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Rock Physics Modeling of Organic-rich Shales with Different Maturity Levels
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Summary

In this study, we develop rock physics models to simulate
the elastic properties of organic-rich shales with different
maturity levels. The modeling results of immature and
mature shales match well with the measured data from the
Bakken shale samples (Vernik and Liu, 1997). It also
suggests that higher maturity level and higher total organic
carbon (TOC) both yield lower Vp/Vs ratio and stronger
anisotropy. When TOC is high, we find that the elastic
responses of organic-rich shales are mainly determined by
maturity level. However, when TOC is low, TOC mainly
controls the elastic properties of organic-rich shales.

Introduction

Organic-rich shale formations develop in a complex way.
Initially, organic matter and mud-sized (< 62.5um)
particles are transported in suspension, whose elastic
properties follows the Reuss bound and has a Poisson’s
ratio of 0.5. These particles settle out of suspension and
begin to compact. New sediments deposited on the older
sediments compact the underlying particles and cause the
sheet-like particles to preferentially align, which
contributes to shale’s intrinsic anisotropy. With the increase
of burial depth and temperature, the dehydration of clay
minerals occurs and shale’s shear modulus increases.
Compaction can dramatically reduce the porosity of shale;
chemical cementation can also lower porosity and
permeability (Drage et al., 2006). When the geological
environment satisfies the condition of maturation,
hydrocarbons can be generated through a series of
decomposition reactions (Luo and Vasseur, 1996; Carcione
and Gangi, 2000), from which we can classify the process
of maturation into three levels (Vanorio et al., 2008), i.e.
immature, mature, and overmature. In the immature stage,
kerogen with a vitrinite reflectance (Ro, %) less than 0.6
can decompose to form oil and little gas, when it is heated
to over 50°C. In the mature stage [0.6 < Ro (%) < 1.3],
generated oil can continue crack to gas, when it is heated to
over 110°C approximately. In the overmature stage [Ro
(%) > 1.3], the generated solid residue can decompose to
form gas and the final solid product graphite, when it is
heated to over 180°C.

It is difficult to characterize organic-rich shales because of
the organic matter as well as its maturation during burial
sedimentation. Some authors have applied different
methods to predict and analyze shale’s properties. Carcione
et al. (2011) found a significant dependence of velocity on
total organic carbon (TOC) when modeling oil-saturated
rock using the Backus average as well as the
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Krief/Gassmann models. Vernik and Milovac (2011), and
Zhu et al. (2012) found that TOC tends to decrease the P-
and S-wave velocities, density, and Vp/Vs ratios, while
increasing the velocity anisotropies. Lucier et al. (2011)
showed that, in the Haynesville shale gas reservoir, the
effect of gas saturation on the Vp-Vs relation is more
significant than that of the TOC effects. Guo et al. (2013)
modeled the Barnett shale brittleness index with self-
consistent approximations and the Backus average through
considering the degree of the preferred orientation of clay
and kerogen particles. However, little work has considered
the effects of organic matter maturation when modeling
organic-rich shales.

In this study, we quantify maturity levels and set various
parameters to simulate kerogen properties at immature,
mature, and overmature stages to model the elastic
properties of organic-rich shales. We strive to make the
modeling consistent with the microstructure and
composition of organic-rich shales. We propose a workflow
of modeling organic-rich shales by using effective medium
theory. We compare the modeling results of immature and
mature shale with the measured data from the Bakken shale
core samples, which also increase the credibility when
modeling overmature shale. Factors such as mineral
compositions, volume of TOC (VTOC), and maturity levels
are analyzed and interpreted separately.

Workflow of modeling organic-rich shales

Step I: generate the fully aligned clay-fluid composite
We start by generating anisotropic clay-fluid structures.
Hereby, we neglect the smectite-to-illite transformation
during organic-rich shales compaction and maturation.
Clay mineral particles are featured as hexagonal symmetry,
which contain five independent elastic constants. We
applied elastic stiffnesses used by Sayers (2013): Cy; =
44.9 GPa, Ca3 = 24.2 GPa, Cyy = 3.7 GPa, Cg = 11.6 GPa,
and C,3=18.1 GPa.

To create a biconnected solid at specific porosities (Figure
1), we can use an anisotropic version of the differential
effective medium (DEM) method (Nishizawa, 1982). In the
evolution history of organic-rich shales, clay minerals
aggregate (suspension status) and start to be deposit with
time, and the degree of compaction increases with time,
leading to decrease porosity. We assume that the fluid in
clay-related pores is brine. The DEM helps to preserve the
connectivity of the clay solid phase, and the wet pores are
treated as non-connected phase (inclusions) due to the low
permeability of organic-rich shales as well as the
unequilibrated pore pressure, when waves propagate
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through. In this study, the aspect ratios of clay-related pores
are set as 0.1 and can be linked with the relationship
between pore shape and compaction.
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Figure 1. The workflow of modeling organic-rich shales.

Step 11: include silt minerals in the generated clay-fluid
composite

Silt-sized minerals (quartz, calcite, and pyrite) tend to exist
as roughly spherical shapes that are randomly oriented, and
their concentrations vary locally in unconventional shale
plays. We can use anisotropic  self-consistent
approximation (ASCA) (Hornby et al., 1994) to include
quartz and calcite in the clay-fluid composites to obtain the
elastic properties of shale’s inorganic part, as it is
unnecessary to identify one of the minerals as the host and
the other two as inclusions.

Step I11: model organic matter properties with different
maturity levels

Among numerous factors influencing the properties of
organic-rich shales, organic matter is crucial because of its
particular velocity, density, and maturation. During the
process of organic matter maturation, various reactions take
place at different maturity levels. The workflow of our rock
physics modeling is modified for different maturity levels
(Figure 2), where different values of densities and moduli
of kerogen and the aspect ratio of kerogen-related pores are
listed in Table 1.
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Figure 2. The modification for step Il in Figure 1 when modeling
organic matter for (a) mature and (b) overmature cases.

We consider organic matter as a system consisting of solid
kerogen or a solid mixture of reaction residue with graphite,
and kerogen-related pores filled with hydrocarbons (Figure
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2) distributed in the organic matter. The substance phases
and their volume fractions in the organic matter is referred
to the maturation model of organic matter built with table 1
and 2 in Luo and Vasseur (1996). Since we can treat the
organic system as an effective medium, the cracked
kerogen elastic properties can be calculated using the self-
consistent approximation (SCA) method (Mavko et al.,
2009). For immature kerogen [Ro (%) < 0.6] (Vanorio et al.,
2008), a bulk modulus of 3.5 GPa and a shear modulus of
1.75 GPa (Yan and Han, 2013) are applied. In this stage,
the temperature of the formation is below 60°C, and little
gas and few kerogen-related pores are generated. For
mature kerogen [0.6 < Ro (%) < 1.3], pore fluid can be
treated as a mixture of oil and gas, whose stiffness is
calculated with Wood’s (1955) relation, and the bulk and
shear moduli of solid kerogen are 5 GPa and 2.5 GPa (Yan
and Han, 2013), respectively. For overmature kerogen [Ro
(%) > 1.3], the elastic properties of a solid mixture of
kerogen and graphite can be calculated using the SCA
method since we can suggest reasonable aspect ratios for
these two materials based on the microstructure observed
from scanning electron microscope (SEM) images.
Furthermore, all the oil decomposes to form gas because of
the higher temperature (> 150°C), and the fluid in kerogen-
related pores is only gas. The elastic moduli of kerogen
(Lucier et al., 2011) and graphite (Ruiz, 2009) are set at
7.98 GPa and 4.18 GPa and 4.79 GPa and 4.54 GPa,
respectively.

Table 1. Elastic properties of kerogen with different maturity levels
and the aspect ratio of kerogen-related pore utilized in the rock
physics modeling.

Maturity Hydrocarbon | Kierogen | Mkerogen o
Level Composition | (GPa) (GPa) gk
Immature Qil 3.5 1.75 0.5
Mature Qil and Gas 5 2.5 0.2
Overmature Gas 7.98 4.18 0.1

Step IV: add organic matter in the former shale
background

After the effective properties of organic matter with
different maturity levels are generated, we can add cracked
kerogen as an inclusion of the former shale matrix to
simulate the properties of the organic-rich shale. In this step,
the cracked kerogen inclusions are assumed to be aligned
along the shale bedding (Figure 1). To preserve the
connectivity of the rock matrix, an anisotropic version of
the DEM method is applied.

Step V: average over the orientation distribution
function

SEM images (Hornby et al., 1994; Alfred and Vernik 2012)
of shales generally show that the clay aggregates’
alignment varies in orientation but serves as a transverse
isotropic (T1) medium as a whole, whose symmetry axis is
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perpendicular to the bedding. Hornby et al. (1994)
described the properties of the composite in terms of a
complex solid comprised of a distribution of these particle
aggregates. This study adopts this averaging strategy to add
a particle distribution characteristic into the organic-rich
shale model (Figure 1). Hornby et al. (1994) derived a
distribution function of particle orientation from an SEM
image. In our study, these particles’ orientation distribution
function adopts a discrete normal distribution.

Rock physics modeling results and analysis

Here we present our modeling results for mature organic-
rich shales. Compared with immature organic-rich shales,
organic matter becomes denser and stiffer when kerogen
cracks to form oil and gas. The bulk and shear moduli of
kerogen are set as 5 GPa and 2.5 GPa, respectively, and a
density of 1.3 g/cc is applied. Based on the maturation
model for type Il kerogen (Luo and Vasseur, 1996), when
organic-rich shale is cooked to mature status, the mass
concentrations of the organic phase are 70% solid organic
matter, 20% oil, and 10% gas. Hereby we make an
assumption that kerogen and the solid residue generated
during the decomposition of kerogen share the same elastic
properties and density but different reaction activity energy,
i.e. kerogen decompose totally before the organic-rich shale
is heated to 120°C, but generated residue decompose when
temperature reaches 150°C. The inorganic matrix of our
model consists of a mineral combination of 25% quartz,
55% calcite, and 20% clay. The matrix porosity is 1%, and
kerogen-related porosities vary from 0% to 8%, which are
the modeling results of adjusting the densities of kerogen-
related porosity. Some parameters used in the mature
organic-rich shale model are listed in Table 2. We simulate
the properties of mature organic-rich shales with different
initial volume fractions of kerogen (VTOC) ranging from
5% to 45%. Figures 3 and 4 plot the modeling results and
eight mature Bakken shale samples from Vernik and Nur
(1992) with Ro (%) varying from 0.6 to 1.1, which are
superimposed to check the feasibility and predictive power
of the model.

Figure 3 shows that the modeling P- and S-wave (normal-
to-bedding) velocities with different volume fraction of
kerogen and kerogen-related porosity. The kerogen-related

porosity ¢, can increase with the crack density of kerogen-

related pores (black arrow), which indicates the maturity
level. Since more kerogen is decomposed to form oil and
gas, generating pores also contribute significantly to the
total porosity, which can increase as high as 8% when
initial VTOC is 45%. From the modeling results, higher
kerogen volumes and kerogen-related porosities both
decrease the P- and S-wave velocities. When the VTOC is
the same, increasing maturity level can decrease P- and S-
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wave velocities. Eight Bakken shale samples data are
plotted and marked with red stars. As a whole, they follow
the trend, and most of them fall within the range of the
predicted model in the panels of Vp-VTOC and Vs-VTOC.

Table 2. Parameters used in the mature organic-rich shale model.

0, "
Matrix porosity (g, ) 1% Ko 0.48 GPa
Matrix-related pore aspect 0.1 il 0 GPa
ratio (a, )
Kerogen-related porosity 0-8% Poil 0.8 glcc
(4y)
Kerogen-related pore 0.2 Kuwater 2.25GPa
aspect ratio (¢ )
Kerogen aspect ratio 0.1 Mwater 0 GPa
(akerogen )
Clay aspect ratio ( Aglay ) 01 Puwater 1.04 glcc
Gas to oil volume ratio in 9 Kgas 0.01 GPa
kerogen related pores
Volume fraction of 5- Mgas 0 GPa
kerogen 45%
Crack density of kereogen- | 0-0.2 Pyas 0.1 glcc
related pore
a) & b) 3

Vp (kmis)

25

01 04

Figure 3. Rock physics modeling results for (a) b-wave velocity
(Vp) and (b) S-wave velocity (Vs) vs. volume fraction of kerogen

02 03
vroc

(VTOC) and kerogen-related porosity (4, ) for mature organic-

rich shales. Red stars denote the Bakken shale data with Ro (%)
from 0.6 to 1.1 from Vernik and Nur (1992).

Kerogen is considered as an isotropic material, but its
particle alignment, which is parallel to the shale bedding,
can induce strong polar anisotropy. The modeled
anisotropies results in the mature rock model are stronger
than the modeled results in the immature rock model,
resulting from differences in properties (such as stiffness
and density, etc.) between the organic part and the
inorganic part increasing during kerogen maturation.
Organic matter becomes much softer than the rock matrix
due to the generation of kerogen-related pores during
maturation, and the anisotropy induced by bedding-aligned
kerogen increases. Figure 4 demonstrates that, with
increasing organic matter or maturity level, the Thomsen’s
parameters (Thomsen, 1986) increase. The reason why the
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modeling results do not match well with the core data can
be attributed to poor understanding of some microstructure
information of particle alignments and improper aspect
ratios setting for inclusions, such as clay-related pore,
kerogen, etc.

a) _b). . ©)

|/} |

Figure4. l;homsen7s parameters; (@) &, (b) v, and (c) & vs. volumes

fraction of kerogen (VTOC) and kerogen-related porositiy ( 4, ).

Then we take a look at the Vp/Vs ratios of immature,
mature, and overmature organic-rich shales with our rock
physics modeling in Figure 5. In panel (a), the modeling
kerogen-related porosity is lower than 1% since we are
simulating oil shale and little kerogen decompose. For that
core sample with a VTOC of 43%, the Vp/Vs value is as
low as that of gas sand; this deviation may be explained
with the unknown pore fluid saturation and inaccurate
measurement if pore fluid remains in-situ status with a Ro
of 0.3%. When the kerogen volume fraction is low (VTOC
< 25%), the Vp/Vs ratio of organic-rich shales can decrease
with increasing amount of organic matter. When VTOC is
larger than 25%, the Vp/Vs ratio of organic-rich shales are
close to 1.73 and do not change significantly.
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Figure 5. The rock physics modéling results for the Vp/Vs ratios of

(a) immature, (b) mature, and (c) overmature organic-rich shales vs.

volumes fraction of kerogen (VTOC) and kerogen-related porositiy
(¢, ). Red stars in panel () and (b) denote the Bakken shale data

with Ro (%) from 0 to 0.6 and from 0.6 to 1.1 from Vernik and
Nur (1992).

In Figure 5b, the Vp/Vs ratios, which can be as low as 1.6,
decrease significantly with increasing maturity levels
(kerogen-related pores) or kerogen volumes. When the
kerogen volume fraction is lower (VTOC < 25%), an
increasing amount of kerogen mainly dominates the Vp/Vs
ratio; when VTOC is larger than 25%, the increasing level
of maturity mainly controls the decrease of the Vp/Vs ratio.
In this case, the kerogen-related porosities are higher than
those of the overmature case, because kerogen-related
pores have larger aspect ratio but smaller crack density than
those of overmature case, which suggests that the kerogen-
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related porosity can take a large proportion of the total
porosity in mature organic-rich shales.

In Figure 5c, for the overmature case, we do not have data
to check the predictive power. But we consistently follow
the geology based workflow by adjusting several modeling
parameters, such as compositions of organic matter phase,
lower aspect ratio, and higher crack density of kerogen-
related pores. The modeling Vp/Vs ratio can be as low as
1.57 since all of the fluid within the kerogen-related pores
remains only gas at depths with temperatures over 150°C.
The VTOC varies from 1% to 11% and is much less than
the former two cases, although the initial VTOC is set as
the same range of 5 to 45% with immature and mature
cases. This is because at overmature stage, kerogen is
totally decomposed, and the solid phase of organic matter
consists of reaction residue as organic carbon and graphite
as the inorganic carbon.

It is necessary to point out that the rock physics modeling
contains amounts of parameters, which are assigned to
represent the geochemical compositions, such as volume
fractions of minerals and kerogen, and microstructures,
such as inclusion geometries (aspect ratio), and
distributions (orientation distribution function). We need to
determine them properly so that the modeling results follow
well with the in-situ geological characteristics of the
organic-rich shales. One preferable method of setting
parameters is to determine the mineral compositions with
X-ray diffraction (XRD), TOC and maturity level with
Rock-eval pyrolysis, and the microstructure with SEM
figures.

Conclusions

It is essential to consider maturity level besides other
geological factors when modeling organic-rich shales. We
find that different maturity levels can affect elastic
properties, such as the velocities, anisotropies, and Vp/Vs
ratios, to different degrees. For immature shale with little
kerogen-related pores, TOC is the major factor that
determines its elastic responses. For mature shale, the
elastic properties are mainly controlled by the maturity
level of the organic matter. For overmature shale, the
elastic properties are mainly determined by the gas-filled
kerogen-related pores.
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