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Abstract
NMR serves as an important technique for probing rock pore space, such as pore structure characterization, fluid identifica-
tion, and petrophysical property testing, due to the reusability of cores, convenience in sample processing, and time efficiency 
in laboratory tests. In practice, NMR signal collection is normally achieved through polarized nuclei relaxation which 
releases crucial relaxation messages for result interpretation. The impetus of this work is to help engineers and researchers 
with petroleum background obtain new insights into NMR principals and extend existing methodologies for characterization 
of unconventional formations. This article first gives a brief description of the development history of relaxation theories 
and models for porous media. Then, the widely used NMR techniques for characterizing petrophysical properties and pore 
structures are presented. Meanwhile, limitations and deficiencies of them are summarized. Finally, future work on improving 
these insufficiencies and approaches of enhancement applicability for NMR technologies are discussed.
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M  Net magnetization vector (A/m)
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T1  Longitudinal relaxation time (s)
T2  Transverse relaxation time (s)
TB  Bulk relaxation time (s)
TS  Surface relaxation time (s)
Vp  Pore volume  (m3)
�  1H gyromagnetic ratio (42.57 MHz/T)
�3  Dirac function in 3-D space
�  Surface sink strength (m/s)
Δ�  Susceptibility difference (H/m)
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Abbreviations
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MRI  Magnetic resonance imaging
NMR  Nuclear magnetic resonance
PFG  Pulse field gradient
R & D  Research and development
RF  Radio frequency
SDR  Schlumberger Doll Research
SEM  Scanning electron microscope
SNR  Signal-to-noise ratio
SR  Saturation recovery
STE  Stimulated echo
3-D  Three-dimensional

1 Introduction

Rock is a sort of porous media with tight texture and mul-
tiple components, which is also the research focus in the 
field of oil and gas exploration and development. Since 
cores from deep reservoirs are precious and strongly het-
erogeneous, the reusability of those cores and acquirement 
of experiment data are of great significance for experimental 
design. NMR is such a method that satisfies the demand of 
characterization of pore space inside rocks as the mechanism 
of NMR and optical measurement are completely different, 
and the NMR technology is less limited by experimental 
conditions (Pape et al. 2009; Srivastava et al. 2018). For 
petroleum engineers and researchers, NMR studies of rocks 
include three levels: (1) knowledge of the NMR principle, 
(2) relaxation theories and models of porous media for signal 
interpretation, and (3) taking characteristics of lithology and 
fluids into consideration and analysis of special relaxation 
mechanisms in rocks. Generally, interactions of atoms and 
molecules are expressed as bulk relaxation, surface relaxa-
tion, and diffusion-enhanced relaxation in an inhomogene-
ous magnetic field at a macroscopic scale. In pores, hydro-
gen nuclei (1H) work as “probes” to touch the pore walls 
(Brown and Fantazzini 1993; Weisskoff et al. 1993; Borgia 
et al. 1995), and present opposite states before and after 
touches. Therefore, fluids fill up pore voids and outline the 
pore structure. Additionally, physical and chemical reactions 
between fluid and solid molecules, or among fluid molecules 
make the relaxation response more complicated.

Song (2013) has divided the development of NMR 
technologies in porous media into two stages: the classi-
cal period (1950–2000) and modern period (2000-now), 
with a shift from the research bloom of relaxation theories 
and models to promotion of NMR methodology interpre-
tation. This is because the target cores show considerable 
complexity in NMR responses, and challenges appearing 
in applications are MR signal interpretation and collection. 
Specifically, signal overlapping due to similar resonance 
responses from different sources and diffusion coupling in 
well-connected voids generates ambiguous results, and short 

relaxation signal reflecting hydrogen-bearing components in 
nanoscale pores tends to be easily lost (Hiejima et al. 2005; 
Liu et al. 2018a). To reproduce the relaxation process in 
experiments, find out dominant mechanisms that affect short 
relaxation signal components, and induce signal overlap-
ping, inhomogeneous magnetic field gradient distribution 
that influences nuclei diffusion and NMR responses in rock 
pores have been simulated in several studies (Audoly et al. 
2003; Zhang and Hirasaki 2003). However, oversimplified 
models are of limited accuracy, and idealized results can 
significantly deviate from real data. To strengthen the ability 
of NMR signal separation and interpretation, improvements 
of numerical simulation and experimental methodologies 
are needed (Hoop and Prange 2007; Mu et al. 2007; Fleury 
et al. 2015). Scaled-up numerical simulation for relaxation in 
pore network provides supplementary data for experimental 
observations, but its effectiveness relies on the full under-
standing of specific relaxation mechanisms due to divergent 
rock compositions and pore fluids, inserting appropriate con-
trolling equations, and refining digital core reconstruction 
based on CT (computer tomography) images (Zhang and 
Zhang 2015; Wu et al. 2019). As for laboratory tests, sub-
traction of identical signal achieved by comparison of mul-
tiple pulse sequences can extract hidden information. Mean-
while, for applicability enhancement, NMR tests should be 
checked and corrected by other experimental methods. For 
example, imaging measurements can be used to support the 
characterization of pore geometry and topology, and indirect 
experimental approaches such as core imbibition, flooding, 
and excavation can be utilized in a dynamic observation 
process.

This paper aims at introducing the major challenges and 
insufficiencies in characterization and providing guidance 
for future work that can make up for these deficiencies. Sec-
tion 2 will give a brief introduction for the development 
history of relaxation theories and models for porous media. 
Section 3 will review mature applications using NMR tech-
niques. Section 4 will summarize the existing challenges 
and analyze effects of inaccurate models or methods on test 
results. Section 5 will discuss efforts on studies of relaxation 
mechanisms, NMR response simulation, and experimental 
methodology to promote the applicability of NMR technolo-
gies and progress of core analysis.

2  History of porous media relaxation theory 
and model

2.1  Enlightenment and origin

The accumulation of 1H relaxation produces the total MR 
signal detected, and fluid throughout rock pores is the 
carrier of 1H, of which the distribution is used to outline 
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geometrical and topological properties of pore networks. 
Since spins belong to quantum category, the probability 
density m(r, t) is introduced to describe the state evolution 
of hydrogen nuclei in pore space.

Zimmerman and Brittin (1957) found that transition 
between free and bounded water triggered by molecular dif-
fusion brought out significantly distinct relaxation behavior. 
They thought the fact was caused by exchange of spin states 
and in line with the Markov process. Initially, the Chap-
man–Kolmogorov equation (Olivares-Robles and García-
Colín 1994) firstly gave an expression of 1H probability 
density:

Supposing that the spins share n kinds of energy state, the 
subscripts “s,” “i,” and “f” denote the start (complete polari-
zation), intermediate, and final (complete relaxation) states, 
respectively. For example, “sf” denotes that a spin experi-
ences the process of “start → final” state. c is the change 
probability from the present state, while m represents the 
probability of transition from one state to another. Specially, 
mif is the stationary distribution, given by Eq. (2):

To simplify Eq. (2), only the start and final states (denoted 
by “f”) are considered, and the probability density msf is 
obtained by solving Eq. (3):

where 1/Ts is the relaxation rate of the s-state spin, and Esf 
is the transition rate between the two states. Meaningfully, 
this formula compares the relative speed of inherent relaxa-
tion rate and molecular diffusion: The whole relaxation is 
regarded as the weighted summation of spin relaxation when 
the former is faster than the latter; on the contrary, the den-
sity of polarized 1H in each part is almost the same.

Without sufficient understanding of the relaxation mecha-
nism in porous media, Eq. (3) was solved by the first-order 
perturbation theory at early time, contributing to the loss 
of some useful information in calculation (Brownstein and 
Tarr 1977).

2.2  Classical model

Early research (Torrey 1956; Torrey et al. 1959; Korringa 
et al. 1962) found that 1H relaxed faster than ever once they 
reached the pore surface, indicating that pore walls would exert 
extra relaxation interaction and limit molecular diffusion. The 

(1)
dmsf(t)

dt
= −cfmsf(t) +

∑
msi(t)

(
cimif(t)

)

(2)
�

mff = 0∑
mif = 1

(3)msf = msf(t)

(
cs +

1

Ts

)
− cfmsf(t) = Esf +

msf(t)

Ts

extra effect is called “surface relaxation.” Brownstein and 
Tarr (1979) established the mathematical model (so-called 
BT model) of 1H in porous media:

where M(t) is the magnetization vector, �⃖⃗D is the spin dif-
fusion coefficient (a second-order tensor), 1/TB is the bulk 
relaxation rate related to spin inherent properties, n̂ denotes 
the unit outward normal vector at the surface, ρ is the sur-
face sink strength, and Vp is the pore volume. In finite space, 
the expression of the probability density of spins becomes 
extremely complex (Mitra and Sen 1992), and eigenfunction 
expansion is adopted to obtain m(r, t):

where An is the proportion of the nth eigenstate, φn and 1/Tn 
are the corresponding eigenfunction (related to spin loca-
tion) and eigenvalue (related to relaxation time), respec-
tively. The minimum eigenvalue 1/T0 is the total longitudinal 
or transverse relaxation rate. And for transverse relaxation, 
1∕T0

2
 (i.e., 1/T2) is the summation of surface relaxation rate 

1/T2S, bulk relaxation rate 1/T2B, and diffusion-enhanced 
relaxation rate 1/T2D (Kleinberg et al. 1994; Stapf et al. 
1995; Kimmich and Anoardo 2004)

Actually, pores in the BT model are isolated (several 
microns or even smaller) and spins reach pore walls easily, 
satisfying TB ≫ Tn . Since the inhomogeneity of the magnetic 
field is neglected and the diffusion is considered to be instan-
taneous, 1/T2D is also ignored. (Senturia and Robinson 1970; 
D’Orazio et al. 1989):

where S is the pore surface area, a is the pore characteristic 
length, 1/Tm is the relaxation rate of the rock skeleton, and h 
is the thickness of the surface relaxation region. The ratio of 
the time a2∕D , which spins need to travel to the pore bound-
ary, and the spin relaxation time a∕� , defines three kinds of 
diffusion domain, i.e., fast diffusion ( 𝜌a∕D < 1 ), slow dif-
fusion ( 𝜌a∕D > 10 ), and modest diffusion ( 1 < 𝜌a∕D < 10 ) 

(4)

⎧
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M(t) = ∭ m(r, t)d3r (Total magnetization)
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(Mitra et al. 1993). For slow diffusion, if bulk relaxation is 
neglected, strict restrictions are required:

Since the inequality group (Eq. 8) is difficult to be satis-
fied simultaneously, the model is less practical. The effect of 
bulk relaxation was highlighted by simulating spin relaxation 
in pores with sizes ranging from tens to hundreds of microns 
(Cohen and Mendelson 1982). Results showed the magnetiza-
tion evolved evenly inside pores and verified the rationality of 
the fast diffusion model to some extent.

In the fast diffusion domain, the unrelaxed spin probabil-
ity density is approximately the same in porous media, so the 
overall relaxation time, a∕� , contains no knowledge of pore 
shape and connectivity, and the pore characteristic size a is 
only an averaged value. Instead, in the slow diffusion domain, 
because the spin relaxation rate is greater than the replenish-
ment rate caused by molecular diffusion, there is a discrepancy 
between the probability density in pore void and near bound-
ary, namely m(r, t) ≠ const . 1H is sensitive to obstacle and all 
eigenvalues release information of geometries. By comparing 
the two sorts of diffusion regimes, it is found that spin relaxa-
tion reflects the detailed microstructure efficiently as long as 
the diffusion velocity is sufficiently small. However, this will 
lead to a complicated analytical expression.

2.3  Diffusion model

To include the behavior of spin diffusion in a non-uniform 
magnetic field, the diffusion propagation function G(r, r�|t) 
(i.e., the diffusion propagator G, a Green’s function) is intro-
duced to replace m(r, t) , and Eq. (4) is then rewritten as Eq. (9):

where δ3 is the Dirac function in 3-D space. Analytical meth-
ods, like the perturbation theory, eigenfunction expansion, 
and cumulant expansion, were used to solve the simultane-
ous equations (Mitra and Sen 1992).

In an infinite and uniform environment, where the diffu-
sion coefficient is constant ( ⃖ �⃗D = D0 ), spins diffuse freely, and 
G(r, r�|t) is the Gaussian distribution, satisfying �2 = 2D0t 
(Tanner 1968, 1970):

(8)

{
𝜌a

D
> 1

D

a2
> 1

T2B

(9)

⎧⎪⎨⎪⎩

𝛁 ⋅ ( �⃖⃗D ⋅ 𝛁G) −
G

TB
=

𝜕G

𝜕t
(Controllingequation)

(n̂ ⋅
�⃖⃗D ⋅ 𝛁G + 𝜌G)�S = 0 (Boundarycondition)

G(r, r��t = 0) = 𝛿3(r − r�) (Initialcondition)

(10)G(r, r�|t) = (4�D0t)
−3∕2 exp

[
−(r − r�)2

4D0t
−

t

TB

]

According to the Einstein diffusion equation, the averaged 
traveling distance of spins within time t, a statistical amount, 
is ⟨[(r − r�)]2⟩ = 6D0t.

In rock porous media, the diffusion is confined and the 
diffusion coefficient is no longer a constant. If the anisot-
ropy of the diffusion coefficient is not considered (only 
time-dependent), �⃖⃗D is simplified as a time-dependent diffu-
sion coefficient, D(t) (Woessner 1963; Stejskal and Tanner 
1965; Banavar and Schwartz 1987; Basser et al. 1994). The 
diffusion propagator G(r, r�|t) then deviates from the Gauss-
ian distribution, and its expression is rewritten in Eq. (11), 
where C(t) is normalized and S(r − r�) indicates the con-
nectivity of pores.

Enlightened by the thought of random walk, Eq. (12) 
(Mitra et al. 1992) shows how D(t) works as a geometrical 
probe to extract features of pore structure, where d is the 
spatial dimensionality and k is the wave vector:

In fact, the initial and long-term states of spin diffusion 
are the most easily available knowledge, while the inter-
mediate diffusion process is hardly depicted because of 
the complicated pore structure and mazy diffusion path. 
Researchers focused on short-time and long-time behavior 
of the time-dependent diffusion coefficient (Axelrod and Sen 
2001). Within the short-time limit, spins are dominated by 
the free diffusion regime, and only a small part of them is 
able to contact the boundary, so the pore structure is out-
lined by the mean square displacement, i.e., ⟨r(t)2⟩ = 6D(t)t . 
Regardless of rock connectivity and smoothness of the pore 
surface, the dominant term, (D0t)

1∕2 , in the expression of 
D(t) , will be remained in the regime. And the variation of 
D(t) is related to Vp∕S . In the long-time limit, D(t) depends 
on pore types. For isolated pores, the effective diffusion 
coefficient D∞ finally comes to 0, while for connected pore 
network under the assumption of �=0 , D(t) is contributed 
from those survived spins which reach their destinations 
after bypassing several voids and passages. Therefore, the 
path which spins have gone through reflects the connectivity 
and distortion of the pore structure.

Some structural information is excavated from the short-
time and long-time asymptotic behavior; however, it is still 
insufficient to draw the exact profiles of pores. The medium-
time diffusion process between the two limits includes mes-
sages of pore geometry and morphology, but the analytical 
solutions of models in this domain are complex and impracti-
cal. The anisotropy of diffusion coefficient in a biological cell 

(11)

G(r, r�|t) = C(t)

(4�D(t)t)3∕2
exp

[
−(r − r�)2

4D(t)t
−

t

TB

]
S(r − r�)

(12)− lim
k→0

� ln[M(k, t)]

�k2
=

⟨r2(t)⟩
2d

≡ D(t)t
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model with particular geometry has been analyzed in some 
studies (Kinoshita et al. 2008), but it oversimplifies rock pore.

2.4  Effect of internal magnetic field

In an unknown magnetic field, spin diffusion is more compli-
cated. Due to the susceptibility difference △χ between fluid 
and skeleton particles, or para-/ferromagnetic materials, an 
internal magnetic field gradient gint with an unclear distribu-
tion is produced in B0. The expression of gint is simply given 
by Eq. (13):

where C is a dimensionless constant that considers local 
fluctuation of the internal field gradient. To be more specific, 
spin diffusion regimes are determined by four lengths that 
appear in spin motion, which are the diffusion length lD, the 
dephasing length lg, the structural length ls, and the critical 
length l* (Hürlimann 1998; Johnson and Daigle 2016):

The asymptotic behavior of the diffusion regime depends 
on the minimum length among the four. When lD ≪ ls and 
lD ≪ lg are satisfied, the diffusion process is equivalent to 
free diffusion, in which D(t)=D0 is met. When (D(t)t)1∕2 is 
close to the pore size a, as time increases and D(t) decreases, 
spins reach pore surface and relax gradually. Both the two 
occasions are described by asymptotic behavior of the free 
diffusion regime. When lg ≪ lD and lg ≪ ls are satisfied, or 
ls > l∗ is valid, spin diffusion is greatly modulated by the local 
magnetic field gradient g(r) . Therefore, the spin echo decay is 
described by the localization regime. In the third asymptotic 
regime, the motional averaging regime, satisfying ls ≪ lg, lD , 
spins will arrive at the border before its complete dephasing 
and relaxation (Lewis and Seland 2016).

In fact, since the internal magnetic field distribution can 
only be obtained by numerical methods (Sen et al. 1999; Fu 
et al. 2012; Lewis and Seland 2017), it is challengeable to 
observe the spin relaxation process in rocks. However, these 
studies are still conducive to understanding diffusion behavior 
in different kinds of porous media.

2.5  Section summary

In general, the development of relaxation model experiences 
a blooming period from 1950s to 2000s, and those models 

(13)gint = CΔ�(r)B0

(14)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

lD = (D(t)t)1∕2

lg =
�

D(t)

�g

�1∕2

ls =
Vp

S
= a

l∗ =
�

2�D(t)

�CΔ�B0

�1∕2

become more complex and continually get closer to real 
relaxation processes. However, they are mainly applied for 
theoretical analysis since they are solved by analytical meth-
ods with simplified assumptions and the solution formats are 
complicated. Even if the internal magnetic field distribution 
can be obtained by numerical simulation, there is a big dif-
ference between reality and digital results.

3  Low‑field NMR methodology

Practically, as mentioned in our previous study (Wang et al. 
2020), the NMR signal in cores is seriously affected by the 
local magnetic field gradient, and the signal-to-noise ratio 
(SNR) is low. As a result, low-field NMR is more broadly 
used. The low-field NMR technology has two branches, 
namely the NMR relaxation spectrums and magnetic reso-
nance imaging (MRI). For relaxation spectrums, analyses 
of the line shape and trend change of T1, T2 (longitudinal 
and transverse relaxation time) spectrums and calculation 
of spectral parameters are the most powerful tools, while 
the correlation between the diffusion coefficient and time is 
often used for fluid identification, diffusion–relaxation stud-
ies and analyses of pore structure. Since the collected signal 
is a statistical result, signal overlapping due to similar NMR 
responses from different sources tends to occur in T1, T2 
spectrums. The relaxation spectrum analysis has been devel-
oped from one-dimensional spectrums to two-dimensional 
spectrums (Hürlimann and Venkataramanan 2002; Sun 
et al. 2004). To some extent, two-dimensional spectrums 
are capable of distinguishing different signal sources that 
produce similar NMR responses by adding relaxation physi-
cal information into one map. To be more specific, charac-
terization of petrophysical properties, such as porosity, fluid 
saturation, and permeability, is successfully achieved by the 
NMR relaxation spectrum analysis based on NMR signal 
and variation of fluid distribution. Pore structure character-
ization, including pore size distribution, geometrical, and 
topological properties, is also related to fluid distribution 
and 1H diffusion. Moreover, the two-dimensional relaxation 
spectrum analysis is a must for fluid identification, and it is 
also used for obtaining pore size distribution. Development 
of those applications is summarized in Table 1.

T1 tests mainly contain two methods: One is the inversion 
recovery (IR) method and the other is the saturation recovery 
(SR) method. For IR, the variation range of magnetization is 
larger, and the transverse relaxation effect is eliminated. SR is 
less disturbed by noise and is less time-consuming. For T2, the 
Carr–Purcell–Meiboom–Gill (CPMG) sequence eliminates the 
dephasing-enhanced relaxation in the non-uniform magnetic 
field by n spin echoes. Meanwhile, the diffusion-enhanced 
relaxation is basically eliminated by adopting the minimum 
echo interval τ. And the time difference between T1 and T2 
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tests demonstrates the superiority of the latter. However, to uti-
lize diffusion coefficient information and avoid the inhomoge-
neous and unknown internal magnetic fields generating uncer-
tainty on calculation of D(t), the pulse field gradient (PFG) 

and stimulated echo (STE) sequences are applied (Latour et al. 
1993; Sorland et al. 2000). Actually, two-dimensional pulse 
sequences are mainly D–T and T–T and are a combination of 
the single relaxation time or diffusion coefficient. For D-T, 

Table 1  Applications of NMR relaxation spectrums

Applications Techniques Characteristics Representatives

NMR porosity 1H MR signal calibration and T2 
spectrum

For tight sandstone, NMR porosity 
is as accurate as helium porosity

Xie et al. (2006), Fan et al. (2018)

1H and 19F MR signal calibration 
and T2 spectrum

Porosity of irregularly shaped cut-
tings is measured

Fellah et al. (2018)

Fluid saturation T2 spectrum Relying on the determination of 
T2 cutoff value with observers’ 
experience

Coates et al. (1998), Gao et al. 
(2004), Solatpour et al. (2015)

NMR permeability T2 spectrum SDR (Schlumberger Doll Research) 
model using geometric mean T2gm 
and porosity to calculate perme-
ability

Kenyon et al. (1988)

Coates model obtaining permeabil-
ity based on fluid saturations

Mao et al. (2013)

Producible porosity model taking 
contribution of effective porosity 
into account

Yao et al. (2010)

Multi-component permeability cal-
culation model based on different 
pore sizes

Han et al. (2018)

Wettability T1 spectrum Observing mixed wettability and 
wettability alteration through the 
change of line shapes and trend in 
relaxation spectrums

Freedman et al. (2003), Al-Mahrooqi 
(2004)T2 spectrum and numerical inves-

tigation

T2 spectrum Quantitative characterization of 
wettability

Sulucarnain et al. (2012), Su et al. 
(2018), Liang et al. (2019)

Pore size distribution T2 spectrum Obtaining the full distribution of 
pore size based on Eq. (7)

Brownstein and Tarr (1977, 1979)

Obtaining microfracture width 
based on the modifying shape 
factor

Sondergeld et al. (2010), Liu et al. 
(2018b)

T2 spectrum and mercury intrusion 
porosimeter

Obtaining throat size distribution in 
ultra-low permeability sandstones

Gao and Li (2015)

NMR cryoporometry and T2 spec-
trum

A brand-new method different from 
models based on the BT theory 
and eliminating interference of 
paramagnetic impurities

Zhao et al. (2017)

D–T1
1 (diffusion coefficient- T1

1) 
spectrum

T1
1 (information from a higher eigen-
mode) is acquired by DDIF (decay 
due to diffusion in the internal 
field) pulse sequence

Zhang et al. (2016a, b)

Pore shape and connectivity Effective diffusion coefficient D(t) Simplified pore shapes and con-
nectivity in short-time diffusion 
and long-time diffusion limits are 
characterized and calculated

Song (2001), Sen (2004), Marco et al. 
(2018)

Fluid identification D–T2 spectrum Identification of oil, gas and water 
based on a modified design of 
pulse sequence and an inversion 
method

Xie and Xiao (2009), Fan et al. 
(2015)

T1–T2 spectrum Separation of NMR responses from 
water and organic matters

Fleury and Romero-Sarmiento (2016)
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D–T2 is more widely used and is further divided into two cat-
egories. The first type records data of D and T2 in two sepa-
rate stages, which allows getting a larger range of D, but may 
lose short relaxation components easily, such as PFG-CPMG 
and bipolar PFG-CPMG (BPPFG-CPMG) (Komlosh et al. 
2007; Zheng and Price 2008). The second kind of sequences, 
instead, loads constant field gradient, preserves responses of 
short relaxation components in the first stage by varying spin 
echo interval, for example, modified CPMG. As for T–T, cor-
respondingly, usage of T1–T2 is more frequent and is drawn by 
IR-CPMG or SR-CPMG (Snaar and van As 1992; Rondeau-
Mouro et al. 2016).

Compared with conventional methods in calculation of 
rock porosity, fluid saturation, and permeability, NMR tech-
niques are less time-consuming, for core flooding is unnec-
essary, and in most cases, the latter behaves no worse than 
those conventional methods. In terms of characterizing core 
wettability, NMR relaxation spectrums show more conveni-
ence since qualitative and quantitative analyses of wettability 
are related to T2 variation and NMR saturation, respectively 
(Chen et al. 2006). Acquirement of pore size distribution and 
observation of pore structure variation before and after spe-
cial treatments, such as acidizing, both require water-satu-
rated cores. It is worth noting that water saturation operation 
will alter the pore structure of clay-mineral-rich cores, such 
as shale. And filling fluid selection is essential. Moreover, 
sample preprocessing like drying for gas absorption also 
changes pore structure. To eliminate the human error, NMR 
cryoporometry is created of which the calculation is based 
on the signal difference between 1H in fluid and icing state. 
Meanwhile, it also avoids interference of para/ferromagnetic 
impurities on capture of short relaxation components. Still, 
the lower bound of NMR cryoporometry is confined by sig-
nal detected. In two-dimensional relaxation spectrums, dif-
ference of 1H relaxation behavior in various fluids and part 
of solids is magnified gradually because molecules contain-
ing hydrogen atom(s) in fluids and solids show distinct T1 
and T2 value (Zhang et al. 2016a, b).

In addition, MRI is used to directly observe the fluid dis-
tribution inside rock samples, through which pore structure 
changes are contoured (Xiao and Balcom 2013, 2014; Zhang 
et al. 2019). It also helps researchers understand seepage 
laws and fluid–solid physicochemical interactions. Due to 
its low resolution in images, MRI is mainly used for obser-
vation of loose or artificial samples, and on supplementing 
relaxation spectrum analyses.

4  Limitation and deficiency

Although low-field NMR technologies are relatively ver-
satile in characterizing pore space inside rocks, the tech-
nology applicability in this field will be challenged by its 

limitations and deficiencies as hot topics of research shift 
from conventional formations to unconventional formations, 
with target cores becoming more complex in compositions 
and structure. Hence, in characterization of petrophysical 
properties and pore structures, result analysis is challenged 
by low SNR, signal loss, and a signal overlapping.

4.1  Petrophysical property characterization

For an NMR porosity test, all the relaxation responses are 
regarded as the contribution from the fluids in pores, but 
the relaxation rate can be accelerated by other components 
or impurities inside cores (Almagor and Belfort 1978). 
The types and properties of pores and fluids remained on 
pore surfaces also have an impact on NMR signal collec-
tion, which produces discrepancy between results and real 
data. Consequently, the choice of proper fluid media and 
calibration before tests are of vital importance. As for char-
acterization of saturation, permeability, and wettability, the 
determination of the T2cutoff is on the top agenda. However, it 
is tough to gain a precise value as errors produced in signal 
collection and inversion of T2 spectrum are inevitable, and 
determination of T2cutoff strongly depends on experimenters’ 
experience (Hu et al. 2019).

The low-field T1–T2 spectrum is used for identification of 
fluids, and differentiating signal from fluids and organic mat-
ters in shale samples to some extent (Li et al. 2018), but it 
still remains some overlapped sections, and parts of 1H-con-
tained components’ signals are lost (as shown in Fig. 1).

For cores rich in organic matters and nanopores like shale 
samples, because the transverse relaxation rates of fluids 
in small pores and solids contained 1H are both extremely 
fast, and the corresponding relaxation signal are approach-
ing the sampling limit, there is little divergence on T2 val-
ues, and the relaxation responses among fluids and solids 
cannot be sufficiently separated (Kausik et al. 2016). Thus, 
shale porosity may be overestimated or underestimated, and 
organic matter analysis by NMR becomes very hard. In fact, 
since the relaxation rates of fluids and solids are significantly 
different, and solid NMR signal is more clearly captured 
in high field, it is nearly impossible to acquire the whole 
range of effective signal by an identical device. In other 
words, low-field NMR technologies are very likely to set 
a “blind zone” for rock composition analysis (Mehana and 
Elmonier 2016; Kausik and Hürlimann 2016). Recently, sev-
eral reports have discussed the method of high-field T1‒T2 
maps for separating signals of solid components (Papaioan-
nou and Kausik 2015; Song and Kausik 2019), but they are 
isolated from cores. This means that mineral composition 
analysis on a core from underground by NMR techniques is 
yet unaccomplished, for signal and noise will be amplified 
simultaneously.
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4.2  Pore structure characterization

Pore size distribution models based on the BT theory 
describe 1H relaxation in the fast diffusion domain. In this 
situation, each pore is isolated, or at most two adjacent pores 
are connected with pore sizes below 1 μm, and all the pores, 
throats, and fissures in cores are simplified to the same 
geometry, such as sphere, ellipse, or cylinder (Brownstein 
and Tarr 1979; Hürlimann et al. 1994). In most case, spheri-
cal pore hypothesis is used (Zhang et al. 2017). Definitely, 
this simplification fails to represent the actual pore structure. 
Figure 2 shows the SEM (scanning electron microscope) 
images of a shale sample with developed clay slits. It is pro-
vided that the storage space merely consists of sphere pores, 
some of which the radius is r and the characteristic length a 
is 0.33r. Hence, a 10r × r × r slit will be equivalently treated 
as a sphere with a equaling 0.24r.

In addition, for cores with well-connected pore networks 
or with pore sizes ranging from tens to hundreds of microns 
(Lisitza 2002), such as cavernous/fractured carbonates, 
water molecules shuttle in large and small pores through 
throats or fissures. Consequently, the relaxation time is aver-
aged by the periods when 1H is relaxed in these closed voids 

alone, also known as the diffusion coupling (as shown in 
Fig. 3). Because of diffusion coupling, the T2 distribution 
fails to be converted to pore size distribution and is difficult 
for reliable explanation. Comparison between fast diffusion 
and diffusion coupling shows that whether the T2 distribution 
can be converted to pore size distribution is determined by 
surface relaxation, and better correspondence demands more 
intensive interplay (Palit and Yethiraj 2008). Although NMR 
cryoporometry offers new access to pore size distribution, 
a limited characterization range and inconvenient operation 
restrict the application of this technique.

In aspect of depiction for pore shapes and connectivity, 
it is almost impossible to obtain the 1H diffusion path for 
tortuous pore networks by analytic methods. As mentioned 
above, mathematical descriptions are only available for 
extreme moments, such as short-time and long-time diffu-
sion limits, and we have no idea about what will happen in 
most time between the two conditions (as shown in Fig. 4). 
Random walk (RW) simulation has been used to study the 
medium-time diffusion process. However, the basic models 
are scale-limited and oversimplified, and relaxation mecha-
nisms are not fully considered (Guo et al. 2016a). Moreo-
ver, the 1H probe is insensitive to pore walls when surface 
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relaxation is not the decisive factor, resulting in unrecogni-
tion of pore shapes (Lagkaditi et al. 2015).

As for MRI, fluid signal in tiny pores, which is out of sam-
pling range or covered by noise, is easily lost. This means 
details about these tiny pores and throats are neglected, 
which is one of the reasons for low resolution. The one-
dimensional T2 mapping technology enhances identifiability 
of cores’ main characteristics on images, but local features, 
such as fissures, will become blurred due to signal overlap-
ping (as shown in Fig. 5).

Take a step back, based on the relaxation theory 
described in Sects. 2.2 and 2.3, and regardless of diffu-
sion coupling, the surface relaxation rate is controlled 
by the shortest distance that 1H travels. For fractures of 
which the width is close to, or is smaller than the charac-
teristic length of pores, relaxation time of 1H in fractures 
and pores is overlapped (as shown in Fig. 2). Thus, pores 
and fissures cannot be completely identified by spectrums 
obtained from current NMR methodologies.
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Fig. 3  Schematic diagram of diffusion coupling in porous-type and fractured carbonate. 1H (red curve arrow) wandering in solo pore will not be 
affected by diffusion coupling, while 1H (green curve arrow) crossing large and small pores through throats or fissures will be influenced
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5  Improvement direction

To strengthen the applicability of NMR technologies used in 
core analyses, progresses are indispensable in NMR signal 
collection and interpretation. Objectively, signal collection 
is mainly challenged by physical limits of devices; for exam-
ple, the sensitivity of RF (radio frequency) coil is crucial for 
pulse emission and signal acquisition, which directly deter-
mines whether the relaxation can be fully observed (Song 
2013). Additionally, development of novel pulse sequences 
for sampling more relaxation information is also an impor-
tant booster. However, since interpretation of inversion data 
is more affected by manual interference, more attention 
should be paid to this direction.

5.1  Improvement of theories and models

The MR relaxation theory in porous media has experienced 
a development for more than 60 years, but the development 
speed of theories and mathematical models are slow or 
even stagnant in recent years, causing defects in applica-
tions. Specifically, for 1H relaxation behavior beyond the fast 
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Fig. 4  Schematic diagram of 1H diffusion in tortuous pore networks. 
The 1H walking path in medium time for its large time span and 
complicated process is not available, and it is difficult to couple the 
medium-time diffusion process into the short-time and long-time dif-
fusion limits

Slices

One-dimensional T2 mapping

Fig. 5  Enhancement of main fractures (yellow oval) and loss of a slim fissure (red rectangle) in MRI images based on the one-dimensional T2 
mapping technology
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diffusion domain, there is no reliable model or method for 
qualitative explanation and quantitative analyses. Therefore, 
it is necessary to improve the theories and refine the models 
with improved knowledge of the basic physics and chemistry 
characteristics of rocks.

The first step is to enhance the understanding of multiple 
relaxation mechanisms related to rock components and pore 
structures. For instance, prominences including composi-
tion diversity, storage, and seepage dominated by nanoscale 
pores and throats, and coexisting multi-scale pores, make 
relaxation mechanisms in shales more complex (Washburn 
and Birdwell 2013; Daigle et al. 2014; Jia et al. 2016, 2017; 
Washburn and Cheng 2017): (1) Organic matter affects fluid 
NMR signal, and dipole–dipole coupling between 1H atoms 
is the controlling factor. (2) The distribution and compaction 
of clay influence NMR responses, and clay’s type and com-
ponents will affect the wettability of pores and adsorption 
of water molecules. (3) Most of  Fe3+ ions are distributed in 
pyrite, and a few paramagnetic impurities are dispersed on 
the pore surface or in organic matter. Therefore, interaction 
between fluid molecules and para-/ferromagnetic ions may 
not be the dominant cause of surface relaxation (as shown 
in Fig. 6). Furthermore, 1H diffusion in shale belongs to the 
free diffusion regime with high probability, but diffusion-
enhanced relaxation and diffusion coupling should not be 
overlooked if spins diffuse in fissures or multiple pores.

Secondly, in order to find out dominant mechanisms 
that induce ambiguous interpretation in characterization of 
petrophysical properties and pore structures, applications of 
high-field NMR and solid NMR are necessary (Le Doan 
et al. 2013; Kausik et al. 2017), and scaled-up numerical 

simulation is needed to reproduce the relaxation process in 
experiments and supplement data for experimental obser-
vation. NMR response simulation consists of two stages: 
(1) digital core reconstruction and (2) response simulation 
(Benavides et al. 2020). As shown in Table 2, methods for 
NMR response simulation in the two stages are targeted at 
solving part of the problems mentioned in Sect. 4.

Actually, digital core reconstruction is the foundation of 
1H relaxation simulation in pore networks, but it is never 
an easy task and existing methods fail to build scaled-up or 
realistic pore network. Process-based methods are believed 
to restore the core internal structure to the greatest extent 
because it simulates rock formation processes like sedimen-
tation and diagenesis. However, some of them are idealized 
and rock compositions are not fully considered, leading to 
simple or even single skeleton and void components (Zou 
et al. 2015). In contrast, image-based methods are more 
acceptable with continuous improvement in computation 
and imaging measurement. Still, refined core reconstruc-
tion depends on image resolution and data holding and pro-
cessing capabilities of computers. Since there is a balance 
between resolution and field of view, imaging devices, such 
as nano-CT that pursues clear images, can only sacrifice 
the observation range, and make sample preparation more 
laborious work. On the contrary, artificially reducing the 
resolution to get a full picture will cause a unit pixel or voxel 
size exceeding part of pore sizes, leading to pore information 
loss. In particular, the micro-X ray CT equipped with detec-
tor involving a large field of view in Southwest Petroleum 
University has a maximum field of view of 51 mm and a 
corresponding maximum pixel size of 54.2 μm.
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5.2  Experimental methodologies

Besides breakthrough in theories and models, research-
ers, who are weak in research and development (R & D) 
of apparatus and pulse sequence, but interested in signal 
interpretation should be more concentrated on experimen-
tal design innovation by using existing tools and meth-
ods. To cope with the issues mentioned in Sect. 4, several 
corresponding ideas and approaches are summarized in 
Table 3, followed by some examples.

In order to overcome the limitation of T2cutoff in char-
acterizing tight sandstone permeability, Fan et al. (2018) 
introduced the dual T2cutoff method to subdivide the stor-
age space into three sections: fully movable part, partially 
movable part, and fully bounded part. When the pore 
throat is less than the first cutoff value (T2cutoff1), fluid 
is completely immobile, such as bounded water in clay; 
when the pore throat is greater than the second cutoff 
value (T2cutoff2), fluid moves freely, such as free water in 
large pores; when the pore throat is within T2cutoff1 and 
T2cutoff2, there are both movable and immobile fluids in 
pores, allowing to reduce error range. Actually, among 
four widely used methods for determining T2cutoff as sum-
marized in our previous study (Wang et al. 2020), the most 
effective and accurate one is parameter calibration. To be 

specific, irreducible water saturation and fluid volume of 
a sample are measured in advance; when the integrated 
area of T2 spectrum (fully saturated state) is equal to the 
irreducible fluid volume, the corresponding T2 value is the 
exact T2cutoff (Wang et al. 2019).

For signal overlapping caused by various 1H-contained 
components, signal subtraction means highlighting distinct 
but overlapped NMR responses by subtracting the identical 
but dominant relaxation signal in different tests (Müller-
Huber et al. 2018). For example, binomial edited CPMG 
(BE-CPMG) shields 1H signal in solids, and the T2 spectrum 
difference from BE-CPMG and CPMG indicates location of 
fluids in pores and induced fissures (Washburn and Birdwell 
2013). The signal difference from IR-spin echo and IR-solid 
echo tests reflects the distribution of organic matter on pore 
surfaces, while the signal difference from IR-solid echo and 
IR-magic echo tests reflects solid organic matter in shale.

In regard to quantitative analysis of pore size, a DDIF 
tool utilizing higher eigenmodes is developed by the signal 
difference from reference signal R and test signal E (Song 
2003; Cho and Song 2008). Tests combining DDIF with 
other pulse sequences like CPMG are also used in studies of 
pore structure characterization and non-uniform field distri-
bution (Zhang et al. 2018; Connolly et al. 2019). For quali-
tative analysis, a more direct away is combining processes 

Table 2  Simulation methods of NMR response

Stages Simulation methods Targets and characteristics References

Digital core reconstruc-
tion

Process-based methods Reservation of arbitrary and irregular void shape makes it possible to 
separate NMR signal from pores and fissures

Yan et al. (2013)

Image-based methods Reservation of mineral compositions makes it possible to capture short 
relaxation signal of different solid components

Ogren (2013), Tiwari et al. (2013)

Geometric algorithms A kind of simplified method for study NMR response difference 
between pores and fissures with regular or simplified shape and 
structure

Jia et al. (2007)

Statistics algorithms Simplified version of process-based methods with significant differ-
ence in geometrical characteristics among simulation results

Sheidaei et al. (2013)

NMR response simula-
tion

Random walk tech-
niques

The most efficient way at present to reproduce travel and relaxation of 
1H in the voids

Guo et al. (2016b), Guo and Xie (2017)

Finite element methods Finely meshed grid may help raise resolution of simulation results and 
highlight voids details, but the inconvenience is inserting controlling 
equations to describe complex relaxation mechanisms

Zientara and Freed (1980), Nguyen and Mar-
don (1995)Finite difference 

methods

Table 3  Ideas and approaches to cope with issues mentioned in Sect. 4

Issue type Ideas and approaches

Petrophysical property characterization Uncertainty T2cutoff Reducing uncertainty of relaxation parameters like 
T2cutoff, and increasing calibration

Different sources produce identical NMR 
response, causing signal overlapping

Removement of identical signal achieved by NMR 
tests, by using different pulse sequences

Pore structure characterization Enhancing signal change contrast, and combing 
NMR techniques with other imaging measure-
ments like SEM and CT
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like core imbibition, flooding, excavation, centrifugation, or 
freezing–thawing cycles (Liu et al. 2019), with NMR tech-
niques, to reflect fluid transportation laws and distribution 
variations, and observe the evolution of pore structure. This 
requires reasonable experimental design and integrated pro-
tocol. Di et al. (2017) used water and gels formulated by 
deuterium oxide to flood through cores alternately, and the 
signal change on MRI images outlined the flow channels 
inside cores. Lai et al. (2020) observed wormhole propa-
gation after acid injection by MRI and T2 spectrum. It is 
believed that under the support of image processing and 
reconstruction technology, these voids can be characterized 
quantitatively. However, limited resolution MRI images for 
observing evolution process of pore structure should be 
supported by other imaging measurements, such as SEM 
and CT (Safari et al. 2016; Livo et al. 2020). Especially for 
large pores and cracks that are not suitable for fluid pres-
ervation, evaporation or loss of NMR signal sources will 
seriously influence the results (as shown in Fig. 7). If the 
sample with large voids in a core holder is continuously 
flooded to prevent fluid loss, signal of fluids in pipelines 
will be overestimated.

6  Conclusions

This paper briefly reviews the development of NMR relaxa-
tion theories and methodologies for characterization of rock 
petrophysical properties and pore structures by low-field 
NMR. Mature techniques have showed some limitations and 
deficiencies in practice, which are mainly attributed to sig-
nal loss, and ambiguous interpretation caused by low SNR 
and signal overlapping. To tackle these issues, R & D of 
NMR instruments and pulse sequences are essential, but it 
is more realistic and efficient for engineers and researchers 
with petroleum expertise, rather than physical chemistry or 

radio physics experts, to overcome their problems by raising 
the abilities of signal interpretation and experimental design.

In summary, porous media relaxation theories have sup-
ported applications of low-field NMR technologies, but they 
are insufficient to handle problems like obtaining explicit 
pore structure, distinguish pores and fractures, and composi-
tion analysis of underground cores, especially for carbonates 
and shales. This requires researchers to learn more about 
relaxation mechanisms related to characteristics of various 
rock sorts, and accelerate speed of theoretical advance. Inno-
vations of experimental design and methodology unleash 
the potential of existing techniques, like usage of high-field 
and solid NMR, and combination of imaging measurements 
with different resolution. It can be expected that NMR will 
be more interdisciplinary, and core analysis will be a “big 
data” project, where laboratory experiments should be 
designed with consideration of addressing unique engineer-
ing challenges.
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reactive section are similarly signal-less on MRI images. (from Lai et al. 2020)

http://creativecommons.org/licenses/by/4.0/


1294 Petroleum Science (2020) 17:1281–1297

1 3

References

Almagor E, Belfort G. Relaxation studies of adsorbed water on porous 
glass. J Colloid Interface Sci. 1978;66(1):146–52. https ://doi.
org/10.1016/0021-9797(78)90195 -9.

Al-Mahrooqi SH. Laboratory and numerical investigation of NMR 
relaxation measurements to study reservoir wettability. London: 
Imperial College London; 2004.

Audoly B, Sen PN, Ryu S, Song YQ. Correlation functions for inho-
mogeneous magnetic field in random media with application to a 
dense random pack of spheres. J Magn Reson. 2003;164(1):154–
9. https ://doi.org/10.1016/S1090 -7807(03)00179 -4.

Axelrod S, Sen PN. Nuclear magnetic resonance spin echoes for 
restricted diffusion in an inhomogeneous field: methods and 
asymptotic regimes. J Chem Phys. 2001;114(15):6878–95. https 
://doi.org/10.1063/1.13560 10.

Banavar JR, Schwartz LM. Magnetic resonance as a probe of perme-
ability in porous media. Phys Rev Lett. 1987;58(14):1411–4. 
https ://doi.org/10.1103/physr evlet t.58.1411.

Basser PJ, Mattiello J, Lebihan D. Estimation of the effective self-
diffusion tensor from the NMR spin echo. J Magn Reson, Ser B. 
1994;103(3):247–54. https ://doi.org/10.1006/jmrb.1994.1037.

Benavides F, Leiderman R, Souza A, Carneiro G, Bagueira de Vas-
concellos Azeredo R. Pore size distribution from NMR and 
image based methods: a comparative study. J Pet Sci Eng. 
2020;184:106321. https ://doi.org/10.1016/j.petro l.2019.10632 1.

Borgia GC, Brown RJS, Fantazzini P. Scaling of spin-echo amplitudes 
with frequency, diffusion coefficient, pore size, and susceptibil-
ity difference for the NMR of fluids in porous media and bio-
logical tissues. Phys Rev E. 1995;51(3):2104–14. https ://doi.
org/10.1103/PhysR evE.51.2104.

Brown RJS, Fantazzini P. Conditions for initial quasilinear T2
−1 ver-

sus τ for Carr–Purcell–Meiboom–Gill NMR with diffusion and 
susceptibility differences in porous media and tissues. Phys 
Rev E. 1993;47(22):14823–34. https ://doi.org/10.1103/PhysR 
evB.47.14823 .

Brownstein KR, Tarr CE. Spin-lattice relaxation in a system governed 
by diffusion. J Magn Reson. 1977;26(1):17–24. https ://doi.
org/10.1016/0022-2364(77)90230 -X.

Brownstein KR, Tarr CE. Importance of classical diffusion in 
NMR studies of water in biological cells. Phys Rev A. 
1979;19(6):2446–53. https ://doi.org/10.1103/PhysR evA.19.2446.

Chen J, Hirasaki GJ, Flaum M. NMR wettability indices: effect of 
OBM on wettability and NMR responses. J Pet Sci Eng. 
2006;52(4):161–71. https ://doi.org/10.1016/j.petro l.2006.03.007.

Cho H, Song YQ. NMR measurement of the magnetic field correlation 
function in porous media. Phys Rev Lett. 2008;100(2):025501-
1–4. https ://doi.org/10.1103/PhysR evLet t.100.02550 1.

Coates GR, Marschall D, Mardon D, Galford J. A new characterization 
of bulk-volume irreducible using magnetic resonance. Log Anal. 
1998;39(1):51–63 (SPWLA-1998-v39n1a4).

Cohen MH, Mendelson KS. Nuclear magnetic relaxation and 
the internal geometry of sedimentary rocks. J Appl Phys. 
1982;53(2):1127–35. https ://doi.org/10.1063/1.33052 6.

Connolly PRJ, Yan WC, Zhang D, Mahmoud M, Verrall M, Lebedev 
M, et al. Simulation and experimental measurements of internal 
magnetic field gradients and NMR transverse relaxation times 
(T2) in sandstone rocks. J Pet Sci Eng. 2019;175:985–97. https 
://doi.org/10.1016/j.petro l.2019.01.036.

D’Orazio F, Tarczon JC, Halperin WP, Eguchi K, Mizusaki T. Appli-
cation of nuclear magnetic resonance pore structure analysis to 
porous silica glass. J Appl Phys. 1989;65(2):742–51. https ://doi.
org/10.1063/1.34308 8.

Daigle H, Johnson A, Gips JP, Sharma M. Porosity evaluation of shales 
using NMR secular relaxation. In: SPE/AAPG/SEG unconven-
tional resources technology conference, 25–27 August, Denver, 
Colorado, USA. 2014. https ://doi.org/10.15530 /URTEC -2014-
19052 72.

Di QF, Zhang JN, Hua S, Chen HJ, Gu CY. Visualization experi-
ments on polymer-weak gel profile control and displacement by 
NMR technique. Pet Explor Dev. 2017;44(2):294–8. https ://doi.
org/10.1016/S1876 -3804(17)30033 -2.

Fan YR, Wu F, Li H, Huo NN, Wang YS. A modified design of pulse 
sequence and inversion method for D-T2 two-dimensional 
NMR. Acta Phys Sin. 2015;64(9):1–16. https ://doi.org/10.7498/
aps.64.09930 1.

Fan YR, Liu JY, Ge XM, Deng SG, Liu HL, Gu DN. Permeability 
evaluation of tight sandstone based on dual T2 cutoff values 
measured by NMR. Chin J Geophys. 2018;61(4):1628–38. https 
://doi.org/10.6038/cjg20 18L00 37.

Fellah K, Utsuzawa S, Song YQ, Kausik R. Porosity of drill-cuttings 
using multinuclear 19F and 1H NMR measurements. Energy 
Fuels. 2018;32(7):7467–70. https ://doi.org/10.1021/acs.energ 
yfuel s.8b013 50.

Fleury M, Romero-Sarmiento M. Characterization of shales using 
T1‒T2 NMR maps. J Pet Sci Eng. 2016;137:55–62. https ://doi.
org/10.1016/j.petro l.2015.11.006.

Fleury M, Bauer D, Neel MC. Modeling of super-dispersion in unsat-
urated porous media using NMR propagators. Microporous 
Mesoporous Mater. 2015;205:75–8. https ://doi.org/10.1016/j.
micro meso.2014.07.035.

Freedman R, Heaton N, Flaum M, Hirasaki GJ, Flaum C, Hürlimann 
M. Wettability, saturation, and viscosity from NMR measure-
ments. SPE J. 2003;8(4):317–27. https ://doi.org/10.2118/87340 
-PA.

Fu SQ, Xiao LZ, Xie RH. Probing the internal field gradients of porous 
media saturated with multi-phase fluids. Scientia Sinica (Physica, 
Mechanica & Astronomica). 2012;42(8):827–34. https ://doi.
org/10.1360/13201 1-1087 (in Chinese).

Gao H, Li HZ. Determination of movable fluid percentage and mov-
able fluid porosity in ultra-low permeability sandstone using 
nuclear magnetic resonance (NMR) technique. J Pet Sci Eng. 
2015;133:258–67. https ://doi.org/10.1016/j.petro l.2015.06.017.

Gao CQ, He ZB, Wu HS, Li MW. Relationship between NMR T2cutoff 
and capillary pressure. Oil Geophys Prospect. 2004;39(1):117–
20. https ://doi.org/10.3321/j.issn:1000-7210.2004.01.022.

Guo JF, Xie RH. Numerical simulation and parameter analysis of NMR 
T2-D distributions of tight sandstone saturated with a gas-water 
two-phase fluid. J Nat Gas Sci Eng. 2017;37:502–11. https ://doi.
org/10.1016/j.jngse .2016.12.005.

Guo JF, Xie RH, Zou YL. Simulation of NMR responses in sandstone 
and restricted diffusion. Chin J Geophys. 2016a;59(7):2703–12. 
https ://doi.org/10.6038/cjg20 16073 3.

Guo JF, Xie RH, Zou YL, Ding YJ. Numerical simula-
tion of multi-dimensional NMR response in tight sand-
stone. J Geophys Eng. 2016b;13(3):285–94. https ://doi.
org/10.1088/1742-2132/13/3/285.

Han YJ, Zhou CC, Fan YR, Li CL, Yuan C. A new permeability calcu-
lation method using nuclear magnetic resonance logging based 
on pore sizes: a case study of bioclastic limestone reservoirs in 
the A oilfield of the Mid-East. Pet Explor Dev. 2018;45(1):170–
8. https ://doi.org/10.11698 /PED.2018.01.19.

Hiejima Y, Kanakubo M, Aizawa T, Kurata Y, Ikushima Y. Determi-
nation of fluid density confined in nanopore by means of NMR 
spectroscopy. Chem Phys Lett. 2005;408(4–6):344–7. https ://doi.
org/10.1016/j.cplet t.2005.04.059.

Hoop ATD, Prange MD. Variational analysis of the natural decay 
rates and eigenmodes of cavity-enclosed diffusive fields. 

https://doi.org/10.1016/0021-9797(78)90195-9
https://doi.org/10.1016/0021-9797(78)90195-9
https://doi.org/10.1016/S1090-7807(03)00179-4
https://doi.org/10.1063/1.1356010
https://doi.org/10.1063/1.1356010
https://doi.org/10.1103/physrevlett.58.1411
https://doi.org/10.1006/jmrb.1994.1037
https://doi.org/10.1016/j.petrol.2019.106321
https://doi.org/10.1103/PhysRevE.51.2104
https://doi.org/10.1103/PhysRevE.51.2104
https://doi.org/10.1103/PhysRevB.47.14823
https://doi.org/10.1103/PhysRevB.47.14823
https://doi.org/10.1016/0022-2364(77)90230-X
https://doi.org/10.1016/0022-2364(77)90230-X
https://doi.org/10.1103/PhysRevA.19.2446
https://doi.org/10.1016/j.petrol.2006.03.007
https://doi.org/10.1103/PhysRevLett.100.025501
https://doi.org/10.1063/1.330526
https://doi.org/10.1016/j.petrol.2019.01.036
https://doi.org/10.1016/j.petrol.2019.01.036
https://doi.org/10.1063/1.343088
https://doi.org/10.1063/1.343088
https://doi.org/10.15530/URTEC-2014-1905272
https://doi.org/10.15530/URTEC-2014-1905272
https://doi.org/10.1016/S1876-3804(17)30033-2
https://doi.org/10.1016/S1876-3804(17)30033-2
https://doi.org/10.7498/aps.64.099301
https://doi.org/10.7498/aps.64.099301
https://doi.org/10.6038/cjg2018L0037
https://doi.org/10.6038/cjg2018L0037
https://doi.org/10.1021/acs.energyfuels.8b01350
https://doi.org/10.1021/acs.energyfuels.8b01350
https://doi.org/10.1016/j.petrol.2015.11.006
https://doi.org/10.1016/j.petrol.2015.11.006
https://doi.org/10.1016/j.micromeso.2014.07.035
https://doi.org/10.1016/j.micromeso.2014.07.035
https://doi.org/10.2118/87340-PA
https://doi.org/10.2118/87340-PA
https://doi.org/10.1360/132011-1087
https://doi.org/10.1360/132011-1087
https://doi.org/10.1016/j.petrol.2015.06.017
https://doi.org/10.3321/j.issn:1000-7210.2004.01.022
https://doi.org/10.1016/j.jngse.2016.12.005
https://doi.org/10.1016/j.jngse.2016.12.005
https://doi.org/10.6038/cjg20160733
https://doi.org/10.1088/1742-2132/13/3/285
https://doi.org/10.1088/1742-2132/13/3/285
https://doi.org/10.11698/PED.2018.01.19
https://doi.org/10.1016/j.cplett.2005.04.059
https://doi.org/10.1016/j.cplett.2005.04.059


1295Petroleum Science (2020) 17:1281–1297 

1 3

J Phys A-Math Theor. 2007;40(41):12463–77. https ://doi.
org/10.1088/1751-8113/40/41/014.

Hu YB, Guo YH, Zhang JJ, Shangguan JW, Li M, Quang FK, et al. A 
method to determine nuclear magnetic resonance T2cutoff value of 
tight sandstone reservoir based on multifractal analysis. Energy 
Sci Eng. 2019. https ://doi.org/10.1002/ese3.574.

Hürlimann MD. Effective gradients in porous media due to susceptibil-
ity differences. J Magn Reson. 1998;131(2):232–40. https ://doi.
org/10.1006/jmre.1998.1364.

Hürlimann MD, Venkataramanan L. Quantitative measurement of two-
dimensional distribution functions of diffusion and relaxation in 
grossly inhomogeneous fields. J Magn Reson. 2002;157(1):31–
42. https ://doi.org/10.1006/jmre.2002.2567.

Hürlimann MD, Latour LL, Sotak CH. Diffusion measurement in sand-
stone core: NMR determination of surface-to-volume ratio and 
surface relaxivity. Magn Reson Imaging. 1994;12(2):325–7. https 
://doi.org/10.1016/0730-725X(94)91548 -2.

Jia X, Gan M, Williams RA, Rhodes D. Validation of a digital pack-
ing algorithm in predicting powder packing densities. Powder 
Technol. 2007;174(1–2):10–3. https ://doi.org/10.1016/j.powte 
c.2006.10.013.

Jia ZJ, Xiao LZ, Wang ZZ, Liao GZ, Zhang Y, Liang C. Molecular 
dynamics and composition of crude oil by low-field nuclear mag-
netic resonance. Magn Reson Chem. 2016;54(8):650–5. https ://
doi.org/10.1002/mrc.4424.

Jia ZJ, Xiao LZ, Wang ZZ, Liao GZ, Zhang Y, Liang C, et al. Magic 
echo for nuclear magnetic resonance characterization of shales. 
Energy Fuels. 2017;31(8):7824–30. https ://doi.org/10.1021/acs.
energ yfuel s.7b006 35.

Johnson A, Daigle H. Nuclear magnetic resonance secular relaxation 
measurements as a method of extracting internal magnetic field 
gradients and pore sizes. Interpretation. 2016;4(4):T565–73. 
https ://doi.org/10.1190/INT-2015-0127.1.

Kausik R, Hürlimann MD. Sensitivity and resolution of two-dimen-
sional NMR diffusion-relaxation measurements. J Magn Reson. 
2016;270:12–23. https ://doi.org/10.1016/j.jmr.2016.06.010.

Kausik R, Fellah K, Rylander E, Singer PM, Lewis RE, Sinclair 
SM. NMR relaxometry in shale and implications for log-
ging. Soc Petrophys Well-Log Analysts. 2016;57(4):339–50 
(SPWLA-2016-v57n4a1).

Kausik R, Fellah K, Feng L, Simpson G. High- and low-field NMR 
relaxometry and diffusometry of the Bakken petroleum sys-
tem. Soc Petrophys Well-Log Analysts. 2017;58(4):1–11 
(SPWLA-2017-v58n4a1).

Kenyon WE, Day PI, Straley C, Willemsen J. A three-part study of 
NMR longitudinal relaxation properties of water-saturated sand-
stones. SPE Formation Eval. 1988;3(3):622–36. https ://doi.
org/10.2118/15643 -PA.

Kimmich R, Anoardo E. Field-cycling NMR relaxometry. Prog Nucl 
Magn Reson Spectrosc. 2004;44(3–4):257–320. https ://doi.
org/10.1016/j.pnmrs .2004.03.002.

Kinoshita M, Hashimoto N, Goto T, Kagawa N, Kishima H, Izumoto 
S. Fractional anisotropy and tumor cell density of the tumor core 
show positive correlation in diffusion tensor magnetic resonance 
imaging of malignant brain tumors. Neuroimage. 2008;43(1):29–
35. https ://doi.org/10.1016/j.neuro image .2008.06.041.

Kleinberg RL, Kenyon WE, Mitra PP. Mechanism of NMR relaxation 
of fluids in rock. J Magn Reson. 1994;108(2):206–14. https ://doi.
org/10.1006/jmra.1994.1112.

Komlosh ME, Horkay F, Freidlin RZ, et  al. Detection of micro-
scopic anisotropy in gray matter and in a novel tissue phantom 
using double pulsed gradient spin echo MR. J Magn Reson. 
2007;189(1):38–45. https ://doi.org/10.1016/j.jmr.2007.07.003.

Korringa J, Seevers DO, Torrey HC. Theory of spin pumping and 
relaxation in systems with a low concentration of electron spin 

resonance centers. Phys Rev. 1962;127(4):1143–50. https ://doi.
org/10.1103/PhysR ev.127.1143.

Lagkaditi L, Fardis M, Karayanni M, Anastasiou A, Dong K, Hill D, 
et al. A 1H NMR study on acidized and non-acidized carbonate 
rock cores to explore correlations between pore geometry and 
fluid-solid interactions. In: First EAGE workshop on well injec-
tivity and productivity in carbonates, March 2015. https ://doi.
org/10.3997/2214-4609.20141 2010.

Lai J, Wang K, Zhou HY, Zhao JS, Wu L. Variation of limestone pore 
structure under acidizing and wormhole propagation visualiza-
tion using NMR. In: SPE international conference and exhibition 
on formation damage control, 19–21 Feb, Lafayette, Louisiana, 
USA. 2020. SPE-199327-MS.

Latour LL, Li LM, Sotak CH. Improved PFG stimulated-echo method 
for the measurement of diffusion in inhomogeneous fields. 
J Magn Reson. 1993;101(1):72–7. https ://doi.org/10.1006/
jmrb.1993.1009.

Le Doan TV, Bostrom NW, Burnham AK, Kleinberg RL, Pomerantz 
AE, Allix P. Green river oil shale pyrolysis: semi-open condi-
tions. Energy Fuels. 2013;27:6447–59. https ://doi.org/10.1021/
ef401 162p.

Lewis RT, Seland JG. A multi-dimensional experiment for characteri-
zation of pore structure heterogeneity using NMR. J Magn Reson. 
2016;263:19–32. https ://doi.org/10.1016/j.jmr.2015.11.016.

Lewis RT, Seland JG. Characterization of pore geometry using correla-
tions between magnetic field and internal gradient. Microporous 
Mesoporous Mater. 2017;269:31–4. https ://doi.org/10.1016/j.
micro meso.2017.05.041.

Li JB, Huang WB, Lu SF, Wang M, Chen GH, Tian WC. Nuclear 
magnetic resonance T1‒T2 map division method for hydro-
gen-bearing components in continental shale. Energy Fuels. 
2018;32(9):9043–54. https ://doi.org/10.1021/acs.energ yfuel 
s.8b015 41.

Liang C, Xiao LZ, Zou CC, Zhang Y, Liao GZ, Jia ZJ. Two-dimen-
sional nuclear magnetic resonance method for wettability deter-
mination of tight sand. Magn Reson Imaging. 2019;56:144–50. 
https ://doi.org/10.1016/j.mri.2018.09.020.

Lisitza NV. Manipulation of the diffusion eigenmodes in porous media. 
Phys Rev B. 2002;65(17):172406-1–4. https ://doi.org/10.1103/
PhysR evB.65.17240 6.

Liu K, Wang L, Ostadhassan M, Zou J, Bubach B, Rezaee R. Nanopore 
structure comparison between shale oil and shale gas: examples 
from the Bakken and Longmaxi Formations. Pet Sci. 2018a. https 
://doi.org/10.1007/s1218 2-018-0277-3.

Liu M, Xie RH, Guo JF, Jin GW. Characterization of pore structures 
of tight sandstone reservoirs by multifractal analysis of the NMR 
T2 distribution. Energy Fuels. 2018b;32:12218–30. https ://doi.
org/10.1021/acs.energ yfuel s.8b028 69.

Liu TY, Zhang CY, Cao P, Zhou KP. Freeze-thaw damage evolution of 
fractured rock mass using nuclear magnetic resonance technol-
ogy. Cold Reg Sci Technol. 2019. https ://doi.org/10.1016/j.coldr 
egion s.2019.10295 1.

Livo K, Saidian M, Prasad M. Effect of paramagnetic mineral con-
tent and distribution on nuclear magnetic resonance surface 
relaxivity in organic-rich Niobrara and Haynesville shales. 
Fuel. 2020;269:117417-1–-10. https ://doi.org/10.1016/j.
fuel.2020.11741 7.

Mao ZQ, Xiao L, Wang ZN, Jin Y, Liu XG, Xie B. Estimation of 
permeability by integrating nuclear magnetic resonance (NMR) 
logs with mercury injection capillary pressure (MICP) data in 
tight gas sands. Appl Magn Reson. 2013;44(4):449–68. https ://
doi.org/10.1007/s0072 3-012-0384-z.

Marco Z, Vogt SJ, Connolly PRJ, May EF, Johns ML. NMR meas-
urements of tortuosity in partially saturated porous media. 
Transp Porous Media 2018;024018-1–024018-11. https ://doi.
org/10.1007/s1124 2-018-1118-y.

https://doi.org/10.1088/1751-8113/40/41/014
https://doi.org/10.1088/1751-8113/40/41/014
https://doi.org/10.1002/ese3.574
https://doi.org/10.1006/jmre.1998.1364
https://doi.org/10.1006/jmre.1998.1364
https://doi.org/10.1006/jmre.2002.2567
https://doi.org/10.1016/0730-725X(94)91548-2
https://doi.org/10.1016/0730-725X(94)91548-2
https://doi.org/10.1016/j.powtec.2006.10.013
https://doi.org/10.1016/j.powtec.2006.10.013
https://doi.org/10.1002/mrc.4424
https://doi.org/10.1002/mrc.4424
https://doi.org/10.1021/acs.energyfuels.7b00635
https://doi.org/10.1021/acs.energyfuels.7b00635
https://doi.org/10.1190/INT-2015-0127.1
https://doi.org/10.1016/j.jmr.2016.06.010
https://doi.org/10.2118/15643-PA
https://doi.org/10.2118/15643-PA
https://doi.org/10.1016/j.pnmrs.2004.03.002
https://doi.org/10.1016/j.pnmrs.2004.03.002
https://doi.org/10.1016/j.neuroimage.2008.06.041
https://doi.org/10.1006/jmra.1994.1112
https://doi.org/10.1006/jmra.1994.1112
https://doi.org/10.1016/j.jmr.2007.07.003
https://doi.org/10.1103/PhysRev.127.1143
https://doi.org/10.1103/PhysRev.127.1143
https://doi.org/10.3997/2214-4609.201412010
https://doi.org/10.3997/2214-4609.201412010
https://doi.org/10.1006/jmrb.1993.1009
https://doi.org/10.1006/jmrb.1993.1009
https://doi.org/10.1021/ef401162p
https://doi.org/10.1021/ef401162p
https://doi.org/10.1016/j.jmr.2015.11.016
https://doi.org/10.1016/j.micromeso.2017.05.041
https://doi.org/10.1016/j.micromeso.2017.05.041
https://doi.org/10.1021/acs.energyfuels.8b01541
https://doi.org/10.1021/acs.energyfuels.8b01541
https://doi.org/10.1016/j.mri.2018.09.020
https://doi.org/10.1103/PhysRevB.65.172406
https://doi.org/10.1103/PhysRevB.65.172406
https://doi.org/10.1007/s12182-018-0277-3
https://doi.org/10.1007/s12182-018-0277-3
https://doi.org/10.1021/acs.energyfuels.8b02869
https://doi.org/10.1021/acs.energyfuels.8b02869
https://doi.org/10.1016/j.coldregions.2019.102951
https://doi.org/10.1016/j.coldregions.2019.102951
https://doi.org/10.1016/j.fuel.2020.117417
https://doi.org/10.1016/j.fuel.2020.117417
https://doi.org/10.1007/s00723-012-0384-z
https://doi.org/10.1007/s00723-012-0384-z
https://doi.org/10.1007/s11242-018-1118-y
https://doi.org/10.1007/s11242-018-1118-y


1296 Petroleum Science (2020) 17:1281–1297

1 3

Mehana M, Elmonier I. Shale characteristics impact on nuclear mag-
netic resonance (NMR) fluid typing methods and correlations. 
Petroleum. 2016;2(2):138–47. https ://doi.org/10.1016/j.petlm 
.2016.02.002.

Mitra PP, Sen PN. Effects of microgeometry and surface relaxation 
on NMR pulsed-field-gradient experiments: simple pore geom-
etries. Phys Rev B Condens Matter. 1992;45(1):143–56. https ://
doi.org/10.1103/PhysR evB.45.143.

Mitra PP, Sen PN, Schwartz LM, Le Doussal P. Diffusion propa-
gator as a probe of the structure of porous media. Phys Rev 
Lett. 1992;68(24):3555–8. https ://doi.org/10.1103/physr evlet 
t.68.3555.

Mitra PP, Sen PN, Schwartz LM. Short-time behavior of the diffu-
sion coefficient as a geometrical probe of porous media. Phys 
Rev B. 1993;47(14):8565–74. https ://doi.org/10.1103/PhysR 
evB.47.8565.

Mu DQ, Liu ZS, Huang C, Djilali N. Prediction of the effective dif-
fusion coefficient in random porous media using the finite ele-
ment method. J Porous Mater. 2007;14(1):49–54. https ://doi.
org/10.1007/s1093 4-006-9007-0.

Müller-Huber E, Borner F, Borner JH, Kulke D. Combined interpreta-
tion of NMR, MICP, and SIP measurements on mud-dominated 
and grain-dominated carbonate rocks. J Appl Geophys. 2018. 
https ://doi.org/10.1016/j.jappg eo.2018.08.011.

Nguyen SH, Mardon D. A p-version finite-element formula-
tion for modeling magnetic resonance relaxation in porous 
media. Comput Geosci. 1995;21(1):51–60. https ://doi.
org/10.1016/0098-3004(94)00059 -4.

Ogren M. Local boundary conditions for NMR-relaxation in digi-
tized porous media. Phys Condens Matter. 2013;87(11):1–6. 
https ://doi.org/10.1140/epjb/e2014 -50615 -1.

Olivares-Robles MA, García-Colín LS. Mesoscopic derivation of 
hyperbolic transport equations. Phys Rev E Stat Phys Plasmas 
Fluids. 1994;50(4):2451–7. https ://doi.org/10.1103/PhysR 
evE.50.2451.

Palit S, Yethiraj A. A new model system for diffusion NMR studies 
of concentrated monodisperse and bi-disperse colloids. Lang-
muir. 2008;24(8):3747–51. https ://doi.org/10.1021/la703 402b.

Papaioannou A, Kausik R. Methane storage in nanoporous media 
as observed via high-field NMR relaxometry. Phys Rev Appl. 
2015;4(2):024018-1–-11. https ://doi.org/10.1103/PhysR evApp 
lied.4.02401 8.

Pape H, Arnold J, Pechnig R, Clauser C, Talnishnikh E, Anferova S, 
et al. Permeability prediction for low porosity rocks by mobile 
NMR. Pure Appl Geophys. 2009;166(5–7):1125–63. https ://
doi.org/10.1007/s0002 4-009-0481-6.

Rondeau-Mouro C, Kovrlija R, Van Steenberge E, Moussaouni 
S. Two dimensional IR-FID-CPMG acquisition and adapta-
tion of a maximum entropy reconstruction. J Magn Reson. 
2016;265:16–24. https ://doi.org/10.1016/j.jmr.2016.01.007.

Safari A, Dowlatabad MM, Hassani A, Rashidi F. Numerical simu-
lation and X-ray imaging validation of wormhole propaga-
tion during acid core-flood experiments in a carbonate gas 
reservoir. J Nat Gas Sci Eng. 2016;30:539–47. https ://doi.
org/10.1016/j.jngse .2016.02.036.

Sen PN. Time-dependent diffusion coefficient as a probe of geometry. 
Concepts Magn Reson Part A. 2004;23A(1):1–21. https ://doi.
org/10.1002/cmr.a.20017 .

Sen PN, Andre A, Axelrod S. Spin echoes of nuclear magnetiza-
tion diffusing in a constant magnetic field gradient and in a 
restricted geometry. J Chem Phys. 1999;111(14):6548–55. 
https ://doi.org/10.1063/1.48000 9.

Senturia SD, Robinson JD. Nuclear spin-lattice relaxation of liquids 
confined in porous solids. SPE J. 1970;10(3):237–44. https ://
doi.org/10.2118/2870-PA.

Sheidaei A, Baniassadi M, Banu M, Askeland P, Pahlavanpour M, 
Kuuttila N. 3-D microstructure reconstruction of polymer 
nano-composite using FIB-SEM and statistical correlation 
function. Compos Sci Technol. 2013;80:47–54. https ://doi.
org/10.1016/j.comps citec h.2013.03.001.

Snaar JEM, van As H. A method for the simultaneous measurement 
of NMR spin-lattice and spin-spin relaxation times in compart-
mentalized systems. J Magn Reson. 1992;99(1):139–48. https 
://doi.org/10.1016/0022-2364(92)90160 -9.

Solatpour R, Bryan JL, Kantzas A. On estimating irreducible water 
saturation in tight formations using nuclear magnetic resonance 
relaxometry. In: SPE Canadian unconventional resources con-
ference, 13–14 March, Calgary, Alberta, Canada; 2015. https 
://doi.org/10.2118/18980 3-MS.

Sondergeld CH, Newsham KE, Comisky JT, Rice MC, Rai CS. 
Petrophysical considerations in evaluating and producing shale 
gas resources. In: SPE unconventional gas conference, 23–25 
February, Pittsburgh, Pennsylvania, USA; 2010. https ://doi.
org/10.2118/13176 8-MS.

Song YQ. Pore sizes and pore connectivity in rocks using the effect 
of internal field. Magn Reson Imaging. 2001;19(3–4):417–21. 
https ://doi.org/10.1016/s0730 -725x(01)00259 -4.

Song YQ. Using internal magnetic fields to obtain pore size dis-
tributions of porous media. Concepts Magn Reson Part A. 
2003;18A(2):97–110. https ://doi.org/10.1002/cmr.a.10072 .

Song YQ. Magnetic resonance of porous media (MRPM): a perspec-
tive. J Magn Reson. 2013;229:12–24. https ://doi.org/10.1016/j.
jmr.2012.11.010.

Song YQ, Kausik R. NMR application in unconventional shale 
reservoirs—a new porous media research frontier. Prog Nucl 
Magn Reson Spectrosc. 2019;112–113:17–33. https ://doi.
org/10.1016/j.pnmrs .2019.03.002.

Sorland GH, Seland JG, Krane J, Anthonsen HW. Improved convec-
tion compensating pulsed field gradient spin-echo and stimu-
lated-echo methods. J Magn Reson. 2000;142(2):323–5. https 
://doi.org/10.1006/jmre.1999.1941.

Srivastava RK, Talluri S, Beebi SK, Talluri S. Magnetic resonance 
imaging for quality evaluation of fruits: a review. Food Anal 
Methods. 2018;11(10):2943–60. https ://doi.org/10.1007/s1216 
1-018-1262-6.

Stapf S, Kimmich R, Seitter RO. Proton and deuteron field-cycling 
NMR relaxometry of liquids in porous glasses: evidence for 
Levy-walk statistics. Phys Rev Lett. 1995;75(15):2855–8. https 
://doi.org/10.1103/PhysR evLet t.75.2855.

Stejskal EO, Tanner JE. Spin diffusion measurements: spin echoes 
in the presence of a time-dependent field gradient. J Chem 
Phys. 1965;42(1):288–92. https ://doi.org/10.1063/1.16956 90.

Su SY, Jiang ZX, Shan XL, Zhu YF, Wang P, Luo X, et al. The wet-
tability of shale by NMR measurements and its controlling fac-
tors. J Pet Sci Eng. 2018;169:309–16. https ://doi.org/10.1016/j.
petro l.2018.05.067.

Sulucarnain ID, Sondergeld CH, Rai CS. An NMR study of shale 
wettability and effective surface relaxivity. In: SPE Canadian 
unconventional resources conference, 30 October–1 November, 
Calgary, Alberta, Canada; 2012. https ://doi.org/10.2118/16223 
6-MS.

Sun B, Dunn KJ, Bilodeau BJ, Van Dalen SC, Stonard SW, Al-
Rushaid A. Two-dimensional NMR logging and field test 
results. In: SPWLA 45th annual logging symposium, 6–9 June, 
Noordwyk, Netherlands; 2004. SPWLA-2004-KK.

Tanner JE. Restricted self-diffusion of protons in colloidal sys-
tems by the pulsed-gradient, spin-echo method. J Chem Phys. 
1968;49(4):1768–77. https ://doi.org/10.1063/1.16703 06.

Tanner JE. Use of the stimulated echo in NMR diffusion stud-
ies.  J Chem Phys. 1970;52(5):2523–6. https :/ /doi.
org/10.1063/1.16733 36.

https://doi.org/10.1016/j.petlm.2016.02.002
https://doi.org/10.1016/j.petlm.2016.02.002
https://doi.org/10.1103/PhysRevB.45.143
https://doi.org/10.1103/PhysRevB.45.143
https://doi.org/10.1103/physrevlett.68.3555
https://doi.org/10.1103/physrevlett.68.3555
https://doi.org/10.1103/PhysRevB.47.8565
https://doi.org/10.1103/PhysRevB.47.8565
https://doi.org/10.1007/s10934-006-9007-0
https://doi.org/10.1007/s10934-006-9007-0
https://doi.org/10.1016/j.jappgeo.2018.08.011
https://doi.org/10.1016/0098-3004(94)00059-4
https://doi.org/10.1016/0098-3004(94)00059-4
https://doi.org/10.1140/epjb/e2014-50615-1
https://doi.org/10.1103/PhysRevE.50.2451
https://doi.org/10.1103/PhysRevE.50.2451
https://doi.org/10.1021/la703402b
https://doi.org/10.1103/PhysRevApplied.4.024018
https://doi.org/10.1103/PhysRevApplied.4.024018
https://doi.org/10.1007/s00024-009-0481-6
https://doi.org/10.1007/s00024-009-0481-6
https://doi.org/10.1016/j.jmr.2016.01.007
https://doi.org/10.1016/j.jngse.2016.02.036
https://doi.org/10.1016/j.jngse.2016.02.036
https://doi.org/10.1002/cmr.a.20017
https://doi.org/10.1002/cmr.a.20017
https://doi.org/10.1063/1.480009
https://doi.org/10.2118/2870-PA
https://doi.org/10.2118/2870-PA
https://doi.org/10.1016/j.compscitech.2013.03.001
https://doi.org/10.1016/j.compscitech.2013.03.001
https://doi.org/10.1016/0022-2364(92)90160-9
https://doi.org/10.1016/0022-2364(92)90160-9
https://doi.org/10.2118/189803-MS
https://doi.org/10.2118/189803-MS
https://doi.org/10.2118/131768-MS
https://doi.org/10.2118/131768-MS
https://doi.org/10.1016/s0730-725x(01)00259-4
https://doi.org/10.1002/cmr.a.10072
https://doi.org/10.1016/j.jmr.2012.11.010
https://doi.org/10.1016/j.jmr.2012.11.010
https://doi.org/10.1016/j.pnmrs.2019.03.002
https://doi.org/10.1016/j.pnmrs.2019.03.002
https://doi.org/10.1006/jmre.1999.1941
https://doi.org/10.1006/jmre.1999.1941
https://doi.org/10.1007/s12161-018-1262-6
https://doi.org/10.1007/s12161-018-1262-6
https://doi.org/10.1103/PhysRevLett.75.2855
https://doi.org/10.1103/PhysRevLett.75.2855
https://doi.org/10.1063/1.1695690
https://doi.org/10.1016/j.petrol.2018.05.067
https://doi.org/10.1016/j.petrol.2018.05.067
https://doi.org/10.2118/162236-MS
https://doi.org/10.2118/162236-MS
https://doi.org/10.1063/1.1670306
https://doi.org/10.1063/1.1673336
https://doi.org/10.1063/1.1673336


1297Petroleum Science (2020) 17:1281–1297 

1 3

Tiwari P, Deo M, Lin CL, Miller JD. Characterization of oil shale 
pore structure before and after pyrolysis by using X-ray 
micro CT. Fuel. 2013;107:547–54. https ://doi.org/10.1016/j.
fuel.2013.01.006.

Torrey HC. Bloch equations with diffusion terms. Phys Rev. 
1956;104(3):563–5. https ://doi.org/10.1103/physr ev.104.563.

Torrey HC, Korringa J, Seevers DO, Uebersfeld J. Magnetic spin 
pumping in fluids contained in porous media. Phys Rev Lett. 
1959;3(9):418–9. https ://doi.org/10.1103/PhysR evLet t.3.418.

Wang K, Zhou HY, Lai J, Wang KJ, Liu Y. Application of NMR 
technology in characterization of petrophysics and pore struc-
ture. Chin J Sci Instrum. 2020. http://kns.cnki.net/kcms/detai 
l/11.2179.TH.20200 306.1441.008.html.

Wang L, Xiao LZ, Zhang Y, Liao GZ, Wang LL, Yue WZ. An 
improved NMR permeability model for macromolecules flow-
ing in porous medium. Appl Magn Reson. 2019;50(16):1099–
123. https ://doi.org/10.1007/s0072 3-019-01140 -w.

Washburn KE, Birdwell JE. Updated methodology for nuclear mag-
netic resonance characterization of shales. J Magn Reson. 
2013;233:17–28. https ://doi.org/10.1016/j.jmr.2013.04.014.

Washburn KE, Cheng YS. Detection of intermolecular homonuclear 
dipolar coupling in organic rich shale by transverse relaxa-
tion exchange. J Magn Reson. 2017;278:18–24. https ://doi.
org/10.1016/j.jmr.2017.02.022.

Weisskoff RM, Chesler D, Boxerman JL, Rosen BR. Pitfalls in MR 
measurement of tissue blood flow with intravascular tracers: 
which mean transit time? Magn Reson Med. 1993;29(4):553–8. 
https ://doi.org/10.1002/mrm.19102 90420 .

Woessner DE. NMR spin-echo self-diffusion measurements on fluids 
undergoing restricted diffusion. J Phys Chem. 1963;67(6):1365–
7. https ://doi.org/10.1021/j1008 00a50 9.

Wu YQ, Tahmasebi P, Lin CY, Zahid MA, Dong CM, Golab AN, et al. 
A comprehensive study on geometric, topological and fractal 
characterizations of pore systems in low-permeability reser-
voirs based on SEM, MICP, NMR, and X-ray CT experiments. 
Mar Pet Geol. 2019;103:12–28. https ://doi.org/10.1016/j.marpe 
tgeo.2019.02.003.

Xiao D, Balcom BJ. Restricted k-space sampling in pure phase encode 
MRI of rock core plugs. J Magn Reson. 2013;231:126–32. https 
://doi.org/10.1016/j.jmr.2013.04.001.

Xiao D, Balcom BJ. K-t acceleration in pure phase encode MRI to 
monitor dynamic flooding processes in rock core plugs. J 
Magn Reson. 2014;243:114–21. https ://doi.org/10.1016/j.
jmr.2014.04.006.

Xie RH, Xiao LZ. The (T2, D) NMR logging method for fluids char-
acterization. Chin J Geophys. 2009;52(9):2410–8. https ://doi.
org/10.1016/s0730 -725x(01)00259 -4 (in Chinese).

Xie RH, Xiao LZ, Deng KJ. NMR logging porosity activation and data 
processing method. Chin J Geophys. 2006;49(5):1567–72. https 
://doi.org/10.3321/j.issn:0001-5733.2006.05.040.

Yan GL, Sun JM, Liu XF, Zhang L. Accuracy evaluation on 3D digi-
tal cores reconstruction by process-based method. J Southwest 

Pet Univ (Sci Technol Ed). 2013;35(2):71–6. https ://doi.
org/10.3863/j.issn.1674-5086.2013.02.010.

Yao YB, Liu DM, Che Y, Tang D, Tang S, Huang W. Petrophysical 
characterization of coals by low-field nuclear magnetic resonance 
(NMR). Fuel. 2010;89(7):1371–80. https ://doi.org/10.1016/j.
fuel.2009.11.005.

Zhang GQ, Hirasaki GJ. CPMG relaxation by diffusion with constant 
magnetic field gradient in a restricted geometry: numerical simu-
lation and application. J Magn Reson. 2003;163(1):81–91. https 
://doi.org/10.1016/S1090 -7807(03)00108 -3.

Zhang YZ, Zhang BL. Numerical calculation of NMR response for 
the 3D digital core constructed with CT images of the tight 
rock. Appl Mech Mater. 2015;719–720:1089–92. https ://doi.
org/10.4028/www.scien tific .net/AMM.719-720.1089.

Zhang ZY, Kruschwitz S, Weller A, Halisch M, Prinz C. Enhanced pore 
space analysis by use of µ-CT, MIP, NMR, and SIP. In: Inter-
national symposium of society of core analysts, 27–30 August, 
Vienna, Austria; 2017. https ://doi.org/10.5194/se-2018-42.

Zhang Q, Dong YH, Tong SQ, Li X, Wang LH. Nuclear magnetic reso-
nance cryoporometry as a tool to measure pore size distribution 
of shale rock. Chin Sci Bull. 2016a;61(21):2387–94. https ://doi.
org/10.1360/N9720 15-01267 .

Zhang Y, Xiao LZ, Liao GZ, Song YQ. Direct correlation of diffusion 
and pore size distributions with low field NMR. J Magn Reson. 
2016b;269:37–42. https ://doi.org/10.1016/j.jmr.2016.06.013.

Zhang Y, Xiao LZ, Liao GZ. Spatially resolved pore-size—T2 cor-
relations for low-field NMR. Microporous Mesoporous 
Mater. 2018;269:142–7. https ://doi.org/10.1016/j.micro 
meso.2017.05.024.

Zhang Y, Xiao LZ, Liao GZ. T1-D-T2 correlation of porous media with 
compressed sensing at low-field NMR. Magn Reson Imaging. 
2019;56:174–80. https ://doi.org/10.1016/j.mri.2018.09.028.

Zhao YX, Sun YF, Liu SM, Wang K, Jiang YD. Pore structure charac-
terization of coal by NMR cryoporometry. Fuel. 2017;190:359–
69. https ://doi.org/10.1016/j.fuel.2016.10.121.

Zheng G, Price WS. MAG-PGSTE: a new STE-based PGSE NMR 
sequence for the determination of diffusion in magnetically inho-
mogeneous samples. J Magn Reson. 2008;195(1):40–4. https ://
doi.org/10.1016/j.jmr.2008.08.002.

Zientara GP, Freed JH. Spin-echoes for diffusion in bounded, heteroge-
neous media: anumerical study. J Chem Phys. 1980;7(2):1285–
92. https ://doi.org/10.1063/1.43919 0.

Zimmerman JR, Brittin WE. Nuclear magnetic resonance studies 
in multiple phase systems: lifetime of a water molecule in an 
adsorbing phase on silica gel. J Phys Chem. 1957;61(10):1328–
33. https ://doi.org/10.1021/j1505 56a01 5.

Zou YL, et al. Reconstruction of digital core of tight reservoir and sim-
ulation of NMR response. J China Univ Pet. 2015;39(6):63–71. 
https ://doi.org/10.3969/j.issn.1673-5005.2015.06.008.

https://doi.org/10.1016/j.fuel.2013.01.006
https://doi.org/10.1016/j.fuel.2013.01.006
https://doi.org/10.1103/physrev.104.563
https://doi.org/10.1103/PhysRevLett.3.418
http://kns.cnki.net/kcms/detail/11.2179.TH.20200306.1441.008.html
http://kns.cnki.net/kcms/detail/11.2179.TH.20200306.1441.008.html
https://doi.org/10.1007/s00723-019-01140-w
https://doi.org/10.1016/j.jmr.2013.04.014
https://doi.org/10.1016/j.jmr.2017.02.022
https://doi.org/10.1016/j.jmr.2017.02.022
https://doi.org/10.1002/mrm.1910290420
https://doi.org/10.1021/j100800a509
https://doi.org/10.1016/j.marpetgeo.2019.02.003
https://doi.org/10.1016/j.marpetgeo.2019.02.003
https://doi.org/10.1016/j.jmr.2013.04.001
https://doi.org/10.1016/j.jmr.2013.04.001
https://doi.org/10.1016/j.jmr.2014.04.006
https://doi.org/10.1016/j.jmr.2014.04.006
https://doi.org/10.1016/s0730-725x(01)00259-4
https://doi.org/10.1016/s0730-725x(01)00259-4
https://doi.org/10.3321/j.issn:0001-5733.2006.05.040
https://doi.org/10.3321/j.issn:0001-5733.2006.05.040
https://doi.org/10.3863/j.issn.1674-5086.2013.02.010
https://doi.org/10.3863/j.issn.1674-5086.2013.02.010
https://doi.org/10.1016/j.fuel.2009.11.005
https://doi.org/10.1016/j.fuel.2009.11.005
https://doi.org/10.1016/S1090-7807(03)00108-3
https://doi.org/10.1016/S1090-7807(03)00108-3
https://doi.org/10.4028/www.scientific.net/AMM.719-720.1089
https://doi.org/10.4028/www.scientific.net/AMM.719-720.1089
https://doi.org/10.5194/se-2018-42
https://doi.org/10.1360/N972015-01267
https://doi.org/10.1360/N972015-01267
https://doi.org/10.1016/j.jmr.2016.06.013
https://doi.org/10.1016/j.micromeso.2017.05.024
https://doi.org/10.1016/j.micromeso.2017.05.024
https://doi.org/10.1016/j.mri.2018.09.028
https://doi.org/10.1016/j.fuel.2016.10.121
https://doi.org/10.1016/j.jmr.2008.08.002
https://doi.org/10.1016/j.jmr.2008.08.002
https://doi.org/10.1063/1.439190
https://doi.org/10.1021/j150556a015
https://doi.org/10.3969/j.issn.1673-5005.2015.06.008

	Advances in low-field nuclear magnetic resonance (NMR) technologies applied for characterization of pore space inside rocks: a critical review
	Abstract
	1 Introduction
	2 History of porous media relaxation theory and model
	2.1 Enlightenment and origin
	2.2 Classical model
	2.3 Diffusion model
	2.4 Effect of internal magnetic field
	2.5 Section summary

	3 Low-field NMR methodology
	4 Limitation and deficiency
	4.1 Petrophysical property characterization
	4.2 Pore structure characterization

	5 Improvement direction
	5.1 Improvement of theories and models
	5.2 Experimental methodologies

	6 Conclusions
	Acknowledgements 
	References




