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Abstract:
Utilizing small angle neutron scattering techniques on organic shales, this study presents an
innovative approach for characterizing the status of oil occurrence, and new insights into
pore scale assessment through scattering vector-pore size relationship. The results indicate
the successful identification of different shale oil occurrence status, before and after solvent
extraction of residual oil for four shale samples with different contents of total organic
carbon. In addition, coupled with density distribution analyses, the work demonstrates
that shale samples with lower total organic carbon contents typically signify a smaller
radius of gyration with better oil mobility, which indicates a greater wave oscillation with
a larger pore size to be estimated from the scattering vector. This work also elucidates
the notable scenarios of an increasing pore size could correspond to a decreasing radius
of gyration caused by mass density redistribution. For polydisperse systems, this research
illustrates the variations in pore volumetric ratio impact the scattering intensity, whereas
pore scale changes affect the oscillation pattern. This novel research of analyzing mass
density distribution and pore scale information in real space is also suitable for other
porous media systems.

1. Introduction
Shale, recognized as a typically polydisperse porous

medium, garners a substantial attention owing to its com-
plex geometric characteristics and vast utilities in geological
systems such as being unconventional hydrocarbon reser-
voirs (Nelson, 2009; Ross and Bustin, 2009; Clarkson et
al., 2012). The topics of ultra-low matrix permeability (Zhang
et al., 2023), wide pore size distribution (PSD) (Sakurovs
et al., 2012; Kuila and Prasad, 2013; Xu, 2020), complex
oil occurrence status (Xu et al., 2022), and µm-scale mixed
wettability (Hu et al., 2015) have emerged as crucial foci
for an efficient development of shale oil, thereby receiving

considerable studies. However, despite recent advancements
(Wang et al., 2016; Hu et al., 2021; Li and Cai, 2023a),
achieving direct nm-scale insights of oil occurrence status still
remains challenging, resulting in a gap of a comprehensive
understanding of shale oil mobility within pore spaces and
subsequent production in wellbores (He et al., 2015; Saif et
al., 2016).

Small angle neutron scattering (SANS) techniques serve
as a unique technique for the structural characterization of
geological media (Radliński et al., 1999, 2000; Clarkson et
al., 2013; Anovitz and Cole, 2015; Zhang et al., 2020). Based
on the way that neutrons interact and scatter from atoms,
SANS provides the means to probe the atomic information
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Table 1. Sample properties and SLD values.

ID TOC (wt.%) Ro(%) SLD
(×1010 cm−2)

C1 1.07 1.05±0.06 3.94

C2 1.67 1.06±0.07 4.04

C3 2.91 1.02±0.05 4.01

C4 3.98 1.03±0.06 4.11

Note: Ro is the % of reflected light at the specified
wavelength from a vitrinite maceral immersed in oil for
maturity indication. The average OM mass density and
associated SLD value of 1.22 g/cm3 and 3.5×1010 cm−2

were used for calculation.

and thereby provides an opportunity to assess the redistribution
of mass during the new arrangement of components (Jeffries et
al., 2020). The SANS method has been extensively employed
in the realm of structured polymers and proteins (Cousin et
al., 2005; Liu et al., 2009; Hong et al., 2012), e.g., in analyzing
the conformational alterations when higher-order assemblies
are forged of macromolecules (Arrighi et al., 2004). Despite
its effectiveness in numerous fields, a comparable approach
for analyzing mass distribution within shale oil formations is
yet to be fully developed.

Meanwhile, the interpretation of SANS data, particularly
in understanding pore-scale phenomena in geologic systems as
inferred from scattering patterns, continues to be a subject of
controversy (Gu et al., 2015; Guo et al., 2019; He et al., 2020).
According to the reciprocity law (Glatter and Kratky, 1982;
Iampietro et al., 1998), the characteristic size of an object,
denoted as r, is inversely correlated with the width of scat-
tering intensity distribution, I(q), in q-space (Chen, 1986).
Mathematically, in fact, the expression of scattering vector
in neutron coherent elastic scattering is an alignment with
Bragg scattering, to be the same as q = 2π/d as illustrated by
Squires (1996), which offers a way for scale assessment. This
alignment, however, is contingent upon conditions and could
fail in certain scenarios. For instance, when particle interfer-
ence effects appear in densely-packed particles, the scattering
pattern resembles what is expected from a distorted crystal
lattices pattern on a large scale (Glatter and Kratky, 1982),
like particles spanning a range of distances or be densely-
compacted as in geologic systems. Consequently, by con-
sidering that only perfectly periodic distributions result in
lattice peak functions in the Fourier transforms (Ewald, 1940),
the straightforward application of q = 2π/d faces challenges
in estimating particulate scattering in non-periodic, distorted
systems in real space. Even empirical values, e.g., r = 2.5/q,
have been proposed for estimating the structural scale of
geomedia (Radliński et al., 2000; Melnichenko et al., 2012),
the q vs. r correlation still falls short in providing a well-
justified quantification regarding the closely-packed polydis-
perse systems like shales.

In light of the complexities inherent in studying the oil
occurrence status and structural scales in shale, this research
is driven by three pivotal objectives:

1) This study evaluates the occurrence status of oil (whether
being adsorbed or freely moving) within pore systems,
leveraging mass density (from the scattering length den-
sity (SLD) of neutrons) spatial distribution (MSD) anal-
yses in SANS;

2) The correlation between the scattering vector q and the
pore radius r is explored in closely-packed geologic sys-
tems for a practical utilization of PSD characterization;

3) The potential relationship between MSD and particle
scale in porous media is elucidated from SANS data
before and after solvent extraction treatment of oil-
producing shale samples.

2. Materials and methodologies

2.1 Samples and experiments
Four lacustrine-sourced shale core samples, collected from

the Kongdian Formation in Cangdong Sag of the Bohai Bay
Basin in China (Ma et al., 2021), in thin slab forms measuring
between 500 and 800 µm in thickness were utilized. To
examine the oil occurrence status and pore-scale character-
istics, two distinct methodologies were employed. The first
approach involved using natural samples with varying amounts
of organic matter (OM), as indicated by total organic carbon
(TOC) values ranging from 1 to 4 wt.% (Table 1). The second
strategy employed “washing” treatment of oil-producing shale
samples, with the objective of modifying the distribution
of oil molecules in pore systems. These “washed” samples
were treated with solvent extraction (SE) using solvents of
dichloromethane (93%) and methanol (7%) (Table 1), and the
SE was performed at 50 ◦C for seven days followed by oven-
drying for 24 hrs at 60 ◦C. The underlying hypothesis is that
natural samples with varying TOC contents, or washed sam-
ples by reagents, could result in a variation of MSD at different
pore scales, based on previous investigations (Shawaqfeh and
Al-Harahsheh, 2004; DiStefano et al., 2016).

The SANS experiments were conducted at Spallation Neu-
tron Source (SNS) of Oak Ridge National Laboratory (ORNL)
in the US, and at Chinese Spallation Neutron Source (CSNS)
in China. The q-range for BL-6 Extended q-Range (EQ-
SANS) Diffractometer at ORNL was from 0.00429 to 0.74
Å−1, while the CSNS-SANS was from 0.0044 to 0.59 Å−1.
The USANS performed at ORNL have the probing q-range
from 0.00001 to 0.00305 Å−1. Since USANS usually take a
longer measurement time (8-12 hrs) for each sample, only
dry samples were analyzed by USANS in this study. Fig. 1
demonstrates the general information interpreted from USANS
spectra for shale Sample C3.

2.2 Analyses of oil occurrence status
Shale pore structures are characterized by a notable het-

erogeneity and polydispersity, as illustrated in Figs. 2(a)-
2(d). Significantly, oil molecules have a strong association
with the pore spaces related to organic matter in organic
shale. This association is underscored by statistical data of
3D images obtained by focused ion beam-scanning electron
microscopy, which indicates that almost all these observed
pores of >20 nm in diameters is adjacent to OM through
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Fig. 1. General data information interpreted from USANS spectra for shale Sample C3. (a) The term 2θ denotes the angle
between the incident and scattered neutron vectors; (b) vector k = 2π/λ and q = 4π sinθ/λ . Here, λ is the wavelength. By
incorporating q into Bragg’s law of λ = 2d sinθ , we obtain the relation of d = 2π/q to estimate ordered lattice spacings. The
combined USANS and SANS scattering in the Guinier and Porod regions reveals a mass fractal behavior with values ranging
from 2.9 to 3.0. (c-d) Additionally, typical shale structures, highlighting the varying scales of neutron interaction potential,
from chaotic nanometer-sized pores to micrometer-sized components, are showcased.

3D digital rock analyses (Fig. 2(c)). A possible explanation
for this phenomenon is the oil micro-migration from areas
rich in organic materials to neighboring regions with poor
TOC contents, and such a micro-migration has a considerable
impact on both the distribution and composition of shale oil, as
indicated by Li and Cai (2023a) and Hu et al. (2024). Within
these spaces, oil molecules, described as dense, highly viscous,
chemically intricate liquid hydrocarbons with a high carbon-
to-hydrogen ratio (He et al., 2015; Bai et al., 2023), could
predominantly exist in both free and adsorbed states (Zhang et
al., 2019; Li et al., 2021, 2023b; Xu et al., 2022). Meanwhile,
liquid hydrocarbons could co-exist with molecular gases and
water (Li et al., 2023c).

The radius of gyration, Rg, represents the root-mean-
square distance of all nuclei from their centers of gravity.
It is typically determined through three distinct methods: the
Guinier approximation (Guinier et al., 1955), analysis of the
distance distribution function via indirect Fourier Transfor-

mation, and evaluation based on the position of the first
subsidiary maximum in the scattering curve, the latter of which
is only suitable for particles uniform in both composition and
shape (Glatter and Kratky, 1982). These methods facilitate the
characterization of the spatial distribution of mass within a
particle. In the context of assessing the occurrence status of
oil-dominated matter subjected to SE processes, the patterns
of MSD are investigated using the radius of gyration, Rg. This
approach is pivotal in quantifying how the particle’s mass is
distributed relative to its center of mass, as detailed by Celotta
and Levine (1986):

R2
g =

Σibi(ri − rc)
2

Σibi
(1)

Eq. (1) encompasses two key aspects: the size being
defined by the relative distance between any atom ri and the
central atom rc, and MSD patterns arising from the scattering
length of bi. When every atom within the particle is distributed
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Fig. 2. Schematic of MSD patterns and oil occurrence status. (a)-(c) Pore morphology from three dimensional focused ion
beam-scanning electron microscopy image stacks and (d) 2D SEM images of shale Sample C3. In image (c), colors of red,
blue, and yellow represent pore space, organic matter, and pyrite, respectively. (e)-(f) demonstrate two different Rg status, (g)
depicts oil absorption on the surface of pores and (h) illustrates a condition where the oil is in a more freely moving state.

on the surface and maintains a distance from the center of mass
at atom rc (Fig. 2(e)), Rg equals r. This situation suggests that
oil molecules exist in an adsorbed state, adhering to the surface
area, as illustrated in Fig. 2(g). Conversely, when Rg = 0,
as deduced from (ri − rc)

2 = 0, it implies that all atoms ri
are aggregated at the mass center, coinciding with atom rc
(Fig. 2(f)). This scenario indicates that most oil molecules
are situated at the center of pores, with probably free-moving
state for an enhanced oil mobility, as depicted in Fig. 2(h).
Building on this foundation, the mass density distribution of
oil molecules in relation to their occurrence status is analyzed
in Section 3-2 via the average Rg value from the samples.

3. Data analyses and discussion

3.1 Variations of MSD with TOC contents
By virtue of the radius of gyration analyses, two key

phenomena (Fig. 3) are observed. Firstly, natural shale samples
with varying TOC contents exhibit an inherent heterogeneity in
MSD properties. Specifically, Fig. 3(a) shows that Rg follows
the same trend as the TOC values for both dry and SE samples,
which indicates that with different TOC contents present in the
sample, the oil molecules are distributed in different fashion.
Secondly, the “washing” treatment has altered the MSD of
samples, as evidenced by the decrease in Rg when compared
to the dry samples in Fig. 3(a). This implies an enhanced
oil mobility after the “washing” process, and the original oil
molecules predominantly exist in a more adsorbed state on
the pore surface of dry samples, corresponding to the situation
of Fig. 2(e). In conjunction with Fig. 3(b), TOC contents are
observed to be inversely proportional to clay values. Therefore,
this research concludes that the natural abundance of OM
can lead to uneven mass distribution in pore spaces, and a

lower TOC content, typically correlating with a lower radius
of gyration and higher clays contents, usually indicates better
mobility of oil molecules in shales.

3.2 Correlation between pore scales and
scattering vectors

In polydisperse systems, Guinier’s approximation allows
for structural analysis of widely spaced particles by ignoring
interparticle interactions (Guinier, 1939). In this case, the
scattering intensity follows an exponential decay with a slope
of −(qRg)

2/3, which provides a scale estimation at low q
values where qRg < 1 (Hammouda, 2012). However, this
approximation breaks down in densely packed systems, where
the total scattering cannot be simplistically construed as a mere
summation of single-particle intensities due to the significant
interparticle interference. In such scenarios, drawing insights
from seminal works (Zernike and Prins, 1927; Fournet, 1951a,
1951b, 1951c; Guinier et al., 1955), when accounting for
spherically symmetric particle with multiple types and varying
sizes, one can derive the scattering intensity formula for
ensembled particles with different types as:

I(q) = ∑
k

pkF2
k (q)+

(2π)
3
2

va
∑
k

∑
j

pk p jFk(q)Fj(q)[
gk j(q)+ εk jβk j(q)

] (2)

The detailed step-by-step formulations are presented in
Supplementary file. Eq. (2) is derived by considering the
average orientations and positions of particles within the
system. The first sum term in this equation provides insights
into the size and shape of each particle type, as represented
by the form factor Fk(q). The second term, a double sum,
accounts for the interference effects arising from the relative
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Fig. 3. (a) Rg for dry and “washed” samples; (b) correlation between TOC with clays. The dashed line indicates a trend in both
(a) and (b). Notably, the deviation of the data, especially for Sample C2 in (a), could also be influenced by its largest depth
of four samples, as Samples C1-C4 were collected from depths of 3,825, 4,093, 2,964, and 4,048 meters below the ground,
respectively.

positions of particle pairs. In this context, p denotes the
probability associated with a specific particle type, while va
represents the average volume of all particles. Meanwhile,
the functions gk j(q) and βk j(q) are introduced to describe
the spatial distribution and interactions between particles of
types k and j, respectively. The coefficient εk j modulates
the interaction term. To accurately depict the variation in
particle density with distance r from a reference particle, the
radial distribution function Pk j(r) (Yuste and Santos, 1991) is
employed as:

Pk j(r) = e−
vk j(r)

kT + fk j(r) (3)
Pk j(r) is expressed as a combined function of gk j(q)

and βk j(q) in Eq. (S12) in Supplementary file, where vk j(r)
represents the pairwise potential between particles, while k
and T are the Boltzmann constant and temperature. The
function fk j(r) is introduced to further refine the radial dis-
tribution function, capturing additional correlations beyond
simple pairwise interactions. The formulation begins with gas-
like systems as a starting point. Considering hard spheres
where the potential vk j(r) becomes infinite for r < 2R, for
the purposes of this analysis, εk j is assumed to equal 1, and
gk j(q) is set to 0.

From the work of Rayleigh (1914), the form factor in Eq.
(S14) of Supplementary file is transformed into the spherical
Bessel function of the first kind, as outlined of Eq. (S15).
Consequently, the independent variable in Eq. (S14) shifts to
qr, with qr being designated as α .

Notably, though every particle scatters across all q vectors,
each particle size contributes to the intensity in a unique
manner with specific scales playing a more dominant role
(Brumberger, 2013), as I(q) is proportional to the square of
sphere’s volume with an order of r6.

This work thereby investigates the system composed of
two types of particles (R1 and R2), as being simulated in the
Fig. 4. Figs. 4(a) and 4(b) simulate scenarios by adjusting the
volumetric ratio from 10% to 90% while maintaining constant
particle sizes at 10 and 20 Å. Conversely, Figs. 4(c)-4(f)
depict systems with a fixed volumetric ratio of 50%, but with
changing particle sizes. Specifically, in Figs. 4(c) and 4(d), R1
varies from 10 to 28 Å while R2 is constant at 20 Å; in Figs.
4(e) and 4(f), R2 changes from 10 to 28 Å and R1 remains at 10
Å. Notably, α is derived from the smaller one of two particle
sizes in each scenario. From the analyses, Fig. 4 presents
a conclusion that while the particle volumetric ratio has no
impact on the intensity wave period of oscillation, variations
in particle size significantly influence it. This is evident from
the intensity extremum being observed at each α value. As
shown in Figs. 4(a) and 4(b), changes in particle volume ratio
did not alter the oscillation peak at a specific α . However,
when the radius changes, a noticeable extreme shift appears
at different α values no matter which particle is chosen for a
size adjustment of R1 and R2, as being demonstrated in Figs.
4(c)-4(f).

3.3 Correlation between particle scale and
density distribution

Since the α pattern indicates a changing correlation regard-
ing the particle size r in real space and q in reciprocal space,
and a correlation between them can be revealed to enable
a pore size assessment in rock systems. This work thereby
employs this correlation for PSD analyses which is critical
for geo-media characterization (Melnichenko et al., 2012;
Clarkson et al., 2013; Ruppert et al., 2013; Blach et al., 2020).
In this work, the maximum-entropy method from Jemian et
al. (1991) and the Irena package published by Ilavsky and
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Fig. 4. Scattering intensities with variable α values. Panels (a), (c) and (e) depict systems with low percentage of porosity
(4.5%) in solid porous media, while Panels (b), (d), and (f) showcase systems with high percentage (90% of liquids such as
with colloids or proteins, or 90% of air mixed with solid particles). Therefore, this simulation is applicable to both high and
low concentration systems (liquid or gas) when considering particle interactions, as they exhibit similar behaviors, differing
only in intensity levels. In all scenarios, the total particle volume vp is maintained as a constant 1023, with a scattering vector
q ranging from 0.004 to 0.6 Å. Notably, the simulated cohesive interactions (Tian et al., 2021) at low α region will not appear
in shale systems owning to a complex pore structure.
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Fig. 5. PSD curve of the dry and “washed” samples, with (a), (b), (c) and (d) demonstrates the PSD curve for samples C1,
C2, C3, and C4. On the Y-axis, the size volume distribution (per cm3) represents the product of particle number and size, with
a greater emphasis on particle number; the prominent peak in the left area of dashed vertical line thus does not mean a high
percentage of porosity.

Jemian (2009) were employed for PSD and Rg interpretation,
as illustrated in Fig. 5. Notably, α of 2.5 is adopted for a scale
estimation for hollow polydisperse spheres from simulation
as referenced in Radliński et al. (2000) with a justification
by Melnichenko et al. (2012), which could be determined
experimentally.

This work presents us with two significant conclusions.
Firstly, the PSD curve distinctly reveals both pore scale and
scattering intensity decrease for samples after “washing”. As
discussed previously, alterations in volumetric ratio result
in intensity reductions at each extremum, while leaving the
oscillation pattern (pore scale) unaffected, as exemplified in
Figs. 4(a) and 4(b). However, a significant right-ward shift
in the intensity peaks is evident in the PSD curve for the
“washed” samples (Fig. 5), indicating an increase in pore sizes

post-washing, rather than a mere decrease in intensity. This
observation aligns with the phenomena illustrated in Figs. 4(c)-
4(f), where wave oscillation shifts, induced by variations in
pore size. In summary, the “washing” treatment induced the
alteration of the pore spaces, corresponding to an increased
pore radius r regarding the “washed” samples (Fig. 5).

Secondly, an increase in pore scale does not necessarily
accompany the rise in Rg when the MSD variation simultane-
ously occurs in the system. Specifically, as discussed in Sec-
tion 3-2 and evidenced in Fig. 5, a notable case was observed
where the pore scale r increases, however, this coincides with
a decrease in Rg in samples subjected to “washing”. This
phenomenon is explained in Fig. 6. Fig. 6(a) shows the dry
samples characterized by a pore scale of Ra with most oil
molecules concentrated between rai to rc. Through “washing”,
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Fig. 6. Particle MSD and size information (a-c), and correlation between parameter α (d) and Rg status (e).

molecules near the inner surface of pores are dissolved and
extracted, leading to an expanded pore size from Ra to Rb
in Fig. 6(b), meanwhile, the “washing” process results in a
decreased concentration of MSD in the “Matter washed-out
zone” to be concentrated from rbi to rc (Fig. 6(b)). Conse-
quently, the overlapping Fig. 6(a) and 6(b) is demonstrated in
Fig. 6(c), which illustrates that despite an enlarged pore scale
(Rb > Ra) being observed, the redistribution of matter results
in a reduced (rbi < rai) after “washing” treatment.

In summary, organic matter in the process of natural hydro-
carbon generation exhibits inherent heterogeneity in shale, and
the MSD analyses of unique SANS data is particularly relevant
for shale systems due to the secondary migration of organic
molecules from organic pores to mineral spaces. Thus, from
with combined Fig. 6(d) and 6(e), this work further concludes
that the integration of Rg behavior (Fig. 3) and size data (Fig.
5) from post-washing samples reveals a following key finding:
A longer wave oscillation cycle, marked by larger values of
α and pore size r (Fig. 6(d)), correlates with an increased
mobility within pore spaces, as evidenced by the decreasing
Rg value (Fig. 6(e)). Moreover, without consideration of mass

density distribution of oil molecules, the radius of gyration
may provide an opposite result regarding the size of pores. The
correlation in Figs. 6(d) and 6(e) provides valuable insights
into the dynamic structural and MSD evolution of geological
materials.

4. Conclusions
By leveraging unique SANS techniques, this research elu-

cidates the novel methodologies for characterizing MSD and
extracting structural-scale information from reciprocal space
in polydisperse porous media of organic shale. Specifically,
the occurrence status of shale oil, whether being adsorbed onto
pore surfaces or in a freely moving state, is illustrated through
radius of gyration analyses of SANS data. Meanwhile, this
study analyzed the distinct roles that particle size and volume
ratio play in the I(α) vs. α (α = qr) correlation. This analysis
was conducted using an ensemble of particles of various types,
employing the spherical Bessel function of the first kind, which
was further utilized for PSD analyses to examine its correlation
with MSD.

In conjunction with well-designed experiments and SANS
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analyses, these theoretical methodologies lead to three key
conclusions. Firstly, a lower TOC content typically correlates
with a smaller radius of gyration, suggesting an improved
mobility of oil molecules in shales. Secondly, in particle
systems with a constant number, variations in volumetric ratio
affect scattering intensity, while size changes influence the
oscillation pattern. On this basis, organic shale with enhanced
oil mobility within pore spaces will correspond to a larger
α (r = α/q) value, corresponding to a greater wave oscilla-
tion, indicates a more concentrated mass density distribution.
Thirdly and most importantly, an increase in Rg does not
always correspond to an enlargement in pore scale when the
MSD is altered, as observed in this study. Additionally, the
analysis of geometric information through scattering intensity
is concurrently influenced by the distribution of mass density.
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