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ABSTRACT: Combining hydraulic fracturing with lateral drilling has
allowed for economical hydrocarbon production from unconventional
formations. Nevertheless, beyond hydraulic fracturing, our under-
standing of how hydrocarbons are stored and transported from the
stimulated volume of a reservoir is still limited. Source rocks consist of
organic materials finely dispersed within an inorganic matrix. Despite
their small size, these organic pockets are capable of storing significant
amounts of hydrocarbon due to their large surface area. The extent of
the source rock’s storage capacity is determined by several factors,
including the natural fracture abundancy, organic material content,
type, and level of maturity. The petrophysical properties of organic
materials, also known as kerogens, are subject to a high degree of
uncertainty. Kerogens are difficult to isolate experimentally, which
hinders accurate petrophysical analysis. The objective of this research
was to use a molecular modeling approach to explore the petrophysical characteristics of kerogen. Kerogen macromolecules of
different types and maturity levels were recreated via a computational platform. Then nanoporous structures representing these
kerogens were obtained and characterized. Several elemental parameters, including porosity, density, pore size distribution, and
adsorption capacity were closely delineated. The kerogen properties were found to correlate with the kerogen type and thermal
maturity level. Kerogen type III showed the highest storage capacity, followed by types II and I, in a descending order. Moreover, in
the same type of kerogen, a general trend of increasing storage capacity was observed as the maturity level increased. Methane
adsorption capacity was modeled as a function of kerogen porosity. A transition flow regime was found to be the predominant
mechanism. Such observations have significant implications for reservoir-scale modeling of unconventional resources.

■ INTRODUCTION
Production stimulation techniques such as combining hydraulic
fracturing and lateral drilling have made exploiting unconven-
tional formations economically feasible. These advancements in
production are not, however, necessarily accompanied by a clear
understanding of the transport and storage mechanisms within a
source rock matrix.
Source rocks, which are clastic sedimentary rocks composed

of a complex mineralogy of clay, quartz, calcite, and fragments of
organic materials, are tight formations. Their intrinsic
permeability can primarily be attributed to natural fractures
induced by tectonic movement.1,2 Another constituent of source
rock is the organic matter consisting of kerogen and bitumen.
The latter is soluble in organic solvents, while the former
represents a solid, best thought of as a nanoporous material.3−6
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Figure 1. Schematic of shale samples showing organic materials finely
dispersed within an inorganic matrix.
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Kerogens are capable of storing significant amounts of sorbed
and free hydrocarbons due to their relatively large surface area.7

The length scale of organic materials, usually a few nanometers,
deviates from the continuum of fluid mechanics and
thermodynamics. Scanning electron microscopy (SEM) images
of source rocks reveal finely dispersed organic materials of a dark
color within an inorganic matrix (see Figure 1). Chemical and
physical properties change with the kerogen type and level of
maturation. Origin and maturity levels can both play important
roles in determining the storage capacity of shale formations.
Experimental characterization of such organic pockets requires
extraction, followed by typical petrophysical measurements; this
is a challenging task accompanied by a high degree of
uncertainty. Alternatively, molecular representation on a virtual
platform can be used to simulate transport and storage capacity
for assessment purposes.
The presence of micropores increases porosity and hence, the

adsorption capacity of source rocks. The abundancy of such
micropores has been experimentally investigated for different
kerogen types across a range of thermal maturity levels. Zhang et
al.8 measured the porosity of shale, finding it to be higher in the
presence of overmature kerogen. The increase in porosity was
attributed to the high level of maturity.9 Conversely, the
presence of micropores was observed to be insignificant in low-
maturity samples.10 In sum, experimental investigations have
showed that the presence of micropores can be linked to TOC,
with their concentration being determined by the degree of
organic materials and level of maturation. However, the degree
of confinement and a complex mineralogy restrict direct
assessment of kerogen’s petrophysical characteristics. The goal
of the present research is to overcome the limitations of current
experimental approaches and place greater emphasis on the
petrophysics of kerogens. In particular, properties such as
porosity, pore size distribution (PSD), and methane adsorption
capacity are delineated below for three major types of kerogen.
Efforts to classify kerogens began in the 1940s. It was observed

that kerogens appearing in coal formations were almost
indistinguishable from the matrix itself (due to the graphene-
like structure), while those present in other sedimentary rocks

were more aliphatic.11,12 Modern classifications are based on
elemental analysis. In particular, the ratios of hydrogen to carbon
(H/C) and oxygen to carbon (O/C) can be linked to the degree
of aromaticity and oxidation level. Hence, kerogens can be
ordered by the level of maturity.13,14 In general, kerogens are
classified as types I, II, III, and IV.Within each type exists a range
of maturity levels.14,15 In some references, type IV is combined
with type III to comprise a single class.16 Type I is highly
aliphatic, with a ratio greater than 1.5 and an O/C ratio below
0.1.16 Type II contains a larger amount of cyclic aliphatic
constituents and aromatics, which is reflected in the decreasing
H/C ratio.17 Type III, which is deposited in shallow marine
environments, is vulnerable to further oxidation and thus
increased oxygen content, either as functional groups or bonding
cyclic chains of aromatics and cyclic aliphatic moieties.17,18

Forsman19 was the first to model the kerogen structure
through functional group characterization. He recognized two
distinct groups. The first exhibited a condensed aromatic
structure fused by functional groups such as ether or alkoxy.
Hypothetical macromolecular models matching the elemental
ratios were approximated based on arbitrary building
blocks.20−23 However, these models failed to match the
measured density of kerogens, indicating a lack of representative
3D spatial configurations.24 Some advancements in representing
kerogen structures at different maturity levels have been
achieved, beginning with the type I model.25 This was followed
by three type II structures: diagenesis, the beginning of
catagenesis, and the end of catagenesis.26 With advancements
in computer-assisted modeling techniques, more representative
porotypes of kerogen structures were generated, such as the six
different models including types IA, IIA, IIB, IIC, IID, and
IIIA.27,28 In general, the aforementioned studies were conducted
to generate synthetic models that could reproduce some of the
macroscopic properties of kerogens but cannot be regarded as
exact replications of those that are naturally occurring.

■ MOLECULAR APPROACH

Construction of Nanoporous Kerogen Structures. To
investigate the petrophysical properties of kerogen, a repre-

Figure 2. Six kerogen macromolecules recreated on a computational platform.28
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sentative structure exemplifying kerogen is required to serve as
nanoporous media. In this research, we employed a novel
molecular modeling technique to recreate the nanoporous
structure of kerogen on a virtual platform. Extracting kerogen in
amounts sufficient for petrophysical assessments is laborious
and generally requires the application of strong acids and/or
thermal treatments. Molecular simulation has become a viable
alternative for studying kerogen under pressure and temperature
conditions that might be impossible using lab-based approaches.
Furthermore, a molecular modeling approach offers unprece-
dented flexibility in analysis of, for example, different functional
groups, bonding strengths, and other chemical properties. The
petrophysical analysis performed in this study relied on the novel
work on six kerogen units configured by Ungerer et al.28 These

macromolecules encompass the basic kerogen types (see Figure
2 and Table 1). To perform the petrophysical assessments, it was
essential to maintain proper 3D spatial configurations, ensuring
that physical properties such as density remained consistent with
the experimental data.
Kerogen macromolecules IA, IIA, IIB, IIC, IID, and IIID were

recreated at a molecular level, as shown in Figure 2. A polymer-
consistent force field (PCFF+), which is known for its ability to
model the atomic constituents of kerogen, was used to assign the

Table 1. Elemental Kerogen Ratios by Ungerer28

kerogen
type maturity level H/C O/C N/C S/C

aromatic
carbon
(%)

KIA immature 1.530 0.052 0.028 0.012 29
KIIA immature 1.170 0.095 0.024 0.012 41
KIIB top of oil

window
1.120 0.060 0.022 0.009 45

KIIC middleend
of oil
window

0.905 0.054 0.021 0.008 59

KIID overmature 0.580 0.051 0.023 0.011 79
KIIIA immature 0.870 0.116 0.017 0.000 57

Figure 3. Left: LAMMPS protocol workflow for the creation of kerogen nanostructures. Right: Progression from a single kerogen unit to the final
kerogen structure.

Figure 4. Sample visual illustration of the PSD algorithm performed for
one of the kerogen structures. Changes in color reflect changes in pore
size, where larger spheres were depicted in lighter colors.
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atom types and charges. Similar to Compass and CFF93, the
PCFF+ was introduced to complement the previous efforts of
force fields capable of handling organic compounds. It has been
applied successfully to reproduce some macroscopic properties
reported in the literature, including the same kerogen prototypes
used in this study.27,28 A total of 8−12 units of kerogen were
initially placed in a relatively large cell so that the density does
not exceed 0.2 g/cm3. The initialization of the system at the low
density was followed to avoid any stability issues. Then, a large-
scale atomic/molecular massively parallel simulator
(LAMMPS)was employed to form the final kerogen structure.29

The targeted temperature and pressure of the final configuration
were selected to be 350 K and 20.67 MPa, respectively, in order
to represent typical reservoir conditions. The molecular
dynamics began with an initialization where a 3D periodic
boundary, 9.5 cutoff value, and 2.0 skin were assigned. This was
followed by an energy minimization stage to properly configure
the molecular position and velocity. Next, a single stage of
isochoric−isothermal NVT for 250 ps was performed at 900 K.

At the same temperature, an isobaric−isothermalNPT stage was
performed for 200 ps. Then, the temperature was reduced to
700, 500 K, and finally to 350 K in three consecutiveNPT stages
to form the final structure. The gradual decrease in temperature
to the final targeted level assured structural stability during
convergence. The final structures had densities of 1.0−1.3 g/
cm3, which were close to the values experimentally measured for
the same types.28 A summary of the molecular construction
protocol is given in Figure 3.

Porosity and Pore Size Distribution. Gibbs Monte Carlo
simulations for helium and the created kerogen structures were
conducted to obtain the porosities of the six kerogens.

ρ= −N N Vm a a P (1)

where Nm and Na are the number of excess and adsorbed
molecules of helium, respectively; VP is the pore volume; and ρa
is the density of the helium. Under the assumption of zero excess
molecules at such a degree of confinement, the above equation
was used to estimate the pore volume. The porosity was then
calculated by dividing the pore volume by the bulk volume.
Porosity, which is an indicator of the total pore volume, can be

used to describe the total storage capacity of porous media.
Detailed characterizations of pore volume, however, are needed
to cast some light on the degree of confinement and underlying
storage and transport mechanisms. For this purpose, PSD was
extracted for all six nanoporous kerogen structures. PSD
characterization was conducted by positioning nonoverlapping
spheres at the vertices of the resulting polyhedral grid, with a

Figure 5. TOP: kerogen type IIA density as a function of the number of units. Bottom: PSD as a function of the number of units.

Table 2. Fugacity Data Used in the Adsorption Calculations

P (MPa) fugacity (MPa)

2.067 2.028
3.445 3.340
6.890 6.494
10.335 9.503
20.670 18.056
41.340 35.842
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minimum threshold sphere radius of 0.2 nm (a sphere was
created if its radius was greater than or equal to 0.2 nm).30,31 The
minimum threshold radius was selected based on the kinetic
diameter of methane. A sample visual representation of the PSD
calculations is given in Figure 4.
Representative Elementary Volume. To investigate the

impact of the system size on the characteristics of the created
structures, the construction of the kerogen, as described
previously, was repeated with an increasing number of added
macromolecule units. The final density and the PSD of each
configuration were obtained as a function of the number of units.
Sample analysis for type IIA is given in Figure 5. It can be seen
that neither density nor PSD varied significantly for the
considered configurations, suggesting that 8−12 units are
sufficient to yield structures with consistent properties.
Adsorption Calculations. The six nanoporous structures

developed were employed to host methane. Gibbs ensemble
Monte Carlo simulation of the methane−kerogen interactions
can be interpreted as the sorbed phase. The isotherm was
selected to be at 350 K for pressure stages ranging from 300 to
6,000 psi (i.e., 2.067−41.340 MPa), which are representative of
the profiles encountered in the field. At each stage, the Peng−
Robinson equation of state was used to approximate the fugacity
of methane (see Table 2).
The number of methane gas molecules hosted by the kerogen

models was tracked through the Gibbs ensemble Monte Carlo
calculations at different isothermal pressure stages, making it
possible to plot the sorption profiles as a function of pressure for
the six kerogen structures. A similar approach has been followed
in prior studies.32−34

■ RESULTS AND DISCUSSION
Kerogen structure construction, porosity measurement, PSD
characterization, and adsorption calculations were performed

for the six kerogens listed in Table 1. It was the goal of this
research to illustrate how kerogen petrophysics changes with the
kerogen type and level of maturation. Hence, the analyses
described in the previous section are presented and discussed
below for three major kerogen typesIA, IIA, and IIIAand
for type II at different levels of maturity: IIA, IIB, IIC, and IID.

Kerogen Types. Helium pycnometry measurements
revealed that the porosity was highest for kerogen type IIIA,
followed by IIA and IA, in a descending order. The porosity
trend observed was consistent with the PSD analysis, where
kerogen type IIIA had the largest average pore size, followed by
IIA and IA, in a descending order (see Table 3). Kerogen type
IIIA had the highest content of aromatic carbon. The double and
partial bonds associated with aromatic carbon are less flexible
than single bonds. Aromatic carbon’s higher resistance to folding
may explain the relatively larger pores. Kerogen type IIA had the
second highest aromatic carbon content of the three types. Its
porosity was determined to be lower than type IIIA and higher
than type IA. This was also consistent with the PSDs of the three
types, as shown in Figures 6 and 7.
The ability of organic materials to host hydrocarbons is a vital

characteristic that has significant implications for reservoir-scale
reserve assessments. Methane adsorption capacity calculations
described in the third section of the molecular approach were
performed on the three kerogen types. The results are
summarized in Figure 8.
The three types of kerogen exhibited voids of average 0.44−

0.48 nm in diameter, as revealed by the PSD; such voids are
capable of providing a single adsorption site for methane
molecules (the kinetic diameter of methane is approximately
0.39 nm). The adsorption behavior showed results consistent
with that of locations where Langmuir-like isotherms were
obtained. Moreover, the isotherms in types IIA and IIIA showed
sensitivity to an increase in porosity. The increased methane
adsorption capacity signifies the role of shale gas and coalbed
methane containing types II and III kerogens as indicating
sources of natural gas.

Thermal Maturity. Kerogens of the same type can exist
across a wide spectrum of thermal maturation. Below, kerogen’s
petrophysics are presented in the context of the maturity level
for four type II structures in an ascending order of maturation:
types IIA, IIB, IIC, and IID.

Table 3. Porosity and Maximum and Average Pore Sizes for
Kerogen Types IA, IIA, and IIIA

structure phi R, max (nm) R, avg (nm)

KIA 0.049 0.305 0.228
KIIA 0.056 0.313 0.231
KIIIA 0.076 0.379 0.239

Figure 6. PSD for kerogen types IA, IIA, and IIIA.
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Similar to the analyses described in the previous section,
nanoporous structures were constructed, followed by extraction
of PSD and helium pycnometry for porosity estimation; finally,
methane adsorption calculations were carried out. The helium
porosities are given Table 4, PSDs in Figures 9 and 10, and
methane adsorption profile in Figure 11.
As the thermal maturity increased from type IIA to IID,

porosity increased; it was highest for IID, followed by IIC, IIB,
and IIA, in a descending order. The PSD showed consistent
results, with type IID having largest pores and highest average
pore size, followed by the others in the descending order of
maturity. Intuitively, methane adsorption capacity would have
the same trend as porosity. However, methane−kerogen
interactions can also impact the adsorption. Methane is
nonpolar, while kerogen can vary in the degree of polarity,

with type IID being the most polar one. Among other immature
kerogens, type IID is anticipated to have the least degree of
affinity to methane from methane−carbon interaction point of
view. Interestingly, kerogen type IID exhibited the highest
methane adsorption capacity, implying the minimal role of
polarity as compared to porosity. Similar adsorption character-
istics have been reported in the literature.35

Storage and Transport Implications. The ability of
kerogen macromolecules to form well-defined nanoporous
structures is understood as the primary factor dictating methane
adsorption capacity. In this context, porosity refers to the pore
spaces formed between kerogen macromolecules and not those
formed during pressure buildup or induced by tectonic
movement. Hence, maximum adsorption capacity can be linked
directly to the porosity of the kerogen, irrespective of the type
and level of maturity. The maximum adsorption capacity of each
kerogen structure and its corresponding porosity were extracted.
The six sets of data points were used to plot the adsorption
capacity versus porosity (see Figure 12).
A clear correlation can be seen between the adsorption

capacity and porosity. It implies that the pore volume within
kerogen structures is the primary parameter controlling the
adsorption capacity. Such a relationship can serve as a means of

Figure 7. Cumulative distribution function of the PSD values for kerogen types IA, IIA, and IIIA.

Figure 8. Methane adsorption capacity of kerogen types IA, IIA, and IIIA at 350 K.

Table 4. Porosities andMaximum and Average Pore Sizes for
Kerogen Types IIA, IIB, IIC, and IID

structure phi R, max (nm) R, avg (nm)

KIIA 0.056 0.313 0.231
KIIB 0.073 0.363 0.236
KIIC 0.075 0.461 0.234
KIID 0.144 0.507 0.257
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deducing the storage capacity of organic materials, in terms of a
measurable parameter (i.e., porosity).

ϕ=C 36.42CH ,max
1.7

4 (2)

where CCH4,max is the maximum adsorption capacity of kerogen
and ϕ is the porosity.
Conversely, transport is controlled by different regimes. The

detailed characterization of PSD can shed some light on the
predominant mechanism. The Knudsen number, which is
defined as the ratio between the molecular mean free path λ to
the characteristic pore size L, is an indicator of the transport
mechanism. The Knudsen number Kn is given as

λ=Kn
L (3)

The mean free path λ can be obtained through the kinetic
theory of gases as

λ
π

=
k T

d P2
B

2 (4)

where kB is the Boltzmann’s constant, T is the temperature, d is
the kinetic diameter of the molecule (methane has a kinetic
diameter of 0.39 nm), and P is the pressure. The Knudsen
number is descriptive of the transport mechanism. In general:

• Kn < 0.01 continuum flow
• 0.1 > Kn > 0.01 slip flow
• 10 > Kn > 1 transition flow
• Kn > 10 free molecular diffusion

The characteristic pore size L was approximated for the six
kerogen structures used in this study as the average pore size,
allowing for the Knudsen number to be calculated for the
structures as a function of pressure (see Figure 13). The
Knudsen number for the pressure profile considered was within
a range of 0.33−7.5, signifying transition flow as the
predominant mechanism.

Figure 9. PSD for kerogen types IIA, IIB, IIC, and IID.

Figure 10. Cumulative distribution function of the PSD for kerogen types IIA, IIB, IIC, and IID.
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Figure 11. Methane adsorption capacity of kerogen types IIA, IIB, IIC, and IID at 350 K.

Figure 12. Maximum methane adsorption capacity of kerogen as a function of porosity; each porosity value corresponds to one of the six kerogen
structures. Data were obtained at 41.34 MPa and 350 K.

Figure 13. Knudsen number values for the six kerogen structures as a function of pressure and at a constant temperature of 350 K.
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■ CONCLUSIONS
In this research, a molecular simulation approach was applied to
investigate the petrophysical properties of kerogens of different
origins and levels of maturation. Nanoporous kerogen structures
were built from their respective single macromolecule units.
Characterizations of porosity, PSD, and methane adsorption
capacity were performed. Some conclusions can be drawn as
follows:

• Kerogen petrophysics can vary among types. Type IIIA
had the highest porosity, largest pores, and highest
adsorption capacity, followed by IIA and IA, in a
descending order.

• The petrophysics varies with maturity. The most mature
structure had the highest porosity, followed by the others
in a descending order of thermal maturity.

• Transition diffusion was found to be the predominant
transport mechanism for all kerogen types, within a typical
pressure range profile.

Experimental validation of these findings is recommended, as
well as the extension of this analysis to other kerogen types.
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■ NOMENCLATURE
ϕ, porosity, dimensionless parameter
Kn, Knudsen number, dimensionless parameter
R, pore radius, nm
d, kinetic molecular diameter, m
L, characteristic pore size, m
kB, Boltzmann constant, 1.38065 × 10−23 m2kg/s2K
T, temperature, K
P, pressure, psi, MPa, or Pa
VP, pore volume, m3

ρa, gas density, m
3/kg
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