Nanopore structures of isolated kerogen and bulk shale in Bakken Formation
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Abstract
Pores that exist within the organic matter can affect the total pore system of bulk shale samples

and, as a result, need to be studied and analyzed carefully. In this study, samples from the Bakken
Formation, in conjunction with the kerogen that was isolated from them, were studied and
compared through a set of analytical techniques: X-ray diffraction (XRD), Rock-Eval pyrolysis,
Fourier Transform infrared spectroscopy (FTIR), and gas adsorption (CO. and N2). The results can
be summarized as follows: 1) quartz and clays are two major minerals in the Bakken samples; 2)
the samples have rich organic matter content with TOC greater than 10wt%; 3) kerogen is marine
type Il; 4) gas adsorption showed that isolated kerogen compared to the bulk sample has larger
micropore volume and surface area, meso- and macropore volume, and Brunauer—-Emmett—Teller
(BET) surface area; 5) deconvolution of pore size distribution (PSD) curves demonstrated that
pores in the isolated kerogen could be separated into five distinct clusters, whereas bulk shale
samples exhibited one additional pore cluster with an average pore size of 4 nm hosted in the
minerals. The comparison of PSD curves obtained from isolated kerogen and bulk shale samples
proved that most of the micropores in the shale are hosted within the organic matter while the
mesopores with a size ranging between 2 and 10nm are mainly hosted by minerals. The overall
results demonstrated that organic matter-hosted pores make a significant contribution to the total

porosity of the Bakken shale samples.
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1. Introduction
Characterizing pore structures of unconventional reservoirs, such as shale oil and gas from nano-
to macroscale, has attracted the interest of many researchers [1-6]. It has been found that different

properties of pores such as size distribution (PSD) could influence the storage capacity and
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permeability of these rock types [3, 7-8]. In addition, by determining the pore type, quantity and
distribution, reservoir performance after an enhanced oil recovery (EOR) operation could be
evaluated. Based on the recommendations by the International Union of Pure and Applied
Chemistry (IUPAC) [9], pores can be divided into three groups from the size perspective:
micropores (<2 nm), mesopores (2-50 nm) and macropores (>50nm). While considering the type,
three groups of pores can be identified: 1) interparticle pores; 2) mineral intraparticle pores and 3)
intraparticle pores hosted by the organic matter [3].

It is well understood that unconventional self-sourced shale reservoirs contain various
concentration levels of organic matter in their source rock adjacent to the reservoir rock. Several
studies on shale gas formations have pointed out that the presence of organic matter can
significantly affect the properties of the rock such as the porosity [7-8, 10], gas content [11],
methane sorption capacity [12-14] and mechanical properties [15-16]. Organic-hosted pores are
mainly measured to be less than a micrometer and found to play a significant role in the pore
network of shale gas formations [2]. Also, these pores are dominant contributors to the total
porosity and hydrocarbon storage capacity in shale gas formations compared to the pores within
the matrix [8]. Therefore, understanding the level of the contribution of organic matter hosted
pores, in the overall network of pores, in shale reservoirs can notably enhance any estimated

petrophysical properties of such rock types.

Considering what was mentioned above, a few researchers have studied the impact of organic
matter on the total pore system in shale gas reservoirs with two different approaches: 1) extracting
the kerogen and studying the pore structures of the isolated kerogen [1, 17] or 2) removing the
organic matter from the shale samples and evaluating the pore structures of the remaining minerals
[10]. However, to our best knowledge, there is not any published research that investigates the
influence of organic matter and the pores associated with it, on the total porosity of shale oil
formations, particularly for the Bakken Shale which is the focus of this study. Since, the level of
thermal maturity in shale gas and shale oil formations are entirely different, the impact of organic
hosted pores [18] in the overall pore network should be considered and reported. We believe this
study can elevate our understanding on the impact that organic matter at various level can have on

the pore network of organic rich shale rocks.



Different techniques, such as imaging methods [2, 5, 18-23], gas adsorption [18, 24-26] and
mercury injection [27] have been applied to study the pore structures of shale formations. Through
imaging methods, such as field emission scanning electron microscopy (FESEM), one can observe
both organic and the inorganic pores directly. However, the resolution limitations in the equipment
(only pores larger than 9 nm can be detected) and the spatial restriction of the examined area can
reduce the accuracy in quantifying and evaluating organic pore structures [5]. To carry out this
analysis, gas adsorption which can characterize micropores (CO adsorption) and meso-
macropores (N2 adsorption) has been a prevalent analytical method. Although the advantages in
improving the resolution of measurement, pore information that is derived from gas adsorption

cannot distinguish between organic matter hosted pores and mineral matrix pores [1].

In this study, we attempted to further our knowledge of the impact of organic matter on the overall
pore structures and pore network in shale oil formations. For this purpose, we collected a few
samples from the Bakken Formation in North Dakota, USA, and analyzed the pores using the gas
adsorption method, on both bulk shale and on kerogen extracted from the same samples. We were
able to quantify the difference in pore size distribution in these two sets of specimens and clarify
the role of organic matter on the pore structure and network of bulk shale samples. Additional
analytical techniques, such as FTIR spectroscopy, was acquired to provide us with molecular

information and chemical functional groups of the samples studied.
2. Samples and Methods

2.1. Samples
The Bakken Formation is an organic-rich, mudstone and sandstone unit, located in the Williston

Basin in both USA and Canada (Fig. 1). Based on the lithology, the Bakken Formation is divided
into three different members: Upper, Middle, and Lower Bakken. The Upper and Lower Bakken
are dark marine shale with high TOC content which is the source rock for the reservoir while
Middle Bakken which is composed of mixed carbonates and fine-grained clastics is the mian
production zone [28]. In this study, four samples from two separate wells from the Bakken
Formation were collected and prepared for various analyses, as explained later. To analyze the
pore structure of organic matter independently from rock matrix, kerogen was isolated/extracted

from the mineral matrix following the process outlined in the flowchart in Fig. 2.
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Fig. 1. Map of the Williston Basin and the extent of the Bakken Formation in the United States-
the samples are taken from the wells marked on the map.
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Fig. 2. The workflow of organic matter isolation process from mineral matrix [29].
2.2. Mineralogy and organic petrography
Bulk shale samples were crushed to less than a 650-mesh size and then placed into the Bruker D8
Advance X-ray diffractometer to obtain the mineralogical compositions of the samples. The

diffractometer uses CoKa-radiation produced at 40kv and 44mA. The scanning measurements



were performed at the rate of 2° per minute in the range of 3-90° [5]. The quantitative analysis of

the mineral compositions was determined by calculating and integrating the major peaks.

Rock-Eval pyrolysis was used to quantify the total organic carbon (TOC) content and hydrocarbon
generating potential of the Bakken Shale samples. Approximately 30 mg of each sample were used
and analyzed by the Shale Play method proposed by the IFPEN [30]. The three-step temperature
program (pyrogram) can be summarized as: the initial temperature was 100°C, which was then
increased to 200°C at a rate of 25°C /min and held constant for 3 minutes. In the next step, the
temperature was increased to 350°C at a rate of 25°C /min and kept the same for 3 minutes. Finally,
the temperature was raised to 650°C at a rate of 25°C /min (Fig. 3) [30]. The maturity index was
calculated using the following equation [31]:

Vg, (%) =0.018xT,. —7.16 (1)
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Fig. 3. The temperature program of the shale play method used in this study.

2.3. FTIR analysis
Fourier transform infrared (FTIR) spectroscopy involves the use of light to obtain the infrared

spectrum of various type of materials in order to identify the presence of organic, polymeric, and
in some cases, inorganic compounds. A Perkin Elmer Spectrum 400 was the equipment used for
this purpose on both bulk shale and on the corresponding extracted kerogen. After the background
noise is collected and subtracted from the main spectra, the FTIR spectrum of the samples is

generated to show the unique chemical bonds, functional groups and molecular structures of the
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organic matter. The potassium bromide (KBr) pellet method was used to acquire the IR spectra of
finely ground samples. The homogenous powdered mixture was pressed (under vacuum) into a
clear pellet at 10 tons/cm? for 10 minutes and placed in the equipment for FTIR testing. For more
detailed information regarding sample preparation and spectral collection of FTIR, the reader is
referred to Craddock et al. (2015) [32].

2.4. Gas adsorption
Prior to gas adsorption measurement, the samples (both the bulk shale and isolated kerogen) were

degassed for at least 8 hours at 110°Cto remove moisture and volatiles that may exist in the pores.
Low-pressure nitrogen was measured on a Micromeritics® Tristar 11 apparatus at 77K while
carbon dioxide adsorption was performed a Micromeritics® Tristar Il plus apparatus at 273K. Gas
adsorption volume was measured over the relative equilibrium adsorption pressure (P/Po) range of
0.01-0.99, where P is the gas vapour pressure in the system and Py is the saturation pressure of
nitrogen [18]. To calculate the pore size distribution (PSD) from the nitrogen adsorption, the
density functional theory (DFT) molecular model was applied to the data [33]. Accordingly, the
non-local density functional theory was employed to quantify the pore size distributions (PSD)

curves of CO; adsorption measured data [34-35].

2.5. Multifractal analysis
In order to understand the self-similarities in gas adsorption data (PSD curves) through the

multifractal theory, the box-counting method was applied to the measurements, which is assigning
a set of different boxes with length ¢ to cover the PSD curves. The detailed procedure about how
to calculate the multifractal behaviors of Bakken shale using gas adsorption is proposed by Liu et
al., 2018 [36]. To apply this theory, relative pressure (P/Po) was taken as the length €. In this
method, one can label each of these boxes by index i. Therefore, N(e) indicates the total number
of boxes needed to cover the interval understudy in the PSD curves from gas adsorption
measurements. Consequently, the section of the ith box of size € can be shown as ui(e) [36-37].
Hereafter, the probability mass function for the ith box can be calculated using the following

equation:

pi(e) = Ni(e) /N, )



Where, Ni(e) is the volume of adsorbed nitrogen for the ith box and Nt is the total volume of gas
that is adsorbed in the pores. Pi(e) can also be defined by an exponential function of the following
form for each box as:

Pi(e)~&™, (3)

When the box sizes get closer to 0, then ai which is the singularity exponent of the system,
approaches infinity as € gets closer to 0 [38-39]. This exponent explains the level of singularities
in the multi-fractal analysis. For multifractally distributed properties of intervals of size &, N(¢)

increases when & decreases following a power law function of the form:
N_(¢)~¢& '@ (4)

where N, (¢) is the number of boxes for which the probability mass function of the ith box, Pi(e),
has singularity strength between a and a+da. Then, f(a) represents the spectrum of the fractal
dimensions that characterize the abundance in the set of « singularity. Subsequently, a(g) and f{a)

can be calculated based on the equations that are proposed by Chhabra and Jensen (1989) [40]:

N(g)
a(q) « [Z(Ui (9,€)xIn p;(£))]/In(e) 5)
N(e)
f(a) o« [Z(Ui (0,¢)xInu;(q,£))]/In(e) (6)
where
,(@.8) = (7

Zpi (&)°

Here, q is the exponent expressing the fractal properties in different scales of the object. In this
study, « and f(a) were calculated through a linear regression using Eq. 5 and Eq. 6 with g varying
from -10 to 10 for successive unit steps. aqgmax or amax in this study refers to a.10 which represents
the fluctuations of maximum probability (cmax). Whereas agmin OF amin cOrresponds to aio which
illustrate the fluctuations of the minimum probability (amin). The extension of the singularity length

(Aa) which is defined as amax-amin could reveal the heterogeneity of the probability.



For multifractal applications, a probability distribution function can be defined as:

(@) = YR - 5 ®)

Where 74 is the mass scaling function of order q which is:

7(q) = Liirg)[ln Zi P.(&)7/In(l/ &)] 9)
then, the generalized dimension (Dq) can be expressed as:

D, =7(9)(q-1) (10)

While for g=1, Dqcan be written as:

N(¢)

D, =lim > (R(£)INR())/ In(<) (11)

3. Results and discussions

3.1. Mineral compositions and organic geochemistry
Mineral compositions of the samples obtained from XRD analysis are summarized in Table 1.

Quartz and clays (mainly illite) are major mineral constituents of the samples. Sample 2 has the
highest clay mineral content while sample 3 has the least. Fig. 4 is the pyrogram of Sample 1 that
was tested by Rock-Eval pyrolysis using the Shale Play method. This method generates the
following parameters: ShO (thermo-vaporizable light hydrocarbons, C1-C15); Sh1 (medium-heavy
oil or thermo-vaporizable hydrocarbons, C15-C40), and Sh2, (cracking of the remaining heavy
hydrocarbons, NSO compounds, and/or kerogen). This specific pyrolysis process would allow us
for a better understanding of the composition of the hydrocarbons generated by the samples upon
heating [30]. Table 2 shows that the shale samples are rich in organic matter, with TOC varying
from 11.07wt% to 20.17wt%. The equivalent vitrinite reflectance values show that the organic
matter is in the early oil window. The plot of Sh2 versus TOC, shown in Fig. 5, illustrates that
kerogen in these samples belongs to type I, which is oil- prone marine.

Table 1 Mineral compositions of the samples (in wt%)

Samples Quartz Pyrite Feldspar Dolomite Clays




Sample 1 70.30 3.15 7.70 0.00 18.81

Sample 2 54.30 8.07 0.00 8.80 28.60
Sample 3 66.90 2.44 14.40 0.00 16.20
Sample 4 70.00 2.35 5.50 0.00 22.20
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Fig. 4. Rock-Eval pyrogram of Sample 1 using shale play method.

Table 2 Geochemical analysis results of the samples obtained from Rock Eval pyrolysis.

Samples TOC Tmax HI Ol TPIs OilinRock  VRo-Eq
wt%o °C (Sh2x100/TOC) (S3x100/TOC) Qil/(Oil+Sh2) bbl oil/ac-ft (%)
Samplel  14.19 429 513.39 2.96 0.14 294.15 0.56
Sample2  20.17 429 555.88 1.64 0.13 399.64 0.56
Sample3  11.07 433 479.13 2.08 0.19 296.34 0.63
Sample 4  12.22 433 464.16 1.72 0.19 329.07 0.63

Note: HI is Hydrogen Index (Sh2x100/TOC), Ol is Oxygen Index (S3x100/TOC), Oil in rock (Qil) refers

to (Sh0+Sh1 (hydrocarbon content)) and TPIs refers to the shale reservoir Production Index
((ShO+Sh1)/(Sh0+Sh1+Sh2)).
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Fig. 5. The plot of Sh2 vs. TOC showing kerogen quality of the four samples.

3.2. FTIR analysis
FTIR analysis characterizes the chemical bonds in the samples and helps to understand the existing

functional groups and chemical compositions. Fig. 6 displays the FTIR spectrum of bulk shale and
the corresponding isolated kerogen samples. Typical peaks that can be seen in both types of
samples are detected at about 2850 cm™ and 2916 cm™* wavenumber. They represent methylene
CH: and methyl CHsz groups, respectively, from aromatic hydrocarbons. Likewise, the peak at
about 1605 cm* wavenumber donates the C=C bond in the aromatic rings [41-42]. Although some
peaks exist in both type of specimens, the intensity of the peak is different. In addition, few peaks
in the FTIR spectrum were only detected in the bulk shale samples. This confirms the existence of
other compositions, which are missing in the isolated kerogen samples. Considering Sample 2,
the peaks around 1094 cm™ and 749 cm™® wavenumber, which are obtained from the bulk shale,
are larger than the strength of the same peaks in the isolated kerogen. This likely indicates the
presence of quartz [43], which agrees with the XRD results.. Two separate indices (A and C) were
used to describe the properties of organic matter and to analyze the kerogen type using FTIR data
[41].
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Index A, which is aliphatic C—Hx relative to aromatic C=C stretching vibrations [32], is defined
as the relative intensities of bands maxima of 2916 cm™, 2849 cm™ and 1605 cm™ wavenumbers
of the FTIR spectrum of the isolated kerogen:

B Int(2916cm ™) + Int(2849cm ™)
Int(2916cm™) + Int(2849cm™) + Int(1605cm ™)

While index C is the quotient of band intensities: 1710 cm™ (C=0 band) and the sum of the
intensities of the 1710 cm™ and 1605 cm™ bands of the FTIR spectrum. This idex defines the
intensity of the absorbance band related to vibrations of oxygenated functional groups versus
aromatic ring functional groups; thus, is an indicator of the relative oxygen content of the sample
[32]:

B Int(1710cm™)
Int(1710cm™) + Int(1605cm ™)

The A and C values were calculated for all four samples. index A varies between 0.6-0.7 while
index C is around 0.5, which indicates that the kerogen type in these samples is type 11 [41]. This

is in good agreement with the results from the Rock-Evalpyrolysis.
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Fig. 6. The FTIR spectrum of isolated kerogen and bulk shale samples (green, blue, pink and

black curves represent Sample 1, 2, 3 and 4, respectively).
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3.3. Gas Adsorption
Based on previous studies [18], abundant pores with a size less than 9 nm exist in the Bakken Shale

samples. These pores are beyond the ability of the available SEM in our disposal to detect them
due to resolution limitations. In order to quantify these smaller pores, gas adsorption was utilized
to analyze and compare the pore structures of the bulk shale samples and their corresponding

isolated kerogen.

3.3.1 CO2 gas adsorption
Fig. 8 shows CO> gas adsorption isotherms for the bulk shale samples and the corresponding

isolated kerogen. The figures depict an increasing trend of the quantity of the adsorbed gas for
both bulk shale and isolated kerogen with an increase in relative pressure. Under the same relative
pressure changes, gas adsorption quantity of isolated kerogen was found to be greater than the bulk
shale samples. This is a good indication that kerogen hosts more micro pores compared to the bulk
shale samples. The summary of the results regarding the volume of micropores for both bulk shale
and isolated kerogen can be seen in Table 3. This table explains that the micropore volume of
kerogen varies from 0.0059 to 0.0064 cm?/g which is 3.5 to 8.5 times greater than the micropore
volume of the bulk shale samples. In addition, the micropore surface area of isolated kerogen was
found to be from 10.8600 to 11.7931 m?/g which is around 3.76-9.92 times more than the
micropore surface area of bulk shale samples. As TOC increases, the micropore volume and the
micropore surface area both increase (Fig. 9), which indicates the significant influence that

kerogen can have on the micropore network of bulk shale samples.

7 - 8
= Bulk shale o —— Organic matter

6. + Organic Matter _ s 74 —— Bulk shale
e 6 /
5+
44

[a [a
o f... & N ,.-"’..“
2 3 o o o
2 %z 3-
S S o
24 2 ..." /
--------- "'
5 1 .y"a
..... ___._.-- f‘ /
0 .—____—I- 0 -’
0.0 02 04 06 08 10 00 02 04 06 08 10
PIP, PIP,
(a) Sample 1 (b) Sample 2

13



8
—— Organic Matter
i —=— Bulk shale _
7 .“M
6- .
o

54 . .
= » &
o 4 m
=2 - :
E 3 " E
o - u

2 .,,"

o’.
l - .,.' -----------------
.” ----------------
0 e : I I | |
0.0 0.2 0.4 e - -
PIP,
(C) Samp le3

o - N w EN (3] [ ~ ©
L 1 1 1 1 1 1 1

—
e
nan
—

—— Organic matter
—— Bulk shale

0.6 0.8 1.0

P/P

0

(d) Sample 4

Fig. 8. CO- gas adsorption isotherms of bulk shale and isolated kerogen samples.

Table 3 Summary and comparison of micropore characteristics of our samples from CO> gas

adsorption (bulk shale and isolated kerogen samples).

Bulk shale Isolated kerogen
micro pore volume, micro pore surface, micro pore volume, micro pore surface,
cm3/g mz/g cms/g ma/g
Sample 1 0.0013 2.3757 0.0064 10.9632
Sample 2 0.0018 3.0040 0.0061 11.3061
Sample 3 0.0008 1.1882 0.0064 11.7931
Sample 4 0.0010 1.5708 0.0059 10.8600
0.0018 4 - 30 .
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Fig. 9. The impact of TOC on pore structures of bulk shale samples.

3.3.2. N2 gas adsorption
The N2 adsorption isotherms for the isolated kerogen and bulk shale samples are shown in Fig. 10

(a-d). In order to gain a better understanding of N> adsorption behavior on bulk shale samples in
particular, Sample 1 and Sample 2 are replotted on a magnified y-axis (volume of adsorbed gas),
which is displayed in Fig. 10 (e and f), respectively. The N2 adsorption isotherms of both bulk
shale and isolated kerogen show a hysteresis behavior, which shows the existence of mesopores in
both sample types. However, a closer look at the shape of the hysteresis loop demonstrates that the
main pore type in the isolated kerogen are silt-shaped pores while the main pore type in the bulk
shale samples is a combination of silt-shaped pores and ink-bottle pores [22,44]. Table 4 is a
summary of the comparison of the meso-macropore of the bulk shale and the isolated kerogen
samples. When gas adsorption is the method for quantifying PSD in a sample, the Brunauer—
Emmett—Teller (BET) theory can be applied to the multilayer adsorption data because the probing
gas does not chemically react with material surface. Thus, the BET theory enables to quantify the
specific surface area of the absorbates. The BET surface area of the isolated kerogen in the studied
samples varies from 14.1837-18.2964 m?/g, which is almost 2.97 to 5.83 times greater than the
BET surface area of the bulk shale samples. Mesopore volume of the isolated kerogen varies from
0.0347-0.0414 cm®/g, which is about 3.03-4.49 times of the mesopore volume of the bulk shale
samples. While comparing macropore volume of these two separate specimens, it turns out that
isolated kerogen macropore volume is 2.98-9.21 times as large as the bulk shale macropore volume.
The overall analysis of pore volumes concludes that meso-macropores are more abundant in the

isolated kerogen compared to the bulk shale samples.
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(a-d) N2 adsorption isotherms of bulk shale and isolated kerogen of Samples 1-4

Table 4 Summary of the meso-macropore surface and volume data of all studied samples

obtained from N2 gas adsorption.
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Bulk shale Isolated kerogen

BET meso-pore macro-pore BET meso-pore macro-pore
surface, volume, volume, surface, volume, volume,
m2/g cmi/g cm/g m2/g cm®/g cm®/g
Sample 1 3.0443 0.0063 0.0005 17.7603 0.0347 0.0042
Sample 2 3.3616 0.0085 0.0013 18.2964 0.0414 0.0052
Sample 3 3.8389 0.0118 0.0023 16.9721 0.0356 0.0069
Sample 4 4.7688 0.0102 0.0015 14.1837 0.0413 0.0120

3.4. Pore size distributions (PSD)
The pore size distribution (PSD) curves of four bulk shale samples and their corresponding

extracted isolated kerogen were analyzed separately and compared. Fig. 11 displays the micropore
size distributions of the bulk shale and their corresponding isolated kerogen samples. The
comparison of micropore size distribution curves of these two different sets of specimens confirms
that major peaks less than 1nm on the x-axis (pore size) do not overlap with one another, while
they coincide when micropore sizes are larger than 1nm. This signifies that isolated kerogen

contributes mostly to micropores with sizes larger than 1nm.
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Fig. 11. Pore size distribution (PSD) curves of bulk shale and isolated kerogen samples.

The meso- and macropore size distributions of bulk shale and isolated kerogen samples from N>
gas adsorption method were also analyzed and compared. Pore size distributions (PSD) of all
samples exhibit a multimodal characteristic, which can be interpreted to indicate the presence of
various pore groups/clusters. Therefore, in order to quantify different existing pore groups from
pore size distribution perspective, a deconvolution method was applied to the data. To perform
this method, each pore cluster/family should fit the normal/Gaussian distribution with specific
mean pore size (u) and standard deviation (sq) [18,45,46]. In Fig 12, the blue curve represents the
experimental data while the red dashed line represents the fitted curves after deconvolving the data.
From the fitted curves after data deconvolution is completed, it can be concluded that meso- and
macropore size distributions in isolated kerogen samples can be separated into five distinguished
pore cluster/families while the meso- and macropore size distribution of the bulk shale samples
can be divided into six different pore families/clusters. The deconvolution details of pore size
distribution for the bulk shale and isolated kerogen samples are summarized in Table 5 and Table
6, respectively. Comparison of the data presented in these two tables illustrates that both types of
specimens have similar pore clusters. To be more specific, pore clusters retrieved from the bulk
shale samples and which are labeled as families 2, 3, 4, 5 and 6 also exist in the isolated kerogen
samples. Pore families in the isolated kerogen samples were labelled as 1, 2, 3, 4 and 5, and have
the same characteristics as the bulk shale pore families. However, there exists an additional pore

cluster with an average diameter of 4 nm in the bulk shale samples, which could be referred to as
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pores that are related to minerals. This latest finding agrees with the results of other researchers

[10].
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Fig. 12. The meso- and macropore size distribution curves of bulk shale (b, d, f, and h) and isolated
kerogen samples (a, c, e and g). The blue solid curve refers to experimental data and the red dashed

line refers to the sum of the fitted curve after data deconvolution.

Table 5 The details of deconvolution results of pore size distributions of bulk shale samples

showing 6 different pore clusters.

Family 1 Family 2 Family 3 Family 4 Family 5 Family 6

u, Sd, u, Sd, u, Sd, u, Sd, u, Sd, u, Sd,
nm nm nm nm nm nm nm nm nm nm nm nm

Samplel 4.28 0.18 10.28 0.57 24.15 097 36.64 148 50.68 3.01 68.23 10.89

Sample2 425 0.19 983 053 2432 036 3547 100 5165 171 7494 821

Sample3 4.92 045 10.88 049 2432 031 3550 080 5170 149 77.78 7.15

Sample4 422 0.17 10.09 055 2431 048 3530 114 4791 10.36 89.06 27.12

Note: u refers to the mean value while sq is the standard deviation.

Table 6 The details of deconvolution results of pore size distributions of isolated kerogen

showing five different clusters.

Family 1 Family 2 Family 3 Family 4 Family 5
u, Sd, u, Sd, u, Sd, u, Sd, u, Sd,
nm nm nm nm nm nm nm nm nm nm

Samplel 1145 022 2430 025 358 055 5087 102 66.77 6.00
Sample2 1114 022 2503 038 3629 059 5059 129 6825 1047
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Sample3 1062 050 2420 0.19 3485 069 5133 146 7256 7.74

Sample4 9.08 080 2531 0.24 3464 0.71 4989 414 8720 1111

Note: u refers to the mean value while sq is the standard deviation.

3.5. Pore heterogeneity
Multifractal theory was applied to the gas adsorption data in order to study the heterogeneity that

may exist in the pore size distributions of the bulk shale and corresponding isolated kerogen
samples. CO, and N» adsorption data were analyzed separately to enable to independently
demonstrate the micropore heterogeneity and meso- and macropore heterogeneity, respectively.
ag, Which was earlier defined as the singularity spectrum, was calculated and is shown in Fig. 13
and Fig. 14, which decreases as q increases. This relationship confirms a fractal characteristic in
our data. Based on this, multifractal analysis can be applied to analyze the micropore and meso-
and macropore heterogeneities of both bulk shale and isolated kerogen samples.

Fig. 13 and Fig. 14 help calculate the fluctuations of the maximum probability (cmax) and minimum
probability (amin) Of pore size distributions. The extension of the singularity length (Aa) which is
the difference between the amax and amin Can characterize the degree of heterogeneity of pore size
distributions in our samples [47]. The results that is summarized in Table 7 explains that micropore
heterogeneity of bulk shale samples is much less than the micropore heterogeneity of isolated
kerogen (using the CO; adsorption data). Based on the above analysis, one can conclude that
micropores exist in the minerals of the Bakken Shale samples. As a matter of fact, the presence of
these specific types of pores can reduce the magnitude of micropore heterogeneity of the bulk shale
samples. Considering the heterogeneity of meso-macropores (from nitrogen adsorption data), the
bulk shale samples were found to have a smaller heterogeneity than isolated kerogen, except for
Sample 2. The meso-macropores that exist in the Bakken Shale minerals could reduce or enhance

the level of heterogeneity within the samples and should be examined separately in each sample.
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Table 7 The details of multifractal analysis results from bulk shale and isolated kerogen samples.

Meso- and macropores
Aa

Micropores

Omax Omin Aa Omax Omin
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Bulk shale 1.049 0.797 0.252 1.244 0.436 0.809

Sample 1
Isolated kerogen 1.091 0.752 0.339 1.411 0.299 1.112
Sample 2 Bulk shale 1.047 0.889 0.158 1.300 0.266 1.033
P Isolated kerogen 1.064 0.808 0.256 1.380 0.359 1.021
Sample 3 Bulk shale 1.022 0.908 0.114 1.376 0.239 1.137
P Isolated kerogen 1.076 0.784 0.292 1.460 0.198 1.262
Bulk shale 1.014 0.977 0.037 1.246 0.332 0.914

Sample 4

Isolated kerogen 1.062 0.820 0.242 1439 0.192 1.247

Comparing the pore structures within the isolated kerogen, it is implicit that micropore volume
(0.006 cm®/g) and micropore surface area (11 m?/g) do not change and are very similar among the
four studied samples. However, meso- and macropore surface area and pore volume analysis of
isolated kerogen samples reflects discrepancies among the samples. Kerogen that was isolated
from Sample 4 with the largest meso- and macropore volume has the smallest surface area. This
can be inferred to indicate that this specific sample has the largest average pore size diameter.
Considering thermal maturity, Sample 1 and 2 have similar maturity (VRo-eq=0.56%) and contain
the same kerogen type (type Il). However, pore structures of Sample 1 and Sample 2 are not
identical. The isolated kerogen from Sample 2 has a larger surface area and also larger meso- and
macropore volume than Sample 1. Furthermore, the heterogeneity of pore size distribution of
micropores and meso- and macropores of these two samples was also found to be dissimilar. In
particular, the isolated kerogen from Sample 1 has larger micro and meso- and macropore
heterogeneity than the isolated kerogen from Sample 2. Sample 3 and Sample 4 with similar
geochemical characteristics have also reflected some differences in pore structures. One potential
reason for such a discrepancy could be related to the kerogen itself. The kerogen in each sample
may have been formed from various living organisms, which results in having different molecular
compositions, although they have similar kerogen type and thermal maturity. This can also be
verified by the results from the FTIR spectrum of the isolated kerogen in Fig. 6a, which shows the

presence of different chemical compounds in each isolated kerogen sample.

3.6. The impact organic matter on the pore structure
In order to investigate the role that kerogen plays on the bulk shale pore structures, the pore size

distributions (PSD) curves of the bulk shale samples (1gr) and the weight normalized organic

content in the bulk shale (defined as 1gr x TOC) were compared. Fig. 15 illustrates the comparison
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results of micropore size distributions of the bulk shale and the extracted and weight-normalized
kerogen samples. It can be concluded that both minerals and kerogen host micropores; however,

kerogen hosts more than 60% of the total micropores that exists in the bulk shale samples.
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Fig. 15. Micropore size distribution of the bulk shale and the weight-normalized isolated

kerogen.

While comparing meso- and macropore size distributions of the bulk shale and weight normalized
isolated kerogen samples (Fig. 16), it is observed that a notable gap in the data exists between the
pore size distributions of these two sets of samples when pore sizes are smaller than 10nm. This

is because the majority of pores from 2 to 10nm in size are hosted within the minerals. Accordingly,
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when the pore sizes become larger than 30nm, the PSD curves from these two-different types of
sample specimens nearly overlap and show similar characteristics. Therefore, it can be said that
isolated kerogen contributes to pores larger than 30nm in size in Sample 2 and Sample 4.
Regarding Sample 3, isolated kerogen and minerals both have pore sizes larger than 20nm. In
Sample 1, when pore sizes are larger than 20 nm, pore volumes from the isolated kerogen become
larger than the pore volumes from the bulk shale samples. This could be due to the presence of
clays or other minerals filling the pores in the organic matter. Therefore, when kerogen is isolated
from the mineral matrix, removing the minerals can result in the exposure of such pores within the

isolated kerogen.
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Fig. 16. Pore size distribution of bulk shale and the weight-normalized isolated kerogen (Meso-
and macropores).

4. Conclusions

This study is a novel study of the pore structures of the Bakken shale and the isolated kerogen. In this study,
the geochemical properties of the bulk shale were characterized while the pore structures of bulk shale and
their corresponding isolated kerogen were quantified and compared. From the results, the following

conclusions can be made:

1. CO;gas adsorption of the samples showed that isolated kerogen has a larger micropore volume and
larger micropore surface area compared to the bulk shale samples.

2. The larger BET surface area and pore volume derived from N adsorption depict that more meso-
and macropores exist in the isolated kerogen than in the bulk shale samples.

3. Based on the PSD data deconvolution, pores in the bulk shale samples can be separated into six
different groups while the pores of their corresponding isolated kerogen can be separated into 5
different clusters. It was found that both type of specimens of samples share similar pore clusters
except cluster 1 in the bulk shale samples with a diameter of 4 nm, which represents mineral pores.

4. Regarding the samples analyzed in this study, micropores are hosted mainly within the organic

matter while the minerals host mainly mesopores with sizes ranging from 2 to 10 nm.
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