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A B S T R A C T   

Multi-scale shale studies put a significant emphasis on high-resolution investigations from nanometer to deca-
metre scales. Despite that multiple advanced techniques have been used in shale studies, they are mostly limited 
to the detection scopes and have restricted capacity for high-resolution characterization of shale nanopores with 
substantial heterogeneity. Therefore, it remains a challenge for accurate resource estimation in unconventional 
shales. The nuclear magnetic resonance (NMR) is an advanced technique enabling non-destructive and fast 
measurements, and has the advantage of high-resolution evaluation of shale formations and nanopore structure. 
Petrophysical studies using NMR have made breakthroughs in shale studies. However, multi-scale shale in-
vestigations with emphasis on NMR technique have not been fully reviewed. This paper thus provides an 
overview of the capabilities of NMR in multidisciplinary shale studies to largely improve accuracy in uncon-
ventional resource estimations. We proposed a multi-scale and quantitative NMR detection method for accurate 
characterization of the nanopore structure and fast relaxation fluids. The laboratory NMR core analysis and NMR 
well logging can be applied for the detection from nanometer to decametre scales, respectively, and precisely 
measure shale reservoir properties, including total/effective porosities, clay-bound water (CBW) contents, pore 
size distribution, surface relaxivity, absolute permeability, wettability, and fluid types. Importantly, with NMR 
application, new research areas such as the integrated supercritical CO2 enhanced shale gas recovery (scCO2- 
ESGR) and carbon geo-sequestration, and the advanced underground hydrogen storage (UHS) in shales can be 
developed to achieve the target of long-term energy supply and net-zero carbon emission. New techniques such 
as in-situ kerogen pyrolysis are also improved by using NMR dynamic monitoring.   

1. Introduction 

The urgent demand for a large amount of sustainable energy requires 
alternative supply trains, and thus stimulates global shale resource in-
vestigations (Dong et al., 2018; Jin et al., 2022; Zhang et al., 2017; Zou, 
2017). In this context, shales have been identified as a key unconven-
tional resource with a tremendous amount of reserves in the world 
(Loucks and Ruppel, 2007). However, unlike conventional reservoirs, 
which have good reservoir properties, e.g. large porosity and perme-
ability, shales are dramatically more complex as they are composed of 
fine-grained clay- or silt-sized particles (less than 62.5 μm in diameter) 
with a tight texture and large heterogeneity in petrophysical properties 

at multiple scales (Folk, 1980; Javadpour, 2009). Low porosity (mostly 
less than 10 %) and extremely low permeability, and permeability from 
nD to a few mD are thus commonly observed in shales (Passey et al., 
2010). The pore structures, e.g., porosity, pore size distribution (i.e., 
PSD), pore connectivity, and fluid flow properties are therefore difficult 
to measure, which limits the full utilization for economic values of shale 
resources (Fleury and Romero-Sarmiento, 2016). 

The success of commercial shale gas/oil production essentially relies 
on the accurate estimation of the storage capacity and fluid trans-
portability in complex nanopore structures and the dynamic shale 
reservoir monitoring (Hao et al., 2013; Jin, 2023; Zhang et al., 2021; 
Zou, 2017). Consequently, it is urgently required to comprehensively 
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understand and accurately evaluate shale systems from both, static and 
dynamic, perspectives. Despite that there have been multiple techniques 
(e.g., helium (HE) porosimetry, mercury injection capillary pressure 
(MICP), gas research institute (GRI), water immersion porosimetry 
(WIP), dual liquid porosimetry, and small-angle and ultrasmall-angle 
neutron scattering (SANS/USANS)) applied in shale studies, they are 
mostly restricted to the detection scales and incapable of a 
high-resolution characterization of shale nanopores containing fast 
relaxation fluids. Additionally, large variations are shown in different 
measurements, whereas no standardized techniques have been estab-
lished for accurate quantification of shale nanopore structure attributes 
(Kuila, 2013; Lai et al., 2018). 

The Nuclear Magnetic Resonance (NMR) technique has been widely 
used in diverse fields such as physics (Bloch, 1946; Purcell et al., 1946), 
medical science (Dixon and Ekstrand, 1982), material science (Smith 
and Strange, 1996), chemistry (Claridge, 2016), food science (Alberti 
et al., 2002), oil and gas industry (Liu et al., 2019; Yuan et al., 2018b), 
carbon capture utilization and storage (CCUS) (Hadian and Rezaee, 
2020) and underground hydrogen storage (Aslannezhad et al., 2023; 
Mahdi et al., 2021). NMR is a non-destructive and fast detection tech-
nique (Coates et al., 1999). Importantly, NMR can perform multi-scale 
investigations from nanometers to decametre scopes, which is 
extremely critical for reservoir evaluation (Arif et al., 2021; Yuan, 
2020). Thus significant efforts were made in NMR logging, NMR imag-
ing, and laboratory NMR core analysis to obtain the above-mentioned 
shale properties (Dutilleul et al., 2020; Freedman, 2006; Ge et al., 
2018; Xu et al., 2019). In recent decades, NMR has attracted more and 
more attention owing to its benefits for unconventional reservoir char-
acterization and development. For example, conventional core flooding 
is limited to reflecting nanopore structure, whereas core flooding inte-
grated with NMR allows the direct and real-time monitoring of 
two-phase fluids dynamic behaviors controlled by pore throats within 
nanopore structure (Wu et al., 2015). 

In this context, it is therefore timely to review NMR capabilities and 
limitations in terms of multi-scale and high-resolution petrophysical 
analysis of shales. This review highlighted exclusive NMR advantages in 
petrophysical analysis and nanopore structure characterization. 
Advanced NMR application is also proposed to integrate supercritical 
CO2-enhanced shale gas recovery and carbon geo-sequestration (scCO2- 
ESGR) and underground hydrogen storage (UHS) to mitigate global 
warming, meanwhile, to guarantee a long-term energy supply. Addi-
tionally, NMR application is highlighted in the cutting-edge areas of 
dynamic monitoring the formation and dissociation of gas hydrates, and 
oil shale in-situ pyrolysis conversion. 

2. Laboratory- and log-based systems of NMR technologies 

2.1. NMR principals and laboratory low-field NMR core analysis 

NMR is a phenomenon that occurs in response to magnetic hydrogen 
atomic nuclei toward a magnetic field. Like a gyroscope in the earth’s 
gravitational field, the atomic nucleus orients around the direction of an 
external magnetic field (Bloch, 1946; Purcell et al., 1946). Protons 
within atomic nuclei have a relatively large magnetic moment, which is 
an intrinsic quantum property called ‘spin’. The physical interaction 
between spin and external magnetic fields can be detected by NMR. 
Considering that hydrogen (1H) contains merely one proton and no 
neutron, and can produce a strong magnetic moment, meanwhile, 1H is 
abundant in formation fluids (e.g., in water and hydrocarbons), NMR 
logging and laboratory rock analysis can thus be widely applied in oil 
and gas industry and scientific research (Coates et al., 1999). The initial 
amplitude of the spin-echo is proportional to the number of 1H nuclei 
that are associated with the pores fluids. Thus, this amplitude can be 
utilized and calibrated to calculate porosity. The echo can be used for 
data acquisition parameters and the properties of the pore fluids within 
tested samples. The properties of the pore fluids affecting the echo 

include the hydrogen index, longitudinal relaxation time (T1), trans-
verse relaxation time (T2), and diffusivity (D). 

To obtain the NMR T2 spectrum, the raw NMR T2 data are acquired 
and inverted using different methods, therefore demonstrating different 
T2 performances. In laboratory rock analysis, the Carr, Purcell, Meil-
boom, and Gill pulse (CPMG) pulse sequence (Carr and Purcell, 1954; 
Kenyon et al., 1995; Meiboom and Gill, 1958) is employed with 
appropriate parameters, including inter-echo spacing (TE), 
inter-experiment delay, number of echoes and signal to noise ratio. In 
terms of fluids in rock pores, independent T2 relaxation mechanisms 
include surface relaxation, molecular diffusion relaxation, and bulk fluid 
relaxation (Fig. 1; Eq. 2.1.1). While bulk fluid and molecular diffusion 
relaxation are negligible effects in a uniform electromagnetic field with 
short echo spacing carried out on brine-saturated samples (Yuan et al., 
2018b), T2 relaxation can thus be simplified as Eq. 2.1.2 (Coates et al., 
1999). 

1
T2

=
1

T2bulk
+

1
T2surface

+
1

T2diffusion
(2.1.1)  

1
T2surface

= ρ
(

S
V

)

(2.1.2)  

where ρ is the surface relaxivity, μs/m; S
V is the specific surface area of 

the pore (the ratio of surface area to pore volume), μs− 1. What is worth 
mentioning, surface relaxivity is related to the rock mineralogy, 
particularly, paramagnetic minerals such as pyrite and siderite in shales 
have a dramatic influence (Yuan and Rezaee, 2019c). 

Additionally, the Magic Sandwich Echo (MSE) pulse sequence has 
been suggested for certain circumstances (Yan et al., 2018). There are 
four T2 inversion algorithms available, including non-negative least 
squares (NNLS-LH) with L-curve (Lawson and Hanson, 1995), general-
ized cross-validation (GCV) (Golub et al., 1979), Butler-Reed-Dawson 
(BRD) (Butler et al., 1981), and UPEN (Borgia et al., 1998). Regarding 
shale analysis, NNLS-LH and GCV perform better than the other two 
(Testamanti and Rezaee (2018)). 

2.2. NMR logging and magnetic resonance imaging logging (MRIL) 

NMR logging enables an in-situ and consecutive measurement of 
reservoir characteristics at decameter-scale; and this tool is thus widely 
used in formation evaluation (Coates et al., 1999). Commercial 
NMR-logging tools were introduced in the early 1980s, but it only 
became popular with the advent of NUMAR’s MRIL. Magnetic Reso-
nance Imaging Logging (MRIL) was a representative NMR Logging tool 
and was initially introduced by NUMAR in 1991 (Coates et al., 1991). 
MRIL contains a centralized permanent magnet, which generates an 
oscillating magnetic field that magnetizes formation materials. NMR 
logging tools detect a signal from pore fluids only (and no signal from 
the rock matrix) (Xiao et al., 2016; Yu et al., 2017). Therefore, NMR 
logging can more accurately detect pore fluids and pore structures than 
neutron, density, and acoustic logging (Rezaee, 2015). The key forma-
tion information collected by NMR logging includes (i) fluid quantities 
(Prammer et al., 1995); (ii) fluid properties (e.g., fluid type, fluid vis-
cosity, saturation) (Freedman et al., 1997); and (iii) the properties of 
complex pore structures (e.g., free fluid porosity, bound fluid volume, 
permeability, pore size distribution) (Labani et al., 2010; Yu et al., 
2017). 

Despite the multiple advantages of NMR logging outlined above, it 
was highly restricted due to high expenses and non-usability in cased 
production wells (Labani et al., 2010). To remedy this, intelligent 
techniques (e.g., Neuro-Fuzzy (NF) technique (Malki and Baldwin, 
2002), Fuzzy Logic and Genetic Algorithms (Ogilvie et al., 2002), 
Committee Machine with Intelligent Systems (CMIS) model (Kadkho-
daie-Ilkhchi et al., 2009), Back Propagation Neural Network (Bhatt and 
Helle, 2002), Evolutionary Computing (Tamhane et al., 2000), 
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Takagi–Sugeno FIS (TS-FIS) model (Labani et al., 2010)) were estab-
lished to overcome these limitations. 

2.3. NMR apparatus 

NMR apparatus, based on the discussions mentioned above, can be 
subdivided into (i) benchtop NMR spectroscopy commonly applied in 
laboratory studies, and (ii) borehole NMR tool employed in geophysical 
well logging. As summarized in Table 1, the low-field benchtop NMR 
spectroscopy primarily involves the manufacturers of Oxford Inc., 
Magritek Inc., Vista Clara Inc., and Niumag Corporation. Different 
apparatus provides different features regarding resonance frequency, 
minimum echo spacing (TE), and maximal operating temperature. The 
borehole NMR tool covers both wireline and logging while drilling 
(LWD) instruments manufactured by Schlumberger, Halliburton, Baker 
Hughes, China Oilfield Services Limited, and CNPC Logging Co. Ltd. 

3. Applications of NMR in shale studies 

3.1. Porosity measurements and the inconsistency of the results between 
NMR and other approaches 

Porosity and pore structure are the most fundamental property of 
shales for hydrocarbon storage (Hu et al., 2015; Kuila et al., 2014; Tian 
et al., 2013, 2015, 2016; Yuan et al., 2019). The development of porosity 
is controlled by the depositional environment, diagenesis, bulk compo-
sition, and thermal maturity, and thus reflects a large variation in 
different shales (Mastalerz et al., 2013; Wu et al., 2015; Cao et al., 2018; 
Xu et al., 2021). Marine shales commonly demonstrate a higher porosity 
and a wider porosity range than transitional and continental shales 
(Fig. 2). To measure porosity of such unconventional shale, various 
approaches have been used, such as NMR (Liang et al., 2020; Yan et al., 
2018), helium (HE) (Furmann et al., 2016), mercury (Hg) porosimetry 
(Bustin et al., 2008b), Gas Research Institute (GRI) (Luffel and Guidry, 
1992; Sondergeld et al., 2010), water immersion porosimetry (WIP) 
(Kuila et al., 2014), dual liquid porosimetry (Topór et al., 2016), and 
small-angle and ultrasmall-angle neutron scattering (SANS/USANS) (Liu 
et al., 2019c; Mastalerz et al., 2012; Sun et al., 2020). The most critical 
and ambiguous issue, however, is the inconsistency between NMR and 

Fig. 1. Inversion of NMR raw T2 data into T2 spectra and pore size distributions. (A) Thin-section image including pores of small, medium, and large sizes; (B) fully- 
saturated single pores (in small, medium, and large pore size) and their single NMR T2 peaks (C) the corresponding single-exponential decay functions of small, 
medium, and large pores; (D) fully-saturated complex multi-pore system with multi-exponential decay; (E) incremental and accumulative pore size distributions 
inverted from Fig.1D. 
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other measurements (Yuan and Rezaee, 2019a). Currently, no stan-
dardized guideline has been established to systematically explain this 
inconsistency. Here we used shale samples of nine different formations, 
including Western Australia, the USA, and China to investigate the 
essential reason of the porosity discrepancy between NMR and other 
measurements. 

Our results reveal that shale lithofacies are intimately associated 
with the porosity inconsistency between NMR and other measurements, 
which is tightly linked to clay-bound water (CBW) developed in shales 
(Yuan, 2020). CBW is defined as the electrochemically bound water 
within a clay lattice, or near a pore surface within the electrical double 
layer. CBW would reduce effective porosity and is largely associated 
with the properties of pore surface and pore volume in shales, therefore, 
CBW performs as a critical parameter for accurate estimation of pro-
ducibility (Yuan et al., 2018b). CBW shows larger amounts in shales 
with high content of clay minerals (particularly in low-mature shales 
containing higher contents of smectite); in contrast, less CBW is pre-
sented in shales with low clay contents and low TOC. On top of our 
previous research, further intimate correlations can be found between 
CBW and shale lithofacies. 

Shale lithofacies are classified into four major types: (i) argillaceous 
(AR), (ii) siliceous (SI), (iii) calcareous (CA), and (iv) mixed lithofacies, 
based on ternary mineralogy diagram obtained from XRD mineralogical 
analysis (Liu et al., 2019a). Large lithofacies variations are shown be-
tween different shales (Fig. 3A, the detailed mineralogical composition 
is shown in the pie chart as Appendix content Fig. A). For example, 
Goldwyer shales are classified as AR lithofacies that are distinguished by 
extraordinarily high clay contents (avg. > 65%) (Fig. 3A, Fig. A). Car-
ynginia, Wufeng-Longmaxi (O3w-S1l), Qiongzhusi, and the shale from 
Ningtiaota and Jiahe (NT & JH), are mixed lithofacies, containing a 
moderate combination of clay and quartz content (e.g., the avg. clay 
content in Carynginia, Wufeng-Longmaxi, Qiongzhusi, and shales from 

N&J is 36.2 wt%, 40.2 wt%, 31.4 wt%, and 44.5 wt%, respectively; 
whereas the avg. quartz content is 46.5 wt%, 45.3 wt%, 34.4 wt% and 
39.8 wt%, respectively) (Fig. 3A, Fig.A). In contrast, Middle Bakken and 
Lucaogou shales are categorized into CA lithofacies with a high content 
of calcareous minerals and very low clay content (e.g., avg. carbonate 
content in Middle Bakken and Lucaogou shales is 56.4 % and 33.5 %; 
whereas clay content is merely 6.9 and 8.9 %, respectively) (Fig. 3A, Fig. 
A). Monterey shales and Bakken shales are SI lithofacies characterized 
by a very high content of siliceous minerals (e.g., avg. quartz content in 
Monterey and Bakken shales is 57.0 % and 65.3 %, respectively). 

Porosity values obtained from low-field NMR and HE porosimetry 
are shown in Fig. 3B. Cross-plots of the NMR-HE porosity (φ) for all the 
samples from nine units reveal that NMR-HE φ discrepancy is highly 
related to shale lithofacies (Fig. 3B). A favorably equal φ between NMR 
and HE is commonly demonstrated in clay-poor and OM-poor shales 
including the CA OM-poor lithofacies (e.g., Lucaogou shales, Middle 
Bakken shales), and the mixed/SI OM-poor lithofacies (e.g., the Gold-
wyer shale samples at the depth of 1576.50 m, Fig. 4E). However, a 
tremendous NMR-HE φ discrepancy is always present in clay-rich and 
OM-rich shales such as the AR lithofacies (e.g., most of the studied 
Goldwyer shales), whereas a mild NMR-HE φ discrepancy was found in 
lithofacies such as the CA OM-rich (e.g., the Goldwyer shale samples at 
the depth of 1546.14 m, Fig. 4B), and the mixed lithofacies (e.g., Car-
ynginia, Wufeng-Longmaxi, and NT& JH shales, Fig. 3B). 

What is worth mentioning, apart from the intrinsic factor of shale 
lithofacies (mineralogical and organic components), the key factors 
leading to the NMR-HE φ discrepancy also include the kinetic molecular 
diameter of the penetrating fluid applied during the laboratory mea-
surements (Yuan and Rezaee, 2019a). However, the impact of kinetic 
molecular diameter on NMR-HE φ discrepancy can be neglected because 
the laboratory NMR and HE tests use H2O and He as the detective mo-
lecular probes, respectively, while these molecular probes have similar 

Table 1 
Main features of the commercial benchtop NMR instruments. Some data were obtained from previous research (Ge et al., 2021).   

Trademark Manufacture Resonance 
frequency (MHz) 

Minimum TE 
(ms) 

Sample diameter 
(cm) 

Maximal 
temperature (◦C) 

Measuring 
parameters 

Benchtop NMR 
Spectroscopy Tool 

GeoSpec 2 Oxford 2, 12, 20 0.06 2.54–15.24 100 T1, T2, T2-D, T1- 
T2,2D imaging 

MARAN Ultra  2, 23 0.2 2.54  T1, T2, T1-T2, 
Magritek Magritek 2, 25, 43 0.06 2.54–3.8  T1, T2, T2-D, T1-T2 

MesoMR Niumag 12, 23 0.06 2.54 120 T1, T2, T1-T2 

MicroMR Niumag 2, 12, 20 0.06 2.54  T1, T2, T1-T2 

Helios Vista Clara 0.485 0.2 3.8–10.2  T2 

Trademark Manufacture Resonance 
frequency (MHz) 

Minimum TE 
(ms) 

Vertical 
resolution (cm) 

Investigation 
depth (cm) 

Measuring 
parameters 

Borehole NMR Logging 
Tool 

CMR-Plus Schlumberger 2 0.2 15.24, 22.86, 
45.72, 76.2 

1.27, 2.84, 3.81 T2 

CMR- 
MagniPHI  

2 0.2   T1, T2, T1-T2 

MR Scanner  0.5–1.1 0.45 19.1, 45.7 3.2, 3.8, 5.8, 6.9, 
10.2 

T1, T2, T1-T2, T2-D 

Provision Plus 
675  

0.255 0.6 10.16, 25.4, 50.8 38.1 T2 

Provision Plus 
825  

0.255 0.6 10.16, 25.4, 50.8 43.2 T2 

MR Explorer Baker Huges 0.45–0.88 0.3 45.7 6.35–11.43 T1, T2, T1-T2, T2-D 
MagTrak  0.35–0.5 0.4  24.9, 33.5, 45.7 T1, T2 
MRIL-P Halliburton 0.5–0.8 0.6 60.96 36.1–40.9 T1, T2, T1-T2, T2-D 
XMR  0.547–1.183 0.2  3.8–102 T1, T2, T1-T2, T2-D, 

T1-T2-D 
MRIL-WD  0.5 0.5   T1, T2, T1-T2 
EMRT China Oilfield 

Services 
0.55–0.96 0.4 24 5.5–11.5 T2 

MRT6910 CNPC Logging Co. 0.5–0.8 0.6 61 17–22 T2, T2-D 
JPY238 Vista Clara 0.25–0.475 0.45 25 23,28 T2 
JPY350   0.6 50 30, 38 T2 
PX350F   0.8 50 25, 30, 34, 38 T2 
PX525F   0.8 50 36, 40, 46, 53 T2 
CMR-Plus Schlumberger 2 0.2 15.24, 22.86, 

45.72, 76.2 
1.27, 2.84, 3.81 T2  
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diameters (e.g., the kinetic diameter of H2O and He are 0.278 and 0.280 
nm, respectively, Fig. 3C). Therefore, the NMR-HE φ discrepancy can be 
considered to be primarily attributed from the intrinsic factor of shale 
lithofacies, which mainly involves CBW and OM components (Fig. 4). 

3.1.1. Comparison of HE porosimetry and NMR 
To investigate the mechanism of NMR-HE φ discrepancy, more de-

tails of the two techniques should be revealed. HE porosimetry is 
generally measured using an AP-608 automated porosimeter following 
the principles of Boyle’s law. HE porosimetry detects interconnected 
porosities, which is equivalent to effective porosity because the working 
fluid (He) can penetrate the pore structures. The technical steps of HE 
porosimetry involve (1) the measurement of bulk volume (Vbulk) 
following the Archimedes Method; and (2) the measurement of grain/ 
skeleton volume (Vgrain). Grain density was determined ranging between 
2.6 and 2.7. Fig. 5 presents the mechanism diagram involving initial 
conditions and equilibrated conditions. The PV value for the whole 
system before and after switching the valve remains stable per Boyle’s 
Law, which can be expressed in Eq. 3.1.1: 

P1
(
V1 − Vgrain

)
+P2V2 =P3

(
V1 +V2 − Vgrain

)
(3.1.1) 

The grain volume is calculated as Eq. 3.1.2: 

Vgrian =
P1V1 + P2V2 − P3(V1 − V2)

(P1 − P2)
(3.1.2) 

Helium porosity is determined using Eq. 3.1.3: 

ϕ =
Vbulk − Vgain

Vbulk
(3.1.3)  

where P1 is the pressure (atmospheric) within chamber 1 at initial 

conditions; P2 is the injected helium pressure within chamber 2 at initial 
conditions; P3 is the equilibrated pressure of the system with the valve 
on. V1,V2,Vgrain are the volume of chamber 1, chamber 2, and the tested 
samples, respectively. 

In contrast, NMR detects hydrogen protons within the pore water 
and is thus used to obtain the signals from both, penetrated water and 
CBW, that collectively constitute total porosity. Low-field NMR relax-
ometry can be used to observe signals from OM apart from CBW (Kausik 
et al., 2017). It is thus reasonable to assume that the φ gap between NMR 
and HE is related to the signals from CBW and hydrogen of OM. This is 
also consistent with our novel discovery of the relationship between 
lithofacies and NMR-HE φ discrepancy in shales. For example, CA 
OM-poor lithofacies, e.g., Lucaogou shales, and Middle Bakken shales 
(Fig. 3 B), contain fewer clay minerals and OM, thus resulting in trace 
CBW and hydrogen in OM, and demonstrating trace NMR-HE φ 
discrepancy (Fig. 4). By contrast, AR OM-rich lithofacies contain a large 
amount of clays and OM, thus leading to a large NMR-HE φ discrepancy. 

3.2. Pore size distribution (PSD) and surface relaxivity determination 

To obtain PSD from NMR T2 spectra, a conversion coefficient called 
transverse surface relaxivity (SR) (Eq. 3.2.1) is commonly used. Surface 
relaxivity is a parameter to characterize the strength of relaxation 
induced between solid and fluid interface, and performs as the most 
significant fitting parameter to convert the NMR signal to length scale 
and it requires benchmarking with other experiments (e.g., MCIP) 
(Sigal, 2015). Industry practice generally considers SR as a constant 
value for the entire formation, whereas SR varies tremendously in shales 
of different lithofacies (Dunn et al., 2002; Fleury, 2007; Saidian et al., 
2015). Surface relaxation of shales is largely impacted by (i) magnetic 

Fig. 2. Porosities of the typical shale formations in China (reproduced from Zhang et al., 2017).  
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minerals with a high degree of magnetic susceptibility, (ii) Fe-bearing 
paramagnetic minerals, and (iii) pore surface area to pore volume 
ratio (SVR) (Hurlimann et al., 1994; Keating and Knight, 2012). 
Fe-bearing paramagnetic minerals (e.g., pyrite, siderite) have unpaired 
electrons with randomly oriented spins, and thus induce a faster surface 
relaxation rate and lead to a higher SR value (Keating and Knight, 2010). 

To determine surface relaxivity in conventional reservoirs and coal, 
several laboratory methods were established (Kleinberg, 1996; Aus-
brooks et al., 1999; Slijkerman et al., 2001) following the NMR principle 
shown in Eq. 3.2.1: 

1
T2i

= ρ2

(
S
V

)

i
= ρ2

(
Cs

ri

)

(3.2.1) 

where T2i is the transverse T2 relaxation time at experimental point i, 
ρ2 is the surface relaxivity, 

(
S
V

)

i is the ratio of pore surface area to pore 
volume ratio (SVR) that can be determined by low-pressure gas 

adsorption experiment; ri is the pore radius at experimental point i; Cs is 
a shape factor-a constant value dependent on geometric pore shape. Slit, 
cylindrical and spherical pores correspond to values of 1, 2 and 3, 
respectively (Zhang et al., 2018). 

However, studies of shales revealed a large SR variation, which is 
associated with lithofacies (Table 2). Shale SR values demonstrated an 
intimate correlation with Fe-bearing paramagnetic minerals such as 
pyrite, siderite, and clays that contain high Fe ion concentrations. For 
shales containing higher Fe ions, the paramagnetic minerals highly in-
fluence the NMR response. NMR-converted PSD thus presents divergent 
shifts off the PSD distribution measured in laboratory. Therefore, 
attention should be fully concentrated on PSD conversion by considering 
SR values in the shale, particularly for the shales with a high content of 
paramagnetic minerals. 

Here, we demonstrate the example of shales (e.g., AC1-AC8) from the 
Permian Carynginia formation in Western Australia. The SR values were 
calculated based on the logarithmic mean value of NMR T2 (T2,lm) and 

Fig. 3. (A) Ternary diagram of the XRD mineralogical composition and (B) NMR-HE porosity discrepancy of various shale samples. The lithofacies of the studied 
shale samples include: (i) AR lithofacies- Goldwyer shales (Yuan et al., 2021a, 2023); (ii) CA lithofacies- Middle Bakken Fm. Shales (Karimi, 2017), Lucaogou Fm. 
Shales (Zhao et al., 2017); (iii) SI lithofacies- Monterey shale (Rivera, 2014), and Bakken shale (Yuan et al., 2021a); (iv) Mixed lithofacies: Qiongzhusi Fm. Shales (Li 
et al., 2017), Carynginia, Wufeng-Longmaxi (O3w-S1l) Fm. Shales (Zheng et al., 2019b), Ningtiaota (NT) and Jiahe (JH) (Zhang et al., 2018); and (C) Schematic 
model of shale nanopore structure that is analyzed using different penetration molecule probes (e.g., NMR approach using H2O and helium porosimetry using He), 
and the kinetic diameter of different molecules (Bustin et al., 2008a). Acronyms: AR = argillaceous, CA = calcareous, SI = siliceous, He = helium, NMR = nuclear 
magnetic resonance, LP–CO2–GA = low-pressure CO2 gas adsorption, LP-N2-GA = low-pressure N2 gas adsorption, MICP = mercury injection capillary pressure, 
HPVA = high-pressure volumetric analyzer, Fm. = formation. 
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the surface-to-volume ratio (SVR) obtained from low-pressure nitrogen 
gas adsorption (LP-N2-GA) (Yuan and Rezaee, 2019c). As shown in 
Table 3, AC1 and AC2 have higher contents of Fe-bearing paramagnetic 
minerals (e.g., pyrites and clays) and larger SSA (5.53 and 5.57 m2/g, 
respectively), presenting higher values of SR (0.25 and 0.29 μm/s, 
respectively). In contrast, AC8 shows relatively low paramagnetic min-
erals and low SSA (3.79 m2/g) and exhibits a low SR value of 0.08 μm/s. 
Comparing the peaks between the NMR T2 spectrum and the converted 
PSD, it is evident that the converted PSD in AC1, AC2, and AC5 shift 

towards the right; and separate themselves from AC3, AC4, AC8 (Fig. 6). 
The obvious PSD separations result from the expeditation of the surface 
relaxation rate, as AC1, AC2 and AC5 show higher Fe-bearing para-
magnetic mineral contents and larger SSA. The paramagnetic mineral of 
higher content expedites the NMR T2 surface relaxation rate, leading to 
the divergent shifts in NMR-converted PSD curves. 

3.3. T2 cutoff and clay-bound water from 1D NMR 

NMR is commonly used in conventional reservoirs to quantify 
different types of pore fluids, i.e., the bulk volume of moveable fluids, 
capillary-held water (CHW), and the irreducible clay-bound water 
(CBW) within pore spaces (Coates et al., 1999; Dunn et al., 2002). T2 
cutoff is the value applied to differentiate these three fluid types for 
petrophysical analysis. Two threshold T2 cutoffs, namely T2 cutoff-1 

Fig. 4. Relationship between shale lithofacies and NMR-HE porosity discrepancy. Thin sections are Goldwyer samples: (A) calcareous OM-poor lithofacies, from the 
depth of 1558.26 m, (B) calcareous OM-rich lithofacies, from the depth of 1546.14 m, (C) argillaceous OM-poor lithofacies, from the depth of 1479.76 m; (D) 
argillaceous OM-rich lithofacies, from the depth of 1559.64 m; (E) mixed OM-poor lithofacies, from the depth of 1576.50 m; (F) mixed OM-rich lithofacies, from the 
depth of 1547.07 m. Note that the applied lithofacies classification follows the criteria from Yuan et al. (2021a). 

Fig. 5. Diagram of using Boyle’s Law to obtain grain/skeleton volume.  

Table 2 
Surface relaxivity of shales, clays, mineral mixtures, and coal.  

Rock Surface relaxivity, ρ 
(μm/s) 

Reference 

Permian Carynginia shale 0.08–0.32 Yuan and Rezaee 
(2019c) 

Monterey shale 1–6 Rivera (2014) 
Middle Bakken and Three Forks 

formation shales 
0.39–2.54 Saidian and Prasad 

(2015) 
Ordovician XXX OM-rich shale 0.5–3.1 Sulucarnain et al. 

(2012) 
Lower Silurian 

Longmaxi shale 
4.26–28.22 Liu et al. (2018) 

Illite 0.9 Prammer et al. 
(1996) Smectite 0.9 

Chlorite 0.4 
Pyrite mixture (High- 

concentration) 
1.80 Keating and Knight 

(2010) 
Pyrite mixture (Low- 

concentration) 
1.20 

Siderite mixture (High- 
concentration) 

≥26 

Siderite mixture (Low- 
concentration) 

≥19 

Coal 1.6 (high-rank); 
2.1 (low-rank); 
3.0 (medium-rank) 

Zheng et al. (2019a)  
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(T2-C1) and T2 cutoff-2 (T2-C2), were defined to separate the CHW from 
the movable volume, and the CBW from CHW, respectively (Fig. 7 C). 

To differentiate different fluids and determine T2 cutoff, an NMR 
measurement is performed on core plugs under two conditions, one at 
Sw = 100% (fully brine saturated condition) and one at Sir = irreducible 
(residual brine condition after centrifuging) (Xiao et al., 2018; Yao et al., 
2010). T2 cutoff is then obtained by horizontally projecting the peak of 
the cumulative Sir curve and intersecting with the cumulative Sw curve, 
followed by projecting down from the intersection point to the x-axis for 
the T2 cutoff value (Fig. 7 C). 

However, using a centrifuge for fluid partitioning in sandstone, 
carbonate, or coal is not adaptable for shales (Freedman, 2006; Kenyon, 
1992; Straley et al., 1997; Yao and Liu, 2012). Thus pore water in shale 
can be hardly extracted by centrifuging due to the tight shale texture 
(Easley et al., 2007), while higher centrifuge rotation speed could lead to 
structural destruction of the shale sample (Yuan, 2020). Vacuum 
oven-heating is therefore preferred to extract pore water, and to obtain 
T2 cutoff for CBW quantification in shale (Testamanti et al., 2017; Yuan 
et al., 2018b). As shown in Fig. 7, a vacuum heating procedure was 
performed under a temperature sequence from 50 ◦C to 120 ◦C, to 
continuously extract pore water from the shale. By detecting the 
remaining hydrogen proton within pore water, the NMR T2 spectrum is 
obtained to determine T2 cutoff for CBW (Yuan, 2020). 

T2 cutoff and CBW values vary significantly between different rock 
types. The value of T2-C1 (the T2 cutoff-1 to differentiate CHW from 
movable volume) of sandstone and carbonate is 33 and 92 ms, respec-
tively (Straley et al., 1997), while T2-C2 (the T2 cutoff-2 to separate CBW 
from CHW) in sandstone was identified as 3 ms (Prammer et al., 1996). 
In the tight oil samples from the Candong depression, Bohai Gulf basin, 
China, T2-C1 and T2-C2 show the value of 0.12 and 6.12 ms, respectively 
(Yan et al., 2017). T2 cutoff in shale, however, is largely influenced by 
lithofacies, e.g., T2-C2 in Carynginia shales lie between 0.17 and 0.26 ms 
(Yuan et al., 2018b), in Lower Silurian Longmaxi shales between 0.09 
and 0.36 ms (Liu et al., 2018). 

3.4. Fractal analysis 

To quantify the complexity of pore structures of shales, fractal 
analysis can be carried out on tested samples. The fractal theory was 
initially put forward to describe the fragmented irregularities of geo-
metric objects (Avnir and Jaroniec, 1989; Mahamud and Novo, 2008; 
Mandelbrot et al., 1984). Microscopically, the structure of rock also has 
a property of ‘self-similar regularity’ that presents a similar structure 
regularity over three orders of magnitude (Katz and Thompson, 1985). 
This self-similarity can be quantified by fractal dimension (D), which 
describes the heterogeneity or complexity of a pore structure (i.e., pore 
surface and pore volume) in shale (Bu et al., 2015; Yang et al., 2014). As 
thermal maturity increases, pore structure evolves, leading to a change 
in fractal dimension (Liu et al., 2019b). Fractal dimension can be 
determined via NMR, low-pressure gas adsorption (LP-GA), MICP, 
small-angle and ultrasmall-angle neutron scattering (SANS/USANS), 
and SEM. 

To calculate the NMR fractal dimension, the NMR T2 spectrum is 
used coupled with fractal theory, following the relationship between 
N(r) ~ radius (r) described as Eq. 3.4.1 and Eq. 3.4.2 ( Avnir et al., 1984; 
Mandelbrot et al., 1984): 

N(r)=
∫ rmax

r
f (r)dr =

C
rD (3.4.1)  

f (r)=
d N(r)

dr
=

− D • C
rD+1 (3.4.2)  

where r is the radius of the equivalent capillary bundles; Nr is the total 
number of pores (with pore radii > r); f(r) is the function of pore radius 
density; C is a fractal factor and D is the fractal dimension. Cumulative 
pore volume with pore sizes smaller than r (Vr) and total pore volume 
with full size of pores (Vt) were calculated using Eq. 3.4.3 and Eq. 3.4.4 
(Coates et al., 1999). In gas shale of nanometer-scaled pore radius, 
assuming that rmin≪r, we can simplify the ratio of Vr to Vt (V) following 
Eq. 3.4.5 and Eq. 3.4.6. Considering that NMR theory suggests a pro-
portional relationship between T2 and pore size, Eq. 3.4.6 was converted 

Table 3 
Petrophysical properties of the tested shale samples in Permian Carynginia formation, Western Australia (Yuan and Rezaee, 2019c).  

Sample Depth 
(m) 

Total clay (wt. 
%) 

Pyrite (wt. 
%) 

NMR total porosity, Ф 
(%) 

SSA (m2/ 
g) 

SVR 
(μm− 1) 

Magnetic susceptivity ( × 10 − 6 

SI) 
Surface relaxivity ρ 
(μm/s) 

AC1 2780.2 50.8 3.3 10.06 5.53 85.57 63–18,600 0.25 
AC2 2781.7 43.2 2.9 10.04 5.57 663.1 0.29 
AC3 2789.9 32.3 2.1 11.50 5.18 332.0 0.32 
AC4 2794.4 31.1 2.1 10.66 2.84 765.7 0.11 
AC5 2806.4 40.7 3.1 12.87 4.28 844.1 0.21 
AC8 2825.3 32.3 2.1 8.02 3.79 753.1 0.08  

Fig. 6. NMR T2 spectrum and the converted pore size distribution (PSD) of Permian Carynginia shales in Western Australia (Yuan and Rezaee, 2019c).  
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into Eq. 3.4.7 and subsequently logarithmetized as Eq. 3.4.8. NMR 
fractal dimension thus can be obtained as per the slope of the double 
logarithmic plot shown in Eq. 3.4.8. 

Vr =

∫ r

rmin

f (r)cr3dr=
− D • C2

3 − D
(
r3− D − rmin

3− D) (3.4.3)  

Vt =
− D • C2

3 − D
(
rmax

3− D − rmin
3− D) (3.4.4)  

V =
Vr

Vt
=

r3− D − rmin
3− D

rmax
3− D − rmin

3− D (3.4.5)  

V =

(
r

rmax

)3− D

(3.4.6)  

V =

(
T2

T2 max

)3− D

(3.4.7)  

log(V)= (3 − D) log (T2) + (D − 3) log(T2 max) (3.4.8) 

Considering that shale is characterized by complex pore structure 
and tight texture, the conventional fluid differentiation approach, i.e., 
centrifuging, poorly works on the determination of T2 cut-off. Centrifuge 

rotation higher than 4500 rpm (315 psi) would destroy some of the 
shales (e.g., Permian Carynginia shals from Western Australia), while 
centrifuge ≤4500 rpm extracted little water (Yuan et al., 2018b). Take 
Permian Carynginia shals from Western Australia as an example, as 
shown in Fig. 7 C, little differences are shown in incremental porosity 
after the high-speed centrifuge. By applying a pre-heated scheme 
(heating temperatures range from 50 to 120 ◦C) on samples before NMR 
tests, T2-cutoff was able to be calculated for differentiating various pore 
types under each temperature. For example, the complexity of effective 
pores and ineffective pores occupied by CBW in shales can be quantified 
by the NMR-derived fractal dimension Deff and Dcbw, respectively, as 
NMR enables the differentiation of various pore types containing 
different fluids (Liu et al., 2021; Yuan and Rezaee, 2019b). The fractal 
dimension calculated from LP-GA results is intimately associated with 
the complexity and roughness of micropores, mesopores, and macro-
pores (Mangi et al., 2020). D linearly and positively correlates with clay 
contents, is related to micro-/mesopore pore geometry, largely compli-
cates the fractal geometry of the nanopore network, and potentially 
resists effective fluid flows in shales (Yuan and Rezaee, 2019b). 

Fig. 8 shows a schematic model of pore surface heterogeneity as the 
fractal dimension increases from 2 (flat surface) to 2.9 (rough surface) 
(Shang et al., 2019). For shales abundant in clay minerals, the nanopore 
surface creates more CBW retention and further reduces the effective 

Fig. 7. (A) Workflow to determine T2-cutoff for CBW quantification in shale (modified from Yuan (2020), Copyright of 2020 Curtin University). (B) SEM image of a 
representative shale sample; (C) NMR-derived PSD of a representative shale sample (Permian Carynginia shale at depth of 2780.2 m) under three conditions: (i) fully 
saturated (black), (ii) centrifuged (green), and (iii) Oven-heated (light blue). 
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pore space and thus fluid transport (Zou et al., 2020). More complex 
meso-/macropores are associated with a larger heterogeneity in effec-
tive pores, and have a higher potential of hydrocarbon storage capacity 
in gas shales (Yuan and Rezaee, 2019b). 

3.5. Permeability estimation from 1D NMR 

Permeability is the measurement of how easily a gas or a liquid can 
flow through the pore throats. To quantify the flow of a fluid through a 
porous medium, Darcy’s law can be used following Eq. 3.5.1. 

u = −
k
μ •

dp
dx

(3.5.1)  

where u is the rate of volume flow across a unit area (m3⋅s− 1 m− 2), and it 
is equivalent to mean velocity (m/s) through a porous media. μ is the 
viscosity, and dp

dx is the pressure gradient in the x direction. Conventional 
measurements of permeability include: (1) the steady-state permeability 
method, with a constant pressure gradient, and the permeability is 
directly proportional to the fluid velocity. (2) the unsteady-state 
permeability method, which is effective in determining very small 
permeability, ranging from 0.1 nd to 0.1 μD. It consists in one fluid 
displacing another one at a previously set rate. The saturation of the core 
plug/crushed sample will change with time. The unsteady-state 
permeability method can be subdivided into the oscillating pulse 

method, the GRI method and the pulse decay method. 
Permeability is a fundamental property of shales for fluid flows and is 

related to the pore geometry (Pan et al., 2015). The pore geometry of 
shales has large complexity and heterogeneity; it is thus challenging to 
accurately obtain or predict the permeability of shales. Permeability 
prediction models established for conventional rock estimations 
(Table 4) were not available for shales. Thus numerous attempts have 
been made to better understand shale permeability, however, results 
have not yet been consistently established. Given that NMR bears the 
advantage of detecting complex pores at a small pore size scale, 
permeability estimation obtained from NMR measurements is thus 
widely acknowledged to produce more precise predictions (Tan et al., 
2015). 

To estimate absolute permeability based on NMR. Two theoretical 
models are commonly used: (1) the mean T2 model, which is also known 
as the SDR (Schlumberger-Doll-Research) model (Eq. 3.5.2) (Kenyon 
et al., 1988), and (2) the Coates model (Eq. 3.5.3) (Coates et al., 1998). 

KSDR = CSDRT2
2gmϕNMR

4 (3.5.2)  

KCoates =

(
FFI
BVI

)2(ϕNMR

Ccoates

)4

(3.5.3)  

Fig. 8. Schematic model of pore properties as surface fractal dimension (Ds) increases from 2 (flat surface) to 2.9 (rough surface). (A1-A10) Pore surface roughness. 
(B1–B10) Atomistic models (yellow and blue colors for crests and troughs, respectively). (C1–C10) Correlations between adsorption energy (ε(CH4), K) and the 
equilibrium distance (d*(CH4)) of CH4 with Ds. Note that the model represents a slit nanopore and is reproduced from Shang et al. (2019). 
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T2gm = exp
(
∑ ln (T2i)ϕi∑

ϕi

)

(3.5.4)  

where K is the matrix permeability, T2gm is the geometric mean value of 
the NMR T2 spectrum under saturated water condition (Sw = 100 %). 
ϕNMR is the NMR total porosity. T2i is the ith transverse relaxation time 
(s), and ϕi is the incremental NMR porosity corresponding to the ith 

transverse relaxation time. 
∑

ϕi is the total NMR porosity. CSDR is a 
correction coefficient that is related to the formation type, CSDR is 
typically determined via calibration with porosity and permeability of 
core samples (Rezaee et al., 2012). CSDR for sandstone is 4, while 4.75 is 
suggested for carbonates (Chang et al., 1994). FFI (free fluid index) and 
BVI (Bound volume irreducible) are the volumes of movable fluid and 
irreducible bound fluid, respectively, that are detected by NMR. 

Ccoates depends on pore geometry, and is defined as the pore throat to 
pore body ratio (aspect ratio). Lower aspect ratios (lower Ccoates values) 
exhibit more complex geometries and lower permeability indicating 
higher pressure is required for the fluid to overcome the capillary 
pressure to flow in the pore structure (Al Hinai, 2014). Given that MICP 
and NMR are effective approaches to determining pore throat and pore 
body, respectively, permeability can be estimated using models based on 
NMR and MICP measurements. Table 4 shows the calculation models for 
different lithofacies. Note that Ccoates is typically used to calibrate NMR 
log analysis from the Coates model. Ccoates of sandstones is 10, while 
shales have very low Ccoates values due to the influence of clays (higher 
clay contents result in lower Ccoates values, as they induce a dramatically 
more complex pore geometry) (Rezaee et al., 2012). Due to this complex 
pore geometry, shale SDR and Coates models need to be modified by 
incorporating the NMR pore structure characteristics discussed in 

sections 3.1 and 3.2, thus Eq. 3.5.5-3.5.8 can be obtained. 

KSDR = a log
(
T2gm

)
+ b logϕNMR + CSDR (3.5.5)  

KSDR = a log
(
T2gm

)
+ b logϕeff + CSDR (3.5.6)  

log KCoates = a log
(

FFI
BVI

)

+ b log ϕNMR + C (3.5.7)  

log KCoates = a log
( ϕeff

CBW

)

+ b logϕe + C (3.5.8)  

where ϕNMR and ϕeff are the total NMR porosity and the effective NMR 
porosity, while CBW is the volume of clay-bound water (Yuan et al., 
2018b). 

However, the modified SDR model can only be used for rocks fully 
saturated with water, whereas the modified Coates model can also be 
used for water and hydrocarbon-containing rocks via T2 cutoff value 
(Testamanti, 2018). However, T2 cutoff determination in shale requires 
complex laboratory analysis (e.g., high-speed centrifuging and vacuum 
oven-heating (Yuan et al., 2018b)) and experimental conditions largely 
vary between shale lithofacies. Note that T2 cutoff derived from the Coates 
model and T2gm derived from the SDR model deviate greatly, and T2 cutoff 

tends to be lower (Rezaee et al., 2012). 

3.6. Fluid typing from 2D NMR 

Fluid typing plays a critical role in shale reservoir characterization 
(Li and Cai, 2023; Yuan et al., 2018b). The reservoir quality of shale 
(particularly oil shale) greatly relies on the amount of light hydrocarbon 
and natural gas of shale (Chen et al., 2022; Kausik et al., 2016). Apart 
from hydrocarbons, the formation water is also an important factor for 
the evaluation of reservoir quality. For example, CBW (as discussed in 
section 3.1) can drastically reduce effective porosity, thus reducing fluid 
flow capacity (Yuan et al., 2018a). It is therefore of key importance to 
differentiate those fluids that are residing in various pore types. 

NMR enables the identification of various shale components, such as 
irreducible fluid and immobile hydrocarbon content (e.g., residual oil, 
kerogen, bitumen), in the complex pore structure (Fig. 9). Fast-relaxing 
fluids (such as CBW) in gas shale can be distinguished in 1D NMR T2 
spectra (Yuan et al., 2018b). However, in oil shale, proton signals (be-
tween different hydrogen contributions such as bound water and the 
various forms of hydrocarbons) overlap; to this end, 2D NMR T1-T2 
correlation maps and T1/T2 ratios allow more accurate identification 
of different hydrogen fractions (Rylander et al., 2013; Singer et al., 
2016). Given oil shale contains more heavy and viscous hydrocarbon in 
small pores and movable hydrocarbons in larger pores, 2D NMR dem-
onstrates the exclusive advantages in its fluid typing (Kausik et al., 
2016). Moreover, it is possible to identify various fluids in different pore 
types (e.g., organic pores (OP) and inorganic pores (IP) including 
interparticle pores and intraparticle pores) and it is also capable of 
detecting geochemical properties of OM (Khatibi et al., 2019). 

Fig. 10A summarizes fluid typing via 2D NMR mapping; it is worth 
mentioning that the fluid signal patterns exhibit different scenarios be-
tween low-frequency and high-frequency NMR, owing to the depen-
dence of T1 on Larmor frequency. The hydrogen protons can be 
categorized into ① hydrogen protons located at T2 < 0.1ms in both low- 
and high-frequency 2D NMR maps. ② solid bitumen and kerogen fast 
relaxation - bitumen in high-frequency NMR is at T1/T2~100, whereas 
for low-frequency NMR it is at 4 < T1/T2 < 15. The kerogen signature 
largely depends on thermal maturity and thus exhibits a large variation 
between different shales (Xiao et al., 2015). For example, Bakken shale 
kerogen has a higher T1/T2 when compared to Barnett shale kerogen 
(T1/T2 in Bakken and Barnett shales is ~1000 and 10–100, respectively, 
under high-frequency NMR (Fleury and Romero-Sarmiento, 2016; 
Khatibi et al., 2019)). ③ Water can be divided into three subclasses: a) 

Table 4 
Permeability estimation models based on NMR and MICP measurements for 
different lithofacies.  

Model Reference Sample Lithology 

Kair = 339
(

Shg

Pc

)1.691

apex 

Kbrine = 355
(

Shg

Pc

)1.691

apex 

Swanson 
(1981) 

Carbonates and 
sandstones 

log r35 = 0.732+ 0.588 log Kair − 0.864 logϕ Winland 
equation 

Sandstones 

log r35 = 0.9058+ 0.5547 log Kair −

0.9033 logϕ Kolodzie 
(1980) 

Sandstones 

log r20 = 0.218+ 0.519 log Kair − 0.303 logϕ 
log r25 = 0.204+ 0.531 log Kair −

0.350 logϕ 

Pittman 
(1992) 

Sandstones 

log Kair = − 1.160+ 0.930 log r50 +

1.780 logϕ Rezaee et al. 
(2006) 

Carbonates 

log Kair = − 1.92+ 2.18 log r10 + 0.949 logϕ 
Rezaee et al. 
(2012) 

Tight gas 
sandstones 

log Kair = 0.214+ 2.225 log r50 Gao and Li 
(2016) 

Tight gas 
sandstones 

log Kair = − 7.94921 − 0.3829 log r55 +

8.9485 logϕ Ngo et al. 
(2015) 

Sandstones 

log Kair = − 2.03939+ 1.2263 log r20 +

1.93606 logϕ Ngo et al. 
(2018) 

Carbonates 

log Kair = − 0.588+ 0.842 log r10 +

1.559 logϕ − 1.411 log R1 + 0.599 log R2 
Liu et al. 
(2020) 

Shales 

Kair is the air permeability (mD), Shg is the mercury intrusion volume, Pc is the 
capillary pressure representing the apex of the hyperbolic log-log Hg injection 
plot. r50 is the pore throat radius at the point of 50% Hg intrusion (μm); R1 and 
R2 are the curvature values, for the intrusion of Hg at larger pores and capil-
laries, respectively (μm).  

Y. Yuan et al.                                                                                                                                                                                                                                    



Gas Science and Engineering 120 (2023) 205163

12

free water, b) water residing in inorganic pores, and c) clay-bound water 
with fast relaxation. ④ Hydrocarbons mainly include gas (i.e., free gas, 
gas in IP, and gas in OP) and oil (i.e., free oil, oil in IP, movable oil in OP, 
and immovable oil in OP) (Xu et al., 2022). 

Fig. 10B, C shows the shales collected from different wells in Gold-
wyer Fm., Canning Basin, Western Australia. Fig. 10B is a representative 
shale sample collected from the Theia-1 well at the depth of 1512.7 m in 
Goldwyer Fm., Canning Basin, Western Australia. Shale samples from 
this depth are characterized by a very high content of clays (avg. > 65%) 
and TOC, and tend to present as OM-rich AR lithofacies (Yuan et al., 
2023). The 2D NMR map of this shale is distinguished by strong signals 
of hydroxyls and CBW in IP. In contrast, Fig. 10C is a representative 
shale sample collected from Cyrene-1 well at the depth of 997.3 m in 
Goldwyer Fm., Canning Basin, Western Australia. Shales are shown in 
fewer hydroxyls and CBW in IP. 

3.7. Quantitative wettability determination 

In a rock containing more than one immiscible fluid (e.g., water and 
oil), wettability is used as a measurement of the preferential tendency of 
a certain fluid to wet (spread or adhere to) the rock surface. Thus 
wettability is defined as “the ability of a liquid to maintain contact with 
a solid surface in the presence of a third phase” (Anderson, 1986). 
Wettability is one of the significant parameters for hydrocarbon recov-
ery and the prediction of dynamic fluid flow performance (e.g., for 

relative permeabilities, production rate, residual oil saturation, imbibi-
tion capillary pressure, and oil recovery) (Guo et al., 2022; Iglauer, 
2017; Iglauer et al., 2012; Pan et al., 2022). In shales with complex 
nanopore structures, wettability shows a large heterogeneity and 
significantly influences dynamic fluid flow and fluid distribution inside 
the pores, it also affects electrical resistivity (Valori and Nicot, 2019). 

To determine wettability, usually conventional wettability mea-
surements (e.g., Amott-Harvey, US Bureau of Mines) are performed; 
however, NMR has the advantage of being a fast, non-destructive, 
relatively low-cost benefits, and it allows both, field and laboratory 
measurements (Ali et al., 2022; Yuan et al., 2021b). Given that the 
magnetic relaxation rate is positively correlated with the proportion of 
the surface wetted by the fluid (Brown and Fatt, 1956), wettability can 
be quantitatively determined by NMR using the wettability index (WI), 
which is defined as the relative fraction of the surface wetted by water 
minus that by oil (Eq. 3.7.1) (Fleury and Deflandre, 2003; Looyestijn 
and Hofman, 2006). By introducing WI, Chen et al. (2006) correlated the 
rock wettability with NMR surface relaxation for Berea cores. For un-
conventional shale, qualitative wettability analysis was achieved by 
combining NMR with (oil and brine) imbibition experiments (Odusina 
et al., 2011; Sigal and Odusina, 2011). This was further quantified (by 
using WI), which can be determined by modifying Eq. 3.7.1 into Eq. 
3.7.2 (Sulucarnain et al., 2012). Furthermore, for shales containing 
abundant residual fluids (such as Eagle Ford shale), a modified equation 
(Eq. 3.7.3) was proposed (Gupta et al., 2019a). 

Fig. 9. (A) The physical model of common pore fluid types (i.e., CBW, CHW, and movable water). (B) The corresponding NMR T2 spectrum for different pore fluids. 
(C) Schematic model of petrophysical shale structure and the corresponding NMR relaxometry parameters for different fluid types, modified after (Eslinger and 
Pevear, 1988) (Coates et al. (1999); Yuan and Rezaee (2019b)). 
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WI =
Aw − Ao

Aw + Ao
(3.7.1)  

WI =
NMR (Sw) − NMR (So)

NMR (Sw) + NMR (So)
(3.7.2)  

WI =
(NMR (Sw

)
+ NMR (Sw,in situ

))
− (NMR (So

)
+ NMR (So,in situ

))

(NMR (Sw
)
+ NMR (Sw,in situ

))
+ (NMR (So

)
+ NMR (So,in situ

))

(3.7.3)  

where WI is the wettability index, ranging from − 1 (purely oil-wet) to 1 
(purely water-wet). WI from 0 to 1, 0, 0 to 1 represents water-wet, in-

termediate-wet, and oil-wet, respectively. The value of 0 represents an 
intermediate-wet (or neutral wettability), indicating no preferential 
tendency is shown by either fluid towards the rock. WI between − 0.5 
and 0.5 represents the condition of mixed wettability under the pore- 
scale perspective (e.g., smaller pores are water-wet, whereas larger 
pores are oil-wet). Fractional wettability may also be obtained when 
large heterogeneity occurs in a scattered area (e.g., the scattered area is 
strongly oil-wet, whereas the rest is water-wet) (Looyestijn and Hofman, 
2006). Aw and Ao are the surface areas wetted by water and oil, 
respectively. NMR (Sw) and NMR (So) is the ratio of the NMR T2 cu-
mulative response of brine and imbibed dodecane to the helium porosity 
of the sample. NMR (Sw,in situ) and NMR (So,in situ) represent the NMR 

Fig. 10. (A) 2D NMR fluid typing map for shale. Low-frequency NMR (2 MHz) data is modified after Kausik et al. (2016). High-frequency (23 MHz) NMR data is 
modified after Fleury and Romero-Sarmiento (2016) and Khatibi et al. (2019). (B) An example of a 2D NMR fluid typing map for the shale collected from Theia-1 well 
at the depth of 1512.7 m in Goldwyer Fm., Canning Basin, Western Australia. The clay content is 55.75 % (illite = 47.8 %) and the TOC content is 2.87 %; (C) An 
example of a 2D NMR fluid typing map for the shale collected from Cyrene-1 well at the depth of 997.3 m in Goldwyer Fm., Canning Basin, Western Australia. The 
clay content is 28.70% (illite = 22.92 %) and the TOC content is 1.22 %. Some data were collected from (Testamanti, 2018; Yuan et al., 2021a). 
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responses of residual brine and hydrocarbon, respectively. Note that 
shale wettability shale demonstrates a large heterogeneity at core scale, 
Table 5. 

3.8. NMR aligned with core flooding for CCUS and EOR/EGR 

Carbon capture, utilization and storage (CCUS) has emerged as a 
significant technology to combat climate change by reducing 

greenhouse gas emissions. The efficiency of CO2 geosequestration 
initially lies in its capacity to capture CO2 from various sources (e.g., 
coal-based thermal power plants, cement kilns, and industrial facilities) 
using a variety of technologies including adsorption, chemical looping, 
membrane gas separation, or gas hydration (Al-Khdheeawi et al., 2023; 
Iglauer, 2017; Wu et al., 2022). The captured CO2 is securely transported 
to the site where it can be injected into the underground porous media 
for long-term storage. The underground geological storage site 
commonly used for CO2 geosequestration includes deep saline aquifers 
(Bachu, 2015; Glubokovskikh et al., 2020), depleted oil and gas reser-
voirs (Paluszny et al., 2020), unmineable coal seams (Kuang et al., 2023; 
Li et al., 2022; Zheng et al., 2020), basaltic rocks (Iglauer et al., 2020; 
Iglauer and Al-Yaseri, 2021), and one of the most important and 
advanced ones are shale formations. Apart from CO2 geosequestration, 
CO2 injection into shale formations also assists in achieving enhanced oil 
recovery (EOR) or enhanced gas recovery (EGR) effectively. With the 
depletion of conventional oil and gas reserves, EOR and EGR techniques 
have gained significant attention in unconventional shale formations 
(Dong et al., 2022; Gong et al., 2022). Laboratory and pilot tests haves 
identified CO2 injection as an effective approach to strongly improve 
hydrocarbon recovery, particularly in mobilizing residual oil and gas 
that is adsorbed on OM within shale nanopore structure (Zhu et al., 
2019). 

Such EOR/EGR projects can be carried out at a laboratory scale using 
a core flooding system for CO2 injection. This is commonly achieved in 
EOR/EGR using one fluid (e.g., CO2) to displace other fluids (e.g., gas, 
oil) residing in the pore structure of a rock (Rezaee and Ekundayo, 
2022). By combining standard core flooding and NMR experiments, the 
dynamic fluid flow through the shale can be observed (Fig. 11). Once 
CO2 has been injected into the nanopore structure of a shale, competi-
tive adsorption of CO2 versus hydrocarbon mixtures (e.g., C1/CO2, 
nC4/CO2, and C1/nC4) occurs (Zhou et al., 2018). Molecular simulations 
revealed that CO2 adsorbs more strongly on OM pore surfaces than C1 or 
lighter components (Zhou et al., 2019). However, CO2 is less effective in 
replacing nC4 and heavier hydrocarbon components, as the affinity be-
tween OM and alkane increases with carbon chain length (Liu et al., 
2019d; Zhu et al., 2019). Moreover, pore sizes largely influence the ef-
ficiency of CO2-EOR in shale – indeed hydrocarbons in larger pores are 
more easily recovered than those in smaller pores. Considering that 
shales contain hydrocarbons mostly in smaller pores, it is important to 
identify strategies to enhance hydrocarbon recovery from smaller pores. 
Additionally, CO2-EOR efficiency is also affected by the CO2 injection 
scheme (e.g., H2O–alternating-CO2 (CO2-WAG), immiscible CO2 flood-
ing, miscible CO2 flooding, and CO2 huff-n-puff (cyclic CO2 injection)) 
(Xiao et al., 2017) – importantly, the recovery efficiency of different 
injection schemes depends strongly on sample permeability. Moreover, 
caused by the nanometer-scale pore structure, shales have exclusive 
flow behavior. This is due to the nanopore confinement effect which 
influences phase equilibria and reduces CO2-oil interfacial tension 
which again leads to a reduced minimum miscibility pressure (MMP) of 
CO2 - thus miscible conditions can be more readily achieved (Zhang 
et al., 2016). The miscible CO2 flooding (injection pressure > MMP) has 
a higher efficiency than immiscible CO2 flooding (injection pressure <
MMP) due to the reduction of viscosity. Furthermore, NMR can also be 
applied in monitoring the migration and distribution of nanofluids in the 
complex pore structures during the EOR process. It is revealed that the 
EOR potential of the different nanofluids follows the order: anio-
nic-nonionic > anionic > nonionic > amphoteric > cationic > brine 
(Zhang et al., 2022). 

What is worth mentioning, typical NMR core flooding apparatus 
(used in CCUS) includes low-field and high-field NMR core flooding 
systems. The high-field NMR core flooding apparatus used in Berea 
sandstone or glass bead packs of higher porosity and permeability is not 
well adaptable for shales, as shales generally contain a high content of 
paramagnetic minerals that impact the performance of high-field NMR 
(Xu et al., 2019). In contrast, the low-field NMR core flooding apparatus 

Table 5 
Wettabilities measured for various shales.  

Shale 
Formation 

Wettability Method Reference 

Barnett (US) mixed wettability WI calculated by Eq. 
3.6.3 using 
imbibition of oil and 
water, coupled with 
contact angle 
measurement 

(Ozen, 2011;  
Odusina and 
Sigal, 2011) 

Devonian- 
Mississippian 
(US) 

water-wet WI calculated by Eq. 
3.6.3 using 
imbibition of oil and 
water 

Gupta et al. 
(2019a) 

Duvernay larger pores are more 
water-wet, smaller 
pores more oil-wet 

Imbibition of oil and 
water experiments 

Yassin et al. 
(2017) 

Eagle Ford (US) mixed wettability WI calculated by Eq. 
3.6.3 using 
imbibition of oil and 
water 

Gupta et al. 
(2019a) 

Eagle Ford (US) water-wet in smaller 
pores, and mixed-wet 
in larger pores 

fluid injection Zhang et al. 
(2014) 

Mancos (US) water-wet in smaller 
pores, and mixed-wet 
in larger pores 

fluid injection Zhang et al. 
(2014) 

Green River 
outcrop 

mixed wettability to 
oil-wet 

WI calculated by Eq. 
3.6.3 using 
imbibition of oil and 
water 

Gupta et al. 
(2019a) 

Marcellus (US) water-wet WI calculated by Eq. 
3.6.2 using 
imbibition of oil and 
water 

Gupta et al. 
(2019b) 

Marcellus (US) mixed wettability in 
the small pores <60 
nm 

fluid injection Zhang et al. 
(2014) 

Wolfcamp (US) mixed wettability WI calculated by Eq. 
3.6.2 using 
imbibition of oil and 
water 

Gupta et al. 
(2019b) Woodford (US) mixed wettability to 

oil-wet 

Woodford (US) mixed wettability t to 
oil-wet 

Contact angle 
measurement 

Kibria et al. 
(2018) 

Upper Jurassic 
Haynesville 
(US) 

– Contact angle 
measurement 

Kibria (2019) 

Montney water-wet Imbibition of oil and 
water experiments 

Lan et al. 
(2015) Horn River oil-wet 

Longmaxi 
(China) 

mixed wettability, 
and stronger 
tendency of oil-wet 

The empirical 
equation between 
contact angle and 
geometric mean of 
NMR T2 spectrum 

Wang et al. 
(2017) 

Illitic & 
smectitic 
shale 

more hydrophilic NMR T2 spectrum 
coupled with the 
spontaneous and 
forced imbibition 

Borysenko 
et al. (2009) 

Kaolinitic 
shales 

potentially 
hydrophobic, being 
wet preferentially by 
oil and retaining that 
tendency after 
hydration. 

Note: WI from 0 to 1 is water-wet here, and WI between − 1 and 0 is oil-wet. WI 
= 0 represents intermediate or neutral wettability. WI between − 0.5 and 0.5 
represents mixed wettability. Fractional wettability may also be obtained when 
large heterogeneity occurs in a scattered area (Looyestijn and Hofman, 2006). 
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consisting of a low-field NMR module and a fluid injection module 
works effectively in shale cases (Fig. 11). 

3.9. Monitoring of gas hydrate formation and dissociation in shale 

Natural gas hydrates are non-stoichiometric crystalline solids that 
are formed under high-pressure and low-temperature (e.g., 3–10 MPa 
and 275–285 K for CH4 gas hydrate). In gas hydrates, the guest mole-
cules (gas molecules) are trapped in water molecule cages (Klauda and 
Sandler, 2005; Sloan, 2003). The cages can contain light hydrocarbon 
and non-hydrocarbon molecules, among which methane is common 
(Ersland et al., 2010; Ji et al., 2019). NMR is an effective approach to 
discriminate and quantify the methane gas hydrate saturation and 
observe the formation and dissociation of methane gas hydrate from the 
perspective of macroscopic and microscopic scale (Bauer et al., 2015; Ge 
et al., 2018). Note that NMR can detect the hydrogen of a liquid phase in 
pore fluids, while solid hydrate is undetectable (Liu et al., 2022). 
Therefore, NMR T2 spectra enable real-time monitoring of the kinetic 
gas hydrate behavior. As gas hydrate forms, the T2 integral reduces and 
moves towards the faster relaxation domain; in contrast, when gas hy-
drate dissociates, the T2 integral increases and moves towards the 
slower relaxation domains (Ge et al., 2018). Gas hydrate preferentially 
forms in larger pores and dissociates easily in high-porosity shales with 
macropore sizes (Xie et al., 2022). 

3.10 Underground hydrogen storage (UHS) in shale formation 
To achieve a large-scale and long-term green energy storage target, 

underground hydrogen storage (UHS) has been proposed to be con-
ducted in subsurface geological formations such as bedded salt caverns 
(Lankof and Tarkowski, 2020; Liu et al., 2020; Ozarslan, 2012), depleted 
oil and gas reservoirs (Amid et al., 2016; Hemme and Berk, 2018), and 
deep saline aquifers (Pan et al., 2021; Sainz-Garcia et al., 2017). UHS in 
shale formations will be an advancing and promising practice to achieve 
the target of green energy storage and net-zero carbon emmission. 

Shale formations are characterized by fine-grained, sedimentary rock 
with low permeability, thus provide porous media for geological storage 
in UHS. Meanwhile, the petrophysical and geomechanical properties of 
shale as caprocks enable a good sealing integrity for long-term UHS (e. 
g., weak interactions are demonstrated between hydrogen and calcite- 
rich shale such as EagleFord and Wolfcamp shales) (Al-Yaseri et al., 
2023). Furthermore, shale particles such as organic matter and clay 
minerals provide large specific surface areas for hydrogen adsorption 
(Wolff-Boenisch et al., 2023; Yuan et al., 2019). Therefore, shales 
perform to be a good candidate in UHS practice, while it is significant to 
estimate its mineralogical, geochemical, petrophysical, geomechanical 
and lithofacies properties, coupled with the H2 adsorption behavior on 
the surface of various shale particles. 

Given that NMR facility enables the detection of hydrogen, the lab-
oratory’s low-field NMR thus can be effectively applied to further 

investigate the injected hydrogen behaviours in UHS project in shale 
formations. For example, the competitive adsorption and desorption of 
H2/CH4 in kerogen or clay minerals can be further studied by integrating 
NMR with molecular simulation (Ho et al., 2023). Previous studies 
predicted that H2 injection enables the desorption of approximately 30 
% residual methane in a depleted shale gas reservoir with low gas 
pressure, although the interaction between CH4 and kerogen is stronger 
than that between H2 and kerogen. Meanwhile, H2 diffusion coefficient 
in kerogen is predicted to be one order of magnitude higher than that of 
CH4 and CO2 (Ho et al., 2023). To fully understand the dynamic 
behavoir of shale gas reservoir upon H2 injection, further studies of H2 
and CH4 adsorption/desorption behaviors on the surface of clay min-
erals (such as smectite, illite, chloride and kaolinite) are highly required 
to be conducted for large-scale UHS practices. 

4. Conclusion and future outlook 

NMR has been developed into a key technique in a large range of 
disciplines, such as physics (Bloch, 1946; Purcell et al., 1946), medical 
science (Dixon and Ekstrand, 1982), material science (Smith and 
Strange, 1996), chemistry (Claridge, 2016), food science (Alberti et al., 
2002), oil & gas industry (Yuan et al., 2018b), and the state-of-art sus-
tainable and green energy storage (e.g., CCUS (Hadian and Rezaee, 
2020; Jiang et al., 2016) and UHS (Aslannezhad et al., 2023; Mahdi 
et al., 2021)). In the context of subsurface engineering, NMR well log-
ging and laboratory NMR core analysis enable a comprehensive under-
standing of the static and dynamic behavior of the underground rock 
and the fluids contained in it. In unconventional shale studies, NMR has 
many advantages and can detect fast-relaxing fluids such as CBW and 
various forms of hydrocarbons (e.g., gas in mineral pores, gas in organic 
pores, movable oil in mineral pores, immovable oil in organic pores, and 
oil in mineral pores). Thus the measurement of (i) total and effective 
porosity, (ii) PSD and surface relaxivity, (iii) T2 cutoff for CBW and 
CHW, (iv) quantification of CBW, (v) estimation of absolute perme-
ability, (vi) fluid typing, (vii) quantification of wettability, (viii) calcu-
lation of fractal dimension are all possible. Additionally, NMR can 
observe the interaction between rock and various fluids during CO2 
injection during dynamic core flooding experiments (e.g. for EOR/EGR, 
UHS, or CCUS), and detect gas hydrate formation and dissociation in 
shale. 

NMR also shows advantages in oil shale studies. Oil shale, unlike gas 
shale, is characterized by a high content of combustible organic matter, 
which can be converted to oil by thermal degradation (Külaots et al., 
2010). As a part of OM in oil shale, kerogen is originally the solid and 
insoluble component with unrecoverable properties. However, kerogen 
can be converted into liquid shale oil and gas using retorting (pyrolysis) 
technology (Opik et al., 2001). NMR, bearing the advantage of 
multi-dimensional detection and the discrimination of various fluids, is 

Fig. 11. NMR core flooding system (GeoSpec-2 from OXFORD) that can run experiment at reservoir pressure and temperature. (A) a low-field NMR module, (B) a 
fluid injection module with dual cylinder injection ISCO pumps (Source of Edith Cowan University). 
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capable of in-situ probing the dynamics and wettability of different 
fluids (e.g., light and heavy hydrocarbon, water) that reside within the 
complex structure of shales (Korb et al., 2014). Additionally, NMR en-
ables the real-time detection of the impact of heating rates on the con-
version process of different OM components (Burnham and Singleton, 
1983). Therefore, the application of NMR during oil shale in-situ con-
version enables researchers to monitor the properties of kerogen and 
pyrolysis residues (Kang et al., 2020). 

A promising future also emphasizes the combination of NMR with 
other techniques. For example, NMR experiment can be applied in 
couple with machine learning to effectively predict shale properties 
(Rezaee, 2022). NMR experiment can also be integrated with molecular 
simulation to investigate competitive gas adsorption/desorption baha-
voirs. However, an open question remains in how to effectively upscale 
from the laboratory results and directly apply those results into a 
reservoir-scaled application. These knowledge gaps are highly required 
to be fulfilled in future studies. 
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Appendix

Fig. A1. XRD mineralogical composition of shale samples from various formations. The lithofacies of the studied shale samples include (i) CA lithofacies- Middle 
Bakken Fm. Shales (Karimi, 2017), Lucaogou Fm. Shales (Zhao et al., 2017); (ii) SI lithofacies- Monterey shale (Rivera, 2014), and Bakken shale (Yuan et al., 2021a); 
(iii) Mixed lithofacies: Qiongzhusi Fm. Shales (Li et al., 2017), Carynginia, Wufeng-Longmaxi (O3w-S1l) Fm. Shales (Zheng et al., 2019b), Ningtiaota (NT) and Jiahe 
(JH) (Zhang et al., 2018); and (iv) AR lithofacies- Goldwyer shales (Yuan et al., 2021a). 
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