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A B S T R A C T   

Geomaterials and filling fluids properties that are pertinent to a geologic porous media can be characterized 
using a range of methods, such as nuclear magnetic resonance, X-rays, infrared spectroscopy, and neutron 
scattering (NS). In this context, NS features as an important tool elucidate key properties of a porous medium, 
which has recently gained significant attention. Key rock properties that can be measured by NS include: rock 
texture (i.e. crystallographic preferred orientation), mechanical properties (i.e. stress and strain) as well as 
porous medium properties (pore porosity, pore size and connectivity). In addition, NS imaging can help elucidate 
the phase behaviour of confined reservoir fluids in rock matrix under prevailing pressures and temperatures. 
Thus, a precise characterization of these properties (amongst other multiphase flow attributes) is critical for 
several applications in varied fields such as hydrocarbon reservoirs, geothermal systems, crystallography, geo-
mechanics and geochemistry. 

Low neutron attenuation by most substances (deep sample penetration) and strong neutron attenuation by 
hydrogen are essential features of neutrons that allow NS to collect high-quality data across a wide variety of 
subsurface conditions. These features enable NS to be ideally suited to some applications as compared to other 
techniques such as X-rays and magnetic resonance imaging (MRI). For example, X-rays may not have sufficient 
resolutions for examining nanopore structures and confined fluids. Contrastingly, MRI is limited by the visual-
ization of a range of pore sizes. However, NS can capture angstrom-to-micron-scale information of atomic to 
meso-to-macro-scale structures of rocks and fluids (i.e. hydrogen-rich fluids) inside a porous medium. These 
insights are vital for predictive reservoir models, where meaningful reservoir-scale (hectometre-scale) pre-
dictions can be performed. 

However, when compared to X-rays, neutrons have weak sources and/or low signals; therefore, experimental 
time can be quite long and samples need to be relatively large. Other limitations of NS (some may be also true of 
other techniques) include problems like accessing neutron sources (e.g. complicated nuclear processes for 
neutron production and small number of available instruments when compared to X-rays), high costs, and the 
strong absorption of neutron signals by some elements [e.g. cadmium (Cd), boron (B), and gadolinium (Gd)]. 

Despite the potential of NS, a review that considers key NS subsurface applications, limitations, and outlooks is 
currently lacking. Thus, in this review, we describe the basic concepts, experiments, methods, requirements, 
restrictions, and applications of NS for rock and fluid characterization. 

This study finds that despite its overall challenges, NS is a promising technique for characterizing subsurface 
rock and fluid systems, opening diverse avenues for future technological and scientific research within this area.   

1. Introduction 

Precise reservoir characterization is vital, both economically and 
scientifically, for several applications including: hydrocarbon recovery 
(Green and Willhite, 1998; Lake et al., 2014; Thanh et al., 2020), CO2 
geo-storage (IPCC, 2005; Ito et al., 2017; Raza, 2017; Iglauer, 2018), H2 
geo-storage (Yekta et al., 2018; Hemme and Van Berk, 2018; Iglauer 

et al., 2021a, 2021b), groundwater production (Pluymaekers et al., 
2012; Al-Enezi et al., 2018), subsurface remediation (Bust, 2002; Cor-
nelissen et al., 2011; Fraiese et al., 2020), nuclear waste storage (Prya-
khin et al., 2015; Tsang et al., 2015), geothermal engineering (Aragón- 
Aguilar et al., 2017; Zhu et al., 2020; Balcewicz et al., 2021), coal mining 
and coal bed methane recovery (Fan et al., 2012; Tang et al., 2017; Ye 
et al., 2019; Liang et al., 2020), as well as geophysical explorations (Alao 
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et al., 2013; Huang et al., 2015; Johann and Monteiro, 2016; Oyeyemi 
et al., 2019). 

The key properties for reservoir characterization include, but are not 
limited to, crystal structure, texture, stress, strain, porosity, perme-
ability, pore size, and phase behaviour of confined reservoir fluids in 
rock matrix. The crystal structure analysis of geomaterials provides 
crucial information, such as detailing the kinetics of gas hydrate for-
mation or decomposition, and how elements of minerals are stacked 
together (Wenk, 2006; Kuang et al., 2018). Texture and strain are other 
properties that provide essential information regarding shape, size, and 
arrangement of grains and homogeneity of rock (Wenk, 1985; Ertel 
et al., 1989; Feldmann, 1989; Kocks et al., 1998). Porous medium 
properties, such as porosity, permeability, and pore size, are required in 
order to identify and simulate fluid flow in porous media, whereby they 
can significantly affect the mechanisms of gas storage in geological 
formations (Hosseini et al., 2014; Hosseini, 2016). The phase behaviour 
of confined reservoir fluids in rock matrix under various conditions is 
essential for interpreting rock-fluid interactions and molecular dynamic 
simulations of interfacial phenomena (Neil et al., 2020b; Gautam et al., 
2017a). 

In this context, numerous characterization techniques can be applied 
for laboratory investigation of rock core samples, where these include, 
but are not limited to, X-ray diffraction (XRD), magnetic resonance 
imaging (MRI), gas absorption, mercury intrusion, scanning electron 
microscopy (SEM), and 3D micro-computerized tomography (CT) im-
aging (Collins and Wright, 1985; Blunt et al., 2013; Abdoulghafour et al., 
2020). XRD is normally used to determine rock mineralogy (Hosseini, 
2018). MRI is a powerful technique to characterize confined fluids in 
rock pore networks (Zhang et al., 2018). Gas absorption and mercury 
intrusion (porosimetry/pycnometry) are conventional techniques for 
rock microstructure characterization (Xu, 2019). 3D micro-CT imaging 
using X-rays can efficiently resolve the rock microstructure (Iglauer 
et al., 2011; Hall, 2013; Zhao et al., 2017a, 2017b, 2017c; Zambrano 
et al., 2019). A combination of SEM and micro CT can extend the 
observation limit required for rock microstructure characterization i.e. a 
multiscale correlative imaging approach (Wenk, 2006; Ma et al., 2017; 
Arif et al., 2020). However, the characterization of microstructural 
properties of rock (e.g. porosity, permeability, and pore size) remains a 
challenge owing to the complexity of its geological structure, composi-
tional heterogeneity and texture (Sun et al., 2017). This is particularly 
true for unconventional reservoirs, such as tight sands and shale rocks 
(Ma et al., 2017; Arif et al., 2020). Conventional methods such as mer-
cury intrusion and gas absorption are limited to only measuring the 
microstructural properties of open pores (Sinha et al., 2013a, 2013b; 
Rashid et al., 2015), while 3D micro-CT imaging using X-rays may not 
have sufficient resolutions for examining nanopore structures and 
confined fluids (Basavaraj and Gupta, 2004). XRD is also somewhat 
insensitive to the presence of hydrogen in mineral structures. Moreover, 
magnetic resonance imaging (MRI) is limited by its visualization of a 
range of pore sizes (Chen et al., 2003). 

In addressing these problems, one key technology that has emerged 
in the last three decades is neutron scattering (NS) (Wong and Howard, 
1986; Sen and Mazumder, 2002; Zhao et al., 2017a, 2017b, 2017c). 
Neutron scattering has been successfully applied to rigorously resolve 
rock microstructural properties across a range of scales (Wenk, 2006). A 
neutron’s high sensitivity to light elements like hydrogen, and its high 
penetrating ability enables the examination of confined-fluid behaviour 
(especially in hydrogen-rich compounds such as water) at relevant 
pressures and temperatures, investigating large samples with little or no 
radiation damage whilst characterizing nanopore structures (1 nm to 10 
μm) (Weber et al., 2013; Dewanckele et al., 2014; Xu, 2019). In tech-
nological terms, neutrons offer a special, non-destructive tool for 
quantifying atomic structural information such as texture, stress, strain, 
as well as porous medium information such as porosity, connectivity, 
and surface area (Ramsay, 1988; Ramsay, 1993; Liang et al., 2009; Le 
Floch et al., 2015). 

Thus, during the past three decades, there has been growing interest 
in NS technology in several subsurface science and engineering fields; e. 
g., crystallography, geochemical and geomechanical analysis, enhanced 
hydrocarbon recovery, geothermal energy production, and CO2 geo- 
sequestration (Anovitz et al., 2011; Anovitz et al., 2013; Bahadur 
et al., 2016; Wang et al., 2017; Abe et al., 2018; Carvalho et al., 2019; 
Zambrano et al., 2019). 

However, although specialized reviews of specific applications of 
neutron-based techniques within earth science have been published (e.g. 
Wilding et al., 2005; Wenk, 2012; Perfect et al., 2014; Tengattini et al., 
2020), a comprehensive review covering NS principles and types as well 
as all main NS subsurface applications, limitations, and future outlooks 
is currently lacking. 

This review article therefore provides a succinct overview of NS 
principles, historical developments, types, and applications. The article 
also focuses on applications of NS (especially SANS) as a technique of 
choice, to characterize or evaluate reservoirs for CO2 geo-storage, 
enhanced hydrocarbon recovery, and enhanced geothermal systems. 
Future trends and problems associated with NS are also reviewed. 

This review thus acts as an entry point for new researchers in this 
area, and provides sufficient evidence of the effectiveness of NS for a 
range of subsurface applications. 

2. Neutron scattering 

This section presents a brief overview of neuron properties, historical 
developments and of concepts pertinent to NS techniques in order to lay 
the groundwork for the most important applications of NS in subsurface 
investigations. 

2.1. Neutron properties 

In 1930, Walther Bothe and Herbert Becker showed that radiation of 
high penetrating power is produced when some atoms, such as beryllium 
(Be), boron (B), and lithium (Li), are bombarded with α-particles 
emitted from polonium (Po) (Oesch et al., 2019). This power was also 
observed by James Chadwick, whereby subatomic particles were called 
neutrons (Nesvizhevsky and Villain, 2017; Chadwick, 1932). Neutrons 
are powerful agents for probing the nuclear and magnetic structure of 
condensed matter and lattice dynamics. Neutrons can investigate the 
diffusion of hydrogenous molecules and characterize light atoms such as 
lithium and hydrogen, in addition to distinguishing adjoining elements 
in the Periodic Table. Neutron mass (1.675 × 10–27 kg) constitutes a 
significant portion of the total mass of an atomic nucleus. Further, since 
neutrons are electrically neutral and penetrate profoundly into a sample, 
they can be used to examine large, geologically interesting rock samples 
(Wenk, 2012). 

Whilst there are various neutron sources, the most applicable sources 
for scattering purposes are continuous reactors and spallation sources 
(Wenk, 2012). Continuous (steady state) reactors produce neutrons (e.g. 
thermal or cold) continuously by fission processes, whereas spallation 
sources operate in a pulsed (or time-of-flight) mode to produce pulsed 
neutron beams via the collision of high-energy protons or electrons 
(Melnichenko, 2016). 

The depth of penetration massively depends on the species, density, 
and energy of a form of radiation. The exact depth of penetration of 
neutrons depends on an atomic species they interact with. However, for 
most samples and atomic species, neutrally charged neutrons have a 
greater penetrating capability than X-rays and electrons (Fig. 1). It 
should be noted here that, as shown in Fig. 1, the penetration depth for 
neutrons is in the order of 1 cm, while it is 1 mm for X-rays and 1 μm for 
electrons. For example, for low-density solid matter, the size of the 
scattering centre (nucleus) is usually much less than the distance be-
tween the scattering centres. As a result, these neutral particles have 
high penetration and low absorption through most materials. Neutrons 
have both wave-like and particle-like properties (Wenk, 2006). Some 
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neutron properties are summarized in Table 1. 

2.2. History of neutron scattering 

Over history, NS technology has experienced substantial develop-
ment and growth. In 1936, a radium-beryllium neutron source with low 
flux was used in an experiment, where it was found for the first time that 
neutrons could be scattered (Wenk, 2006). In 1944, the first neutron 
diffraction (elastic NS) experiment was implemented by Ernest Wollan 
on single crystals (Mason et al., 2012). By 1949, the NS application was 
transformed to more sophisticated architecture, where neutron diffrac-
tion was used to analyze the magnetism of various structures, from 
simple structures with collinear spins to complicated incommensurate 
structures with noncollinear spins (Shull and Smart, 1949; Berry and 
James, 2001). Successful neutron-based studies of material structures in 
high-pressure conditions began in the 1960s (Bloch et al., 1966; Lechner 
and Quittner, 1966; Brugger et al., 1967; Redfern, 2002). In the early 

part of the 1960s, the dynamic properties of atoms within solids were 
investigated using inelastic NS, where this research became prominent 
for scholars (Hertzog, 1980; Underwood and Dyos, 1986; Skipper et al., 
2000; Choudhury and Chaplot, 2008; Piovano, 2015; McFarlane et al., 
2016). Rietveld subsequently introduced a technique for the refinement 
of crystal structures from NS data, including elements such as positions 
and intensities of diffraction peaks (Rietveld, 1967; Rietveld, 1969). 
This method uses a least-squares approach to fit a theoretical line profile 
calculated from many parameters (e.g., reflected peak shape and in-
tensity, unit cell parameters, and coordinates of all atoms in the crystal 
structure) to experimental data (Rietveld, 1969). Modern Rietveld 
refinement is now used as a potent tool for the study of crystal structures 
(Stinton and Evans, 2007; Pereira et al., 2018). In this regard, many 
refinement software packages are available for evaluation; e.g., the 
General Structure Analysis System (GSAS) (Larson and Von Dreele, 
2004), graphical user interface to GSAS (EXPGUI) (Toby, 2000), FULL-
PROF (Rodríguez-Carvajal, 1990), and MAUD (Lutterotti et al., 1999). 
In the geoscience context, determination of the crystal structure of 
minerals was recognized as the main geoscience application of NS until 
1980 (Wenk, 2012). The theory of small-angle neutron scattering 
(SANS), one of the most important elastic NS methods, was then 
developed in detail by (Crowley, 1984) and Cohen Stuart et al. (1986). 
SANS tests offering coverage in real space over a broader spectrum have 
since been implemented in major research areas including biology, 
chemistry, materials science, geoscience, and engineering. For example, 
SANS tests have been conducted to examine disordered materials with 
amorphous compounds like glass and short-range-order liquids like 
water (Wong and Howard, 1986; Menelle et al., 1989; Jenkins and 
Donald, 1996; Redfern et al., 1997; Eckold et al., 1998; Redfern et al., 
2000; Wignall and Melnichenko, 2005; Hollamby, 2013; Hayward et al., 
2018). The atomic pair distribution function (PDF), which specifies the 
nearest surrounding of atoms, has been used for the study of disordered 
materials (Proffen and Billinge, 1999). Jasti et al. (1987), features as 
perhaps the first instance of a study quantitatively analyzing flow im-
aging in porous media using neutron radiography (Tengattini et al., 
2020). The first neutron tomography of rock for permanent disposal of 
radioactive wastes were reported by Kupperman et al. (1990) and 
Rhodes et al. (1992). Neutron scattering experiments have been widely 
used to characterize rare-earth metals (Blume et al., 1962; Kostorz, 
1988; Perreault et al., 2019), polymers (Higgins, 2016), proteins (Ibra-
him et al., 2017), colloids (Vrij, 2003), and other disordered materials 
(Wenk, 2006; Wenk, 2012; Proffen and Billinge, 1999). Some countries 
have placed substantial developments in neutron facilities. This has 
continued to today, where SNS (spallation neutron sources) at Oak 
Ridge, USA, features the most powerful accelerator-based neutron 
source facility in the world for scientific research and industrial devel-
opment (Granroth et al., 2006). 

2.3. Neutron interactions 

Neutrons interact with atoms in two ways, via neutron–electron and 

Fig. 1. Comparison of penetration depths for neutrons, X-rays, and electrons in 
(a) various atomic numbers [reproduced from Wenk, 2012 with permission 
from the Mineralogical Society of America] and (b) various minerals [repro-
duced from Brokmeier, 1999 with permission from the Overseas Publishers 
Association] 

Table 1 
Neutron-specific properties [reproduced from Wenk, 2006 with permission from the Mineralogical Society of America].  

Physical properties Mass (kg) Spin Electrical charge 
(C) 

Magnetic dipole 
moment (J T–1) 

1.675×10–27 1/2 0 1.913 μN* 
Relation between mass (mn , kg), velocity (v, m/sec), kinetic energy (E, meV), wave vector (k, Å–1), 

wavelength (λ, Å), and temperature (T, K) of the neutron 
E = ½mnv2 = kBT = (hk/2π)2/(2mn) = (ħ2k2)/(2mn) 
k = 2π/λ = mnv/(h/2π) = mnv/ħ 

Approximate ranges of E and corresponding T and λ Neutron Temp (T/ 
K◦) 

Wavelength 
(λ/Å) 

Energy (E/meV) 

Cold 1 to 120 3 to 30 0.1 to 10 
Thermal 60 to 1,000 1 to 4 5 to 100 
Hot 1,000 to 

6,000 
0.4 to 1 100 to 500 

* Nuclear magneton: μN = 5.051 × 10–27 (J T–1) 
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neutron–nucleus interactions. The neutron–electron interaction is a 
spin–spin interaction that occurs between the magnetic moment of un-
paired electrons and the magnetic moment of neutrons, where this type 
of interaction is called magnetic scattering. The neutron–nucleus inter-
action is the most probable, occurring through short-range (~ 1 fm) 
nuclear forces. There are four principal neutron-nucleus interactions: 
nuclear fission, neutron capture, inelastic neutron scattering (neutron 
spectroscopy), and elastic neutron scattering (neutron diffraction). In 
the first two interactions, known as absorption interactions, the neutron 
is absorbed into the nucleus and something different emerges. Nuclear 
fission is a process whereby an excited compound nucleus divides into 
two main fragments plus several neutrons. The most important cases for 
nuclear fission are isotopes of uranium and plutonium. A nucleus may 
capture a neutron and emit a proton, an alpha particle, or a gamma 
photon. Neutron capture can occur in almost any target nucleus (Bod-
ansky, 2004). In the remaining interactions, known as neutron scat-
tering interactions, a neutron emerges from the reaction due to the 
scattering contrast between different components within the medium 
(Melnichenko and Wignall, 2007; Ferrage et al., 2018). Neutron scat-
tering is the irregular dispersion of free neutrons by a substance. In 
elastic NS, the neutron bounces off the bombarded nucleus without 
disturbing or destabilizing it (Fig. 2a). The fast neutron loses energy 
when it interacts elastically with the nucleus of a low-atomic-number 
material, such as hydrogen. In an inelastic NS, the neutron bounces off 
the nucleus, which excites it to rapidly emit what are considered in-
elastic gamma rays (Fig. 2b). An inelastic NS is only feasible when the 
energy of the neutron reaches the characteristic threshold of an element 
(Melnichenko, 2016). The neutron–nucleus scattering interaction can be 
described by coherent and incoherent scattering. In coherent scattering 
(diffraction effects), information on the relative positions of atoms can 
be obtained via interference between scattered neutron waves from 
various atoms (various scattering centres). However, in incoherent 
scattering, information on the relative positions of atoms is lost due to 
the lack of interference between the scattered neutron waves from 
various atoms. 

The total scattering cross section (σtot), which refers to the area of an 
atom that effectively scatters incident particles, is defined as 
σtot = 4πb2, (1) 

where b is the atomic scattering length describing the dispersion of 
neutrons (Wenk, 2012). The attenuation of the neutron beam, passing 
through a homogeneous sample can be expressed by the Lambert–Beer 
law: 
I(x) = I0e−μx, (2) 

where I(x) is the neutron beam intensity (cm–2. s–1), I0 is the initial 
beam intensity (cm–2. s–1), μ is the linear attenuation coefficient, and x is 
the sample thickness along the beam direction (cm) (Calloway, 1997; 
Kocsis et al., 2006; Anderson et al., 2009). For a sample comprising n 
different elements, the law can be generalized as: 

I =

∫ λmax

λmin

I0(λ)e
−
∑

n

i=1

xiμi(λ)

dλ, (3) 

where xi is the thickness of the layer i and μi is expressed as: 

μi(λ) =

(

ρiNA

Mi

)

σi(λ), (4) 

where ρi is the density of the ith layer (g.cm-3), Mi is the molar mass of 
element i, NA is Avogadro’s constant, and σi(λ) is the cross section of 
element i. The main causes of attenuation of neutrons are scattering 
(coherent and incoherent) and absorption. Therefore, σi(λ) is the sum of 
the coherent scattering cross section, σicoh, the incoherent scattering 
cross section, σinc, and the absorption cross section, σabs. It is evident that 
this law depends on the characteristics of the neutron beam (i.e., 
wavelength). 

2.4. Comparison between neutron and X-ray scattering 

Neutron scattering and X-ray scattering are two of the most powerful 
methods available to evaluate rock and fluid properties, interactions, 
and structures. Since the principal diffraction geometries of these two 
methods are similar, the experimental set up required to perform both 
neutron and X-ray scattering are also similar (Fig. 3). However, there are 
some differences between the methods. For example, low attenuation 
and deeper penetration are two key features of neutrons in comparison 
to X-rays, which make them viable for studying thicker rock samples. 
Further, while X-rays assess variations in electron density, neutrons 
assess variations in the nuclear potentials (nuclear scattering) and 
magnetic fields made by unpaired electrons (magnetic scattering). The 
X-ray scattering cross section is directly linked to the atomic number 
(σtot∝ Z2, Z: atomic number) because X-ray scattering occurs by elec-
trons. However, NS happens by atomic nuclei, so scattering factors are 
influenced by nuclear forces in isotopes (Wenk, 2006; Anovitz et al., 
2011). Therefore, it is easier to discriminate neighbouring elements and 
isotopes by neutrons compared to X-rays. Accordingly, the total NS cross 
section of hydrogen is greater than its total X-ray scattering cross section 
(Fig. 4). This has implications for rock–water interaction studies at nano 
to micro scales (and at different time scales), as well as for other hydrous 
phases using inelastic or quasi-elastic NS methods. 

The number of neutrons that have interactions with atoms is low; 

Fig. 2. Schematic illustration of neutron scattering. (a) Elastically scattered neutron. (b) Inelastically scattered neutron. [Reproduced from Schlumberger Oilfield 
Glossary, 2021 with permission from Schlumberger]. 
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therefore, neutrons have weak sources and/or low signals resulting in 
very low scattering intensities. Consequently, unlike X-rays, neutrons 
require long experimental time and large samples volumes for evalua-
tion (Wenk, 2012). 

2.5. Neutron scattering methods 

Neutron scattering can be categorized into two groups, namely 1) 
neutron diffraction (elastic scattering) techniques, including SANS, 
neutron reflectometry, and spin-echo small-angle neutron scattering 
(SESANS); and 2) neutron spectroscopy (inelastic scattering) techniques, 
which include neutron time-of-flight scattering, neutron triple-axis 
spectrometry, neutron backscattering, and neutron spin echo (Zabel 
et al., 2000; Meyer et al., 2003; Farago, 2006; Rehm et al., 2012; Mel-
nichenko, 2016; Hiraka et al., 2020). Table 2 presents a succinct sum-
mary of these elastic and inelastic NS methods. Also, neutron logging 
and imaging are other methods that use neutron scattering. 

2.5.1. Elastic scattering methods 
In neutron diffraction methods, the energy of the neutron does not 

change after scattering. SANS is a technique that uses neutron diffrac-
tion at small scattering angles and requires little sample preparation 
(Radlinski and Hinde, 2001). SANS is the technique of choice for char-
acterizing nanoscale-sized structures (Hammouda, 1995). In this 
method, a sample (solid, crystal, powder, or aqueous solution) is tar-
geted by an incident neutron beam (Fig. 5). The sample scatters the 
neutrons onto a 2-dimensional detector and the intensity of the elasti-
cally scattered neutrons is then recorded as a function of the scattering 
angle (Frielinghaus, 2012). In the case of isotropic scattering, informa-
tion regarding the size distribution of scattering objects can be obtained 
by comparing the measured scattering intensity (I) to the scattering 
variable (Q) to determine I(Q). Eq. (5) gives the scattering variable 

(Wenk, 2006): 

Q =
4π

λ
sin

(

θ

2

)

, (5) 

where λ is the wavelength of the neutrons and θ is the scattering 
angle. Within the small-angle approximation (typically from 0.2◦ to 
20◦), Q simplifies to Q = 2πθ/λ. The value of Q for the SANS scattering 
variable usually ranges from 0.001 Å–1 to 0.45 Å–1 (Radlinski and Hinde, 
2001). For a constructive interference to occur, Q must be perpendicular 
to the scattering planes whilst the condition Qd = 2πn must be satisfied, 
where d is the distance between two scattering planes and n is an integer. 
Combining this condition with Eq. (5) yields Braggs’s law (Bragg et al., 
1934): 

nλ = 2dsin

(

θ

2

)

(6) 

This equation relates the scattering angle, θ, to the inter-planar 
spacing in a crystalline sample and is critical in determining the struc-
ture of an unknown crystal. Using the known values of λ and θ, the plane 
spacing of the layer of atoms or ions can be obtained. 

A typical SANS instrument includes four components i.e. the mon-
ochromation, collimation, scattering, and detection (Fig. 5). The 
monochromatic incident beam is collimated before it hits the sample. 
Scattering is performed/completed using either liquid or solid samples. 
Typical sample environments for in-situ SANS measurements are elec-
tromagnets, pressure cells, shear cells, and humidity cells. The SANS 
method has been widely applied for rock and fluid characterization (Sun 
et al., 2017; Yang et al., 2017; Sun et al., 2019; Neil et al., 2020b). SANS 
has been used for resolving porosity from micro-scale to nano-scale (Arif 
et al., 2020; discussed in detail in Section 3). Small angle X-ray scat-
tering (SAXS) is another small angle scattering technique that probes the 
same size scale as SANS. However, the source of scattering for SANS and 
SAXS is different. While scattering in SANS is attributed to variations in 
scattering length density (discussed in detail in Section 3.3.1.1), scat-
tering in SAXS is caused by variations in electron density. 

SESANS is another neutron diffraction technique that does not 
require a beam stop and is not constrained by the low-Q issues of con-
ventional SANS. Consequently, it can measure structures and porous 
media characteristics at scales ranging from approximately 20 to 2000 
nm (Rehm et al., 2012). 

In neutron reflectometry, a highly collimated beam of neutrons with 
wavelength on the order of 2 to 10 Å is used to measure the intensity of 
reflected radiation as a function of angle or neutron wavelength. The 
reflectivity profile is then used to test a thin-film structure (Zabel et al., 
2000). 

2.5.2. Inelastic/quasi-elastic scattering methods 
Unlike elastic NS, inelastic NS transfers momentum and energy be-

tween the scatterer and the neutrons (Trouw, 1992; Smith and Kneller, 

Fig. 3. Schematic of X-ray and neutron scattering geometries [reproduced from Wenk, 2006 with permission from the Mineralogical Society of America]  

Fig. 4. X-ray and NS cross sections compared for various elements [modified 
from Anovitz et al., 2011] 
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1993; Corsaro et al., 2005). These methods can be used to study atomic 
vibrations and other excitations where atoms are elevated to high en-
ergy levels (Melnichenko, 2016). 

In the triple-axis spectrometry (TAS) method, three processes pro-
duce the three axes of the spectrometer: monochromization, sample 
interaction, and analyzing. Calculation of the scattering function is 
enabled by the spectrometer in physically accessible space of energy and 
momentum (Hiraka et al., 2020). This is mainly used to study single 
crystal samples. 

The Time-of-flight (TOF) technique is used for determining the ki-
netic energy of a neutron (see relation in Table 1) moving between two 
fixed points with a given distance. For a beam of neutrons, the higher 
their kinetic energy the shorter their wavelength (Mamontov and Her-
wig, 2011). 

Neutron backscattering experiments can be performed to study mo-
lecular or atomic motion at a scale of nanoseconds. Backscattering refers 
to the reflection of particles, waves, or signals back in the direction they 
came from. The main idea for backscattering is using a θ close to 180◦. 

Monochromator and analyzer backscattering crystals are used to obtain 
energy resolutions between 10-3 and 10-4 eV (Meyer et al., 2003). 

Neutron spin echo (NSE) is another inelastic method that uses the 
velocity change of neutrons to infer the energy transfer to achieve a high 
energy resolution (approximately one part in 100,000). One of the 
possible applications of NSE is to the dynamics of spin glasses in hard 
matter systems (Farago, 2006). This method has also been used to 
investigate dynamics of confined water in clays and silica glass (Swen-
son et al., 2001; Yoshida et al., 2008; Marry et al., 2011). 

It is worth noting here that there is a special type of scattering called 
quasi-elastic NS (QENS) in which the scattering particle can perform 
some diffusive (translation and rotation) motions (Chen et al., 1982). 
QENS experiments provide essential information regarding the dynamic 
properties of fluids in nanopores (Wenk, 2006; Gautam et al., 2017b; Liu 
et al., 2020). 

2.5.3. Neutron logging method 
Neutron logging is another method where high-energy neutrons 

bombard the formation. After bombarding the formation by neutrons, 
they lose energy, where high-energy gamma rays are then produced 
(Baker et al., 2015; Conner et al., 2017; Mao et al., 2020). A detector 
measures the gamma rays emitted by neutrons’ reactions with formation 
elements. There are three processes in neutron logging: neutron emis-
sion, neutron scattering and neutron absorption. High energy (4.5 MeV) 
neutrons are emitted from a radioactive source (e.g. americium- 
beryllium) of the neutron tool, following which they move very fast 
(fast neutrons), where their energy is related to their speed. The fast 
neutrally charged neutrons interact with positively charged nuclei of 
atoms. This interaction is a form of elastic scattering associated with the 
process of energy transfer from the neutron to the nuclei. The most 
efficient energy transfer is between the neutron and hydrogen as the 
neutron has approximately the same mass as hydrogen nuclei. The fast 

Table 2 
Summary of neutron elastic and inelastic scattering methods  

Scattering 
type 

Technique Application and specification Reference 

Elastic SANS It applies the elastic NS at small scattering angles to analyze the structure of various 
compounds at a mesoscopic range of approximately 1–300 nm. It is an inexpensive, 
noninvasive, easily accessible technique, and requires little sample preparation. If λ 

is the wavelength of neutrons, and θ is the scattering angle, the scattering variable 
is defined as Q =

4π

λ
sin
(

θ

2
)

. The value of Q usually ranges between 0.001 Å–1 and 
0.45 Å–1. SANS machines are designed for measurements of the scattering object 
sizes ranging from 1 to 300 nm. For linear sizes ranging from 300 nm to 20 μm, the 
ultra-small-angle machines (USANS) are designed. In other words, the SANS is 
applied for analyzing small pores (large θ) while the USANS method is used for 
investigating large pores (small θ).  

Russel et al. (1988), Agamalian et al. (1997),  
Hainbuchner et al. (2000) Radlinski and Hinde 
(2001) Wenk (2006) 

Elastic SESANS It measures structures ranging approximately 20 to 2000 nm in scale. The method 
provides certain benefits over SANS, but there are fewer SESANS tools usable than 
SANS. 

Rehm et al. (2012) 

Elastic Neutron 
reflectometry 

It is a neutron diffraction method used to test a thin-film structure. The technique 
offers useful knowledge on a broad variety of scientific and technical uses, 
including chemical accumulations, polymer and surfactant adsorption, thin-film 
magnetic structures composition, etc. 

Zabel et al. (2000) 

Inelastic Triple-axis 
spectrometry 
(TAS) 

It enables calculation of the scattering function in physically accessible space of 
energy and momentum by the spectrometer. Also, a focused (Q, ω) space of interest 
with a suitable resolution can be investigated using this method. It is mainly used 
to study single crystal samples. 

Hiraka et al. (2020) 

Inelastic Neutron time-of- 
flight scattering 

In this method, the initial location and velocity of the neutron pulse are set, and the 
final position and time after the pulse required for neutron detections are 
determined. This information may be used by an experimentalist to determine the 
energy and momentum transmitted into the sample. 

Mamontov and Herwig (2011) 

Inelastic Neutron 
backscattering 

It investigates molecular or atomic motion at a scale of nanoseconds. 
Monochromator and analyzer backscattering crystals are used to obtain energy 
resolution of the magnitude of μeV. 

Meyer et al. (2003) 

Inelastic Neutron spin echo The spin-echo spectrometer has an exceptionally high energy resolution 
(approximately one part in 100,000). Also, it specifies the correlation between 
densities. One of the possible applications of NSE is the dynamics of spin glasses in 
hard matter systems 

Farago (2006)  

Fig. 5. Schematic of a small-angle neutron scattering system. SANS includes 
the four measures used in all scattering methods: monochromation, collimation, 
scattering, and detection. θ is the scattering angle. [Reproduced from Frie-
linghaus, 2012 with permission from Forschungszentrum Jülich.] 
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neutrons lose energy rapidly and slow down, going through stages 
where they are intermediate neutrons (102 to 105 eV), epithermal 
neutrons (0.1 to 100 eV), and eventually thermal neutrons (< 0.1 eV). 
The nuclei of the formation atoms (typically Si, O, Ca, C, Al, Fe) can 
absorb thermal (and to some extent epithermal) neutrons. Neutron 
logging tools can measure epithermal neutrons, thermal neutrons and 
gamma rays emitted during neutron absorption (Baker et al., 2015). 
Neutron logging is widely used to determine petrophysical properties 
such as porosity, saturation, and mineralogy (see Section 3.3.4). 

2.5.4. Neutron imaging method 
Neutron imaging method is to measure the attenuation of the in-

tensity recorded by a 2D camera-type neutron detector. Both reactor and 
spallation sources can be used for neutron imaging. Neutron trans-
mission radiography (NTR) and neutron computed tomography (NCT), 
when applied in both research and quality control, can provide infor-
mation (~ 4 μm spatial resolution with an ongoing effort to reach 1 μm 
and temporal resolution of milliseconds) about the composition and 
internal structure of macroscopic geological objects and fluid flow 
through rock under different pressure and temperature conditions 
(Middleton et al., 2001; Winkler et al., 2002; El Abd and Milczarek, 
2004; de Beer et al., 2004; Schwarz et al., 2005; Vontobel et al., 2005; de 
Beer and Middleton, 2006; Wilding et al., 2005; Wenk, 2006; Hall, 2013; 
Kaloyan et al., 2014; Perfect et al., 2014; Melnichenko, 2016; Chiang 
et al., 2017; Pakhnevich et al., 2018; Oliveira et al., 2019; Tudisco et al., 
2019; Zambrano et al., 2019; Tengattini et al., 2020). NTR is a non- 
destructive and noninvasive 2-dimensional (2D) imaging method 
based on the attenuation (absorption and scattering) of a neutron beam 
as it passes through a sample. By taking a series of 2D projection images 
acquired by rotating the sample (e.g. 0 to 360◦) these images can be 
mathematically correlated to one other, whereby a 3D reconstruction of 
the object can be made, which can be then classified as NCT. Neutron 
imaging has broad spectrum of applications in porous media, where it 
can be used to determine key microstructural properties (e.g. porosity 
and internal structure) and fluid flow in geomaterials at high pressures 
and temperatures (see Section 3.3.5). 

3. Applications 

A wide range of subsurface applications can be investigated using 
NS. For instance, reservoir or rock evaluation scenarios such as: shale 
microstructural properties (and the associated impact on hydrocarbon 
recovery from unconventional reservoirs); structures of microemulsion 
systems for enhanced oil recovery (EOR); CO2 and methane adsorption 
in organic pores (nanopores) for enhanced gas recovery as well as 
sequestration purposes; which can be investigated by both inelastic and 
elastic neutron scattering (Alvarez et al., 2009; Grimaldi et al., 2017; 
Stefanopoulos et al., 2017; Mulder et al., 2019; Neil et al., 2020a, 
2020b). Moreover, NS can be used for crystal structure analysis, texture 
and strain analysis, as well as investigation of other rock and fluid 
characteristics (e.g. porosity, pore size, connectivity, mineralogy, and 
phase behaviour of confined reservoir fluids in rock matrix under pre-
vailing pressures and temperatures) [e.g. Pefoute et al., 2017; Zhao 
et al., 2017a, 2017b, 2017c; Zambrano et al., 2019; Zucali et al., 2020; 
Neil et al., 2020a, 2020b; Urakawa et al., 2020]. 

3.1. Crystal structure and mineral analysis 

The ability of elastic NS to determine the location of an atomic nu-
cleus is a crucial point for its application in molecular structural analysis 
of minerals and fluids (Artioli et al., 1993; Bhattacharyya et al., 2006). 
Several existing studies in the earth science domain have utilised neu-
trons to analyse the structure of water-containing crystals and minerals 
(Fitch et al., 1986; Czjzek et al., 1991a, 1991b; Parise et al., 1994; 
Schofield et al., 1996; Leventouri et al., 2001; Meyer et al., 2001; 
Swainson and Hammond, 2003; Giustetto and Chiari, 2004; Lennie 

et al., 2004; Pefoute et al., 2017; Jensen, 2018; Carvalho et al., 2019; 
Urakawa et al., 2020). 

Recall that a crystal structure is defined as the ordered arrangement 
of atoms, molecules, or ions throughout a crystalline material (Hook and 
Hall, 1991). The crystal structure analysis of geomaterials is important 
in geosciences because it provides crucial information about the reser-
voir, e.g. mineralogy, gas hydrate formation/decomposition kinetics, or 
how elements are stacked together in a mineral (Wenk, 2006). 

Modern electron microscopy can be used to attain atomic resolution 
(Kogure, 2013; Song et al., 2020). However, X-rays or NS methods are 
required to acquire more specific and analytical knowledge of 3D 
magnetic structures, spin densities, and 3D atomic structures within 
crystals. This is of key importance in multi-phase flow through porous 
media – which highly depends on the spatial dimension, e.g. the 
percolation threshold is much lower in 3D than in 2D (Stauffer, 1979). 

As mentioned above in Section 2.4, X-ray scattering leads to the total 
distribution of a crystal’s electron density; however, the distribution of a 
crystal’s nuclei density and unpaired electron density are obtained by 
nuclear NS and magnetic NS, respectively (Young and Wiles, 1982; 
Artioli et al., 1993; Berry and James, 2001). In principle, the structural 
data such as position, identity, magnetic spin orientations, and thermal 
vibrations of atoms in the structure from neutron experiments are pre-
cise. This is because NS power is independent of the scattering angle and 
small corrections are required to convert the integrated intensities into 
structure factors (Wenk, 2012). Structural analysis using neutrons can 
be completed on either single crystals or powders. However, there are 
two reasons why powders are increasingly adopted. First, powders are 
easier to prepare than a single crystal. Additionally, structural phase 
transitions (resulted from heating/cooling) that destroy single crystals 
(e.g. due to large thermal expansions) can be easily investigated using 
powders (Wenk, 2006). 

Structural analysis of hydrogen-containing crystals via NS is quite 
efficient as neutrons have larger total scattering cross sections for 
hydrogen than X-rays (see Section 2.4 above). For example, gas hydrate 
formation and decomposition kinetics have been measured via NS, 
which is important in the context of unconventional fuel resource re-
covery (Kuhs, 2004), gas storage and transport (Ikeda et al., 1999), and 
the hydrate gun hypothesis (Kennett et al., 2003). The time–temperature 
dependency of the decomposition of metastable gas hydrates has been 
quantified through in-situ experiments (Halpern et al., 2001). NS tests 
can be conducted at elevated gas pressures (typically 5 to 35 MPa) which 
prevail in typical gas hydrate formations (Thompson et al., 2006). 

Table 3 summarizes some studies on gas hydrate structure using NS. 
For instance, Kuhs et al. (2004) have used time-resolved neutron 
diffraction experiments to investigate gas hydrate decomposition. Their 
results detail the effects of ice perfection on the anomalous preservation 
of methane gas hydrate, showing that the onset of anomalous preser-
vation occurs with the transformation and annealment of hexagonal ice 
(Ih) at approximately 240 K (Fig. 6). Everett et al. (2013) have applied 
low-temperature X-ray powder diffraction to analyze the decomposition 
kinetics of three methane hydrate samples. Their results identified two 
temperature ranges of anomalous preservation (Fig. 7), identifying 
anomalous preservation as beginning at 230 K. Additionally, Everett 
et al. (2015) have applied high-resolution neutron powder diffraction to 
examine mixed CO2–CH4 gas hydrates. 

Furthermore, the Rietveld method has been applied for quantitative 
analysis of neutron powder diffraction data to ascertain crystal struc-
tures of gas hydrates. For instance, Everett (2013) refined phase frac-
tions of hydrate and Ih using GSAS along with EXPGUI. Similarly, 
Carvalho et al. (2019) have used GSAS for Rietveld refinement to 
remove contaminant peaks in NS data. 

Neutrons can be used to investigate minerals containing light ele-
ments such as hydrogen, lithium, and deuterium (e.g. water-containing 
minerals). They can also be used to determine the exact positions of light 
elements in the presence of heavy elements like uranium in mineral 
structures (Berry and James, 2001). Further, some elements in a mineral 
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structure have nearly the same number of electrons, resulting in very 
similar scattering power, whereby they are easily distinguished by 
neutrons (Wenk, 2012). Table 4 illustrates some examples of water- 
containing minerals studied by neutron powder diffraction, where it is 
evident from the table that NS application can detect several minerals on 
all types of rock. A high-pressure (up to 9.3 GPa) study of brucite, Mg 
(OD)2, as shown in Fig. 8, illustrates its crystal structure. It can be 
observed from the figure that when pressure increased up to 9 GPa, the 
D-O hydrogen bond length (shown in Fig. 8) decreased more than 15%. 
Additionally, the O-D-O angle has been shown to increase from 148◦ to 
156◦ when the threefold deuterium split-site varied by an increase in 
pressure (Parise et al., 1994). 

In addition to natural zeolite, the structures of benzene (Fitch et al., 
1986), xylene [Czjzek et al., 1991a], or aniline [Czjzek et al., 1991b] in 
zeolite–Y have widespread applications for petroleum refinement and 
have been investigated using neutron diffraction. 

In summary, NS has frequently been used in past studies to determine 
the structure of water-containing crystals and minerals, albeit the ac-
curacy of these measurements is an area of continuing investigation. 

3.2. Texture and strain analysis 

Neutron scattering is increasingly used to investigate texture and the 
associated stress–strain analysis of geomaterials (Walther et al., 1995; 
Kocks et al., 1998; Nikitin et al., 2004; Hall et al., 2012; Wensrich et al., 
2012; Athanasopoulos et al., 2017; Athanasopoulos et al., 2018), as 
evident in Table 5. This is due in part to the low absorption and high 
penetration of samples associated with neutrons (Fig. 1b). Another 
advantage of neutrons is that some intensity corrections are not neces-
sary, especially for minerals with low-angle reflections where intensity 
corrections for X-rays are crucial (Wenk et al., 1984). Pole figures for 
two different rock samples, a deformed marble and a quartzite, are 
shown in Fig. 9. Fig. 9a shows that neutrons have a better distribution 
pattern than that of X-rays for the sample. This is because instead of 

surfaces, large volumes are averaged by the neutron diffraction signal 
(Schafer, 2002; Ghildiyal et al., 1999). 

From a fundamental material science and engineering geology 
perspective, texture and strain refer to the crystallographic preferred 
orientation (direction of the crystal lattice) and shape or size deforma-
tion of a material (direction of anisotropic grains) under applied forces, 
respectively (Brokmeier, 1997; Brokmeier, 1999; Bhattacharyya et al., 
2006). Texture and strain can be considered as fingerprints for the his-
tory of the earth because essential information about anisotropies of 
physical (e.g. elastic, magnetic and thermal) properties (e.g. shape, size, 
and arrangement of grains and homogeneity) of rock, constituting the 
crust and upper mantle, are provided using these two parameters (Wenk, 
1985; Ertel et al., 1989; Feldmann, 1989; Kocks et al., 1998; Rinaldi, 
2002). For example, the elastic properties of the individual components 
of polymineralic materials has been studied by strain measurements 
(Allen et al., 1992; Hauk, 1997; Daymond et al., 1997; Daymond et al., 
1999; Santisteban et al., 2002; Schafer, 2002; Webster et al., 2002). 

The analysis of neutron diffraction texture is based on Bragg’s law 
(Wenk, 2012), conducted either by a steady flux of thermal and cold 
neutrons at reactors or by pulsed neutrons at spallation sources. The 
reliability of these techniques have been tested by Wenk (2012) to 
determine textures on a single sample (Fig. 10a). A key feature of the 
calcite’s texture visible in Fig. 10 is its symmetrical distribution of the 
neutron pole figure. This is an index of the bulk deformation geometry of 
calcite. Similar results have been reported in other observations (Wenk, 
1991; Walther et al., 1995; Zucali et al., 2020). For instance, the textures 
of naturally deformed calcite at various depths in the earth’s crust were 
collected by Zucali et al. (2020). This study recognized different texture 
patterns that may produce unique seismic velocity patterns. 

Additionally, by correlating diffraction peak position to variations in 
the lattice parameter, elastic strains can be interpreted. These strains can 
then be used to quantify stress using the appropriate elastic stiffness 
(Brown et al., 2016; Masoomi et al., 2017; Jacob et al., 2018). These 
stresses are essential in predicting rock failure, rock deformation, and 

Table 3 
Summary of studies on gas hydrate structure using NS  

Sample Neutron 
technique 

Scattering parameters and features Key findings Reference 

Tetrahydrofuran (THF) clathrate 
hydrate (CH) 

Time-of-flight 
neutron 
diffraction 

The neutron structure factor functions S(Q) of the 
amorphous samples were derived from the 
collected scattering data. Contaminant peaks were 
removed from all patterns using their profile fits 
obtained from Rietveld refinement. 

Local water structures in amorphous ices and 
amorphous clathrate hydrates at in situ 
conditions are similar. At the pressures and 
temperatures of amorphization, THF molecules 
are immobilized in CH amorphs. 

Carvalho et al. 
(2019) 

Tetrahydrofuran (THF) clathrate 
hydrate (CH) 

Quasi-elastic 
neutron 
scattering 

θ ranged from 14◦ to 132◦ . For λ = 5 Å, the energy 
resolution was ΔE~90 μeV. 

A detailed model of the THF dynamics was 
obtained by combining molecular dynamics and 
QENS. At each θ, elastic scattering was obtained 
from the experiments to investigate the structure. 

Pefoute et al. 
(2017) 

Three hydrate samples synthe- 
sized from hex-agonal ice, 
liquid water, and gas (CO2 and 
CH4) 

Neutron 
powder 
diffraction 

For λ = 1.333 Å and 2.665 Å, the separation of the 
crystal plane ranged from 0.42 Å to 6.18 Å. High Q 
data were used to resolve the low separation of the 
crystal plane. 

Avramia constants and activation energies were 
determined for various temperature ranges. The 
decomposition of methane hydrate and the 
anomalous preservationb effect were studied. 

Everett et al. 
(2013), Everett 
et al. (2015) 

10% propane–methane gas and 
D2O ice and liquid water 

Neutron 
powder 
diffraction 

The scattering intensity ratio was calculated using 
crystallographic models of methane hydrate. 

An alternative experimental approach was 
presented that included the formation of hydrates 
from ice and liquid water phases (melted ice). 

Klapproth et al. 
(2011) 

Two isotopic 
compositions: CD4–D2O and 
CH4–D2O 

SANS S(Q) were converted to the pair correlation 
functions g(r) using a convolution function. 

The local water structure is affected by the 
presence of hydrate crystallites. For example, 
melting hydrate is much faster than producing 
hydrate from a fresh water–gas mixture. 

Thompson et al. 
(2006) 

Hydrate with ice (hexagonal ice 
and cubic ice), liquid water, 
and gas (CO2 and CH4) 

Time-resolved 
neutron 
diffraction 

A high-resolution scanning 
powder diffractometer (λ = 1.6 Å) and a high- 
intensity powder diffractometer (λ = 2.4 Å) were 
used for the experiments. 

The onset of anomalous preservation occurs with 
the transforming and annealing of hexagonal ice 
at approximately 240 K. 

Kuhs et al. 
(2004)  

a The Avrami equation describes how materials transform from one phase to another at constant temperature. The constants in the equation are the overall rate 
constant (k), and the Avrami exponent indicative of process mechanism (n). 

b Gas hydrate anomalous preservation (also known as self-preservation) is related to ice perfection formed during decomposition (Stern et al., 2001). This refers to 
the slow decomposition of gas hydrate, which is caused when pressure drops below the equilibrium pressure of a gas–ice–hydrate system at temperatures below 271 K 
(Istomin et al., 2006). This phenomenon is of great theoretical and practical importance, especially for the use of the hydrate-based method in the petroleum industry; 
e.g., for gas storage and transportation plans. 
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fracture strength. 
It is evident from Fig. 10a that the position-sensitive detector and 

time-of-flight (TOF) methods give robust statistics for low diffraction 
peaks. This is because these two methods determine integrated in-
tensities (area under the peak) rather than peak intensities (e.g., peak 
height). Further, for TOF tests, the Rietveld approach offers the most 
efficient study of texture. Similarly, Wenk et al. (2019) have used TOF 
(analyzed by the Rietveld approach in MAUD) and electron backscatter 
diffraction (EBSD) methods to analyze textures of quartzite and marble 
samples. Their results demonstrate that marble may absorb a significant 
portion of the strain and have local heterogeneities, as expressed in 
calcite and dolomite pole figures (Fig. 10b). 

Abe et al. (2014) have effectively applied an integration of acoustic 
emission (AE) signal measurements and neutron diffraction to analyze 
the deformation mechanisms of sandstone and carbonate samples. The 
effects of an incident neutron beam and gauge volume on the strain of 
three sandstone samples has also been assessed by Abe et al. (2018). 
Their results demonstrate that increasing the height of the incident 
neutron beam can increase the neutron intensity. Additionally, the peak 
position depends on the rock type instead of the gauge volume height. 

There are some important contributions of NS for stress and strain 
measurements in granular geomaterials (e.g. Hall et al., 2011; Hall et al., 
2012; Wensrich et al., 2012; Athanasopoulos et al., 2017; Athanaso-
poulos et al., 2018; Athanasopoulos et al., 2019). For example, spatially- 
resolved neutron and X-ray diffractions have been used by Hall et al. 

(2011) to measure internal strains of sand grains under load and thus, 
investigate the mechanics of granular media. With these types of mea-
surements, each grain could be thought of as acting as a local (3D) strain 
gauge. Subsequently, Wensrich et al. (2012) have used a technique 
based on neutron powder diffraction to produce in-situ mappings of 
stress distribution in a copper powder die compaction. Exponential 
decay in axial stress was one of the interesting features observed in this 
distribution. Similarly, in a new experimental approach, Athanasopou-
los et al. (2019) have used a combination of neutron strain scanner (NSS) 
and digital image correlation (DIC) of quartz sand under load to map the 
changes of grain strains under the effect of loading and thus, determine 
the mechanical behaviour of granular media at multiscale. The multi-
scale analyses included the characterization of the strain field using DIC 
at mesoscale and the stress distribution using NSS at microscale. A more 

Fig. 6. Decomposition of CH4 gas hydrates with related anomalous preserva-
tion phenomena using neutron diffraction experiments. (a) CH4 gas hydrate 
decomposition by decreasing pressure at 210 K. (b) Temperature dependency of 
the CH4 gas hydrate decomposition rate showing anomalous preservation area 
at P = 0.1 MPa (1 bar). (c) Time dependency of CH4 hydrate decomposition into 
ice for various temperatures. As a result of the anomalous preservation, the 
decomposition becomes slow at higher temperatures. [Reproduced from Kuhs 
et al., 2004 with permission from the Royal Society of Chemistry.] 

Fig. 7. Decomposition of three CH4 gas hydrate samples (S1, S2, S3) with 
related anomalous preservation phenomena using in situ low-temperature X-ray 
powder diffraction. (a) CH4 gas hydrates (S1) decomposition at 250 K. (b) Time 
dependency of the CH4 gas hydrate (S3) decomposition rate for temperature 
range 190 to 200 K showing anomalous preservation, where α is the weight 
percent of the converted phase (increasing ice phase). (c) Time dependency of 
CH4 gas hydrate (S1, S2, S3) decomposition into ice for temperature range 230 
to 260 K. [Reproduced from Everett et al., 2013 with permission from the 
American Chemical Society.] 
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detailed description of the loading apparatus can be found in Athana-
sopoulos et al. (2018). 

The relative contribution of all components of rock to a rock’s geo-
mechanical properties can be established, as shown in Fig. 11. The figure 
shows that the elastic strain partitioning curve is independent of 
composition. 

In summary, texture analysis and determination of geomechanical 
properties such as stress and strain in various geomaterials have become 
increasingly important applications of NS. 

3.3. Rock and fluid characterization 

To identify and simulate fluid flow in porous media, a comprehen-
sive insight into pore geometry is required that allows quantification of 
both the smallest and largest pore-length scales. For instance, porosity is 
a key parameter for hydrocarbon storage calculation and is a function of 
pore size and volume. Further, an understanding of the thermodynamic 
and structural properties of an adsorbed phase (fluid) under various 
conditions is essential. Neutron scattering is a key and rapidly growing 
technique for rock and fluid characterization in hydrocarbon and 
geothermal reservoirs (Wong and Howard, 1986; Radlinski et al., 2000; 
Radlinski and Hinde, 2001; Radlinski et al., 2002; Radlinski et al., 2004; 
Alvarez et al., 2009; Melnichenko et al., 2009; Clarkson et al., 2012; 
Hall, 2013; Bahadur et al., 2014; Perfect et al., 2014; Baker et al., 2015; 

Table 4 
Examples of water-containing minerals studied by the neutron powder diffraction method  

Rock 
sample 

Mineral resolved Chemical or structural 
formula 

Temperature Scattering parameters and features Key findings Reference 

Silicate Hydrous silica 
glass 

SiO2 ⋅ nD2O 300 K The time-of-flight (TOF) method 
under pressure was used for the 
experiment. The data were 
obtained at a proton beam power 
of 300 kW. The neutron structure 
factor functions S(Q) and pair 
correlation functions g(r) were 
assessed. 

Most of D2O 
molecules were in the small domains 
of the D2O-rich phase and hardly 
penetrated into the void space in the 
ring consisting of SiO4 tetrahedral of 
SiO2-rich glass part. 

Urakawa 
et al. 
(2020) 

Carbonate Amorphous 
calcium carbonate 
or amorphous 
magnesium 
carbonate 

ACC, CACO3.nH2O 
AMC, CACO3.nH2O 

5 to 300 K The QENS measurement allowed 
for the Q resolved dynamic 
structure. The measurements were 
done for ω = –0.4 to 0.4 and Q =
0.42 to 1.85 Å–1. 

The structural analysis showed that 
the amorphous phases are well mixed 
but highly 
inhomogeneous phase with a broad 
distribution in coordination numbers 
around the various 
species. 

Jensen 
(2018) 

Shale Swelling clay [(Mg4.92Fe0.44Al0.60Ti0.04) 
(Si5.66Al2.34)O20(OH)4]M+

1.64 

300 K The SANS with λ= 4.752 Å was 
used to extract one dimensional 
scattered intensity curves I(Q). 

A good fit between the experimental 
and calculated scattering/diffraction 
profiles were 
obtained suing the evaluation of the 
effects of different microstructural 
parameters on power law exponents. 

Ferrage 
et al. 
(2018) 

Carbonate Amorphous 
calcium carbonate 

ACC, CACO3.nH2O 273 to 1,073 
K 

The neutron PDF data were used 
for analysis. The simulated pattern 
based on available molecular 
dynamic models is quite similar to 
the PDF data at all wavelengths. 

A monohydrocalcite-like local 
structure moiety was suggested for the 
resulting d-A(B)CC sample. 

Wang et al. 
(2017) 

Silicate Hydrous 
wadsleyite 

(Mg, Fe2+)2SiO4.nH2O 100 and 295 
K 

The time-of-flight (TOF) method 
was used for the experiments and 
the datasets were then analyzed 
using the GSAS program. 

The method of hydrogen 
incorporation into the wadsleyite 
were qualitatively different from that 
of its denser polymorph, ringwoodite, 
in the wet mantle. 

Purevjav 
et al. 
(2016) 

Silicate Brucite Mg(OH)2 1,373 K The powdered neutron diffraction 
was used for the experiment. The 
diffraction intensity was 
normalized and the crystal 
structure was refined using the 
Rietveld method. 

Hydrogen bonding associated with 
tilting 
of the O–D dipole was observed in a 
layered hydrous silicate mineral under 
ambient conditions. 

Tomioka 
et al. 
(2016) 

Calcium 
silicate 

Thaumasite Ca3Si(OH)6(CO3) 
(SO4)⋅12H2O 

300 and 22 K The numbers of measured 
reflections were 2,512 at 300 K and 
2,825 at 22 K. Also, the applied 
wavelengths were λ= 0.8381(2) Å 
at both temperatures. 

The stability of the structure of 
thaumasite under non-ambient 
conditions is mainly governed by the 
hydrogen-bonding geometry, because 
all of the major structural units are 
held together by hydrogen bonds. 

Gatta et al. 
(2012)  

Fig. 8. Crystal structure of brucite, Mg(OD)2. [Reproduced from Parise et al., 
1994 with permission from the Mineralogical Society of America.] 

M. Hosseini et al.                                                                                                                                                                                                                               



Earth-Science Reviews 221 (2021) 103755

11

Mouzakis et al., 2016; Cordonnier et al., 2019; Rezaeyan et al., 2019; Xu, 
2019). In comparison with other rock characterization methods, 
including petrographic analyses, helium pycnometer, gas (CO2 and N2) 
adsorption, and mercury injection capillary pressure (MICP), NS with 
high penetration power is particularly useful for investigating pores 
smaller than the intruding molecule (Ruppert et al., 2013). The other 
associated applications specific to SANS include analyses of effective 
porosity from pore size, pore connectivity, bulk volume on relatively 
large samples, and investigation of fluid–rock and fluid–fluid in-
teractions for several fluid pairs (water, oil, CO2, etc.). These applica-
tions and related examples are detailed in the following sections. 

3.3.1. Rock characterization 
Pore characteristics of rocks, such as porosity, specific surface area 

(SSA), pore (body and throat) size distribution (PSD), tortuosity, and 
connectivity can significantly affect the mechanisms of fluid flow and 
gas storage in geological formations. Amongst varied elastic and in-
elastic neutron techniques, modern SANS instruments provide access to 
petrophysical properties in rocks (e.g. structure, size, volume and con-
nectivity of pores) at a mesoscopic scale of approximately 1 to 100 nm 
(Radlinski et al., 2002; Avdeev et al., 2009; Anovitz et al., 2011; Mel-
nichenko et al., 2009; Clarkson et al., 2013; Ruppert et al., 2013; 
Bahadur et al., 2015a, 2015b; Bahadur et al., 2016; Melnichenko, 2016; 
Sun et al., 2017; Yang et al., 2017; Zhao et al., 2017a, 2017b, 2017c; Sun 
et al., 2019). Also, SANS is a valuable technique for probing both open 
and closed porosity of shales and confined fluid behaviour at relevant 

pressure and temperature conditions (Ruppert et al., 2013; Bahadur 
et al., 2014; Bahadur et al., 2015a, 2015b; Stefanopoulos et al., 2017; 
Bahadur et al., 2018). These studies on shale rocks are particularly 
important for evaluating CO2 geo-storage and enhanced hydrocarbon 
recovery as these rocks are potential candidate for storage and have low 
recoveries due to their small porosity and low permeability (Xu, 2019). 

3.3.1.1. Scattering length density. A source of scattering (e.g., rock or 
fluid) has a specific scattering length density (SLD) that adequately ex-
plains how well the scattering molecule scatters the incident radiation. 
The scattering intensity has a contrast term that is defined as the square 
of the differences in SLD between two sources of scattering. The contrast 
term is influenced by the strength of the radiation–matter interaction, 
which depends on averaging all of a pseudomolecule’s nuclei. The 
chemical composition of the pseudomolecule represents the average 
compositions for each of the two phases of rock: the fluid phase (the pore 
space content) and the solid phase (the rock matrix) (Wenk, 2006). Eq. 
(7) can be used to obtain the SLD for every single phase of the pseudo- 
molar mass (Wenk, 2012): 

SLDn =
NAd

M

∑

j

Pj

(

∑

i

sibi

)

j

(7) 

where NA is Avogadro’s number (6.022 × 1023 mol–1), d is grain 
density (g/cm3), M is a mineral component molecular weight (g/mol), pj 
is phase j’s fraction in the matter, bi is nucleus i’s coherent scattering 

Table 5 
Summary of studies on texture and strain analysis using NS.  

Sample analyzed Aim Scattering parameters and features Key findings Reference 
Marble Strain Neutron diffraction measurements of the d-spacing 

for the sample were obtained at three points on a 
plane perpendicular to the sample axis, with and 
without a confining pressure. 

Further evaluation of the lattice strains requires 
identification of the diffraction elastic constants such 
as Young’s moduli and the Poisson ratio. 

Carmichael et al. 
(2020) 

Eight limestone and marble 
samples 

Texture/ 
strain 

Quantitative texture analysis was used for the 
evaluation of the texture of the samples by neutron 
diffraction. Three different beamlines with different 
wavelengths (2.52 Å, 0.8 to 2.4 Å, 1.4 to 2.1 Å) were 
used for the coverage of samples. 

Textures of naturally deformed calcite at various 
depths in the crust were collected, and various 
texture patterns were recognized that may produce 
unique seismic velocity patterns. 

Zucali et al. (2020) 

Forty-seven quartzite and 8 
marble samples 

Texture TOF was used for the measurements with λ = 0.2 to 
6 Å by 30 detectors at 2θ to 40◦, 90◦, and 150◦. 

The study shows good agreement between neutron 
diffraction and EBSD. 

Wenk et al. (2019) 

Granular quartz sand Stress/ 
strain 

A polychromatic (i.e. wide wavelength) neutron 
beam dispersing in relation to its TOF from the 
source was used for the experiment. 

The combination of NSS and DIC techniques in a 
single experimental approach can provide novel 
insight into the coupled evolution of stress-strain 
distributions throughout granular media. 

Athanasopoulos 
et al. (2019) 

Three sandstone samples Strain White-pulsed diffracted neutrons were detected by 
two detectors at 2θ = ±90◦ to the incident beam. 

By increasing the height of the incident neutron 
beam size, neutron intensity can be increased 
without introducing pseudostrain. Also, the peak 
position depends on rock type instead of gauge 
volume height. 

Abe et al. (2018) 

Two sandstone and carbonate 
samples 

Strain Diffraction patterns were measured using the TOF 
technique. The TOF and d-spacing ranges were 25 to 
65 ms and 1.4 to 4.2 Å respectively. 

A combination of AE signal measurements and 
neutron diffraction is a potent tool for analyzing the 
deformation mechanisms of rock samples. 

Abe et al. (2014) 

Three samples of eclogite, 
marble, and artificial rock 
(MIX) created by seven 
mineral phases 

Texture Rietveld texture analysis and TOF neutron 
diffraction were used for MAUD software analysis. 
In this regard, the peak shape, the crystal lattice 
parameters, the temperature coefficient, and the 
phase fractions are useful parameters for Rietveld 
refinement. 

To characterize the texture of a mono-mineralic 
sample and a four-phase sample, 150 and 350 
diffraction spectra respectively are sufficient. 

Keppler et al. 
(2014) 

Near spherical monodisperse 
copper powder 

Stress/ 
strain 

Neutrons with λ =0.22 nm were used to measure 
variations in the 200 reflections of the sample under 
load. The preferred direction of the scan was 45◦to 
the axial direction. The maximum attainable angle 
for the additional scan was 28◦ (incident beam 
obscured at the preferred direction). 

The exponential decay in axial stress, a reduction in 
three normal stress components near the wall, and 
highly localised regions of high shear stress were 
interesting features in the stress distribution. 

Wensrich et al. 
(2012) 

Three ultramafic samples Texture/ 
strain 

The wavelength for the used beamline was 1.46 Å. 
Intensity and localisation corrections and combined 
analysis were done during the experiment. 

Various texture types were identified based on the 
lattice orientations of olivine. The results also 
suggest a mantle origin with T >800◦C for the 
activation of slip systems in olivine. 

Zucali et al. (2012) 

Granular quartz sand Strain A Bragg peak at 2θ ≈ 86.8◦ (λ = 1.64 Å) was 
measured with a Q-vector (strain measurement 
direction) along the sample axis. 

With such measurements, each grain could be 
thought of as acting as a local (3D) strain gauge. 

Hall et al. (2011)  
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amplitude, and si is nucleus i’s abundance in phase j. Table 6 lists the 
neutron SLDs for specific minerals and organic matter or total organic 
carbon (TOC) (Bahadur et al., 2014). Fig. 12 graphically presents the 
values of the neutron SLD for individual inorganic minerals and organic 
compounds (coals, fractions of crude oil, and pure hydrocarbons). The 
value of SLDs for organic compounds is primarily determined by the 
hydrogen-to-carbon ratio as hydrogen and carbon are two dominant 
elements in organic matter. The average solid-matrix SLD of a rock 
sample can be obtained by 

SLDrock =

∑n

1vol%(k)SLD(k)

100
(8) 

where k and n refer to a component (e.g., mineral or organic matter) 
and the total number of components in the rock, respectively (Zhao 
et al., 2017a, 2017b, 2017c). In cases of rocks comprising organic or 
inorganic solid matter (e.g., rocks with hydrocarbons, ashy coals), the 
prevailing scattering contrast is between the pore space and the solid 
matrix. This is because the neutron contrast between the two solid 
components of the rock (organic or inorganic) is slight. Therefore, 
regardless of the content of organic matter, sedimentary rocks are 
characterized by neutrons as a scattering system with two phases. At the 
temperature (65-150 ◦C) and depth (2000-5500 m) of an oil generation 
window, the solid organic matter within hydrocarbon source rocks will 
progressively disintegrate into viscous bitumen, then crude oil, and 

finally break down into light hydrocarbons and gas (Hyne, 2012). This 
increases volume, leading to primary drainage in which liquid hydro-
carbons displace the formation water (Radlinski et al., 2000). 

3.3.1.2. Microstructural calculations from SANS/USANS. In SANS and 
ultra-small-angle neutron scattering (USANS) instrument techniques, 
the alteration of scattering intensity, I(Q), provides information on the 
microstructural properties of a rock. The polydispersed spheres (PDSP) 
model assumes a random spread of spheres with radius r (Vr = (4/3)πr3) 
for the pore system (Radlinski and Hinde, 2001; Liu et al., 2019). The 
scattering intensity fitted to the PDSP model is given by Eq. (9) 
(Radlinski et al., 2002): 

I(Q) =
(

ρ*
1 − ρ*

2

)2 ϕ

Vr

∫ Rmax

Rmin

f (r)V2
r FS(Qr)dr (9) 

where ρ1* is the SLD of phase 1 (matrix), ρ2* is the SLD of phase 2 
(pore content), ϕ is the total porosity, Vr is the mean pore volume, Rmin is 
the minimum pore radius, Rmax is the maximum pore radius, f(r) is the 
probability density of the pore size distribution, Q is the scattering 
variable, and FS(Qr) is the sphere form factor that is determined as (Zhao 
et al., 2017a, 2017b, 2017c) 

FS(Qr) = 9

[

sin(Qr) − Qrcos(Qr)

(Qr)3

]2

(10) 

Fig. 9. (a) Pole figures for a coarse-grained 
deformed marble using X-rays and neutron diffrac-
tion for peak 0006 (where neutrons are stronger than 
X-rays) at T = 400 ◦C and P = 100 MPa, 1: deter-
mined by X-ray diffraction in reflection geometry, 2: 
determined by monochromatic neutron radiation. 
Neutrons have a symmetrical distribution pattern. 
[Reproduced from Wenk et al., 1984 with permission 
from Elsevier.] (b) Pole figures for a deformed 
quartzite using a petrographic microscope and 
neutron diffraction, 1: determined by a universal 
stage petrographic microscope over 100 grains, 2: 
determined by monochromatic neutron radiation in a 
neutron diffractometer conducted over 1 million 
grains. Neutrons have better statistics. [Reproduced 
from Ghildiyal et al., 1999 with permission from the 
Overseas Publishers Association.]   
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Fig. 10. (a) Polycrystalline calcite 0001 neutron pole figures. A round-robin was applied to test the measurement precision of the neutron diffraction texture. Four 
different neutron diffraction laboratories were selected for the investigation, 1: monochromatic neutrons at a conventional reactor (Julios at KFA, Jülich), 2: 
monochromatic neutrons at a reactor with a position-sensitive detector (D1B at Institut Laue-Langevin, Grenoble), 3: TOF tests and single peak extraction at a pulsed 
reactor (SKAT at Dubna, Russia), 4: spallation neutrons with 30 detectors and OD measured by the Rietveld method (high-pressure preferred orientation at the Los 
Alamos Neutron Science Center, Los Alamos). [Reproduced from Wenk, 2012 with permission from Springer Nature.] (b) Calcite and dolomite 0001 neutron pole 
figures for Triassic marbles. All samples were calcite except Brg1101, which was dolomite. Numbers at the top right of the pole figures show which pole density scale 
was applied (in mrd). [Reproduced from Wenk et al., 2019 with permission from the Multidisciplinary Digital Publishing Institute.] 
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The correlation function, Rz(r), is derived from the inverse Fourier 
transform of I(Q) data as follows (Radlinski et al., 2002): 

Rz(r) =
1

2π2(ρ*
1 − ρ*

2)
2
ϕ(1 − ϕ)

∫ ∞

0

Q2I(Q)
sin(Qr)

Qr
dQ (11) 

For pores with radii >r, the SSA, S(r), is identified from the pore size 
distribution (PSD) (Wenk, 2006): 

S(r)

V
= nv

∫ Rmax

r

Arf (rʹ)drʹ (12) 

where nv = ϕ/Vr = I(0)/
[

(

ρ*
1 − ρ*

2
)2Vr

2 ] is the mean number of 
pores per unit volume, and Ar = 4πr2. 

The PSD from the SANS data can be calculated by PRINSAS software 
using the PDSP model (Hinde, 2004). By adjusting PSD, the software 
matches the experimental scattering profile via the specified value of 
SLD for the rock matrix. Using the PDSP model and the Porod invariant 
(PI) technique, total porosity characterizing the pore space can be 
identified from the PSD. For a two-phase system, the PI or Qinv is 
equivalent to (Zhao et al., 2017a, 2017b, 2017c) 

Qinv =

∫ ∞

0

Q2I(Q)dQ = 2π2
(

ρ*
1 − ρ*

2

)2
ϕ(1−ϕ) (13)  

3.3.1.3. Studies assessment. The microstructures of various sedimentary 
rocks, such as sandstones, carbonates, and coals, have been character-
ized using the SANS method (Radlinski and Hinde, 2001; Radlinski 
et al., 2002; Radlinski et al., 2004; Bahadur et al., 2016). For example, 
Radlinski et al. (2004) have used a combination of I(Q) data for back-
scattering scanning electron microscopy (BSEM), where SANS/USANS 
were calibrated to the PDSP and Mildner–Hall models (Hall et al., 1983; 
Mildner and Hall, 1986) in a sandstone sample (Fig. 13a). The fit to the 
models was evidenced as ideal. However, as shown in Fig. 13b, at larger 
r these two models do not accurately describe the Rz(r). The SSA and PSD 
for the sample are also shown in Fig. 13c. Regardless of pore size, the 
pore body (measured by neutron scattering) to throat size ratio 
(measured by mercury intrusion porosimetry) was approximately 3.5. 
Capillary pressures calculated from the Young-Laplace equation, Pc =
2σcosθ/rt, for surface tension σ = 485 mN/m, receding contact angle θ =

40◦, and pore throat size rt = r/3.5, possessed good compatibility with 
capillary pressures obtained from experimental mercury intrusion. 

However, nanopore structure analysis of shale, when compared to 
other sedimentary rocks using NS, has recently become more common 
amongst researchers (Table 7). It is evident that pore characteristics of 
shale including SSA, PSD, porosity, tortuosity, and connectivity have 
been investigated using SANS/USANS methods (Table 7). 

For SSA analysis, Clarkson et al. (2012) have used the PI method and 
the PDSP model at ambient conditions to perform/conduct multipoint 
Brunauer–Emmett–Teller (BET) low-pressure (N2 and CO2) adsorption 
experiments on three samples from a tight gas reservoir. The SSA 
calculated from gas adsorption was shown to be substantially less than 
when calculated via the PI method and the PDSP model (Clarkson et al., 
2012), which is probably attributable to the limited accessibility of the 
gases to all pores. Similarly, Yang et al. (2017) have applied the same 
methods to analyze the SSA in four shale samples of varying mineralogy 
and organic content. The SSA values of the PDSP model were slightly 
higher than those of the PI method, but lower than those of the N2 BET 
analysis (Yang et al., 2017), suggesting disagreement with earlier ob-
servations (Clarkson et al., 2012). This shows that although some pore 
spaces are not accessible to N2, a significant amount of pores with di-
ameters of <5 nm exist in these shale samples. 

For PSD analysis, Clarkson et al. (2013) compared pore volume 
distributions (dV/dr) using three methods including SANS/USANS, 
MICP and combined CO2/N2 adsorption. Their results showed good 
agreement between the SANS/USANS and adsorption methods in the 
overlap region (pore radii ranged in 100–1000 Å). However, disagree-
ment was observed amongst results of PSD from MICP and adsorption 
tests (Clarkson et al., 2013). This can be attributed to the fact that 
interconnected pore volume throughout a related pore throat size is 
equivalent to the incremental mercury volume at a given pressure dur-
ing a MICP test (Klaver et al., 2015). Similarly, Sun et al. (2017) have 
demonstrated that there is reasonable agreement amongst SANS, MICP, 
and gas (N2 and CO2) adsorption techniques applied for PSD analysis, 

Fig. 11. Calcite and halite axial elastic strains at various applied loads. The 
elastic limit of the halite is at a halite strain of approximately 350 μstrain. 
Above a calcite elastic strain of approximately 550 μstrain, the strain parti-
tioning between the two phases starts to tend towards homogeneous elastic 
strain. [Reproduced from Schafer, 2002 with permission from Copernicus 
GmbH on behalf of the Deutsche Mineralogische Gesellschaft.] 

Table 6 
Neutron SLDs for specific minerals and TOC. [Reproduced from Bahadur et al., 
2014 with permission from the American Chemical Society.]  

Mineral Formula Density (g/ 
cm3) 

SANS SLD (1010 

cm–2) 
∑

i
sibi  

Quartz SiO2 2.700 4.264 1.5755 
Albite NaAlSi3O8 2.610 3.950 6.5950 
Hematite Fe2O3 5.200 7.156 3.6489 
Orthoclase KAlSi3O8 2.600 3.710 6.6030 
Pyrite FeS2 5.000 3.620 1.5234 
Carbonates CaCO3 2.800 3.760 2.2309 
Clays Al2Si2O5(OH)4 2.630 3.160 5.2467 
TOC Coal analogue 1.300 2.500 –  

Fig. 12. Neutron SLD for individual inorganic minerals and organic com-
pounds. [Reproduced from Radlinski et al., 2000 with permission 
from Elsevier.] 
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indicating the consistency of these methods (Fig. 14). However, analo-
gous to the study by Clarkson et al. (2013), inconsistency between MICP 
and gas adsorption data in most of the overlap region may exist. It is 
argued that MICP test tends to overestimate small pores and un-
derestimates large pores in fine-grained rocks (Abell et al., 1999; Dew-
hurst et al., 1998; Hildenbrand and Urai, 2003). For instance, a peak at 

approximately 4 nm for the N2 adsorption data was found (probably due 
to an artefact caused by the tensile strength effect), but the same result 
was not evident for SANS (Sun et al., 2017). 

In terms of porosity, scattering techniques are extensively applied to 
evaluate both accessible and closed pores in conventional rocks 
(Radlinski and Hinde, 2001; Radlinski et al., 2002; Radlinski et al., 
2004; Bahadur et al., 2016); however, relatively few studies have uti-
lized SANS in porosity and mineralogy evaluation of shale rocks 
(Bahadur et al., 2014; Bahadur et al., 2015a, 2015b; Bahadur et al., 
2018; Neil et al., 2020a). For example, Bahadur et al. (2015a, 2015b) 
have compared porosity values obtained using various methods 
(Table 8). The results of this study demonstrated that porosities calcu-
lated by matching the PDSP model to the background-subtracted scat-
tering profile (Q >0.2 Å–1) are more aligned with related helium 
porosities. This also indicates that porosity values obtained by the PDSP 
model and PI method for the same Q values (last two columns in Table 8) 
are similar. 

Furthermore, Bahadur et al. (2014) have used SANS/USANS tech-
niques to investigate nano-porosities of three shale samples with 
different mineral compositions from carbonate-rich to quartz–feldspar 
rich sources. The authors determined the fractions of closed pores from 
differences in SANS/USANS porosity (total porosity) and helium pycn-
ometry (open porosity), showing that closed pores had strong correla-
tion with major mineral contents. Most recently, Neil et al. (2020a) have 
provided SANS porosity measurements under simulated overburden 
pressures on two clay-rich and carbonate-rich shale samples. The study’s 
results showed that comparing pore accessibility to water in samples 
(Fig. 15) could be used to estimate the responses of different shales to 
elevated pressures during hydraulic fracturing operations. 

To analyze interpore connectivity, Sun et al. (2017) have used in-
formation about closed pores obtained by SANS as well as effective 
tortuosity obtained by MICP data. The authors showed that geometrical 
tortuosity Le/L ratios in effective tortuosity τ = (1/φ) (Le/L)2 (where φ is 
porosity and Le and L are actual and straight-line distances between two 
points respectively, travelled by a fluid molecule) are indices for the 
connectivity of a porous media. A higher portion of closed porosity 
would result in increased tortuosity Le/L ratios, leading to lower flow-
ability or lower matrix permeability (Fig. 16). Similarly, Sun et al. 
(2019) have studied the multiscale pore connectivity of shale using pore 
structures distinguished by the SANS method. Their results demonstrate 
that shale pore connectivity can be directly affected by a change in pore 
structure. For example, connectivity tends to decrease with decreasing 
illite crystallinity and increasing maturity. 

3.3.2. Geo-fluids characterization 
Geo-fluids, which often contain substantial amounts of suspended 

and dissolved compounds including colloids, nanoparticles, organic 
macromolecules, and complex hydrocarbons, all play a pivotal role in 
porous media and are crucial sinks and origins of greenhouse gases. The 
geo-fluids such as brines and those with light C-O-H-N-S species, i.e., H2, 
H2O, CH4, H2S, N2, and CO2 are of particular interest to petroleum en-
gineering, geoscience, and earth science communities (Wenk, 2006). 
The fundamental concepts of geo-fluid characterizations include un-
derstanding of molecule-scale interactions and how some parameters, 
such as pressure, temperature, and composition, influence these in-
teractions. Scrutiny of these concepts assists in predicting the phase 
behaviour of fluids, reactivity, and element partitioning between phases. 
This can be achieved using advancements in experimental methodolo-
gies and instrumentation, with developments in recent simulations of 
simple and complex geo-fluids. For example, the advent of new gener-
ation neutron sources such as the SNS (spallation neutron sources) at 
Oak Ridge, USA offers significant opportunities for the study of fluids. 
This can be done by providing more neutrons with improved cost and 
energy efficiency. Moreover, advanced computing power makes it 
possible to perform molecular dynamic (MD) simulations of fluids 
(Steriotis et al., 2004; Corsaro et al., 2005; Melnichenko et al., 2006). 

Fig. 13. Microstructure of a sandstone sample investigated with SANS. (a) 
Experimentally measured SANS scattering intensity, I(Q), and its fit to the PDSP 
and Mildner–Hall models for a coarse sandstone. (b) Correlation function Rz(r) 
obtained from integrated SANS/USANS/BSEM models and data. (c) Specific 
surface area S(r), and pore size distribution, f(r). [Reproduced from Radlinski 
et al., 2004 with permission from Elsevier.] 
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Neutron scattering provides a framework by which we can investi-
gate the molecular structures and dynamics of fluids, including how 
fluids interact with solids under various pressure–temperature condi-
tions (Trouw, 1992; Smith and Kneller, 1993; Corsaro et al., 2005; 
Avdeev et al., 2009; Melnichenko et al., 2009; Bahadur et al., 2016; 
Benedetto and Ballone, 2018,). This is because unlike X-rays, neutrons 
have wavelengths and energies that are similar to the frequencies of 
molecular movements within a sample. Molecular modelling, which 
includes a numerical solution of the equations of motion for molecules, 
provides microscopic information regarding experimental outputs 
resulting from NS techniques. Inelastic spectroscopy, QENS, and SANS 
are NS techniques that can assess the structural and dynamic properties 
of geo-fluids (Bellissent-Funel and Teixeira, 1991; Chialvo et al., 1998; 
Benes et al., 2001; Beta et al., 2003). Incoherent inelastic/QENS are 
ideal for the study of hydrogen-containing fluids (e.g., water, methane, 
ethane) due to the large incoherent NS cross section of the hydrogen 
atom (Bellissent-Funel and Teixeira, 1991; Liu et al., 2020). Moreover, 
information on scattering density variations (e.g. magnitude and spatial 
distribution) and gas (e.g., CO2) adsorption can be obtained from SANS 
analysis. This is because SANS measures neutron intensities at very low 
values of the scattering vector, Q (i.e., at small angles). Further, for a 
two-phase system, SANS intensity is proportional to the contrast term, i. 
e., the square of the difference in SLD between the two phases (Frisken 
et al., 1995; Knudsen et al., 2003; Steriotis et al., 2004). 

Various geo-fluids have been investigated by NS methods in terms of 
characteristics such as structure, dynamics, and adsorption, as a function 
of pressure and temperature (summarized in Table 9). 

Methane, one of the most important geo-fluids, has recently been 
investigated in detail using NS measurements. For example, Chiang et al. 
(2016) have investigated methane adsorption behaviours on porous 
silica surfaces using the SANS method. At T < Tc (capillary condensation 
temperature) = 119 K, the estimated mass densities of confined solid or 
liquid methane were less than those of corresponding bulk solid or liquid 

methane. Their theoretical and experimental analysis also showed that 
at T > Tc, SANS patterns were very sensitive to a change in the excess 
adsorption of methane (Fig. 17). Moreover, recently Neil et al. (2020b) 
have integrated the SANS method with MD modelling to examine the 
phase behaviour of methane in shale nanopores at elevated pressures. 
An increased methane retention in low peak pressure (3,000 psi) 
drawdown was observed. They also noticed a greater decrease in SANS 
intensity for this low-pressure scenario – suggesting a higher residual 
methane in the pore spaces (Fig. 18). 

Furthermore, the structure and dynamics of water have been inves-
tigated with high accuracy using NS measurements. For example, Bove 
et al. (2013) have investigated translational and rotational diffusion in 
water in a GPa range using QENS measurements. The translational 
diffusion along the 400-K isotherm strongly decreased as pressure 
increased. However, the rotational diffusion at this isotherm was almost 
insensitive to pressure (Fig. 19). Similarly, the diffusive (translational 
and orientational) dynamics of water in carbon nanotubes from 300 K 
down to 10 K has been investigated using QENS measurements (Briganti 
et al., 2017). The results indicated: a) an active rotational dynamic for 
water even at low temperatures and b) good compatibility between 
translational dynamics and rotational forms. In addition to dynamics, 
NS techniques provided insights into water structure using the inter-
molecular pair correlation function (Fig. 20). The pair correlation 
function g(r), which reflects the structures and dynamics of fluids, is 
related to the probability of finding the centre of an atom placed at a 
given distance from the centre of another atom. Water structure analysis 
have implications for evaluating geomaterials and underground phys-
ical and chemical processes (e.g. mantle convection, melting, and the 
chemistry of melts generated from the earth’s mantle). 

The structure and adsorption of CO2, one of the most critical geo- 
fluids for geo-storage and enhanced hydrocarbon recovery, has been 
studied using NS measurements. For example, Stefanopoulos et al. 
(2012) have studied the structure and adsorption of supercritical carbon 

Table 7 
Summary of studies on shale microstructure characterization using SANS method  

Characteristics analyzed Rock samples Scattering features Key findings Reference 
Porosity and PSD Two clay-rich and 

carbonate-rich shale 
samples 

SANS with λ = 5 Å (Δλ/λ~0.13); Q 
ranging from 0.003 to 0.2 Å–1 

Shale responses to the elevated pressures during hydraulic 
fracturing operations can be estimated using SANS 
measurements. 

Neil et al. 
(2020a) 

Connectivity and 
tortuosity 

Four overmature 
marine shale samples 

SANS with λ = 12 Å and λ = 4.57 Å 
(Δλ/λ~0.15); Q ranging from 0.001 to 
0.5 Å–1 

Shale pore connectivity can be directly affected by a change 
in pore structure. 

Sun et al. 
(2019) 

Nanoporosity Three Marcellus shale 
samples 

SANS with Q ranging from 0.002 to 0.3 
Å–1 

The scattering vector range has an impact on measured pore 
sizes and porosity and pores as small as 2.5 nm were detected. 

Bahadur et al. 
(2018) 

PSD, SSA, and porosity Four organic rich 
Longmaxi shale 
samples 

SANS (PI method and PDSP model) with λ 

= 12 Å and λ = 4.72 Å (Δλ/λ~0.15); Q 
ranging from 0.001 to 0.5 Å–1 

Samples with higher TOC content demonstrated greater 
absolute scattering intensities. 
Surface area, PSD, and porosity estimated using SANS were 
larger than those estimated using mercury intrusion 
porosimetry (MIP). 

Yang et al. 
(2017) 

PSD, porosity, SSA, 
tortuosity, and 
connectivity 

Four Lower Cambrian 
Niutitang shale 
samples 

SANS with λ = 12 Å and λ = 4.72 Å 
(Δλ/λ~0.15); Q ranged from 0.001 to 0.5 
Å–1. 

The results of PSD showed a good agreement between the 
methods. Also, a higher portion of the closed porosity results 
in increased geometrical tortuosity ratios (Le/L), leading to 
lower flow ability or matrix permeability. 

Sun et al. 
(2017) 

Nanoporosity Five New Albany shale 
samples 

SANS and USANS with λ = 2.4 Å The 
porosity was calculated using PI and 
PDSP methods. 

Porosities calculated by matching the PDSP model to the 
background-subtracted scattering profile (Q >0.2 Å–1) were 
comparable to helium porosities. Also, the porosity values 
obtained by the PDSP model and PI method for the same Q 
values (last two columns in Table 8) are similar. 

Bahadur et al. 
(2015a, 2015b) 

Nanoporosity Three cretaceous shale 
powder samples 

SANS and USANS with Q ranged from 
0.002 to 0.5 Å–1 

The fractions of closed pores were determined from 
differences in SANS/USANS porosity (total porosity) and He 
pycnometry (open porosity). The closed pores were strongly 
correlated with major mineral contents. 

Bahadur et al. 
(2014) 

PSD, nanoporosity Seven US shale 
samples 

SANS/USANS (with PDSP model), low- 
pressure (N2 and CO2) adsorption, and 
high-pressure mercury intrusion 

Pore volume distributions derived from SANS/USANS had 
good compatibility with those from gas adsorption. 
Moreover, PSD derived from gas adsorption did not agree 
with mercury intrusion results. 

Clarkson et al. 
(2013) 

Surface area, porosity, 
PSD 

Three core plugs from 
Montney tight gas 
reservoir 

SANS/USANS and low-pressure (N2 and 
CO2) adsorption experiments 

Surface area calculated from gas adsorption was substantially 
less than surface area calculated from SANS/USANS - 
attributed to limited accessibility of the gases to all pores. 

Clarkson et al. 
(2012)  
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dioxide in nano-porous silica using neutron diffraction measurements at 
a temperature slightly above Tc = 308 K and a pressure range of 30 to 
125 bar. Their results showed that confined CO2 had liquid-like prop-
erties; however, some differences in orientational correlations in pores 
were related to the confinement of the CO2 or its strong interactions with 
the silica walls. Similarly, Bahadur et al. (2015a, 2015b) have investi-
gated high-pressure adsorption behaviour of CO2 at T = 296 K in 
microporous carbon, finding that the solvation pressure-induced strain 
and strong densification of confined CO2 led to adsorption-induced 

deformation of micropores. Furthermore, SANS analysis of the phase 
behaviour of adsorbed CO2 in a mesoporous silica revealed that by 
cooling the confined CO2 below a critical point, fluid molecules escaped 
from the pores instead of freezing or remaining in a liquid phase (Ste-
fanopoulos et al., 2016). 

Hydrogen, as an attractive renewable energy source and geo-fluid for 
storage, has been examined using NS measurements (Ramirez-Cuesta 
et al., 2009). For example, Bahadur et al. (2017a, 2017b) have used 
SANS and inelastic/quasi-elastic methods to investigate the adsorption 
and diffusive dynamics of hydrogen in ultra-microporous carbon. They 
observed that the deconvolution of elastic and quasi-elastic signals at 77 
K (when bulk H2 is a gas) provide evidence of pressure-dependent 
fractions of immobile and partially mobile hydrogen, which can be 
correlated with excess adsorption (Fig. 21). Further, ethane and propane 
are two important C-O-H-bearing hydrocarbon geo-fluids that have been 
investigated using NS measurements. Liu et al. (2020) have investigated 
the structure and dynamics of ethane confined in silica nanopores in the 
presence of CO2 using QENS experiments. Their results suggest stronger 
adsorption of CO2 molecules to the pore surface than those of C2H6. 
While Gautam et al. (2017a) have examined the diffusivity of propane in 
mesoporous silica aerogel using QENS measurements and molecular 
dynamic simulations. QENS measurements were particularly useful in 
identifying the origin of anomalous pressure dependent propane 

Fig. 14. Distribution of pore volume with pore sizes obtained from gas (CO2 and N2) adsorption, MICP, and SANS results for four shale samples. The peak at 
approximately 4 nm for the N2 adsorption data is probably due to an artefact caused by the tensile strength effect. [Reproduced from Sun et al., 2017 with permission 
from Elsevier.] 

Table 8 
Comparison of porosities measured using different techniques for five samples. 
[Reproduced from Bahadur et al., 2014 with permission from the American 
Chemical Society.]  

Sample He 
porosity 
(%) 

Hg 
intrusion 
porosity (%) 

PDSP 
porosity (Q 
<0.5 Å–1) 
(%) 

PDSP 
porosity (Q 
<0.2 Å–1) 
(%) 

PI 
porosity 
(%) 

1 9.1 5.6 82.8 0.47 0.699 
2 4.1 2.7 55.7 4.4 4.05 
3 5.1 4.1 55.7 2.64 3.22 
4 1.5 0.8 20.4 1.66 1.58 
5 3.5 1.4 21.8 1.79 1.92  
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diffusivity. 

3.3.3. CO2 geo-sequestration 
CO2 geo-sequestration involves injecting CO2 into depleted hydro-

carbon reservoirs or deep saline aquifers to permanently immobilize 
CO2. The key trapping mechanisms that enable CO2 trapping are 
structural trapping (Andrew et al., 2014; Iglauer et al., 2015; Arif et al., 
2016; Arif et al., 2017; Iglauer, 2018), residual trapping (Iglauer et al., 
2019), mineral trapping (Liu and Maroto-Valer, 2011), dissolution 
trapping (Iglauer, 2011), and adsorption trapping in coals and shales 

(Arif et al., 2017). 
In this context, a quantitative evaluation of the CO2 trapping ca-

pacity of a geological formation is required, which features as a rather 
challenging task. This task requires precise characterization of the pore 
system in addition to rock wettability and interfacial tension. Many 
studies have focussed on investigating pore system characterization (e. 
g., pore size, porosity, and connectivity) in various potential geological 
formations using the NS method (Melnichenko et al., 2009; Bahadur 
et al., 2016; Melnichenko, 2016; Stefanopoulos et al., 2017). 

A crucial factor regarding pore systems is accessible and inaccessible 
porosity, which can be calculated using SANS methods like contrast- 
matching SANS (CM-SANS) processes (Brumberger, 1995). To calcu-
late accessible and inaccessible pore volume fractions, fluid invasion 
into pores can be continued until the SLDs of the two components (filling 
phase and matrix) become the same. This condition is identified as the 
contrast-matching condition or zero average contrast. In this scenario, 
high gas pressures of the order of kilobars are required to evaluate 
accessible and inaccessible porosity through the CM-SANS process, 
which in turn can influence the morphology of pores at high gas pressure 
(Pollock et al., 2011). 

Melnichenko et al. (2012) have used SANS/USANS techniques to 
evaluate accessible and inaccessible pore volume fractions of methane 
and carbon dioxide as a function of pore size in three coals from the 
Illinois Basin, USA, and the Bowen Basin, Australia. The authors used the 
relation between scattering intensities and the volume fraction of 
accessible pores in addition to the relation between real and inverse 
space dimensions to investigate differences in scattering intensities 
measured by SANS/USANS techniques at zero average contrast pressure 
and under vacuum, and determine the variation of the volume fraction 
of accessible pores as a function of pore sizes in coal samples. Similarly, 
He et al. (2012) have used SANS/USANS techniques to determine the 
inaccessible pore volume fraction of methane and carbon dioxide in four 
bituminous (middle-rank) coals and related this inaccessibility to 
physical or chemical properties of the coal matrix. Their results 
demonstrated strong densification, condensation, or both, of the 
invading subcritical CO2 in small pores. 

Other potential storage reservoirs for CO2 geo-sequestration are deep 
saline aquifers. The pore systems of these reservoirs can be analyzed by 
SANS method to predict storage capacity. For example, Bahadur et al. 
(2016) have applied a method for determining accessible and inacces-
sible porosities that do not require the attainment of zero average 
contrast. The authors took the ratio of intensities at specific values of Q 
and, by knowing the ratio of their contrasts, the ratio of the fractions of 
closed and open pores could be obtained. These researchers have shown 
that scattering intensity rises at a high Q and decreases at a low Q when 
CO2 pressure is increased (Fig. 22). This method can be used to deter-
mine the fraction of closed and open pores using different fluids such as 
methane and carbon dioxide at lower pressures. 

Shale is another target for CO2 geo-sequestration (Kang et al., 2010; 
Levine et al., 2016; Pearce et al., 2018) where large volumes of CO2 can 
potentially be rendered immobile via adsorption trapping. For this 
purpose, SANS measurements can assist in terms of estimating the 
fraction of pores accessible for CO2 adsorption. A study by Stefanopoulos 
et al. (2017) has shown that CO2 densification occurred within acces-
sible pores at all investigated pore sizes; however, increased Q led to 
increasingly inaccessible pores. At Q > 1 Å–1 (radius = 0.25 nm), no 
accessible pores could be found (Fig. 23). This is because CO2 molecules 
with kinetic diameters of 0.33 nm cannot penetrate pores with radii of 
<0.25 nm. Therefore, despite the abundance of nanopores in shale, they 
are inaccessible for CO2 geo-sequestration. 

3.3.4. Formation evaluation 
Some well-logging tools such as pulsed neutron (PN) and NES are 

based on NS and are routinely applied for formation evaluation. The 
neutron-based logs can be used to estimate petrophysical parameters 
such as porosity, saturation, and lithology. Table 10 summarizes recent 

Fig. 15. Differences in pore size distributions for two shales with different 
mineralogies. (a) Clay-rich shale. (b) Carbonate-rich shale. Note that different 
curves represent different operating pressures, while red dotted curve repre-
sents wet sample. Open pores correspond to positive values while closed pores 
correspond to negative values of distribution difference. [Reproduced from Neil 
et al., 2020a with permission from the American Chemical Society.] 

Fig. 16. Variation in the closed-pore fraction with Le/L ratios. [Reproduced 
from Sun et al. (2017) with permission from Elsevier.] 
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investigations of these logs used for formation evaluation. 
A neutron log is sensitive mainly to concentration of hydrogen atoms 

in formation, where its primary use is in estimating a formation’s 
porosity (Baker et al., 2015). For example, Guo (2019) has developed a 
porosity measurement using a pulse neutron generator (PNG), and the 
proposed algorithm used inelastic-to-capture ratio to enhance porosity 
measurement sensitivity considering borehole effects. The algorithm 
overcame: 1) the limitation of low sensitivity to formation porosity of 
traditional neutron logs and 2) the dependency of tools on amer-
icium–beryllium (AmBe) and Cf-252 radiological sources that have 
health and safety problems. Similarly, Mao et al. (2020) have presented 
a neutron-porosity logging-while-drilling tool using a PNG source, with 
results showing that the tool could be very helpful in reservoir moni-
toring and evaluation at high-pressure and high-temperature conditions. 

A neutron log can often be affected by the hydrocarbon saturation of a 
formation. The effect of oil is small as its hydrogen content is similar to 
that of water. However, since gas has low hydrogen content, this can 
lead to lower neutron counts and underestimated porosity. Moreover, 
shale tends to absorb neutrons and therefore has high apparent neutron 
porosity (Baker et al., 2015). 

Another application of a neutron log is to determine fluid saturation. 
Conner et al. (2017) have used pulsed-neutron-capture (PNC) logs to 
evaluate oil and gas saturations, with their results revealing PNC logging 
to be well-suited to CO2 monitoring (for storage or EOR purposes), 
where traditional tools could not effectively distinguish between oil, gas, 
and water in cased CO2 injection and monitoring wells. Critical factors, 
such as mud filtrate affecting fluid saturation as calculated by pulse 
neutron spectral carbon or oxygen logging, have been analyzed by 
Eltaher et al. (2018), with results demonstrating that saturations from 
shallow zones may not represent reservoir saturation due to mud filtrate 
invasion. Further, cement quality, tools used, and other borehole con-
ditions were also shown to potentially affect reservoir saturation 
monitoring. 

The main application of an NES (also known as element capture 
spectroscopy) log is the identification of precise mineral fractions by 
converting elemental dry weights to mineral dry weights. For example, 
Zhao et al. (2017a, 2017b, 2017c) have applied NES logs and an opti-
mization method to solve NES mineral inversion problems. Their results 
were shown to be in good agreement with XRD data, indicating the 
robustness and accuracy of the optimization method for mineral inver-
sion based on NES. Similarly, Hosseini (2018) has used NES logs to 1) 
compensate for the deficiency of logs required for petrophysical 
modelling, and 2) conduct reliable formation evaluation using accurate 
mineralogy. The author’s results showed that a precise mineralogy using 
NES logs can influence fluid saturation and porosity. 

Table 9 
Summary of recent studies on geo-fluid characterization using NS techniques  

Geo-fluid 
analyzed 

Chemical 
formula 

Characteristics analyzed Scattering features Key findings Reference 

Methane CD4 Phase behaviour and 
retention of methane in 
nanopores 

SANS with λ = 6 Å (Δλ/λ~0.13) and Qs 
ranging from 0.003 to 0.43 Å–1; and MD 
simulation 

Increased methane retention was predicted using 
MD modelling in low (3,000 psi) pressure. Also, as 
a result of a higher peak pressure, dense or liquid- 
like methane was trapped in sub-2-nm-radius 
nanopores. 

Neil et al. (2020b) 

Methane CD4 Adsorption on porous silica 
surface 

SANS with λ = 5 to 6 Å and Qs ranging 
from 0.01 to 0.5 Å–1 

At T >Tc, SANS patterns were very sensitive to the 
change in the excess adsorption of methane. 

Chiang et al. 
(2016) 

Water H2O Diffusive dynamics 
(translational and 
orientational) of water in 
carbon nanotubes 

QENS with λ = 5.1 to 6 Å and Qs 
ranging from 0.38 to 2 Å–1 at T = 300 K 
down to 10 K 

The translational dynamic was compatible with the 
rotational one. There was an active rotational 
dynamic for water even at low temperatures. 

Briganti et al. 
(2017) 

Water H2O Translational and rotational 
diffusion in water 

QENS with Qs ranging from 0.4 to 1.4 
Å–1 translational and rotational 
diffusion in water in the GPa range. 

The translational diffusion strongly decreased with 
pressure while the rotational diffusion was almost 
insensitive to pressure. 

Bove et al. (2013) 

Carbon 
dioxide 

CO2 Structure, adsorption Scattered neutrons at Qs ranging from 
0.02 to 40 Å–1 were counted as a 
function of neutron TOF. 

Confined CO2 had liquid-like properties; however, 
some differences in orientational correlations in 
the pores can be related to the confinement of the 
CO2 or its strong interactions with the silica walls. 

Stefanopoulos 
et al. (2012) 

Carbon 
dioxide 

CO2 High pressure adsorption SANS with λ = 4.72 Å (Δλ/λ~0.13) and 
Qs ranging from 0.005 to 1 Å–1 at T =
296 K. 

The solvation pressure-induced strain and strong 
densification of confined CO2 resulted in 
adsorption-induced deformation of micropores. 

Bahadur et al. 
(2015a, 2015b) 

Hydrogen H2 Adsorption, diffusive 
dynamics 

SANS and inelastic/quasielastic 
methods with Qs = 1.3 to 30 Å–1 that 
corresponded to wavelengths from 0.2 
to 4.2 Å 

Deconvolution of an elastic/quasielastic signal at 
77 K related fractions of immobile and partially 
mobile hydrogen to pressure, which can be 
correlated with the excess adsorption. 

Bahadur et al. 
(2017a, 2017b) 

Ethane C2H6 Structure, dynamics in silica 
nanopores 

QENS with λ = 4.8 Å in the presence of 
CO2 at different pressures (30, 65, and 
100 bar) at 323 K 

CO2 molecules were more strongly adsorbed to the 
pore surface than C2H6 molecules. 

Liu et al. (2020) 

Propane C3H8 MD simulation QENS compared to the MD simulation. 
QENS signal was fitted with the 
molecular structure factor of the 
scattering intensity, SM(Q). 

MD simulation supplemented the QENS data to 
identify the origin of anomalous pressure 
dependence of propane diffusivity. 

Gautam et al. 
(2017a)  

Fig. 17. First-order peak intensity of experimental and fitting data for porous 
silica material with CD4 as a function of temperature (loading pressure was 
approximately 100 kPa and Tc = 119 K). [Reproduced from Chiang et al., 2016 
with permission from the American Chemical Society.] 
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3.3.5. Neutron imaging (radiography and tomography) 
Imaging technologies have continually improved our ability to 

visualize the internal structures of geological objects and fluid flow 
through rock (Fusseis et al., 2014). In this context, neutron imaging has 
demonstrated results comparable to X-ray imaging and magnetic reso-
nance imaging (MRI) and the latter still remain subject to some limita-
tions. For example, X-ray imaging differentiates between air and water 
using tracers; however, this is ideally done by neutrons due to their 
strong attenuation by hydrogen in water. Moreover, MRI is limited by 

the presence of iron in a solid matrix, whereas neutrons are relatively 
insensitive to both fluid in pores and solid constituents, such as iron 
(Perfect et al., 2014). 

One interesting development in tomography techniques has been the 
improvement in tools enabled by using combined X-ray CT (XCT) and 
neutron CT (NCT) or by resolution. In this method, neutron and X-ray 
systems can be placed at perpendicular angles so that a sample sits at the 
intersection of the beams (Fig. 24), as demonstrated by recent in-
vestigations (Sinha et al., 2013a, 2013b; Kaestner et al., 2016; Chiang 
et al., 2017; LaManna et al., 2017; Chiang et al., 2018; Stavropoulou 
et al., 2019). 

Useful synergies can be found based in similarities and overlaps (e.g. 
in probing size range) for neutron scattering and imaging methods 
(Lehmann et al., 2017). For example, Zhou et al. (2016) have shown how 
neutron scattering and imaging data can be efficiently combined on a 
scattering vector scale in order to cover an extended size range from 
microscopic to macroscopic length scales. A review of the application of 
small angle scattering data in neutron imaging, given by Strobl et al. 
(2017), similarly underlines the potential of good spatial resolution. 

Table 11 summarizes recent studies on subsurface applications of 
neutron imaging. Neutron imaging provides information about the 
composition and internal structure of a sample. For example, Kaloyan 
et al. (2017) have used a neutron tomograph to construct a contrast scale 

Fig. 18. Molecular modelling results of methane. (a) Molecular dynamics 
modelling predicts increased methane retention in a low (3,000 psi) pressure 
drawdown scenario. (b) There is a greater decrease in SANS intensity for the 
low (3,000 psi) pressure drawdown scenario, indicating that more methane 
remained in the pore spaces. [Reproduced from Neil et al., 2020b with 
permission from Springer Nature.] 

Fig. 19. Pressure dependence of the diffusion coefficients for water along the 400-K isotherm measured by QENS and MD simulations. (a) Translational (DT). (b) 
Rotational (DR). [Reproduced from Bove et al., 2013 with permission from the American Physical Society.] 

Fig. 20. Partial pair correlation functions for water molecules at 25◦C obtained 
from the NS method. [Reproduced from Amann-Winkel et al., 2016 with 
permission from the American Chemical Society.] 
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of mineral and rock samples for thermal-neutron tomography. These 
authors showed that a constructed neutron contrast scale could be used 
to garner the most detailed information about the internal structure of 
samples. A simultaneous neutron and X-ray tomography system used by 

LaManna et al. (2017) has been shown to offer the potential of identi-
fication of composition as well as improvements in the strength and 
durability of concrete. Similarly, Oliveira et al. (2019) have applied a 
combination of neutron tomography and high-resolution X-ray to 
investigate the mineralogical heterogeneity of oil reservoir rocks at the 
pore scale. Their results showed, for the first time, the 3D distribution of 
asphaltenes and their strong preference for mica grains (Figs. 25 and 
26). 

Additionally, neutron image techniques have been used to visualize 
the flow and velocity of fluids in bulk rocks. For example, Cordonnier 
et al. (2019) have used 2D NTR and 3D NCT to visualize cadmium 
sorption and transport in limestone samples (Fig. 27). Their results 
showed the local preferences of hydraulic properties regarding the 
transportation or adsorption of cadmium in samples. Tudisco et al. 
(2019) have conducted a flow experiment on a rock sample where in the 
upper part of the sample, water imbibition was the only active driving 
force (Fig. 28). They used digital volume correlation to provide full 3D 
deformation and shear-strain measurements to compare with flow 

Fig. 21. Comparison of H2 excess adsorption and deconvoluted component 
variations with pressure at a 77-K isotherm for elastic, quasi-elastic, and total 
inelastic NS (INS) signals. [Reproduced from Bahadur et al., 2017a, 2017b with 
permission from Elsevier.] 

Fig. 22. The scattering intensity Ifluid(Q) at various measured pressures. The 
Ifluid(Q) is calculated by deducting the under-vacuum sample scattering profile 
from the high-pressure SANS profiles. [Reproduced from Bahadur et al., 2016 
with permission from the International Union of Crystallography.] 

Fig. 23. Comparison of CO2 scattering intensity ratio at T = 22◦C and P = 25 
and 40 bar with vacuum conditions (SANS and a near- and intermediate-range- 
order diffractometer instrument) for Marcellus shale. The flat background is 
omitted. The inset curve is the same done at T = 60◦C. [Reproduced from 
Stefanopoulos et al., 2017 with permission from the American Chemi-
cal Society.] 

Table 10 
Summary of some recent neutron-based log studies on formation evaluation  

Neutron 
log 

Property 
estimated 

Key findings Reference 

PN Porosity The tool is helpful in reservoir 
monitoring and evaluation at 
high-pressure, high-temperature 
conditions. 

Mao et al. 
(2020) 

PN Porosity The algorithm used the inelastic- 
to-capture ratio to enhance 
porosity measurement sensitivity 
considering borehole effects. 

Guo (2019) 

PN Saturation Saturations from a shallow zone 
may not represent reservoir 
saturation due to mud filtrate 
invasion. Also, cement quality, 
tools used, and other borehole 
conditions may also affect 
reservoir saturation monitoring. 

Eltaher et al. 
(2018) 

NES Mineralogy The precise mineralogy using NES 
logs had many effects on the 
values of petrophysical 
parameters such as fluid 
saturation and porosity. 

Hosseini (2018) 

NES Mineralogy The results had good agreement 
with X-ray diffraction data. 

Zhao et al. 
(2017a, 2017b, 
2017c) 

PN Saturation Pulsed-neutron-capture (PNC) 
logging is a tool for CO2 
monitoring for storage or EOR 
purposes. 

Conner et al. 
(2017)  

Fig. 24. A combined XCT and NCT. [Reproduced from Kaestner et al., 2016 
with permission from Nondestructive Testing (NDT).] 
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measurements. Similarly, Zambrano et al. (2019) have shown that the 
integrated utilisation of NCT and XCT provides further evidence 
regarding the effects of effective pore network on fluid flow. These au-
thors simulated fluid dynamics and 3D interpretations of the pore net-
works using the combined XCT and NCT (Fig. 29). Tötzke et al. (2017) 
have used high-speed neutron tomography to capture 3D water flow in 
rooted soil, showing the capability of their method for 3D water uptake 
modelling. 

There are comprehensive review papers that have been published 
regarding the application of neutron imaging in earth science issues. For 
example, Perfect et al. (2014) have conducted a review of neutron im-
aging of hydrogen-rich fluids in geomaterials and engineered porous 
media. Further, the geomechanical applications of neutron imaging has 
been comprehensively reviewed by Tengattini et al. (2020). 

3.3.6. Enhanced geothermal systems 
Enhanced geothermal systems (EGSs) are used for extracting heat 

from porous and permeable geothermal resources. The neutron-based 
methods (e.g. SANS, USANS, and neutron imaging) have been effec-
tively used to analyze EGSs at different scales (Table 12). For instance, 
neutron tomographic analyses can help provide 3D images of pore 
networks and extend scattering curves to lower Q in an even more 
quantitative manner (Bingham et al., 2015). 

Neutron imaging has been used in EGSs to characterize internal 
structure and fluid flow through rock. For example, Polsky et al. (2013a, 

Table 11 
Summary of some recent neutron imaging studies on subsurface applications  

Properties 
analyzed 

Imaging 
techniques 

Neutron features Key findings Reference 

Composition, 
internal 
structure 

NCT, XCT A neutron tomography (neutron beam with λ = 1.56 Å 
monochromatized by the reflection from a Cu (111) 
single crystal) 

An experimental scale of neutron contrast for minerals or rock 
objects was constructed that could be used to get the most 
detailed information about the internal structures of the 
samples. 

Kaloyan et al., 
2017 

Composition, 
internal 
structure 

NCT, XCT A thermal neutron beam (controlling the geometric 
blurriness and fluence rate by the neutron imaging 
facility) 

A simultaneous neutron and X-ray tomography system helped 
to identify the unwanted phases formation and understand how 
to improve the strength and durability of concrete. 

LaManna et al., 
2017 

Composition, 
internal 
structure 

NCT, XCT A cold monochromatic neutron beam (pixel size =
11.2 μm, exposure time = 15 s/projection, λ = 2 to 6 Å) 

The 3D distribution of asphaltenes and their strong preference 
for the mica grains were shown for the first time by the 
combined use of neutron tomography and high-resolution X- 
ray. 

Oliveira et al., 
2019 

Fluid flow NCT, NTR A high and very stable neutron flux by the cold neutron 
source (pixel sizes = 110, 165 μm, exposure time = 0.2 
s) 

The results obtained for a quick wetting of a rooted soil and 
subsequent root water uptake. They showed the ability of their 
method for 3D water uptake modelling. 

Tötzke et al., 
2017 

Fluid flow NCT, XCT High-speed neutron tomography (acquisition = 300 
projections in 1 min, pixel size = 100 μm) 

In situ analysis could be done regarding the local preferences of 
hydraulic properties of rocks due to mechanical deformation. 

Tudisco et al. 
2019 

Fluid flow NCT, NTR Two different neutron sources including a fission type 
(neutron flux = 1.5×1015 n/cm2/s) and a spallation 
type (neutron flux = 1014 n/cm2/s) 

Local preferences could be imaged of hydraulic properties 
regarding the transportation or adsorption of cadmium in 
limestone samples. 

Cordonnier 
et al., 2019 

Fluid flow, 
internal 
structure 

NTR, NCT, 
XCT 

Two-dimensional NTR and 3D NCT (neutron intensity 
= 1.3 × 107 n/cm2/s/mA, exposure time = 80 s) 

The combination of NCT and XCT provided more information 
regarding the contribution of effective pore space to fluid flow. 

Zambrano 
et al., 2019  

Fig. 25. Interaction of mica grains and crude oil components shown by 3D images of a slab of sandstone rock. (a) Distribution of the mica grains using XCT. (b) 
Distribution of aggregated asphaltenes in crude oil. (c) Superimposed (a) and (b) to show that the points with good matching suggest a mica–oil interaction. 
[Reproduced from Oliveira et al., 2019 with permission from Nature Research.] 

Fig. 26. Mica–asphaltene interactions in pores filled with oil. (a) XCT showing 
pores. (b) Overlaid (a) by aggregated oil extracted from NCT. (c) Higher 
magnification of (a). (d) Higher magnification of (b). [Reproduced from Oli-
veira et al. (2019) with permission from Nature Research.] 
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2013b) have used neutron imaging to investigate fluid flow through 
fractures in EGS-representative conditions. The proof-of-principle mea-
surements of their study included imaging of water–air and H2O–D2O 
flow fronts in addition to measuring the 3D structure of precipitation 
deposits on fracture surfaces. Using these measurements, the structure of 
flow moving through a fracture could be quantitatively and qualitatively 
described. Similarly, Bingham et al. (2015) have applied neutron im-
aging to test the flow of bubbles of Fluorinert, an electronics coolant 
liquid, through water-filled cracks under environmental conditions that 

are found in EGSs. Their results showed that tracking one phase flow 
through a manufactured crack using a tracking algorithm for correlating 
the positions of individual bubbles was successful. 

Moreover, NS has been applied to characterize rock pore features in 
EGS reservoirs. For example, Anovitz et al. (2011) have used SANS/ 
USANS techniques to examine the relationship between pore features 
and water vapour–rock interaction processes in a commercial 
geothermal system. Their results demonstrated that a vapour-dominated 
sample of the system had a large fraction of smaller pores with smooth or 

Fig. 27. An experimental setup for NS during injection. A core holder is pressurized with N2 and is located on the neutron beamline rotary stage. One of the two 
injection pumps fills the sample from its bottom side. The third pump attached to the top of the sample recovers the fluid. [Reproduced from Cordonnier et al., 2019 
with permission from Frontiers Media SA.] 

Fig. 28. Vertical and horizontal slices through (a) the neutron tomography image at the end of the flow test, (b) the volume of water speed, (c) the volume of 
maximum shear strain, and (d) the volume of volumetric-strain (positive values refer to compression). The strain fields were obtained from digital volume correlation 
used by X-ray tomography taken before and after triaxial deformation. [Reproduced from Tudisco et al. (2019) with permission from the American Geophys-
ical Union.] 
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fractal pore walls. The overall microporosities of the vapour- and liquid- 
dominated samples were similar. There were also significant differences 
in the pore structure of normal (240 ◦C) and high-temperature (260 to 
360 ◦C) zones. Similarly, Anovitz et al. (2013) have used a combination 
of NS (SANS/USANS) and imaging analysis to quantify the micropo-
rosity of samples from a well, showing that pore morphology provides a 
detailed statistical description of PSD that can be used to assess 
enhanced heat extraction in geothermal reservoirs. Moreover, Polsky 
et al. (2013a, 2013b) have used neutron diffraction-based strain mea-
surement techniques to investigate the internal volumes of sandstone, 
limestone, and marble geological core samples. Their study effectively 
provided a better understanding of deformation-related behaviours and 
hydraulically induced fractures, which can be applied to rock 
mechanics. 

4. Technical limitations 

Neutron scattering is the preferred technique for investigating geo-
materials and filling fluids due to its unique features i.e. the interactions 
between neutrons and matter. However, these features can cause some 
limitations. One of the primary NS limitations is that unlike X-ray 
sources (synchrotrons), neutron sources (spallation sources using cold- 
source moderators or nuclear reactors) are characterized by relatively 
low fluxes and have limitations for observing fast, time-dependent 
processes. X-rays are often preferred to neutrons to investigate small 
samples at a very high resolution (El Abd and Milczarek, 2004). In 
accordance, relatively large samples (typically a diameter of 1 cm and a 
thickness of 1 mm) are required for SANS tests. Other limitations of NS 
(some may be also true for other techniques) include problems with: 1) 
the accessibility of neutron sources (e.g. nuclear processes for neutron 

Fig. 29. 3D interpretations of a pore network. (a) XCT. (b) NCT. (c) Velocity image obtained from the Lattice–Boltzmann method. The sample size was 10 mm × 20 
mm (diameter × height). The pixel size was set to 13.5 mm. [Reproduced from Zambrano et al., 2019 with permission from Frontiers Media SA.] 

Table 12 
Summary of some recent neutron-based studies on EGS.  

Experimental conditions Aim and neutron features Key findings Reference 
Confinement pressure = up to 69 

MPa, flow pressure = 34.5 MPa, 
temperature = up to 350 ◦C 

Neutron imaging with a tracking algorithm was applied to 
test the flow of Fluorinert bubbles through water-filled 
cracks under environmental conditions found in EGS. The 
thicknesses of the scintillator and exposures of imaging 
were 150 μm and 10 ms respectively. 

Tracking of one phase flow through a manufactured crack 
in a core sample (1.5-inch diameter) was successful. 

Bingham et al. 
(2015) 

Confinement pressure = up to 69 
MPa, flow pressure = 34.5 MPa, 
temperature = up to 350 ◦C 

Neutron imaging was used to investigate fluid flow through 
fractures in EGS-representative conditions. The thicknesses 
of scintillator, exposures of imaging, and neutron fluence 
rate were 100 μm, 10 ms, and 1.4×107 neutrons/cm2/s 
respectively. 

The proof-of-principle measurements that were 
successfully done by the system included imaging of the 
water–air and H2O–D2O flow fronts and measuring the 3D 
structure of precipitation deposits on fracture surfaces. 

Polsky et al. 
(2013a, 
2013b) 

Confinement pressure = up to 69 
MPa, flow pressure = 34.5 MPa, 
and temperatures = up to 350 ◦C 

Neutron diffraction-based strain measurement techniques 
were used to interrogate the internal volumes of sandstone, 
limestone, and marble geological core samples. Neutron 
chopper settings of 20 Hz and 30 Hz were used to define 
incident beam wavelengths of 4.32 Å and 2.88 Å 
respectively. 

The study provided a better understanding of deformation- 
related behaviours and hydraulically induced fractures. 

Polsky et al. 
(2013a, 
2013b) 

Not reported A combined NS (SANS 
/USANS) and imaging analysis was used to quantify 
microporosity of samples from a well. The Q ranges 
covered by the SANS and USANS techniques were 1*10–3 to 
0.7 Å–1 and 4*10–5 to 1*10–3 Å–1 respectively. 

The characterized pore morphology provided a detailed 
statistical description of the PSD that could be used to 
understand enhanced heat extraction in geothermal 
reservoirs. 

Anovitz et al. 
(2013) 

Normal-temperature sample = 240 
◦C, high-temperature sample =
260 ◦C to 360 ◦C. 

SANS/USANS techniques were used to characterize rock 
pore features in an EGS reservoir. The Q ranges covered by 
the SANS and USANS techniques were 1*10–3 to 0.7 Å–1 

and 4*10–5 to 1*10–3 Å–1 respectively. 

The vapour-dominated sample of the system had a large 
fraction of smaller pores with smooth or fractal pore walls. 
The overall submicron porosities of the vapour- and liquid- 
dominated samples were similar. There were significant 
differences between the pore structures of the normal and 
high-temperature zones. 

Anovitz et al. 
(2011)  
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production); 2) strong absorption of neutron signals by elements like Cd, 
B, and Gd; 3) low access of neutrons to all transfers of energy and mo-
mentum (kinematic restrictions); 4) necessary corrections of instrument 
effects; and 5) difficulty in interpreting single physical phenomena 
(Wenk, 2006). It should also be noted here that preparing and main-
taining neutron sources involves a very high cost, where operating a 
nuclear research reactor costs millions of USD annually. Many of these 
expenses are due to the cost of electricity alone for running a spallation 
neutron source. One reason why the neutron field has experienced 
serious setbacks and delays in recent decades is the high operational 
cost. For example, the Advanced Neutron Source project was cancelled 
in the mid-1990s because of its high cost, which had amounted to bil-
lions of USD (Rush, 2015). Therefore, running successful neutron pro-
jects requires considerable support and hosting of large facilities by 
funding entities. 

5. Future work 

Whilst real-time in-situ neutron experiments have been developed, 
there is still large potential for future developments. Future work could 
include studies of systems using high neutron flux sources. Some of the 
key areas of future research on applications of NS in petroleum engi-
neering and geoscience fields are summarized below:  

1. Spontaneous imbibition of a fluid into a reservoir rock core sample is 
important to determine displacement characteristics such as wetta-
bility, capillary uptake height and rate, and sorptivity. Recently, a 
few works (e.g. DiStefano et al., 2017; Brabazon et al., 2019; Zhao 
et al., 2019; Perfect et al., 2020) have considered spontaneous 
imbibition along fractures using neutron imaging, where further 
investigations will be required to fully explore this application.  

2. Given the recent availability of high flux sources in neutron imaging 
facilities, the geomaterials and geofluid systems have been (and will 
be) investigated using these sources (Tengattini et al., 2020). This 
will facilitate an ongoing effort towards reaching a resolution of 1 
μm. To achieve this high flux, a wide Q range is required, particularly 
down to 5 × 10–4 Å–1. This may also make it possible to investigate 
texture and anisotropy in more detail, even in small samples.  

3. In order to achieve superior spatio-temporal resolution in neutron 
imaging, some developments have been (and will be) considered 
using the combination with X-ray imaging. Moreover, in order to 
cover an extended size range, the synergy between neutron scat-
tering and imaging should be further improved.  

4. Further investigations will be directed toward conducting more in- 
situ experiments at high-pressure elevated temperature conditions. 
For example, until now, the number of studies examining PSD and 
porosity changes in shale as a function of pressure (Ruppert et al., 
2013; Neil et al., 2020a) are very limited. Moreover, SANS studies 
addressing how cycling pressure affects methane retention and 
nanopore structure are scarce (Neil et al., 2020b). In addition, there 
are limited tomographic investigations at elevated temperatures. 
Tomographic investigations at high-pressure elevated temperature 
conditions; however, have been applied to date for concrete (Dauti 
et al., 2018; Yehya et al., 2018).  

5. The understanding of rock-fluid inactions and associated interface 
behaviour (e.g. incorporation of simple molecules in gas hydrates) is 
important for interpreting the molecular dynamic simulations of 
interfacial phenomena. Thus, a molecular-level knowledge of how 
fluids (H2O, CH4, CO2, higher hydrocarbons, etc.) interact with rock 
at various pressure–temperature conditions needs to be coupled with 
NS observations –thus constituting an area for future research.  

6. Asphaltene deposition and mitigation is another key challenge in the 
oil and gas industry. Accordingly, the precise characterization of 
asphaltenes using the SANS/USANS techniques would be inter-
esting/impacting/useful (Knudsen et al., 2020).  

7. Finally, further studies are required on the applicability of SANS/ 
USANS methods to investigate EOR processes; e.g., phase changes in 
oil and brine CO2 systems at a nanometre scale and their relative 
permeabilities, and the accurate study of more complicated systems 
like rocks saturated with brine–gas condensate on low-permeability 
rock samples and sandy oil reservoirs. Efficient characterization of 
rocks and fluids by the SANS method would be constructive for more 
detailed predictive models, which are essential for: primary pro-
duction, enhanced hydrocarbon recovery, geothermal engineering, 
and CO2 sequestration plans. 

6. Conclusions 

In this paper, the applications of NS techniques in various areas of 
geosciences (geology, geothermal, environmental, and petroleum engi-
neering) have been critically reviewed. The published datasets suggest 
that NS is a powerful method for rock and fluid characterization, 
providing essential information about the structure, texture, rock pet-
rophysical parameters, and phase behaviours of fluids – which in turn 
underpins reservoir scale applications (e.g. EOR, CO2 geo-storage, etc.). 

More specifically, it can thus be concluded that NS has been 
frequently used to investigate the crystal structures and minerals, rock 
texture and the associated geo-mechanical properties – this is attributed 
to low adsorption and high penetration of neutrons. Furthermore, the 
data analysed here demonstrate that there is a growing interest in NS 
applications to resolve rock microstructural features including porosity, 
pore size and connectivity. In comparison with other rock character-
ization methods, such as helium pycnometer, gas (CO2 and N2) 
adsorption, and mercury injection capillary pressure (MICP), NS with 
high penetration power is a very useful method for investigating closed 
pores (pores smaller than the intruding molecule). This is particularly 
the case for shale rocks which exhibit microstructural heterogeneities at 
multiple length scales – thus the inclusion of SANS/USANS in multiscale 
correlative imaging can help resolve shale microstructure – and in turn 
contribute towards improved shale reservoir characterization. Notably, 
previous studies have also applied NS technique for exploring phase 
behaviour and the associated fluid-fluid and rock-fluid interactions for 
several geo-fluids including, but not limited to, methane, CO2, water, 
crude oil, hydrogen etc. 

However, certain challenges do exist in terms of NS applications. For 
instance, focusing only on samples with small sizes (low signal), low 
water contents (detrimental scattering effects on detector), and low 
matrix hydrogen (calibrated for fluid hydrogen) are a few of the tech-
nological barriers that need to be accounted for in conducting new 
configurations and calibrations. In terms of new developments, there is 
the enhanced desire for increased resolution, which has recently reached 
close to 4 μm, where there is considerable push to reach 1 μm. In this 
regard, high flux neutron sources have facilitated the ongoing effort 
towards reaching a resolution of 1 μm. However, even 1 μm resolution 
will be insufficient to visualize finer details in nanopores. In this context, 
resolution in sub-μm range is a target for the NS community, although it 
is unclear if such an objective will be attained in the near future. One of 
the recently used techniques to achieve a superior resolution for images 
is the combination of the neutron with X-ray, where the associated im-
ages are likely to be very valuable in studies of multiphase flow and 
transport. 

Furthermore, while the status of NS suggests its effectiveness in 
several earth science applications, still several questions remained un-
addressed, which thus opens various avenues for technological and 
scientific research in future. For instance, there is a clear lack of data in 
terms of NS application at high pressure and elevated temperature 
conditions (e.g., by 3D neutron tomography) to explore rock-fluid in-
teractions at pore-scale and molecular scale, characterize geo-fluids, 
analyse phase behaviour changes; and characterize asphaltene deposi-
tion – which thus constitute areas of future investigation. Moreover, the 
use of NS for CO2 and hydrogen studies can also assist towards 
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geological storage of CO2 and hydrogen. 
In summary, the datasets reviewed here, albeit limited, provide suf-

ficient evidence of the effectiveness of NS for a range of applications. 
Specifically, reservoir and geo-fluid characterization using NS is helpful 
in making meaningful reservoir scale (hectometre-scale) predictions. 
These predictions will in turn be beneficial to primary production, 
enhanced oil and gas recovery, geothermal engineering, H2 geo-storage 
and CO2 sequestration projects. 
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284–289. 

Avdeev, M.V., Dubois, D., Meriguet, G., Wandersman, E., Garamus, V.M., Feoktystov, A. 
V., Perzynski, R., 2009. Small-angle neutron scattering analysis of a water based 
magnetic fluid with charge stabilization: contrast variation and scattering of 
polarized neutrons. J. Appl. Crystallogr. 42, 1009–1019. 

Bahadur, J., Melnichenko, Y.B., Mastalerz, M., Furmann, A., Clarkson, C.R., 2014. 
Hierarchical pore morphology of cretaceous shale: A Small-Angle Neutron Scattering 
and Ultra Small-Angle Neutron Scattering study. Energy Fuel 28, 6336–6344. 

Bahadur, J., Radlinski, A.P., Melnichenko, Y.B., Mastalerz, M., Schimmelmann, A., 
2015a. Small-angle and ultrasmall-angle neutron scattering (SANS/USANS) study of 
new Albany shale: A treatise on microporosity. Energy Fuel 29 (2), 567–576. 

Bahadur, J., Melnichenko, Y.B., He, L., Contescu, C.I., Gallego, N.C., Carmichael, J.R., 
2015b. SANS investigations of CO2 adsorption in microporous carbon. Carbon. 95, 
535–544. 

Bahadur, J., Medina, C.R., He, L., Melnichenko, Y.B., Rupp, J.A., Blachd, T.P., 
Mildnere, D.F.R., 2016. Determination of closed porosity in rocks by small angle 
neutron scattering. J. Appl. Crystallogr. 49, 2021–2030. 

Bahadur, J., Contescu, C.I., Rai, D.K., Gallego, N.C., Melnichenko, Y.B., 2017a. Clustering 
of water molecules in ultramicroporous carbon: In-situ small-angle neutron 
scattering. Carbon. 111, 681–688. 

Bahadur, J., Contescu, C.I., Ramirez-Cuesta, A.J., Mamontov, E., Gallego, N.C., 
Cheng, Y., Daemen, L.L., Melnichenko, Y.B., 2017b. Properties of immobile 
hydrogen confined in microporous carbon. Carbon. 117, 383–392. 

Bahadur, J., Ruppert, L.F., Pipich, V., Sakurovs, R., Melnichenko, Y.B., 2018. Porosity of 
the Marcellus Shale: A contrast matching small-angle neutron scattering study. Int. J. 
Coal Geol. 188, 156–164. 

Baker, R.O., Yarranton, H.W., Jensen, J.L., 2015. Practical reservoir engineering and 
characterization. Elsevier. 

Balcewicz, M., Ahrens, B., Lippert, K., Saenger, E.H., 2021. Characterization of fractures 
in potential reservoir rocks for geothermal applications in the Rhine-Ruhr 
metropolitan area (Germany). Solid Earth 12, 35–58. 

Basavaraj, M.G., Gupta, G.S., 2004. New calibration technique for X-ray absorption in 
single and multiphase flow in packed beds. ISIJ Int. 44, 50–58. 

Bellissent-Funel, M.C., Teixeira, J., 1991. Dynamics of water studied by coherent and 
incoherent inelastic neutron scattering. J. Mol. Struct. 250, 213–230. 

Benedetto, A., Ballone, P., 2018. An overview of neutron scattering and molecular 
dynamics simulation studies of phospholipid bilayers in room-temperature ionic 
liquid/water solutions. Phys. B Condens. Matter 551, 227–231. 

Benes, N.E., Jobic, H., Verweij, H., 2001. Quasi-elastic neutron scattering study of the 
mobility of methane in microporous silica. Microporous Mesoporous Mater. 43, 
147–152. 

Berry, A.J., James, M., 2001. Refinement of hydrogen positions in synthetic hydroxyl- 
clinohumite by powder neutron diffraction, 86, pp. 181–184. 

Beta, I.A., Li, J.C., Bellissent-Funel, M.C., 2003. A quasi-elastic neutron scattering study 
of the dynamics of supercritical water. Chem. Phys. 292, 229–234. 

Bhattacharyya, D., Viswanathan, G.B., Vogel, S.C., Williams, D.J., Venkatesh, V., 
Fraser, H.L., 2006. A study of the mechanism of a to b phase transformation by 
tracking texture evolution with temperature in Ti–6Al–4V using neutron diffraction. 
Scr. Mater. 54, 231–236. 

Bingham, P., Polsky, Y., Anovitz, L., Carmichael, J., Bilheux, H., Jacobsen, D., Hussey, D., 
2015. Neutron radiography of fluid flow for geothermal energy research. Phys. 
Procedia 69, 464–471. 
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