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ABSTRACT

Characterizing the kerogen-hosted pore structures is essential to understand the adsorption, transport
and storage potential in organic-rich shale reservoirs. In this paper, we first separated the organic matter
(kerogen) from the mineral matrix in four different shale samples of the Bakken Formation with different
thermal maturities and then analyzed their chemical compositions using the wide-angle X-ray scattering
(WAXS) method. Next, we acquired small-angle X-ray scattering (SAXS) to characterize the structure of
the organic matter and see how these two will relate. The WAXS results showed that the isolated ker-
ogens have high purity (free of inorganic minerals) and retain different chemical compositions. More-
over, SAXS analysis revealed that the isolated kerogens have similar radius of gyration (Rg) which is
around 90 A and the molecules are in the compact mode. Based on the pore size distribution analysis
from the SAXS data, two main peaks were found in all of these four samples with one peak less than 40 A
and the other one larger than 1000 A. Also, the TEM images revealed that Sample 1 is abundant in pores
with sizes around 20 nm while Sample 2 does not have pores of that size, which agrees with the results
from the pore size distribution that was obtained from the SAXS method. Ultimately, this study exhibits
how different analytical instruments can provide us with useful information from complex structures of
geomaterials.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

been focused on the organic pores in shale gas formations and
neglected tight oil reservoirs such as shale plays (Loucks et al.,

It's well proven that organic pores partially control the storage
and transport of hydrocarbons in organic rich shale plays (Ross and
Bustin, 2009; Gensterblumet al., 2015). However, majority of the
studies that have investigated organic-rich shale plays, so far have
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2009; Tian et al., 2015; Wang et al., 2016; Sun et al., 2016).

Using electron microscopy methods, several researchers have
found that organic pores play a dominant role in the total pore
structure and can control the flow behavior of shale plays (Guan
et al,, 2019; Zhou et al,, 2016; Yang et al., 2016). In the study that
was performed on the Wufeng-Longmaxi Formation, Zhang et al.
(2019) understood that the pore structures are controlled with
the type of the organic matter. They concluded that the pores in
bitumen are well developed while the pores are not as developed in
graptolites. Guan et al. (2019) realized that in the Longmaxi shale
samples, the structural OM pores evolve from telalginites of
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biogenic origin of phytoplankton and acritarch, while the non-
structural spongy OM pores are from the bacterial activity,
benthic algae and certain graptolites. Hu et al. (2020) argued that
the pores in alginite I are elongated and lattice-like arranged and
the organic pores in alginite Il are more complicated. In addition to
the organic matter types that could affect the organic pores,
maturity is also another factor that can control the organic pores.
Loucks et al. (2009a,b) proposed that nanopores are formed in
organic matter during hydrocarbon generation at vitrinite reflec-
tance (VR,) values > 0.80%. Through the studies of the Woodford
shale samples, Curtis et al. (2012) reveald that no secondary organic
pores were present in the samples with VR, <0.90%. Alcantar-Lopez
(2016) found that organic pores changed from a spherical structure
into a cross-linked connected network as maturity increased. Liu
et al. (2019) showed that the changes of the pore structures of
shale with different form of the organic matter with increasing
maturity can differ which could be attributed to different activation
energies of the organic matter.

Based on the literature that was presented, majority of the
studies on the organic matter pore structure are within the shale
gas area. This is mostly because such shale samples are in the
higher thermal maturity stages, therefore the organic matter pores
are abundant and easier to be identified and quantified. Conversely,
in tight oil plays that organic matter could be at lower maturity
stages such as the Bakken Formation, thus it would be challenging
to directly observe organic porosity with electron microscopy
methods. This is because of either limited resolution in the
instrumentation or such pores are occupied by oil or bitumen.
Therefore, analyzing the kerogen or organic matter that is extracted
from the mineral matrix could be an excellent approach to study
organic pores with less obstacles via indirect methods. Liu et al.
(2019) extracted the kerogen from the Bakken Formation and
analyzed pore structures with gas adsorption methods. However,
gas adsorption can only detect connected pores and leaves isolated
ones out of detection which does not represent the true porosity
that is hosted by the organic matter that can be occupied by
adsorbed hydrocarbons.

To address the above issue, small angle scattering techniques
were employed to evaluate the pore information of shale samples
by quantifying the pores in a particular interval of the scattering
angle of the scattered wave (AlHumaidan et al., 2015). The scat-
tering techniques are inexpensive, noninvasive, require little sam-
ple preparation and can be performed both on the oriented bulk
samples and the crushed samples (Radlinski et al., 2004). By using
either the neutrons or the X-Ray beam, the small angle scattering
techniques can be further divided into two methods: small angle
neutron scattering (SANS) and small angle X-ray scattering (SAXS).
The range of the scattering vectors of these two methods are very
close (the scattering vector range of the SANS is 0.001—0.5 A~!
which the scattering vector range of the SAXS is 0.005—1 A~1) (Sun
et al.,, 2020). Because of the flux rate of the X-rays, in addition to
their high levels of energy, compared with the neutrons, the
counting time of the SAXS is significantly smaller than SANS (Leu
et al., 2016; Melnichenko et al., 2012) which can be from seconds
to minutes while for SANS it's from minutes to hours. However,
SANS have some advantages compared to SAXS. For example, SANS
method can get the absolute scattering data directly from the beam
flux while in SAXS, through the analysis of standard samples (water
and glass carbon), one can better understand the absolute intensity
of X-ray scattering (Xie et al., 2018).

When internal structures such as the pore surface characteris-
tics, pore size distribution, and pore volume are the topic of study,
small-angle X-ray scattering (SAXS) is a powerful method for both
ordered or disordered materials (Kikhney and Svergun, 2015; Tsao
et al,, 2007). Galantini et al. (2010) explained that SAXS is a rapid
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nondestructive technique that can be used to restore the 3D
structure and pore system at lower resolutions. The SAXS has the
advantage of revealing the information from the isolated pores
(Melnichenko, 2016), which is beyond the ability of some other
conventional fluid invasion methods such as gas adsorption and
high-pressure mercury intrusion (MICP). Therefore, SAXS method
has been utilized to study geomaterials in a limited scope (Zhao
et al., 2019; Leu et al., 2016; Sun et al., 2020). Likewise, WAXS
(wide angle X-Ray scattering) is similar to SAXS except the distance
of the sample to the detector is shorter which can be used to get the
diffraction maxima at larger angles. WAXS method has always been
used by researchers to identify minerals and the crystal orientation
(Giannini et al., 2014). Hence, using SAXS and WAXS in conjunction
can enable us to understand the local porosity, pore size distribu-
tion and the mineralogy (Leu et al., 2016). On one hand published
studies on geomaterials using a combination of SAXS-WAXS is rare
to the best of our knowledge, especially in shale rocks, on the other
hand most of them are limited to bulk samples (Leu et al., 2016) and
characterizing the isolated kerogen is hardly. We understood this
knowledge gap and conducted a series of SAXS-WAXS experiments
on several isolated organic matter to see how such methods can
reveal the organoporosity of shale rocks.

Based on what was said above, we first extracted the organic
matter from the mineral matrix on four representative samples at
varying thermal maturities that were obtained from the Bakken
Formation in ND, USA. Then, we applied the WAXS method to
characterize the chemical compositions of the organic matter. In
the next step, SAXS method was employed to further analyze the
microstructure information of the organic matter and evaluated
how these two sources of data can be correlated to better define the
samples.

2. Methods
2.1. Sample preparation

Four samples were collected from the shale members of the
Bakken Formation in North Dakota. The samples were first crushed
into powders and examined for their thermal maturity using the
default pyrolysis method by Rock Eval instrument. When it was
ensured samples are at various stages of thermal advance from
immature to post mature, organic matter was extracted from the
mineral matrix. The details of the isolation process for these sam-
ples could be found in Khatibi et al. (2018). Briefly, first around 30 g
of the samples were appropriately washed and crushed to a
reasonable mesh size. Then, the samples were placed into a
concentrated 37% HCI to remove carbonates and then exposed to
concentrated 48% HF for digestion of the remaining silicates. Next,
samples were placed in concentrated HCI for the second time to
eliminate all remaining minerals. Finally, the mixture is centrifuged
to separate organic matter from the liquids. The kerogen isolation
process was performed by the National petrophysics service com-
pany, Texas.

2.2. SAXS and WAXS

The SAXS measurements were conducted on isolated kerogen
samples that were in the form of a powder using Bruker AXS, DE/D8
Discover with a GADDS instrument while the WAXS measurements
were performed on the same samples again in a powder form with
an Ultra-Small-Angle to Wide-Angle Dual Source X-ray Scattering
Spectrometer, XEUSS2.0, France, Xenocs 2019. The experiments
were performed with an X-ray beam of 12.4 keV photon energy
while the beam was focused to a spot size of 10 x 25 um? and a
scanning range of 2 x 2mm?, for SAXS and WAXS, respectively. The
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sample-to-detector distance were set to 630.5 mm for the WAXS
and 7.1 mm for the SAXS detectors.

Fig. 1 shows the schematic diagram of the SAXS experiment. It's
well understood that there isn't any interaction or exchange of
energy between the scattered particles and the medium that
scatters those particle in an elastic scattering event. After the
scattering event, the wavelength remains unaltered while the di-
rection changes from Ky to Ky. Then the scattered wave and the
incident vectors separation is scattered again through the angle 26
and can be represented by the following expression (Guinie, 1937):

lq) = Ky — Kp| = g = 4msind/A (1)
where 1 is the wavelength of the incident beam and q is the scat-
tering vector. In the SAXS experiment, the incident wavelength is
usually fixed, and thus in Eq. (1), q is directly related to the scat-
tering angle. Then, in a crystal lattice which has the interlayer
spacing ‘d’, simple diffraction between the two layers, A, can be
described by the Bragg's law (Bragg and Bragg, 1913):

nA = 2dsinf (2)
where n is an integer. Hence, the following expression can be ob-
tained by combining Egs. (1) and (2):

27T/q = d/n (3)

In a SAXS instrument, d can also represent the pore size of the
material where based on Eq. (3) smaller pores should own larger q
values or larger scattering angles.

The polydisperse spheres model is applied to the SAXS data to
obtain the pore information such as the pore size distribution, pore
surface area, and porosity. The scattering intensity for polydisperse
randomly oriented spheres can be calculated using the following
equation (Hinde, 2004; Radlinski, 2006):

Rmax
[ V2f (r)F(qr)dr
Rl"nin

29

v (4)

Iqg = (p — pair)

where p—pajr is the difference of the scattering length density (SLD)
of the material and the air, ¢ is the porosity, V; is the average pore
volume, f{(r) as the pore-size distribution probability function which
is determined using the PRINSAS software, and F(qr) is the form
factor of the solid spheres which can be calculated through:

(sin(qr) — qrcos(qr))
()’

The SLD values of composite materials can be determined using
the following equation:

F(gr) = (5)

Sample

Primary X-Ray Beam
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p= E]Tl] Vjpj (6)
YtV

where j = 1 and m are individual existing phases in the samples, V;

and p; are the volume percentages and the SLD values of the jth

phase, respectively.

Alike SAXS, WAXS is also the elastic scattering of the X-rays with
the primary difference in the corresponding length scale. The
scattering angle of SAXS is just up to a few degrees while in WAXS,
the scattering angle can be up to around 40°. SAXS is mainly used
for deriving the structural information of the rock samples while
WAXS can determine the mineralogy of the rock samples.

3. Results and discussions
3.1. Rock-eval analysis

The geochemical overview of the four bulk samples that the
organic matter was isolated from is shown in Table 1 which has
been studied by Lee et al. (2020) who focused on the molecular
weight studies. The reflectance measurements of the solid bitumen
(SBRy%) in the absence/scarcity of the vitrinite maceral through
organic petrology methods is used to verify the maturity levels. The
organic matter of these samples all belong to type II (which is
typically deposited in the marine environment and has the oil/gas
prone hydrocarbon potential) (Abarghani et al., 2019). Table 1
shows that the maturity increases from sample 1 (immature) to
sample 4 (peak-oil production window).

3.2. WAXS analysis

Fig. 2 displays WAXS spectrum of four samples where peaks
with 26 of around 6° and 27° are observed in all samples. The peak
with 260 of around 21° exists in Sample 2 and 3 but missing in
Sample 1 and 4. The former peak (26 = 27°) is the graphene band
(or 002 band), which is attributed to the stacks of the aromatic
molecules (Tong et al., 2011; Koch and Christiansen, 1993) and 6°,
12°, 16°, 21° peaks all represent the n-alkanes (Di Giambattista
et al, 2015; AlHumaidan et al, 2015; Espeau et al., 1997;
Chevallier et al., 1999). Even though 6° and 27° peaks are detected
in all samples, the difference in the peak intensity and width in-
dicates that these four isolated kerogens have different organic
compositions. For example, Sample 4 has higher maturity level
than Sample 3, however, the intensity of the 27° peak of the Sample

Table 1

General geochemical characteristics of samples in this study.
Sample TOC (wt.%) HI SBRo%
1 14.56 569 0.33
2 15.76 531 0.49
3 12.69 260 0.72
4 16.36 171 0.94

X-Ray detector

Ko

Fig. 1. Schematic of the SAXS experiment (modified from Kikhney and Svergun, 2015).
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Fig. 2. WAXS spectrum of four isolated kerogens (y-axis is the normalized intensity, the peaks around 6°, 12°, 16°, 21° peaks represent the n-alkanes while the peak around 27°

denotes the aromatic molecules).

3 is higher than Sample 4, which could be caused by the difference
by the organic matter itself. Our previous study revealed that the
main minerals existing in the Bakken shale are quartz, clay (mainly
illite), feldspar, dolomite and pyrite (Liu et al., 2018a,b). Based on
Crystallography Open Database, each mineral has its own typical
major peaks. For example, the main peaks for the illite are 26 = 9°
and 24°, the main peak for dolomite is 26 = 30.8°, the main peak for
the quartz is 26 = 26.6°, and the main peak for pyrite is 20 = 33.04°.
However, these peaks are not detected in Fig. 2, indicating that
these minerals have been removed completely during the extrac-
tion process and these isolated kerogens samples have high purity
and free of inorganics.

3.3. SAXS analysis

Based on the Fourier transformation of the SAXS results, we
derived the 1D profile reciprocal data which can be used to
represent the 3D structure. The relationship between I; and g (1D
profile) in a double logarithmic plot for the isolated kerogen sam-
ples can be seen in Fig. 3 while all samples exhibit similar patterns.
It is found that I; decreases as q increases. The linear relationship
between the I and g in the double log format describes their power
law relation. For smaller g values, the scattering is mainly referred
to the interparticle interferences based on the Guinier Law (Boldon
et al., 2015). On the other hand, as g increases, the scattering can
reflect the information of intraparticle interferences and follows
the interface interference phenomenon (Boldon et al., 2015).
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Fig. 3. Relationship between I; and q of four isolated kerogens.

3.3.1. Guinier plot analysis

Guinier method which was developed in the 1930s (Guinier,
1939) is the most prominent approach which enables researchers
to extract forward scattering intensity and gyration radius of the
particles based on the following equation (Mertens and Svergun,
2010):

2p2
Inly = T

3 + lnIO

(7)
where Rg is the radius of gyration of a composite material, here the
kerogen, which is the root mean square distance of various com-
ponents of the material from the center of the gravity of that ma-
terial, and Iy is called forward scattering which can be used to
estimate the kerogen molecular weight (Beaucage and Schaefer,
1994).

Based on Eq. (7), Ip and Ry can be extracted from the y-axis
intercept and the slope of the linear region of a Guinier plot (Inlg vs.
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g?). Fig. 4 shows the Guinier analysis of the samples in this study.
When the value of q is very small, the curve deviates from linearity
which is due to the presence of attractive or repulsive inter-particle
forces or the sample polydispersity (Mertens and Svergun, 2010). As
q? increases further, the Inly decreases linearly while this portion of
the curve can be used in the Guinier analysis. When fitting the
Guinier plot, it's important to note that the linear portion of the data,
g, should fit the requirement of Rgx(gmax<1.3. Fig. 5 depicts that Rg
values of four isolated kerogens are very close to one another and are
around 90 A. Zheng and Price (2012) applied the diffusion method to
study the hydrodynamic radius of the dissolved organic matter in the
sea water. The organic matter in their study was rich in aliphatic
compounds and the radius was around 37 A. This hydrodynamic
radius value is in the same order of magnitude of our isolated
kerogen samples that are studied here. This was the only published
literature that was found where the studied substance was the most
similar to ours to verify our results.
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Fig. 4. Guinier analysis of Samples.

3.3.2. Kratky plot analysis

Kratky plot, a plot of q21q vs. ¢, can qualitatively assess the
flexibility and/or degree of unfolding in the material. Unfolded
(highly flexible) polymer should have a plateau in the Kratky plot at
higher q values. In this regard, a compact, globular polymer will
have a bell-shaped (Gaussian) peak. A partially unfolded (flexible)
polymer will have a combination of the bell-shape and plateau, or a
plateau that slowly decays to zero (Nielsen et al., 2009; Mertens
et al, 2010). The Kratky plots of all isolated kerogens in Fig. 6
exhibit a bell-shape (Gaussian peak) format, meaning that the
macromolecules of these isolated kerogens are in the compact
mode (i.e. folded) (Nielsen et al., 2009; Mertens et al., 2010). As
thermal maturity advances, the aliphatic functional groups are
broken from the kerogen macrostructure due to the cleavage of the
carbon-carbon bond in the aliphatic chains (Craddock et al., 2015).
Lee et al. (2020) utilized MALDI-TOF-MS to study the molecular
weight variations of the same kerogen samples of this study. They
found that the immature samples (Sample 1, 2 and 3) have more
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signals under 1 kDa range (smaller molecular weight) while Sample
4 which is in the higher maturity stages contain peaks between 1
and 2 kDa (larger molecular weight) due to the loss of the aliphatic
chains during the thermal progression. Albeit, in their study, they
were not able to compare the exact molecular weight of the organic
matter samples, because the results only represented the proba-
bility distribution of various existing molecular compounds. Porod
invariant Q, the integral of the area under the Kratky curve, is
proportional to the molecular mass of the substance (Di Stasio et al.,
2006). By calculating the Q value, the molecular mass of these 4
samples can be compared. The Q values for all four samples in Fig. 7
demonstrate that Sample 1-3 are in the similar range, while
Sample 4 with the highest maturity has a smaller Q value, showing
smaller molecular mass.

3.3.3. Fractal analysis
Fractals, as an important tool that have been used in different
fields of physical sciences can reveal additional information about
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100 A

R, A

Samples

Fig. 5. Summary of the R of the samples.

the microstructures of a material (Avnir, 1989). In SAXS analysis,
two sets of fractals usually can be considered: surface fractal
dimension and the mass fractal dimension (Schmidt, 1991; Lee
et al., 2014). The following expression is used to calculate fractal
dimensions of our data (Schmidt, 1991):
©D-1)] ps

2 }q

Ig = Cr(5 — D)sin (8)

where C is a constant, r is a function defining gamma, and D is
fractal dimension. It should be noted that D equal to 2 indicates a
smooth and planar surface, 2 < D < 3 denotes a rough surface and
D > 3 depicts the mass fractal (Schmidt, 1991). Based on Eq. (8), we
plotted the curves and then calculated D values which was esti-
mated between 2 and 3 (Fig. 8) in all samples, demonstrating that
the surface of the isolated kerogen is not smooth. Furthermore,
Sample 4 has a higher D than other three samples while Sample 3
exhibited with the lowest fractal dimension.

3.3.4. Pore structure analysis

The porosity and the surface area of four isolated kerogens can
be seen in Table 2. The data illustrates that the porosity of these four
isolate kerogens is between 0.08% (Sample 4) and 0.30% (Sample 1)
and the surface area varies from 2065 cm?/cm® (Sample 4) to
9096.30 cm?/cm? (Sample 1). Sample 4 with the highest maturity
(oil window) has the lowest porosity and surface area, which could
be due to decreasing of the alkyl chain length and the condensation
of the aliphatic carbon into the aromatic rings (Kelemen et al.,
2007; Lee et al., 2020). Khatibi et al. (2019) applied 2D NMR to
study the geochemical properties of the organic matter in the
Bakken Shale. They found that as the maturity increases, the T1/T>
ratio increases. This variation happens since the protons in the
organic matter are becoming more immobile with the increasing
maturity arising from the compaction of the organic matter.
Additionally, we previously applied SANS method to study the pore
structures of bulk shale samples (Liu et al., 2019). Considering the
results that was reported in that study, the total porosity (including
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the connected and isolated pores) of the Bakken bulk shale sample
(organic matter and mineral matrix combined) with a similar
maturity (0.6—0.7%) and kerogen type (kerogen type II) has been
measured around 0.9% (Liu et al., 2019). In this study, the average
porosity (including the connected and isolated pores) of the iso-
lated kerogen is around 0.25%, which is around 30% of the total
porosity, indicating that the kerogen-hosted pore plays an impor-
tant role in the entire pore structures of shale rock.

The pore size distributions of four isolated kerogens can be seen
in Fig. 9. Two main peaks can be recognized in all of these four
samples with one peak less than 40 A and the other one larger than
1000 A. Besides, there are other peaks centered around 110 A in
these four kerogen samples too. Sample 1 with the lowest maturity
has the largest peak intensity around 110 A, while Sample 4 with
the highest maturity has the smallest peak intensity. Fig. 10 rep-
resents the TEM images of Sample 1 and Sample 2 under different
maghnifications. The images explain that the organic matter of
Sample 1 and Sample 2 have abundant pores. However, the pore
structures of these two samples are quite different. The pores with
size of around 20 nm are abundant in Sample 1 while such pore
sizes are very limited in numbers in Sample 2. The pore size dis-
tribution of Sample 1 is more homogeneous compared to Sample 2
which agrees with the results that was presented in Fig. 9.

4. Discussions and future research directions

One important and debating discussion, when the goal is to
solely study the organic matter properties, raises during the pro-
cess of organic matter extraction. Particularly, the impact of using
organic solvents during this process which has been commonly
employed by many researchers. Melnichenko (2016) used the
dichloromethane to wash the Posidonia Shale samples and found
that after the dissolution of the organic matter, the porosity and
permeability has been increased. Moreover, DiStefano et al. (2016)
applied organic solvents to dissolve the organic matter of the Eagle
Ford and Marcellus shale samples and then applied the SANS
method to compare the pore structures prior to and after the
extraction process. They observed that the porosity would
get altered after the extraction is done. They speculated that the
changes in porosity could be due to either the breakdown of the
organic matter (complete or partially) or the interactions between
the minerals and the organic solvents (i.e., the clay swelling). In this
study, we extracted the organic matter by dissolution of all other
minerals. The dissolution of the minerals could create additional
space, as illustrated, thus artificially increase pore spaces which
should not be neglected. In other studies, the SEM images that have
been captured from the solid organic matter from the Bakken, has
revealed the organic matter is isolated among the minerals and not
mixed with them. For instance, Liu et al. (2018a,b) analyzed the
pore structures of the Bakken via imaging methods and came to a
similar conclusion for samples that are in the early oil window up to
the peak oil window. They found that the organic matter in these
samples are separated from the minerals for the most part and very
minimally mixed only with clay minerals. Xu et al. (2017) investi-
gated the pore structures of the Bakken shale samples which were
in the gas window and explained that the organic matter is not
mixed with minerals even at that higher levels of maturity. Overall,
the effect of the dissolution of the minerals on the Bakken samples
is expected to be miniscule. It's important to note that although we
tried to cover a good range of thermal maturities in this study, only
a limited number of (four) samples representing the immature to
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the oil window have been analyzed. Based on the availability of 4
samples, authors believe a good understanding from the organic
matter of the Bakken shale has been obtained. However, additional
samples with different maturities, from the Bakken and other shale
plays are required if we want to make robust conclusions about the
organic matter and the effects of thermal maturity on the pore
structures, which is the goal of our future research endeavors.

5. Conclusions

In this study, we picked four Bakken shale samples and analyzed
the extracted organic matter through SAXS and WAXS methods,
and the following conclusions are made:

1. Four samples of this study were at various levels of thermal
maturity. Sample 1 is immature while Sample 4 is in the peak oil
window. The peaks from the isolated organic matter from the
WAXS spectrum indicate that the minerals have been removed
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3.0 completely. Moreover, the difference in the intensity of the
peaks specify that these four isolated organic matter specimens
have different chemical compositions.

251 . All these four isolated organic matters have similar Ry values,
around 90 A and these isolated kerogens are molecularly
compact. Sample 4 exhibits the smallest Porod invariant value

201 compared to other three samples, meaning that this specific
sample has the smallest molecular mass. Based on the fractal

—— analysis, Sample 4 showed the highest D value compared to
) other three samples while Sample 3 the lowest fractal
dimension.

1.0 . The porosity of these isolated kerogens varies from 0.08% to
0.30% with Sample 4 owing the lowest porosity and surface area.
Ultimately, these isolated organic matter specimens are found to

05 have similar pore peak locations (one peak less than 40 A and
the other one larger than 1000 A) which is independent of their
maturity.

0 - . Even these four organic matters have the same type (type II) of
! £ ? & kerogen based on the rock-eval analysis, the detailed study of
Samples the isolated organic matter shows that these organic matters
) o still have different properties including the compositions, mo-
Fig. 8. Fractal analysis of isolated kerogens. lecular weight, fractal dimension and pore structures. This can
originate from the existence of various macerals of different
Table 2 biogeni.c origins that could have been mixed during the
Summary of the pore structure information. extraction process. Thus, the study of specific macerals sepa-
- ET rately can allow us to understand the shale properties (i.e., pore
Sample SBRy% Porosity, % Surface area, cm“/cm . .
structures) more deeply which needs to done to in the future
1 0.33 0.30 9096.30 studies.
2 0.49 0.17 3685.80
3 0.72 0.25 4596.70
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Fig. 9. The pore size distribution of the isolated kerogens.
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Fig. 10. The TEM images of Sample 1 and Sample 2 (a and b belong to Sample 1 while ¢ and d belong to Sample 2).

Acknowledgement

The authors would like to thank the North Dakota Core Library,
Jeff Bader who is the manager and senior geologist of the state and
Kent Holland, the technician of the library who kindly collaborated
with us in the project for sharing the samples with our team.

References

Abarghani, A., Ostadhassan, M., Gentzis, T., Carvajal-Ortiz, H., Ocubalidet, S.,
Bubach, B., Mann, M., Hou, X. 2019. Correlating rock-evalTM tmax with
bitumen reflectance from organic petrology in the Bakken Formation. Int. ]. Coal
Geol. 205, 87—104. https://doi.org/10.1016/j.coal.2019.03.003.

Alcantar-Lopez, L., 2016. Understanding organic matter structural changes with
increasing thermal maturity from oil shale plays through SEM imaging. In:
Unconventional Resources Technology Conference, San Antonio, Texas, 2016.

AlHumaidan, ES. Hauser, A, Rana, M.S, Lababidi, H.M., Behbehani, M., 2015.
Changes in asphaltene structure during thermal cracking of residual oils: XRD
study. Fuel. 150, 558—564. https://doi.org/10.1016/j.fuel.2015.02.076.

Avnir, D., 1989. Fractal Approach to Heterogeneous Chemistry. Wiley.

988

Beaucage, C., Schaefer, D.W., 1994. Structural studies of complex systems using
small-angle scattering: a unified Guinier/power-law approach. ]J. Non-Cryst.
Solids. 172, 797—805. https://doi.org/10.1016/0022-3093(94)90581-9.

Boldon, L., Laliberte, F, Liu, L., 2015. Review of the fundamental theories behind
small angle X-ray scattering, molecular dynamics simulations, and relevant
integrated application. Nano Rev. 6 (1), 25661. https://doi.org/10.3402/
nano.v6.25661.

Bragg, W.H., Bragg, W.L., 1913. The reflection of X-rays by crystals. Proc. R. Soc. Lond.
- Ser. A Contain. Pap. a Math. Phys. Character. 88 (605), 428—438. https://
doi.org/10.2307/93501.

Chevallier, V., Provost, E., Bourdet, ].B., Bouroukba, M., Petitjean, D., Dirand, M., 1999.
Mixtures of numerous different n-alkanes: 1. Structural studies by X-ray
diffraction at room temperature—correlation between the crystallographic long
c parameter and the average composition of multi-alkane phases. Polymer. 40
(8), 2121—2128. https://doi.org/10.1016/S0032-3861(98)00410-8.

Craddock, PR, Le Doan, T.V., Bake, K., Polyakov, M., Charsky, A.M., Pomerantz, A.E.,
2015. Evolution of kerogen and bitumen during thermal maturation via semi-
open pyrolysis investigated by infrared spectroscopy. Energy Fuel. 29 (4),
2197-2210. https://doi.org/10.1021/ef5027532.

Curtis, M.E., Cardott, B.J., Sondergeld, C.H., Rai, C.S., 2012. Development of organic
porosity in the Woodford Shale with increasing thermal maturity. Int. J. Coal
Geol. 103, 26—31. https://doi.org/10.1016/j.coal.2012.08.004.

Di Giambattista, C., Sanctuary, R., Perigo, E., Baller, J., 2015. Relaxations in the


https://doi.org/10.1016/j.coal.2019.03.003
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref2
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref2
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref2
https://doi.org/10.1016/j.fuel.2015.02.076
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref4
https://doi.org/10.1016/0022-3093(94)90581-9
https://doi.org/10.3402/nano.v6.25661
https://doi.org/10.3402/nano.v6.25661
https://doi.org/10.2307/93501
https://doi.org/10.2307/93501
https://doi.org/10.1016/S0032-3861(98)00410-8
https://doi.org/10.1021/ef5027532
https://doi.org/10.1016/j.coal.2012.08.004

K.-Q. Liu, Z-J. Jin, L.-B. Zeng et al.

metastable rotator phase of n-eicosane. J. Chem. Phys. 143 (5), 054507. https://
doi.org/10.1063/1.4928059.

Di Stasio, S., Mitchell, ].B.A., LeGarrec, ].L.,, Biennier, L., Wulff, M., 2006. Synchrotron
SAXS< in situ> identification of three different size modes for soot nano-
particles in a diffusion flame. Carbon. 44 (7), 1267—1279. https://doi.org/
10.1016/j.carbon.2005.10.042.

DiStefano, V.H., McFarlane, J., Anovitz, L M., Stack, A.G., Gordon, A.D., Littrell, K.C,,
et al,, 2016. Extraction of organic compounds from representative shales and
the effect on porosity. J. Nat. Gas Sci. Eng. 35, 646—660. https://doi.org/10.1016/
j.jngse.2016.08.064.

Espeau, P, Reynolds, P.A., Dowling, T., Cookson, D. White, JW., 1997. X-Ray
diffraction from layers of n-alkanes adsorbed on graphite. J. Chem. Soc. Faraday.
Trans. 93 (17), 3201—3208. https://doi.org/10.1039/A701071K.

Galantini, L., Leggio, C., Konarev, P.V., Pavel, N.V,, 2010. Human serum albumin
binding ibuprofen: a 3D description of the unfolding pathway in urea. Biophys.
Chem. 147 (3), 111-122. https://doi.org/10.1016/j.bpc.2010.01.002.

Gensterblum, Y., Ghanizadeh, A., Cuss, RJ., Amann-Hildenbrand, A., Krooss, B.M.,
Clarkson, C.R, et al, 2015. Gas transport and storage capacity in shale gas
reservoirs—A review. Part A: transport processes. J. Unconvent. Oil Gas Resourc.
12, 87—122. https://doi.org/10.1016/j.juogr.2015.08.001.

Giannini, C, Siliqi, D., Ladisa, M., Altamura, D., Diaz, A., Beraudi, A., et al., 2014.
Scanning SAXS—WAXS microscopy on osteoarthritis-affected bone—an age-
related study. J. Appl. Crystallogr. 47 (1), 110—117. https://doi.org/10.1107/
$1600576713030215.

Guan, Q., Li, X,, Dong, D., Cai, X., 2019. Origin and significance of organic-matter
pores in upper ordovician wufeng-lower silurian longmaxi mudstones,
sichuan basin. ]. Petrol. Sci. Eng. 176, 554—561. https://doi.org/10.1016/
j.petrol.2019.01.079.

Guinier, A., 1937. A dispositive permitting the obtention of diffraction diagramas of
intense crystalline powders with monochromatic radiation. C. R. Hebd. Seances
Acad. Sci. 204, 1115—1116.

Guinier, A., 1939. La diffraction des rayons X aux tres petits angles : application a
I'étude de phénomenes ultramicroscopiques. Ann. Phys. 11 (12), 161-237.
Hinde, A.L, 2004. PRINSAS—a Windows-based computer program for the pro-
cessing and interpretation of small-angle scattering data tailored to the analysis
of sedimentary rocks. J. Appl. Crystallogr. 37 (6), 1020—1024. https://doi.org/

10.1107/S0021889804021260.

Hu, G., Pang, Q., Jiao, K., Hu, C,, Liao, Z., 2020. Development of organic pores in the
longmaxi formation overmature shales: combined effects of thermal maturity
and organic matter composition. Mar. Petrol. Geol. 116 (4), 104314. https://
doi.org/10.1016/j.marpetgeo.2020.104314.

Kelemen, S.R., Afeworki, M., Gorbaty, M.L,, Sansone, M., Kwiatek, PJ., Walters, C.C.,
et al,, 2007. Direct characterization of kerogen by X-ray and solid-state 13C
nuclear magnetic resonance methods. Energy Fuel. 21 (3), 1548—1561. https://
doi.org/10.1021/ef060321h.

Khatibi, S., Ostadhassan, M., Tuschel, D., Gentzis, T., Carvajal-Ortiz, H., 2018. Eval-
uating molecular evolution of kerogen by Raman spectroscopy: correlation with
optical microscopy and rock-eval pyrolysis. Energies 11 (6), 1406. https://
doi.org/10.3390/en11061406.

Khatibi, S., Ostadhassan, M., Xie, Z.H., Gentzis, T., Bubach, B., Gan, Z., Carvajal-
Ortiz, H., 2019. NMR relaxometry a new approach to detect geochemical
properties of organic matter in tight shales. Fuel. 235, 167—177. https://doi.org/
10.1016/j.fuel.2018.07.100.

Kikhney, A.G., Svergun, D.I., 2015. A practical guide to small angle X-ray scattering
(SAXS) of flexible and intrinsically disordered proteins. FEBS Lett. 589 (19PartA),
2570—2577. https://doi.org/10.1016/j.febslet.2015.08.027.

Koch, C.B., Christiansen, E.G., 1993. Maturation of lower palaeozoic kerogens from
North Greenland. Org. Geochem. 20 (3), 405—413. https://doi.org/10.1016/0146-
6380(93)90128-X.

Lee, H., Abarghani, A., Liu, B., Shokouhimehr, M., Ostadhassan, M., 2020. Molecular
weight variations of kerogen during maturation with MALDI-TOF-MS. Fuel. 269,
117452. https://doi.org/10.1016/j.fuel.2020.117452.

Lee, S., Fischer, T.B., Stokes, M.R,, Klingler, R}., llavsky, ]., McCarty, D.K,, et al., 2014.
Dehydration effect on the pore size, porosity, and fractal parameters of shale
rocks: ultrasmall-angle X-ray scattering study. Energy Fuel. 28 (11), 6772—6779.
https://doi.org/10.1021/ef501427d.

Leu, L., Georgiadis, A., Blunt, M.J., Busch, A., Bertier, P.,, Schweinar, K, et al., 2016.
Multiscale description of shale pore systems by scanning SAXS and WAXS
microscopy. Energy Fuel. 30 (12), 10282—10297. https://doi.org/10.1021/
acs.energyfuels.6b02256.

Liu, K., Ostadhassan, M., Gentzis, T., Carvajal-Ortiz, H., Bubach, B., 2018a. Charac-
terization of geochemical properties and microstructures of the bakken shale in
North Dakota. Int. J. Coal Geol. 190, 84—98. https://doi.org/10.1016/
j.c0al.2017.08.006.

Liu, K., Ostadhassan, M., Sun, L., Zou, ], Yuan, Y., et al,, 2019. A comprehensive pore
structure study of the Bakken Shale with SANS, N2 adsorption and mercury
intrusion. Fuel. 245, 274—285. https://doi.org/10.1016/j.fuel.2019.01.174.

Liu, K., Ostadhassan, M., Zou, ]., Gentzis, T., Rezaee, R., Bubach, B., Carvajal-Ortiz, H.,

989

Petroleum Science 19 (2022) 979—989

2018b. Nanopore structures of isolated kerogen and bulk shale in Bakken For-
mation. Fuel 226, 441—453. https://doi.org/10.1016/j.fuel.2018.04.034.

Loucks, R.G., Reed, R.M., Ruppel, S.C., Jarvie, D.M., 2009a. Morphology, genesis, and
distribution of nanometer-scale pores in siliceous mudstones of the Missis-
sippian Barnett Shale. J. Sediment. Res. 79 (12), 848—861. https://doi.org/
10.2110/js1.2009.092.

Loucks, R.G., Reed, R.M., Ruppel, S.C,, Jarvie, D.M., 2009b. Morphology, genesis, and
distribution of nanometer-scale pores in siliceous mudstones of the Missis-
sippian Barnett Shale. ]. Sediment. Res. 79 (12), 848—861.

Melnichenko, Y.B., 2016. Small-Angle Scattering from Con Ned and Interfacial
Fluids. Springer publisher.

Melnichenko, Y.B., He, L., Sakurovs, R., Kholodenko, A.L, Blach, T, et al, 2012.
Accessibility of pores in coal to methane and carbon dioxide. Fuel. 91 (1),
200—208. https://doi.org/10.1016/j.fuel.2011.06.026.

Mertens, H.D., Svergun, D.I, 2010. Structural characterization of proteins and
complexes using small-angle X-ray solution scattering. J. Struct. Biol. 172 (1),
128—141. https://doi.org/10.1016/j.jsb.2010.06.012.

Nielsen, S.S., Noergaard Toft, K., Snakenborg, D., Jeppesen, M.G., et al., 2009. Bio-
XTAS RAW, a software program for high-throughput automated small-angle X-
ray scattering data reduction and preliminary analysis. J. Appl. Crystallogr. 42,
959-964. https://doi.org/10.1107/S0021889809023863.

Radlinski, A.P., 2006. Small-angle neutron scattering and the microstructure of
rocks. Rev. Mineral. Geochem. 63 (1), 363—397. https://doi.org/10.2138/
rmg.2006.63.14.

Radlinski, A.P., Mastalerz, M., Hinde, A.L, Hainbuchner, M., Rauch, H., Baron, M.,
et al., 2004. Application of SAXS and SANS in evaluation of porosity, pore size
distribution and surface area of coal. Int. J. Coal Geol. 59 (3—4), 245-271.
https://doi.org/10.1016/j.coal.2004.03.002.

Ross, D.J., Bustin, R.M., 2009. The importance of shale composition and pore
structure upon gas storage potential of shale gas reservoirs. Mar. Petrol. Geol. 26
(6), 916—927. https://doi.org/10.1016/j.marpetgeo.2008.06.004.

Schmidt, PW., 1991. Small-angle scattering studies of disordered, porous and fractal
systems. J. Appl. Crystallogr. 24 (5), 414—435. https://doi.org/10.1107/
$0021889891003400.

Sun, M., Yu, B, Hy, Q., Chen, S., Xia, W., Ye, R., 2016. Nanoscale pore characteristics of
the lower cambrian niutitang formation shale: a case study from well yuke# 1
in the southeast of chongqing, China. Int. J. Coal Geol. 154, 16—29. https://
doi.org/10.1016/j.coal.2015.11.015.

Sun, M., Zhao, J., Pan, Z., Hy, Q., Yu, B,, et al., 2020. Pore characterization of shales: a
review of small angle scattering technique. J. Nat. Gas Sci. Eng. 103294. https://
doi.org/10.1016/j.jngse.2020.103294.

Tian, H., Pan, L, Zhang, T, Xiao, X., Meng, Z., Huang, B., 2015. Pore characterization
of organic-rich lower Cambrian shales in Qiannan depression of Guizhou
province, Southwestern China. Mar. Petrol. Geol. 62, 28—43. https://doi.org/
10.1016/j.marpetge0.2015.01.004.

Tong, J., Han, X, Wang, S., Jiang, X., 2011. Evaluation of structural characteristics of
Huadian oil shale kerogen using direct techniques (solid-state 13C NMR, XPS,
FT-IR, and XRD). Energy Fuel. 25 (9), 4006—4013. https://doi.org/10.1021/
ef200738p.

Tsao, C.S., Yu, M.S,, Chung, T.Y., Wu, H.C,, Wang, C.Y., Chang, K.S., Chen, H.L., 2007.
Characterization of pore structure in Metal— organic framework by small-angle
X-ray scattering. J. Am. Chem. Soc. 129 (51), 15997—16004. https://doi.org/
10.1021/ja0752336.

Xie, F, Li, Z., Li, Z, Li, D., Gao, Y., Wang, B., 2018. Absolute intensity calibration and
application at BSRF SAXS station. Nucl. Instrum. Methods A. 900, 64—68.
https://doi.org/10.1016/j.nima.2018.05.026.

Xu, J., Sonnenberg, S.A., 2017. An SEM study of porosity in the organic-rich lower
bakken member and pronghorn member, Bakken Formation, williston basin. In:
Unconventional Resources Technology Conference. Society of Exploration
Geophysicists, American Association of Petroleum Geologists, Society of Pe-
troleum Engineers, Austin, Texas, pp. 3213—3225, 24-26 July 2017.

Yang, R, He, S., Yi, J., Hu, Q., 2016. Nano-scale pore structure and fractal dimension
of organic-rich Wufeng-Longmaxi shale from Jiaoshiba area, Sichuan Basin:
investigations using FE-SEM, gas adsorption and helium pycnometry. Mar.
Petrol. Geol. 70, 27—45. https://doi.org/10.1016/j.marpetge0.2015.11.019.

Zhang, W., Hu, W,, Tenger, B., Zhu, F., 2019. Pore characteristics of different organic
matter in black shale: a case study of the wufeng-longmaxi formation in the
southeast sichuan basin, China. Mar. Petrol. Geol. 111, 33—43. https://doi.org/
10.1016/j.marpetge0.2019.08.010.

Zhao, Y., Peng, L, Liu, S,, Cao, B, Sun, Y., Hou, B., 2019. Pore structure character-
ization of shales using synchrotron SAXS and NMR cryoporometry. Mar. Petrol.
Geol. 102, 116—125. https://doi.org/10.1016/j.marpetgeo.2018.12.041.

Zheng, G., Price, W.S., 2012. Direct hydrodynamic radius measurement on dissolved
organic matter in natural waters using diffusion NMR. Environ. Sci. Technol. 46
(3), 1675—1680. https://doi.org/10.1021/es202809e.

Zhou, S, Yan, G., Xue, H., Guo, W,, Li, X, 2016. 2D and 3D nanopore characterization
of gas shale in Longmaxi formation based on FIB-SEM. Mar. Petrol. Geol. 73,
174—180. https://doi.org/10.1016/j.marpetgeo.2016.02.033.


https://doi.org/10.1063/1.4928059
https://doi.org/10.1063/1.4928059
https://doi.org/10.1016/j.carbon.2005.10.042
https://doi.org/10.1016/j.carbon.2005.10.042
https://doi.org/10.1016/j.jngse.2016.08.064
https://doi.org/10.1016/j.jngse.2016.08.064
https://doi.org/10.1039/A701071K
https://doi.org/10.1016/j.bpc.2010.01.002
https://doi.org/10.1016/j.juogr.2015.08.001
https://doi.org/10.1107/S1600576713030215
https://doi.org/10.1107/S1600576713030215
https://doi.org/10.1016/j.petrol.2019.01.079
https://doi.org/10.1016/j.petrol.2019.01.079
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref21
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref21
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref21
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref21
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref22
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref22
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref22
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref22
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref22
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref22
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref22
https://doi.org/10.1107/S0021889804021260
https://doi.org/10.1107/S0021889804021260
https://doi.org/10.1016/j.marpetgeo.2020.104314
https://doi.org/10.1016/j.marpetgeo.2020.104314
https://doi.org/10.1021/ef060321h
https://doi.org/10.1021/ef060321h
https://doi.org/10.3390/en11061406
https://doi.org/10.3390/en11061406
https://doi.org/10.1016/j.fuel.2018.07.100
https://doi.org/10.1016/j.fuel.2018.07.100
https://doi.org/10.1016/j.febslet.2015.08.027
https://doi.org/10.1016/0146-6380(93)90128-X
https://doi.org/10.1016/0146-6380(93)90128-X
https://doi.org/10.1016/j.fuel.2020.117452
https://doi.org/10.1021/ef501427d
https://doi.org/10.1021/acs.energyfuels.6b02256
https://doi.org/10.1021/acs.energyfuels.6b02256
https://doi.org/10.1016/j.coal.2017.08.006
https://doi.org/10.1016/j.coal.2017.08.006
https://doi.org/10.1016/j.fuel.2019.01.174
https://doi.org/10.1016/j.fuel.2018.04.034
https://doi.org/10.2110/jsr.2009.092
https://doi.org/10.2110/jsr.2009.092
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref38
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref38
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref38
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref38
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref39
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref39
https://doi.org/10.1016/j.fuel.2011.06.026
https://doi.org/10.1016/j.jsb.2010.06.012
https://doi.org/10.1107/S0021889809023863
https://doi.org/10.2138/rmg.2006.63.14
https://doi.org/10.2138/rmg.2006.63.14
https://doi.org/10.1016/j.coal.2004.03.002
https://doi.org/10.1016/j.marpetgeo.2008.06.004
https://doi.org/10.1107/S0021889891003400
https://doi.org/10.1107/S0021889891003400
https://doi.org/10.1016/j.coal.2015.11.015
https://doi.org/10.1016/j.coal.2015.11.015
https://doi.org/10.1016/j.jngse.2020.103294
https://doi.org/10.1016/j.jngse.2020.103294
https://doi.org/10.1016/j.marpetgeo.2015.01.004
https://doi.org/10.1016/j.marpetgeo.2015.01.004
https://doi.org/10.1021/ef200738p
https://doi.org/10.1021/ef200738p
https://doi.org/10.1021/ja0752336
https://doi.org/10.1021/ja0752336
https://doi.org/10.1016/j.nima.2018.05.026
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref55
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref55
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref55
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref55
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref55
http://refhub.elsevier.com/S1995-8226(22)00018-8/sref55
https://doi.org/10.1016/j.marpetgeo.2015.11.019
https://doi.org/10.1016/j.marpetgeo.2019.08.010
https://doi.org/10.1016/j.marpetgeo.2019.08.010
https://doi.org/10.1016/j.marpetgeo.2018.12.041
https://doi.org/10.1021/es202809e
https://doi.org/10.1016/j.marpetgeo.2016.02.033

	Microstructural analysis of organic matter in shale by SAXS and WAXS methods
	1. Introduction
	2. Methods
	2.1. Sample preparation
	2.2. SAXS and WAXS

	3. Results and discussions
	3.1. Rock-eval analysis
	3.2. WAXS analysis
	3.3. SAXS analysis
	3.3.1. Guinier plot analysis
	3.3.2. Kratky plot analysis
	3.3.3. Fractal analysis
	3.3.4. Pore structure analysis


	4. Discussions and future research directions
	5. Conclusions
	Acknowledgement
	References


