-T2* relaxation theory in shale oil reservoir, the 
improved RW method proposed in Section 2.2 was used to simulate 
the T1-T2* responses at different pyrite contents. The T1-T2* spectra 
for different f, dwell times (Td), and pyrite contents were acquired by 
using the B-R-D method (Butler et al., 1981) for inversion, as shown 
in Fig. 5. Each plot, includes subplots for oil and water, used to 
describe the T1-T2* responses of pore fluids. The blue, cyan, purple, 
green, and black lines are T1-T2* spectra for pyrite contents of 5.43%, 
4.45%, 3.47%, 2.49%, and 1.51%, respectively. The results indicate that, 
both the T1B and T*

2B;K values of organic matter increase with the 

increased f, and the mobility for T1B of organic matter is higher than 
T*

2B;K. An increased pyrite content is considered to not alter the 

SDPM. The T2* and T1 of organic matter do not move with an 
increased pyrite content. The T1 of pore fluids  increase with an 
increased f, due to the frequency-dependent of ρ1S for the pore 
fluids.  The T2* of pore fluids  decrease with the increased pyrite 
content and f. Their increases can lead to the enhanced MD(t), 

resulting in the left shift of the peak for T2* distribution, decreased 
signal intensity and sparse contour lines of fluid signals.

4.2. Clay contents

Based on the T1-T2* relaxation theory in shale oil reservoir, 
the improved RW method proposed in Section 2.2 was used to 
simulate the T1-T2* responses at different clay contents. The T1- 
T2* spectra for different f, Td, and clay contents were obtained by 
using the B-R-D method (Butler et al., 1981) for inversion, as 
shown in Fig. 6. Each plot, includes subplots for oil and water, 
used to describe the T1-T2* responses of pore fluids.  The blue, 
cyan, purple, green, and black lines are T1-T2* spectra for clay 
contents of 4.0%, 8.0%, 12.0%, 16.0%, and 20.0%, respectively. The 
results indicate that, both the T1B and T*

2B;K values of organic 

matter increase with the increased f, and the mobility for T1B of 
organic matter is higher than T*

2B;K. An increased clay content is 

considered to not alter the SDPM. The T2* and T1 of organic 
matter do not move with an increased clay content. The T1 of 
pore fluids  increase with an increased f, due to the frequency- 
dependent of ρ1S for the pore fluids.  The T2* of pore fluids 

Fig. 2. Flow diagram for SR-FID pulse sequence simulation.
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decrease with the increased clay contents and f. The increased 
clay content, f, and Td can result in the increase in MD(t), 
resulting in the left shift of the peak for T2* distribution, 
decreased signal intensity and sparse contour lines of fluid 
signals.

4.3. Clay types

Based on the T1-T2* relaxation theory in shale oil reservoir, the 
improved RW method proposed in Section 2.2 was used to simu
late the T1-T2* responses at different clay types. The T1-T2* spectra 
for different f, Td, and clay types were obtained by using the B-R-D 
method (Butler et al., 1981) for inversion, as shown in Fig. 7. Each 
plot, includes subplots for oil and water, used to describe the T1-T2* 
response of pore fluids. The black, and green lines represent the T1- 
T2* spectra for clay types of montmorillonite and chlorite, 
respectively. The results indicate that, both the T1B and T*

2B values 
of organic matter increase with the increased f, and the mobility 
for T1B of organic matter is higher than T*

2B. An increased magnetic 
susceptibility is considered to not alter the SDPM. The T2* and T1 of 
organic matter do not move with the changed clay types. The T1 of 
pore fluid  increases with an increased f, due to the frequency- 
dependent of ρ1S for the pore fluids.  The T2* of pore fluids 
decrease due to the increased magnetic susceptibility and f. The 
reason is that the increased magnetic susceptibility, Td, and f can 
lead to the enhanced MD(t), resulting in the left shift of T2* dis
tribution peak, decreased signal intensity and sparse contour lines 
of fluid signals.

5. Frequency conversion of 2D NMR-based petrophysical 
parameters

Porosity, T*
2LM, and T1LM are important petrophysical parame

ters in shale. The blind source separation technique was used to 
conduct T1-T2 and T1-T2* spectra to acquire corresponding source 
signals for fluid components (Fig. 8).

The T1-T2* spectra are taken as an example, different signals for 
organic matter, water, and oil are provided for various f. The results 
indicate that the T1 values of organic matter and oil increase with 
the increased f, while the T1 value of water slightly increases with 
the increased f. Unlike organic matter, oil is located in organic 
pores and influenced  by dispersed phase effects, leading to a 
shortening T2*. Water does not exhibit strong frequency- 
dependent but is significantly  affected by IMFG, resulting in 
apparent dispersed phase, with no significant change in T1 and a 
shortening T2*. The results are consistent with the simulation re
sults based on the T1-T2* relaxation theory.

Fig. 3. Experimental process and parameters estimation.

Table 1 
Data table for multi-temperature pyrolysis and organic carbon experiment.

Sample TOC, % Tmax, ◦C S1-1, mg/g S1-2, mg/g S2-1, mg/g S2-2, mg/g

# C-1 1.16 440 2.44 3.52 2.24 1.33

Table 2 
Data from T1-T2* parameter.

f, MHz ρ2S, μm/s ρ1S, μm/s T2B, s FID parameters

W O W O W O OM É Δχ

21.36 7.65 3.50 3.7 0.06 2.6 1.1 0.12 × 10− 3 0.01 9 × 10− 5SI
100 6.30 3.45 3.32 0.027 2.6 1.1 0.13 × 10− 3 0.01 9 × 10− 5 SI
200 6.13 3.40 2.9 0.02 2.6 1.1 0.13 × 10− 3 0.01 9 × 10− 5 SI

Note: W represents water, O represents oil, and OM represents organic matter.
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5.1. Frequency conversion of porosity

(1) Pyrite contents

The pyrite content would affect the signal intensities and peak 
values of T1-T2 spectra and T1-T2* spectra for water and oil in Fig. 5, 
thereby influencing the porosity of each fluid component. There
fore, establishing the porosity conversion models for water and oil 
is necessary, as shown in Fig. 9. In Fig. 9, the black, purple, cyan, 
red, and blue lines are the variations of porosity with f. The blue, 
red, and green dashed lines are the boundaries of 200, 21.36, and 
2 MHz, respectively. The results show that, for T1-T2 spectra and T1- 
T2* spectra, the porosity of water and oil decreases with the 
increased TE, pyrite content, f, and Td. Because their increases can 
lead to an increased relaxation rate of oil and water. The increased 
relaxation rate of water can occur due to the differences in the 
environments of water and oil, causing porosity of water to 
decrease more rapidly with f. Due to TE being two orders of 
magnitude greater than Td, the measured porosity from SR-CPMG 
is lower than that from the SR-FID pulse sequence. If the pyrite 
content is 5.43%, Td = 1 μs, TE = 0.08 ms, and f = 200 MHz, the T1- 
T2*-based water porosity is 1.735 times that of T1-T2-based water 
porosity. If Td = 2 μs, TE = 0.2 ms, T1-T2*-based water porosity is 
1.70 times that of T1-T2-based water porosity. If Td = 4 μs, TE = 0.4 
ms, the T1-T2*-based water porosity is 2.39 times that of T1-T2- 
based water porosity. Fig. 9 can be served T1-T2-based and T1-T2*- 
based porosity conversion cross-plots influenced  by pyrite 
contents.

(2) Clay contents

The clay contents would affect the signal intensities and peaks 
values of T1-T2 spectra and T1-T2* spectra for water in Fig. 6, 
thereby influencing  the porosity of various fluid  components. 
Therefore, establishing porosity conversion models for water is 
necessary, as shown in Fig. 10. In the figure, the black, purple, cyan, 
red, and blue solid lines are the variations of porosity with f. The 
blue, red, and green dashed lines are the boundaries at magnetic 
field frequencies of 200, 21.36, and 2 MHz, respectively. The results 
indicate that for T1-T2 and T1-T2* spectra, the water-filled porosity 

decreases with increasing f, clay content, TE, and Td. As explained 
earlier, further elaboration is not necessary here. When Td = 1 μs, 
f = 200 MHz, clay content is 16%, and TE = 0.08 ms, the T1-T2*- 
based water-saturated porosity is 1.45 times that of T1-T2-based 
water-saturated. When Td = 2 μs, TE = 0.2 ms, the T1-T2*-based 
water-saturated porosity is 1.92 times that of T1-T2-based water- 
saturated porosity. When Td = 4 μs, TE = 0.4 ms, the T1-T2*-based 
water-saturated porosity is 1.59 times that of T1-T2-based water- 
saturated. Fig. 10 can be served T1-T2-based and T1-T2*-based 
porosity conversion cross-plots influenced by clay contents.

(3) Clay types

The results in Fig. 7 show the increased SDPM of clay minerals 
affects the peak values and signal intensities of T1-T2 and T1-T2* 
spectra for water, thereby influencing the porosity of various fluid 
components. Therefore, establishing a porosity conversion models 
for water at varying clay types is necessary, as shown in Fig. 11. In the 
figure, the solid blue and red lines represent the variation of porosity 
with f for varying clay minerals. The blue, red, and green dashed lines 
are the boundaries of 200, 21.36, and 2 MHz, respectively. The results 
show that, for T1-T2 and T1-T2* spectra, the water-saturated porosity 
decreases with the increased Td, TE, magnetic susceptibility and f. As 
explained earlier, it would not be reiterated here. When f = 200 MHz, 
Td = 1 μs, TE = 0.08 ms, and clay mineral is montmorillonite, the T1- 
T2*-based water-saturated porosity is 1.19 times that of T1-T2-based 
water-saturated. When Td = 2 μs, TE = 0.2 ms, the T1-T2*-based 
water-saturated is 1.85 times that of T1-T2-based water-saturated. 
When Td = 4 μs, TE = 0.4 ms, the T1-T2*-based water-saturated 
porosity is 2.05 times that of T1-T2*-based water-saturated 
porosity. Fig. 11 can be served as a T1-T2-based and T1-T2*-based 
porosity conversion cross-plots influenced by clay types.

5.2. Frequency conversion of T*
2LM and T2LM

Based on the T1-T2 and T1-T2* spectra, the corresponding T1 
distribution, T2 distribution, and T2* distribution can be calculated 
by longitudinal and transverse accumulations. The geometric 
mean can be calculated using the following Eq. (14), which can be 
expressed as: 

Fig. 4. Result comparison: (a) T1, (b) T2*.
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Fig. 5. T1-T2* spectra of all compositions with varying pyrite contents at different f and dwell times.

J.-L. Liu, R.-H. Xie, J.-F. Guo et al. Petroleum Science 22 (2025) 4538–4554

4545



where, bin represents the number of points for T1, T2, or T2* dis
tribution. fi1, fi, and fi

* represents the amplitude of T1, T2, T2* dis
tributions at the i-th point. porosity represents the porosity from 
cumulative T1 or T2 distribution. porosity* represents the porosity 
from cumulative T2* distribution.

(1) Pyrite contents

The pyrite content affects signal intensities and the peaks of T1- 
T2 spectra and T1-T2* spectra for water and oil, thereby influencing 
T2LM and T*

2LM. Therefore, establishing the T*
2LM conversion models 

for water and oil is necessary, as shown in Fig. 12. In the figure, the 
black, purple, cyan, red, and blue lines are the variations of T2LM and 
T*

2LM with f. The blue, red, and green dashed lines are the boundaries 

at magnetic field frequencies of 200, 21.36, and 2 MHz, respectively. 
The results indicate that the T1-T2 spectra and T1-T2* spectra are 
affected by both peak shifting and porosity reduction. According to 
Eq. (14), if peak shifting dominates, the value decreases, otherwise 
the value increases. Different plots in Fig. 12 represent the impact of 
pyrite content on T2LM and T*

2LM. When pyrite content is 5.43%, 

f = 200 MHz, Td = 1 μs, TE = 0.08 ms, and T*
2LM = 0.017 ms, which is 

0.012 times that of T2LM. When pyrite content is 5.43%, f = 200 MHz, 
Td = 2 μs, TE = 0.2 ms, and T*

2LM is 0.016 ms, which is 0.016 times that 
of T2LM. When pyrite content is 5.43%, f = 200 MHz, Td = 4 μs, 
TE = 0.4 ms, and T*

2LM is 0.015 ms, which is 0.015 times that of T2LM. 

Fig. 12 can be served as the T1-T2*-based T*
2LM and T1-T2-based T2LM 

conversion cross-plots influenced by pyrite contents.

Fig. 6. T1-T2* spectra of all compositions with varying clay contents at different f and dwell times.
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(2) Clay contents

The results in Fig. 10 demonstrate that clay content affects the 
peak values and signal intensities of both T1-T2 and T1-T2* spectra 
of water, thereby influencing  T2LM and T*

2LM. Hence, establishing 

the T2LM or T*
2LM conversion models for water is necessary influ

enced by clay minerals, as shown in Fig. 13. In the figure, in black, 
purple, cyan, red, and blue lines represent the changes of T2LM and 
T*

2LM with f. The blue, red, and green dashed lines are boundaries of 
200, 21.36, and 2 MHz. The results indicate that both spectrum 
peak shifting and porosity reduction jointly affect T2LM and T*

2LM. 
According to Eq. (14), if spectrum peak shifting predominates, T2LM 

and T*
2LM decreases, othwewise T2LM and T*

2LM increases. Different 
panels in Fig. 13 illustrate the impacts of clay content on T2LM and 
T*

2LM. If clay content is 16%, TE = 0.08 ms, Td = 1 μs, and the f is 

200 MHz, the T*
2LM is 0.019 ms, which is 0.014 times that of T2LM. If 

TE = 0.2 ms, and Td = 2 μs, T*
2LM is 0.018 ms, which is 0.02 times that 

of T2LM. If TE = 0.4 ms, and Td = 4 μs, T*
2LM = 0.188 ms, which is 

0.024 times that of T2LM. From Fig. 13, the effects of clay content on 
T*

2LM and T2LM are minimal, because the increased clay content can 
reduce the peak and porosity to the same extent, they have change 
little. Fig. 13 can be served as the T1-T2-based T2LM and T1-T2*- 
based T*

2LM conversion cross-plots influenced by clay contents.

Fig. 7. T1-T2* spectra of all compositions with varying clay types at different f and dwell times.
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(3) Clay types

The results in Fig. 11 show different clay types affect the peak 
values and signal intensities of T1-T2 spectra and T1-T2* spectra for 
water, thereby influencing T2LM or T*

2LM. Therefore, establishing the 

T2LM or T*
2LM conversion models for water influenced by clay types 

is necessary, as shown in Fig. 14. In the figure,  the red and blue 
lines are the changes of T2LM and T*

2LM with f. The blue, red, and 
green dashed lines in the figure are the boundaries of 200, 21.36, 
and 2 MHz, respectively. The results indicate that for T1-T2 spectra 
and T1-T2* spectra, the T2LM or T*

2LM are simultaneously affected by 
peak shift and porosity reduction. According to Eq. (14), if peak 
shift dominates, T2LM or T*

2LM decreases, otherwise T2LM or T*
2LM 

increases. Fig. 14 depicts the influence of different clay types on 
T2LM and T*

2LM. Fig. 14 can be served as the T2LM and T*
2LM conver

sion models for the influence by clay types.

5.3. Frequency conversion of T1LM

(1) Pyrite contents

The numerical simulations in Fig. 9 demonstrate that varying 
pyrite content affects the peak positions and signal intensities of 
water and oil for T1-T2 or T1-T2* spectra, thereby influencing T1LM. 

Consequently, establishing T1LM conversion models for water and 
oil is necessary, as shown in Fig. 15. In the figure, black, purple, 
cyan, red, and blue lines are the variation of T1LM with f for varying 
pyrite contents. blue, red, and green dashed lines depict bound
aries at magnetic field  frequencies of 200, 21.36, and 2 MHz, 
respectively. The results show that, for T1-T2 and T1-T2* spectra, as 
TE and Td increase, relaxation rates intensify. Consequently, the 
cumulative T2 and T2* distributions derived from these spectra 
shift to the left, indicating a decreased porosity. Given the un
changed regularization parameter for inversion, the amplitude of 
the cumulative T1 distribution decreases due to the influence  of 
cumulative T2* distribution, resulting in the decreased porosity. 
When the pyrite content is 5.43%, Td = 1 μs, TE = 0.08 ms, and the 
f = 200 MHz, the T1-T2*-based T*

1LM is 4.329 ms, which is 0.8 times 
that of T1-T2-based T1LM. When Td = 2 μs, and TE = 0.2 ms, the T1- 
T2*-based T*

1LM is 5.47 ms, which is 0.793 times that of the T1-T2 

-based T1LM. Similarly, when Td = 4 μs, and TE = 0.4 ms, the T1-T2*- 
based T*

1LM is 8.84 ms, which is 0.63 times that of T1-T2-based T1LM. 
Fig. 15 can be served as the T1-T2-based and T1-T2*-based conver
sion cross-plots influenced by pyrite contents.

(2) Clay contents

The results in Fig. 10 show different clay contents affect the 
peak values and signal intensities of T1-T2 and T1-T2* spectra for 

Fig. 8. T1-T2* spectra of organic matter, oil, and water by blind source separation at different f. O and W represent the oil and water, respectively.
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water, thereby influencing  T1LM. Therefore, establishing the T1LM 
conversion models on water influenced  by clay minerals is 
necessary, as shown in Fig. 16. In the figure, black, purple, cyan, red, 
and blue lines are the variation of T1LM with f. The blue, red, and 
green dashed lines in the figure are boundaries of 200, 21.36, and 

2 MHz, respectively. The results show that for T1-T2 and T1-T2* 
spectra, the relaxation rates increase with increasing TE and Td. 
T1LM are affected, and the details are omitted here. If TE = 0.08 ms, 
Td = 1 μs, and Td = 2 μs, TE = 0.2 ms, determined by porosity, T1LM 
increase according to Eq. (14). When Td = 4 μs, TE = 0.4 ms, T1LM 

Fig. 9. Porosity frequency conversions based on T1-T2 and T1-T2* for different pyrite contents and echo spacings (or dwell times).

Fig. 10. Porosity frequency conversions based on T1-T2 and T1-T2* for different clay contents and echo spacings (or dwell times).

Fig. 11. Porosity frequency conversions based on T1-T2 and T1-T2* for different clay types and echo spacings (or dwell times).
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values decrease based on the degree of amplitude reduction. The 
increasing f and clay content enhance relaxation rates. T1LM are 
affected, and the details are omitted here. When TE = 0.08 ms, 
Td = 1 μs, the clay content is 16%, and the f is 200 MHz, the T1-T2*- 

based T1LM is 4.92 ms, which is 0.5 times that of the T1-T2-based 
T1LM. When Td = 2 μs and TE = 0.2 ms, the T1-T2*-based T1LM is 4.97 
ms, which is 0.41 times that of the T1-T2-based T1LM. Similarly, 
Td = 4 μs and TE = 0.4 ms, the T1-T2*-based T1LM is 6.71 ms, which is 

Fig. 12. Frequency conversions of T2LM and T*
2LM based on T1-T2 and T1-T2* for different pyrite contents and echo spacings (or dwell times).

Fig. 13. Frequency conversions of T2LM and T*
2LM based on T1-T2 and T1-T2* for different clay contents and echo spacings (or dwell times).

Fig. 14. Frequency conversions of T2LM and T*
2LM based on T1-T2 and T1-T2* for different clay types and echo spacings (or dwell times).

J.-L. Liu, R.-H. Xie, J.-F. Guo et al. Petroleum Science 22 (2025) 4538–4554

4550



0.63 times that of T1-T2-based T1LM. Fig. 16 can be served as the T1- 
T2-based and T1-T2*-based T1LM conversion cross-plots influenced 
by clay contents.

(3) Clay types

The results in Fig. 11 show different clay types affect the peak 
values and signal intensities of T1-T2 and T1-T2* spectra for water, 
thereby influencing  T1LM. Therefore, establishing the T1LM con
version models for water influenced by clay minerals is necessary, 
as shown in Fig. 17. In the figure, the black, purple, cyan, red, and 
blue solid lines represent the variations of T1LM with f. The blue, 
red, and green dashed lines in the figure are the boundaries of 200, 
21.36, and 2 MHz, respectively. The results show that, for both T1- 
T2 and T1-T2* spectra, the relaxation rates increase with the 
increased TE and Td, T1LM is influenced  by them. When f is 
200 MHz, determined by the porosity (Fig. 17(a)), as f and magnetic 
susceptibility increase, the relaxation rates enhance to affect the 
T1LM. When TE is 0.4 ms or Td is 4 μs, T1LM is determined by porosity 
and they increase (Fig. 17(c)). Additionally, T1LM is determined by 

the extent of amplitude reduction and decreases (Fig. 17(a)–(b)). 
When Td = 1 μs, TE = 0.08 ms, clay content is 16%, and the f is 
200 MHz, T1-T2*-based T1LM is 4.72 ms, which is 0.62 times that of 
T1-T2-based T1LM. When Td = 2 μs and TE = 0.2 ms, T1-T2*-based 
T1LM is 8.99 ms, 1.025 times the T1-T2-based T1LM. Similarly, when 
Td = 4 μs and TE = 0.4 ms, T1-T2*-based T1LM is 13.31 ms, which is 
0.92 times that of T1-T2-based T1LM. Fig. 17 can be served as the T1- 
T2*-based and T1-T2-based T1LM conversion cross-plots influenced 
by clay contents.

6. Discussion

In the shale sample, the organic matter content, the porosity of 
organic pore oil and inorganic pore water are 22.36%, 0.55%, and 
1.39%, respectively. The organic matter content is an order of 
magnitude higher than the pore fluids.  In the T1-T2* spectra, the 
signal intensity from organic matter is higher compared to pore 
fluids. As the TE increases, the signal intensity from organic matter 
decreases, but it remains stronger than that from pore fluids.  In 
actual shale oil reservoir, organic matter content is lower than 

Fig. 15. T1LM-Frequency conversions based on T1-T2 and T1-T2* for different pyrite contents and echo spacings (or dwell times).

Fig. 16. T1LM-Frequency conversions based on T1-T2 and T1-T2* for different clay contents and echo spacings (or dwell times).
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organic pore oil and inorganic pore water porosity. In the T1-T2* 
spectra, the signal intensity from pore fluids  is stronger. As TE 
increased, the signal intensity of organic matter decreases, indi
cating weaker signal intensity. Nevertheless, the proposed T1-T2* 
relaxation theory and simulation method can still quantify the 
impacts of heterogeneous mineral distributions. The extracted 
petrophysical parameters through numerical simulations can be 
normalized to help mitigate the influence of mineral contents and 
types on T1-T2* responses. By comparing the simulation results 
between T1-T2* and T1-T2 for shale oil reservoirs with complex 
mineral compositions, we can establish the frequency conversion 
relationships of fluid  component contents on NMR laboratory 
measurements (T1-T2* spectra) and NMR logging (T1-T2 spectra). It 
can further unlock the potential reserve of shale oil reservoirs and 
contribute to reserve growth and production enhancement in such 
reservoirs. In future work, we will further study how wettability 
and occurrence states of fluids  affect NMR responses, to gain 
deep insights into NMR response mechanisms in shale oil 
reservoirs.

7. Conclusions

Accurate characterization of petrophysical properties contrib
utes significantly  to shale oil reserve assessments. The complex 
mineral compositions, heterogeneous organic matter distribu
tions, and differences between downhole NMR logging and labo
ratory NMR measurement pose challenges to the petrophysical 
characterization by 2D NMR technique. Therefore, we explored the 
variation law of petrophysical parameters such as porosity at 
different f using low-cost numerical simulation techniques that 
reflect single-factor influences. The T1-T2* numerical simulations 
in shale oil reservoir were firstly proposed in this paper. On the 
basis of the RW algorithm, the impacts from pyrite content, dif
ferences in f, clay types and contents on T1-T2* responses were 
firstly  investigated in shale oil reservoir, revealing the NMR 
response mechanisms in shale oil reservoir with complex mineral 
compositions at different f. The T1-T2*-based petrophysical con
version relationships were established, and the main conclusions 
are as follows:

(1) FIB-SEM experiments representing the microscale, QEMS
CAN experiments, XRD experiments, and multi- 
temperature-stage pyrolysis experiments at the macro
scale were combined to construct the multi-component 
digital shale cores representing shale reservoirs. The paral
lel experiments including different frequency T2 experi
ments, T2* experiments, and T1-T2 experiments provided 
accurate numerical simulation parameters for T1-T2* 

simulations. The accuracy of the proposed T1-T2* relaxation 
theory and numerical simulation methods can be validated.

(2) T1-T2* numerical simulations indicate that the instrument 
acquisition parameter Td should be minimized. The f, pyrite 
content, and clay can influence the T1-T2* responses, with a 
greater impact on inorganic pore water. Pyrite has a larger 
effect on porosity than that of clay. Due to the TE being two 
orders of magnitude larger than the Td, the T1-T2*-based 
porosity is higher compared to T1-T2-based porosity. When 
pyrite content is 5.43%, Td = 4 μs, TE = 0.4 ms, and f is 
200 MHz, the T1-T2*-based porosity is 2.39 times that of the 
T1-T2*-based porosity. As f increases, the influences of clay 
content and type, pyrite content on T*

2LM inorganic pore 
water increase. When pyrite content is 5.43%, Td = 4 μs, 
TE = 0.4 ms, and f is 200 MHz, the T*

2LM is 0.015 ms, which is 
0.015 times that of T2LM. When f increased, relaxation rates 
strengthen, determined by the spectral peak shift of T2* 
distribution, the T*

2LM decreases. The Td = 4 μs, TE = 0.4 ms, 
T1LM is 8.84 ms, which is 0.63 times that of T1LM.

(3) T2LM, T*
2LM, T1LM, and porosity are influenced by the complex 

minerals. The petrophysical conversion models can be ach
ieved based on T1-T2* numerical simulations.

The T1-T2* relaxation theory was proposed in this paper, which 
establishes the foundation for frequency conversion relationships 
of petrophysical parameters between NMR laboratory measure
ments (T1-T2* spectra) and NMR logging (T1-T2 spectra). It can 
further unlock the potential reserve of shale oil reservoirs and 
contribute to reserve growth and production enhancement in such 
reservoirs. It is also crucial for CO2 sequestration capacity evalu
ation in shale oil reservoirs.
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