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Abstract:
Modeling the overpressure of organic shales caused by thermal maturation and its elastic
responses is crucial for geophysical characterization of source rocks and unconventional
shale reservoirs. Thermal maturation involves the generation of excess fluid contents (oil
and gas) and can cause the overpressure if an organic shale preserves the produced fluids
partly or wholly. The solid organic matter (e.g., kerogen or solid bitumen) with the
potential of generating hydrocarbon presents two types of morphology in organic shales:
scattered patches as pore-fillings and continuous network as load-bearings. According to
the kerogen morphology, two bulk volume models are devised to simulate the elasticity
of organic shales using respective rock-physics modeling schemes. The rock physics
modeling combined with the density and compressibility of pore-fillings are demonstrated
to effectively capture the excess pore pressure characteristics due to thermal maturation
in organic shales. The basic principle of solving the overpressure is that the pore space
volume equals the total volume of all components within the pores before and after the
maturation. According to the modeling results, the elastic characteristics of overpressure
due to thermal maturation reveal a decrease in velocity and a slight decrease in density.
Besides, for an organic shale with a relatively rigid framework, it tends to yield higher
overpressure than a shale with a relatively compliant framework. With proper calibration,
the modeling strategy shows its potential in quantitatively interpreting the well-log data
of organic shale formation within the thermal maturation window.

1. Introduction
Although numerous scholars investigated pore-pressure

prediction in shale, most studies focus on the mechanism of
the disequilibrium compaction (Hart et al., 1995; Gutierrez
et al., 2006; Sayers, 2006; Zhang, 2011; Yu, 2015), which
forms during the burial process. In recent years, organic shales
have attracted more attention because they are more than
hydrocarbon source rocks and can produce oil and gas as
unconventional reservoirs with proper stimulation. Knowledge
of pore pressure can ensure the safety of drilling activity,
such as preventing breakouts (Swarbrick and Osborne, 1998;
Chatterjee et al., 2011) and maintaining borehole stability (Zou
et al., 2017). Also, studying pore pressure in organic shale
can identify the type and accumulation status of pore fluids

(Bruce, 1984; Hao et al., 2007). In particular, the overpressure
signatures of organic shale are closely associated with the
identification of sweet spots in unconventional reservoirs. For
instance, Karthikeyan et al. (2018) found that excess pore
pressure positively correlates with production in the Marcellus
Shale gas reservoir.

Kerogen, in the form of amorphous organic matter (OM),
possesses the capability of generating hydrocarbon when
heated under in-situ conditions. Thermal maturation of kero-
gen or hydrocarbon generation takes place through a series
of decomposition reactions (Luo and Vasseur, 1996; Carcione
and Gangi, 2000), and the OM maturation can primarily be
divided into three stages (Tissot et al., 1987; Barker, 1990;
Vernik and Landis, 1996; Seewald, 2003; Passey et al., 2010).
At the immature stage, the historical maximum formation

∗Corresponding author.
E-mail address: qin.xuan1@gmail.com (X. Qin); zhaoluanxiao@tongji.edu.cn (L. Zhao); 2011475@tongji.edu.cn (J. Zhu);
dhan@central.uh.edu (D. Han).
2207-9963 © The Author(s) 2023.
Received September 25, 2023; revised October 19, 2023; accepted November 10, 2023; available online November 15, 2023.

https://orcid.org/0000-0002-5343-4318
https://orcid.org/0000-0001-5581-2493
https://doi.org/10.46690/ager.2023.12.04


Qin, X., et al. Advances in Geo-Energy Research, 2023, 10(3): 174-188 175

temperature is lower than 50 °C, and kerogen has a vitrinite
reflectance (Ro), of less than 0.5%. Kerogen does not decom-
pose to generate thermogenic hydrocarbon. The organic-rich
shale (oil shale) can be treated as a type of fuel resource. At
the mature stage, when the formation temperature is between
60 and 150 °C, generative kerogen decomposes to generate oil
as the primary product. Vitrinite reflectance of 0.5 < Ro(%)<
1.1-1.3 marks the window of oil generation. The preserved oil
or condensate in organic shales composes “shale oil”. At the
overmature stage, Ro(%)> 1.1−1.3, gas is the main product
of a secondary cracking of oil or organic residues.

The thermal maturation process of kerogen can result in
overpressure. First, the reaction of phase transition resem-
bles a process of volume expansion of pore fluids because
the products of OM maturation have smaller densities than
kerogen. For instance, kerogen or solid bitumen has a density
varying from 1.1 to 1.4 g/cm3, oil’s density usually varies
from 0.75 to 0.95 g/cm3, and gas density ranges from 0.01 to
0.2 g/cm3. Meissner (1978) suggested the volume expansion
could be as high as 25% during kerogen transforming to oil,
gas, and other byproducts. Second, the generated hydrocarbon
is difficult to percolate or migrate out of the low-permeability
organic shales, so the hydrocarbon keeps accumulating and
increasing the pore pressure (Bowers, 1995; Carcione and
Gangi, 2000; Ramdhan and Goulty, 2011; Tingay et al., 2013)
until surpassing the fracturing pressure (Zhang et al., 2022).
After a part of the hydrocarbon is expelled from fractures,
formed pathways remain closed, and the organic shale repeats
the process of hydrocarbon generation, accumulation, and
expulsion. Luo and Vasseur (1996) and Swarbrick et al. (2001)
estimated the overpressure magnitude through basin modeling
and suggested that the gas generation stage produced higher
pressure than the oil generation stage. The gas generation
was considered to generate local high-magnitude pore pressure
(Morley, 1992; Burrus et al., 1996; Lash and Engelder, 2005)
until Tingay et al. (2013) reported the basin-scale overpressure
due to the gas generation in the Malay Basin.

Geoscientists and engineers modified conventional meth-
ods to interpret the geophysical properties variation and predict
pore pressure in organic shales containing thermal maturation.
These methods include increasing the Eaton exponent from 3
to over 10 (Eaton, 1975; Bowers, 1995; Tingay et al., 2013;
Dasgupta et al., 2016) and elastic unloading method by
Bowers (1995). Some authors have analyzed and estimated
overpressure in unconventional shales. Couzens-Schultz et
al. (2013) suggested combing a constant vertical effective
stress of offset wells with the information of erosion or burial
while predicting pore pressure in various unconventional plays.
Green et al. (2018) proposed a pressure reference trend to
modify the traditional pore-pressure prediction techniques in
a gas shale play that experienced tectonic uplift or erosion.
Therefore, both the complex tectonic history (an external
source of unloading/reloading) and OM conversion influence
the pore-pressure evolution as well as its geophysical proper-
ties in unconventional shales. These make the derivation of a
normal compaction trend (NCT) with porosity proxies (sonic
velocity, density, or resistivity) yield uncertainties in the pore-
pressure prediction for unconventional shales. Consequently,

the aim is to develop a theoretical method to offer insights
into decoupling the multiple factors affecting the pore-pressure
prediction in organic shales, and hopefully discerning the
unique elastic characteristics of overpressure due to thermal
maturation.

Thermal maturation alters the fabric and texture of organic
shales. For instance, the porosity and morphology of OM pore
evolve during the maturation (Loucks et al., 2009; Walls and
Diaz, 2011; Modica and Lapierre, 2012; Milliken et al., 2013;
Chen and Xiao, 2014). In highly mature samples, microcracks
can be observed from the scanning electron microscopy (Berg
and Gangi, 1999; Lash and Engelder, 2005; Jarvie et al., 2007),
which is consistent with the increasing pressure sensitivity
of ultrasonic velocity or velocity anisotropy in rock-physics
measurements (Vernik, 1994; Vanorio et al., 2008). Therefore,
as the presence and the maturation process of kerogen com-
plicate the physical properties of organic shales (Vernik and
Landis, 1996; Zhao et al., 2018, 2023; Qin et al., 2022), a few
authors consider the role of kerogen at different maturation
stages in their modeling work. Qin et al. (2014) and Zhao
et al. (2016) modeled the effects of kerogen maturation on
the elastic stiffness of organic shale based on the analysis of
the composition and microstructure of organic shales. Yang
and Mavko (2018) modeled the crack growth due to kerogen
maturation and the concomitant overpressure at the laboratory
and geological conditions. However, the thermal maturation
simultaneously impacts the evolution of elasticity of organic
shales and the generation of overpressure, which are lack of
systematical investigation.

Through a modeling framework, this paper primarily fo-
cuses on establishing the link between pore pressure evolution
and elastic properties in organic shales under the effects of
kerogen thermal maturation. The structure of the paper is
organized as follows: First, based on the role of OM, acting
as a part of pore-filling or load-bearing, different bulk volume
models and rock physics modeling strategies are adopted.
Then, the pore pressure increase due to thermal maturation
is solved with the linear poroelastic theory. Subsequently,
the modeling results, especially the effect of pore pressure
evolution on the elastic characteristics, are analyzed. Finally,
the modeling workflow is employed to interpret a well-log data
set, offering insights into the elastic signatures of overpressure
caused by thermal maturation.

2. OM morphology in organic shale
Organic shales comprise inorganic minerals and solid OM

(kerogen, solid-bitumen, or pyro-bitumen) along with pore
space within and between these particles. The pore space can
be divided into two parts in unfractured rocks: the mineral
pore and OM pore. The mineral porosity decreases from a
critical porosity (Nur et al., 1998) to a few percent (e.g., 1%)
with continual burial due to the impacts of compaction. The
OM pore forms due to the thermal decomposition of kerogen,
and the kerogen-related porosity enlarges with the increase in
depth (Cander, 2012; Modica and Lapierre, 2012; Dong et
al., 2019).

Continuous laminae and dispersed spheroids are two typ-
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Fig. 1. Scanning electron microscopy images of the overmature Woodford shale (Löhr et al., 2015): (a) round pores exist in
dispersed OM bodies and (b) no pores exist in the larger domains of OM in a laminar shape, while only smaller domains of
OM are porous (marked by white arrows). The minerals, organic bodies, and pores are respectively in bright, gray, and black
colors.
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Fig. 2. Bulk volume models of organic shales when (a) OM is a part of pore-filling components and (b) OM is a part of
load-bearing.

ical phases of kerogen, as shown in Fig. 1. A Woodford
overmature shale (Löhr et al., 2015) is in the gas window with
a Ro at 1.5% and total organic carbon (TOC) at 6.2%. The
minerals, organic bodies, and pores are respectively in bright,
gray, and black colors. In Fig. 1(a), rounded pores in dispersed
organic bodies are observed, filled in the inorganic matrix. In
Fig. 1(b), the larger domains in a laminar shape are non-porous
and appear homogeneous, while only smaller domains of OM
are porous (marked by white arrows). If the yielded OM pores
have been compacted within the larger domain, the laminar
OM directly supports the load-bearing. The intraparticle or
secondary OM pores within the smaller domains of OM do
not collapse even in stress-bearing conditions. They tend to
be preserved at locations where the presence of sheltering
rigid framework hinders the compaction of dispersed organic
bodies. Therefore, the porous kerogen can be treated as a pore-
filling component as other fluids within the rock matrix.

3. Modeling workflows
A bulk volume model is described to capture the elastic

responses of organic shales, and the overpressure is estimated
based on the link between the evolution of poroelastic char-
acteristics of organic shales and pore fluids due to kerogen

maturation.

3.1 Bulk volume model
Organic shales consist of inorganic minerals (mainly clay,

quartz-feldspar, and carbonates), solid OM (kerogen as the
primary component in low-maturity stages and pyro-bitumen
as the chief organic residue in the overmature stage), and pore
fluids (water and hydrocarbon). As shown in Fig. 2, an organic
shale is composed of a kerogen part (Vk) and a non-kerogen
part (Vnk), regardless of what role kerogen is, a part of pore-
fillings (Fig. 2(a)) or load-bearing (Fig. 2(b)). The kerogen part
consists of solid OM and OM pores, while the non-kerogen
part comprises inorganic minerals and mineral pores (Alfred
and Vernik, 2012; Milliken et al., 2013). Therefore, the volume
fraction of voids (φt = φk + φnk) equals the sum of kerogen-
related porosity (φk) and non-kerogen-related porosity (φnk).
The solid density ρm is expressed as:

ρm = vosρk +(1− vos)ρnk (1)
where vos is the volume fraction of the solid OM in the solid
phase, and ρk and ρnk are the densities of the solid OM and
inorganic minerals.

The volume fraction of solid OM in the matrix vos relates
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Figure 3
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Fig. 3. Schematic of rock-physics modeling in organic shale with kerogen serving as a part of pore-filling or a part of load-
bearing.

to through:

TOC = vosWom
ρk

ρm
(2)

where Wom represents the carbon weight fraction in OM,
usually ranging from 0.7 to 0.85 with increasing maturity
(Vernik and Milovac, 2011), and thus, vos or TOC does not
depend on the pore fluids. By substituting Eq. (1) into Eq. (2),
the volume fraction of solid organic matter is expressed as:

vos = TOC
ρnk

Womρk +TOC(ρnk −ρk)
(3)

so that the TOC value can be estimated by given densities of
the solid OM and inorganic minerals.

The relationship among volume fractions of the OM pore,
minerals, and solid OM in the bulk rock will be explicitly
defined. For a particular type of kerogen, the lability (N)
of organic carbon is found experimentally correlated to the
incipient hydrogen index (HI, in units of mg HC/g TOC)
(Daly and Edman, 1987; Modica and Lapierre, 2012), i.e.,
N(%) = 0.085×HI. When the formation temperature is heated
above 50 °C, kerogen becomes thermally unstable and starts
to decompose to generate hydrocarbons such as oil and gas
and leave voids as OM pores. If kerogen bodies are spherical
or dispersed as pore-fillings, the OM pores remain open after
the decomposition of kerogen due to the stiff rock frame. By
combining the lability (N) and a thermal transformation ratio
of kerogen (F), the kerogen-related porosity satisfies:

φk = (1−φnk)NFvik (4)
where vik represents the initial value of the solid OM volume
fraction in the solid part of an organic shale. The above
formula does not consider the impact of pressure on pore
space. The volume fractions of minerals fmi and solid OM

fom are expressed as:

fmi =
(1−φnk)(1− vik)

VT
(5)

fom =
(1−φnk)(1−NF)vik

VT
(6)

where VT denote the bulk volume and can be set as 1.

3.2 Modeling the elastic stiffness
After introducing the bulk volume model, two correspond-

ing strategies are applied in Fig. 3 to theoretically model the
stiffness of organic shale. The main question to answer is what
kind of effective medium theories can be chosen to simulate
the equivalent elasticity of organic shale.

3.2.1 Modeling the elasticity of inorganic solid phase

First, the stiffness of the inorganic solid phase is mod-
eled, whose primary constituents include clay, quartz, and
carbonate. Clay platelets are treated as a transverse isotropic
(TI) material (Tosaya, 1982; Sayers, 1994) and have five
elastic constants. For instance, C11 = 65 GPa, C33 = 52.7
GPa, C44 = 21.9 GPa, C66 = 25.8 GPa, and C13 = 38.5 GPa
for illite (Carcione et al., 2011) or C11 = 44.9 GPa, C33 =
24.2 GPa, C44 = 3.7 GPa, C66 = 11.6 GPa, and C13 = 18.1
GPa for clay mineral particles containing the effect of clay
bound water (Sayers, 2012). Quartz and carbonate are treated
as isotropic materials, e.g., the bulk and shear moduli are
37 and 44 GPa for quartz and 77 and 32 GPa for calcite
(Mavko et al., 2009). As minerals can be sourced from detrital,
authigenic, or biogenic provenance (Hart et al., 2013), they can
play different roles in shales: load-bearing of the framework,
cement between the grains (quartz or calcite), or pore-filling
that usually does not stiffen the frame. For our convenience,
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the Self-Consistent Approximation in the anisotropic domain
(Hornby et al., 1994) is employed to generate the stiffness of
inorganic solid phase because it does not identify a specific
type of mineral as the host material. The equivalent stiffness
of the inorganic solid is calculated by iteratively merging all
components:

R

∑
r=1

vr

(
Cr −Csl

)[
1+ Ĝ

(
Cr −Csl

)]
= 0 (7)

where r represents the number of phase; R represents the sum
of the number of phases; vr represents the volume fraction of
the r-th component for the inorganic solid phase; Cr denotes
the stiffness tensor of the r-th component; Csl represents
the effective stiffness tensor of the inorganic solid phase;
and Ĝ is a fourth-rank tensor given by integrating the strain
Green’s function over the inclusion shape (Mura, 1987). In
our modeling, quartz and carbonate have a spherical shape
and clay has an elongated shape and aspect ratios are used to
parameterize their geometry.

3.2.2 Modeling the elastic response of an organic shale

Then, shale is modeled as a porous medium, and the
organic phase is included. If kerogen is dispersed, kerogen
is treated as a type of pore-filling. Pores with zero moduli are
added into the inorganic background to simulate the elasticity
of the drained frame using the Differential Effective Medium
(DEM) method in the anisotropic domain (Nishizawa, 1982;
Hornby et al., 1994). This algorithm adds a small number of
inclusions incrementally to a background host medium until a
desired concentration of the inclusion is achieved:

d
dv

(
C f r(v)

)
=

C0 −C f r(v)

(1− v)
[
I+ Ĝ(C0 −C f r(v))

] (8)

where C f r(v) represents the stiffness tensor of the drained
frame containing pores with zero moduli at a volume fraction
of v, and C0 indicates the stiffness tensor of the inorganic
mineral mixture, I is the unit tensor for tensors of fourth rank.
Here the pore space volume equals the total volume of initial
kerogen volume and mineral pore volume; the pore aspect ratio
is set as 0.1, which simulates the geometry of interparticle
pores in shales. When seismic waves propagate in organic
shales, due to the low mobility (the permeability of the rock
divided by the fluid viscosity), the mixtures of pore-fillings
rarely satisfy the iso-stress condition, i.e., the mixtures of
kerogen, generated oil, and water are not uniformly distributed
and are therefore considered as a patch mixing. Thus, the
equivalent bulk (K) and shear (G) moduli of the pore-filling
are computed via the Voigt average (Domenico, 1976; Mavko
et al., 2009):

Kp f = Kom
Vom

φt
+Kw

φnk

φt
+Ko

φk

φt

Gp f = Gom
Vom

φt

(9)

where the volume fractions of kerogen, water, and oil are nor-
malized by the total porosity (the sum of the volume fractions
of original kerogen and mineral pores or φt = Vk +φnk), and

subscripts “p f ”, “om”, “w”, and “o” represent pore-fillings,
solid OM, water, and oil. At last, the solid substitution equation
(Ciz and Shapiro, 2007) is used to add the mixture of pore-
fillings into the drained frame to capture the comprehensive
responses of organic shales:

Ssa
i jkl = S f r

i jkl −

(
S f r

i jkl −Ssl
i jkl

)
−
(
S f r

mnpq −Ssl
mnpq

)
[(S f r −Ssolid)+φt (Sp f −Sφ )]mnpq

(10)

where Ssa
i jkl , S

f r, Ssl , Sp f , and Sφ are the fourth-rank com-
pliance tensors for the organic shale, drained frame, inorganic
solid phase, mixtures of pore-fillings, and pore space. For
simplicity, Sφ is assumed to be identical to Ssl

i jkl as the
homogeneous condition.

Alternatively, if kerogen is distributed in a lenticular man-
ner, kerogen serves as a part of load-bearing along with
other minerals. Backus average (Backus, 1962) is employed
to constitute a layered medium composed of organic and
inorganic phases. The Backus average in a TI medium can
be expressed as:

C∗
11 =

〈
C13

C33

〉2

〈
1

C33

〉 −
〈

C2
13

C33

〉
+ ⟨C11⟩

C∗
33 =

〈
1

C33

〉−1

C∗
13 =

〈
C13

C33

〉
〈

1
C33

〉
C∗

44 =

〈
1

C44

〉−1

C∗
66 = ⟨C66⟩

(11)

where ⟨⟩ indicates the arithmetic average of the enclosed
properties weighted by their volumetric fractions. As an
example, ⟨C11⟩ = ( fmi +φnk)Cnk

11 + ( fom +φk)Ck
11, where the

first and second terms denote the weighted C11 for the non-
kerogen part and kerogen part. The mineral pores are as-
sumed to be water-saturated, so the elasticity of the non-
kerogen part can be modeled by adding water-filled pores
into the inorganic background with DEM in the anisotropic
domain (Nishizawa, 1982). The DEM algorithm yields a
high-frequency result, which is representative of the seismic
response in organic shales due to the unrelaxed pore pressure
caused by the wave oscillation. The OM pores are assumed to
be saturated with hydrocarbon, so the equivalent stiffness of
hydrocarbon-saturated kerogen (kerogen part) can be modeled
by adding hydrocarbon-filled pores into the solid OM with
Self-Consistent Approximation (Berryman, 1980).

3.3 Estimating overpressure
The thermal cracking process of kerogen to hydrocarbon

under constant confining pressure (Pc) leads to a decrease in
the volume of solid material and an increase in the volume
of fluid. The original space occupied by the decomposed
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kerogen is replaced by the generated fluid and continues to
resist the confining pressure. Thus, pore fluids support an
increasing proportion of confining pressure than before, and
the overpressure occurs. Because the density of produced
hydrocarbon (generally < 1 g/cm3) is less than solid OM (1.1-
1.4 g/cm3) (Alfred and Vernik, 2012), the increase in pore fluid
volume is more substantial than the increase of pore space.
The overpressure or pore pressure increase can be solved by
accommodating all the pore-fillings in the pore space.

3.3.1 Kerogen as a part of pore-filling

If kerogen exists as a pore-filling, the OM pores remain
open because the shale framework is stiff, and the pore
compressibility is low. Fig. 4(a) schematically illustrates the
evolution of volumes of pore-fillings and pore space. Increas-
ing pore pressure can increase the volume of pore space but
decrease the volumes of pore-fillings, so the pore pressure is
raised to attain a new balance through accommodating the
pore-fillings in the pore space. Before the kerogen maturation,
the total volume of pore-fillings is identical to the volume sum
of the kerogen part and mineral pore, Vk + φnkVT , where the
bulk volume of the rock (VT ) is set as unity for convenience.
The initial pore water volume (Vwi) equals the mineral pore
space at the initial pore pressure, P0. During the maturation,
kerogen, hydrocarbon, and water occupy the pore space as
pore-fillings, and an iso-stress condition is assumed for the
pore fillings. Thus, a pore pressure increase (∆P) is expected
to accommodate all the pore-fillings in the pore space. The
volume of the pore space equals the volume of all pore-fillings,
so there is:

(Vk +φnk)(1+βpp∆P) = (1−NF)Vk (1−Com∆P)

+Vwi (1−Cw∆P)+VHC (1−CHC∆P)
(12)

where Vk+φnk, (1−NF)Vk, Vwi, and VHC represent the volume
of pore space, remained solid OM, water, and hydrocarbon
before the pressure gets equilibrium. Vk is volumes of void
space filled by solid OM. βpp is a poroelastic parameter
indicating the pore compressibility upon solely pore pressure
change; Com, Cw, and CHC denote the compressibility for the
solid OM, water, and hydrocarbon. By definition, it is stated:

βpp =+
1

Vp

∂Vp

∂P

∣∣∣∣
Pc

(13)

Com,w,hc =− 1
Vom,w,hc

∂Vom,w,hc

∂P
(14)

Hereby a positive volumetric strain represents “extension”
and thus “+” and “−” signs represent extension and com-
pression, respectively. According to the mass balance, the
assumption is that the mass of hydrocarbon equals the mass of
decomposed kerogen. Therefore, the volume of hydrocarbon
(VHC) in the rock is a function of the lability of organic carbon
(N), transformation ratio of kerogen (F), and expulsion/leak-
age ratio of hydrocarbon (E) through:

VHC = (1−E)NFVk
ρk

ρHC
(15)

If the density and compressibility of solid OM (ρk), wa-
ter, and hydrocarbon (ρHC) are irrelevant with pressure, Eq.

(12) can be solved analytically:

∆P = [
(1−E) ρk

ρHC
−1

]
NF(

φnk
Vk

+1
)

βpp +(1−NF)Com + φnk
Vk

Cw +(1−E)NF ρk
ρHC

CHC

(16)
According to the expression of pore pressure increase (Eq.

(16)), the decrease in the ratio of φnk to Vk can enhance the
peak pore pressure, which means the smaller the non-kerogen-
related porosity, the readier to accumulate a high pore pressure.

3.3.2 Kerogen as a part of load-bearing

If kerogen is a part of load-bearing, pore-fillings comprise
water and hydrocarbon during the thermal maturation. For
this scenario, the pore compressibility is only associated with
the void space filled by fluids. Also, considering the solid
OM has the same order of compressibility as water (Yan and
Han, 2013), so the increased pore pressure will compress the
solid OM to increase pore space. As shown in Fig. 4(b), to
satisfy the criteria of pore space volume equaling the total
volume of pore fluids, the following relationship holds:

Vφ (1+βpp∆P)+VkCom∆P

=Vwi (1−Cw∆P)+VHC (1−CHC∆P)
(17)

where Vφ is volumes of void space filled by fluids. These
volumes can be expressed as:

Vφ =VT (φk +φnk) (18)

Vk = (1−φnk)vik(1−NF) (19)

Vwi = φnk (20)
The pore pressure increase can be expressed as:

∆P =
Vwi +VHC −Vφ

Vφ βpp +VkCom +VwiCw +VHCCHC
(21)

In both cases, the pore compressibility upon pore pressure
change is utilized. The pore compressibility upon pore pres-
sure change can be calculated with the bulk moduli of the
solid phase (K0), drained frame modulus (K f r), and porosity
φ by neglecting the heterogeneity of the inorganic mineral
(Zimmerman, 1991):

βpp =


1

K f r
−1−φ

φK0

 (22)

Because the drained rock frame and the solid phase are
modeled as TI mediums, their bulk moduli can be calculated
by (King, 1964):

KT I =
C11C33 −C33C66 −C2

13
C11 −2C13 +C33 −C66

(23)

The drained frame stiffness can be obtained while con-
ducting the rock physics modeling in Section 3.2. If kerogen is
dispersed as a type of pore-filling, the drained frame stiffness is
from the DEM in the anisotropic domain (Eq. (8)). If kerogen
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Figure 4a
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is distributed as laminae, the drained frame stiffness can be
calculated by using the Backus average theory (Eq. (11)). The
pore fluid modulus is set as zero when computing the stiffness
of the drained frame for both the non-kerogen part and the
kerogen part.

After the pore pressure increase is solved (Eqs. (16) and
(21)), the porosity and density of the rock are updated accord-
ing to the effective stress law. According to Berryman (1992),
the relative change in porosity can be expressed as:

∆ϕ

ϕ
=−α −ϕ

ϕKd
(∆Pc−χ∆P) (24)

where ∆Pc is the change of the confining pressure, which is
set a zero here; kd is the drained matrix bulk modulus; ϕ is the
total porosity; α is the Biot coefficient (α = 1−Kd/K0), and
the effective stress coefficient χ is set to unity by assuming
homogeneity. With the updated porosity and density, the stiff-
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Fig. 5. The modeling results when kerogen is a part of pore-filling: (a) pore pressure increase as a function of transformation
ratio of kerogen (F) and expulsion ratio of hydrocarbon (E) and (b) modeled organic shale vertical P-wave velocity (km/s) vs.
density (g/cm3) with color-coded pore pressure increase.

Table 1. Common modeling parameters of two scenarios.

Parameters Values

Non-kerogen-related porosity (φnk) 3%

Quartz volume fraction in the
mineral mixtures

60%

Clay volume fraction in the
mineral mixtures

40%

Incipient hydrogen index (HI) 400 mg HC/g TOC

Oil density (ρHC) 0.84 g/cm3

Water density 1.04 g/cm3

Water bulk modulus (Kw) 2.5 GPa

Kerogen solid density (ρk) 1.2g/cm3

Kerogen bulk modulus (Kom) 4 GPa

Aspect ratio of clay mineral 0.05

Aspect ratio of mineral pore 0.05

Weight fraction of carbon in OM (Wk) 0.78

ness of organic shale and pore pressure increase are also
updated iteratively until convergence.

It is worth mentioning that, as a theoretical model, the aim
is to characterize the overpressure and seismic responses of
organic shales by focusing on the primary factors. Factors
dominating the overpressure generated by the hydrocarbon
generation include the impacts of maturation, the volume of
pore fluid contents, and the poroelastic properties of the rock.
There are several factors that were not considered: 1) the main
OM types at different maturity stage are different. In particular,
at the overmature stage, the bitumen instead of kerogen
mainly cracks into gas leading to the pore pressure increase.
Therefore, the different OM types need to be distinguished
in the future study. 2) the role of water during the process
of maturation: oil is the main product in the experiment of
hydrous pyrolysis compared to only bitumen in the anhydrous

test (Lewan and Roy, 2011). 3) Bulk volume models based on
the morphology of OM were proposed. Kerogen may play a
role transforming from a part of the rock matrix to a part of
pore-filling due to kerogen decomposition, or kerogen plays
a mixed role in shales. 4) The shape of kerogen relates to
the propagating directions of hydro-fractures. For instance,
vertical fractures tend to be formed in the spherical kerogen
at proper stress conditions. However, horizontal fractures are
found when lenticular kerogen exists. Therefore, the effects
of fractures on the elastic stiffness and storage capacity can
be considered during kerogen maturation. Nevertheless, after
the expulsion of hydrocarbon fractures organic shale, the pore
pressure soon dissipates, and fractures tend to remain closed,
which exercises limited effects on the equivalent elasticity of
organic shale and contributes little to the storage space. Thus,
fracture effects are not our priority in this study.

4. Modeling results and analysis
According to the expressions of pore pressure increase

(Eqs. (16) and (21)), the lability (N), kerogen transformation
ratio (F), and hydrocarbon expulsion ratio (E) control the
magnitude of overpressure if the density and compressibility
of each component are irrelevant with pressure. Using a grid
search method for a series of kerogen transformation ratio
and hydrocarbon expulsion ratio, the excess pore pressure due
to the transformation of kerogen-to-oil and the evolution of
elastic properties for two scenarios are modeled: kerogen as a
part of pore-filling and as a part of load-bearing role. Common
modeling parameters in two scenarios are listed in Table 1,
e.g., the initial non-kerogen-related porosity is 3%, quartz and
clay compose the inorganic mineral phase with a volumetric
fraction of 60% and 40% respectively, and the incipient TOC
is 5% before maturation.

4.1 Kerogen as a part of pore-filling
In Fig. 5, the scenario is illustrated when kerogen serves

as a part of pore-filling. Fig. 5(a) plots the pore pressure
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Fig. 6. The modeling results when kerogen is a part of load-bearing: (a) pore pressure increase as a function of transformation
ratio of kerogen (F) and expulsion ratio of hydrocarbon (E) and (b) modeled organic shale vertical P-wave velocity (km/s) vs.
density (g/cm3) with color-coded pore pressure increase.

increase (MPa) in the Z-axis with color-code varying as a
function of the transformation ratio of labile kerogen and
expulsion/leakage ratio of oil. As expected, with an increasing
transformed degree of kerogen, the generated pore pressure
increases. Without considering a fracturing pressure, the ex-
cess pore pressure is over 50 MPa. The leakage degree of
hydrocarbon has a canceling effect on the accumulation of
overpressure.

In Fig. 5(b), the vertical P-wave velocity (km/s) (prop-
agating in the direction perpendicular to the shale bedding)
versus bulk density (g/cm3) of organic shale are plotted along
with the color-coded pore pressure increase. Two arrows are
added to indicate how the P-wave velocity and density vary
with the increases in the transformation ratio of labile kerogen
and expulsion ratio of hydrocarbon. During the transformation
of kerogen-to-oil, the velocity can decrease up to 7% (∼0.2
km/s), and density decreases trivially (2% or 0.06 g/cm3).
The increasing degree of transformed kerogen decreases P-
wave velocity because of the oil generation and decreases
density because of the porosity enlarged by the increase in pore
pressure. Leakage/expulsion of oil has little impact on velocity
but can decrease the pore pressure and increase shale density
to a small degree (less than 2%) since the light component
loses. Overall, the characteristics of a decrease in velocity
and a slight decrease in density along with the increase of
pore pressure resemble the fluid expansion unloading model
(Hoesni, 2004; Katahara, 2006; Ramdhan and Goulty, 2011).

4.2 Kerogen as a part of load-bearing
In Fig. 6, the scenario is illustrated when kerogen serves

as a part of load-bearing. The incipient TOC is 5% before
maturation. Similar to the first scenario, a low degree of
expulsed hydrocarbon maintains high overpressure in Fig. 6(a).
However, an increasing transformation ratio of kerogen first in-
creases but then decreases the overpressure. The overpressure
increases initially with the transformation ratio because the
generated hydrocarbon volume is larger than the produced pore
space volume at the initial stage of maturation. Two reasons

are causing the subsequent decrease in overpressure. First, the
void space volume and the pore compressibility are enhanced
continuously. Second, the volume difference between fluids
and pore space decreases at a higher degree of transformation
ratio. The former increases the denominator, and the latter
decrease the numerator for the expression of the overpressure
(Eq. (21)), so the overpressure is decreased. Besides, results
with negative pore pressure increase are dismissed, e.g., the
results generated by an expulsion ratio of hydrocarbon larger
than 25%. During the transformation of kerogen-to-oil, in
Fig. 6(b), the modeling vertical P-wave velocity and density
decrease by ∼13% and ∼0.5%, respectively. The expulsion
ratio can slightly increase density in that when the generated
oil leaks or escapes, the pore pressure decreases, and so does
the void porosity (sum of kerogen-related and non-kerogen-
related porosities).

It is noteworthy that the first scenario has a stiffer frame-
work than the second because of the role of kerogen. With
the stiffer framework, the effective P-wave velocity is higher,
and so is the peak overpressure for the first scenario. The
stiff rock frame accumulates pore pressure fast because the
pore space is difficult to enlarge, and the pore-fillings are
severely compressed while the pore space accommodates the
pore-fillings (Fig. 4).

4.3 Application on well-log data interpretation
The modeling is calibrated with the log data of a well in

offshore China, where hydrocarbon generation is speculated to
be responsible for the sharp increase in pore pressure within
an interval of 270 m thickness. The pressure profile against
depth is plotted in Fig. 7(a). Black and blue curves denote
the overburden stress calculated from the density log and the
hydrostatic pore pressure. The red curve is the estimated pore
pressure from the mud weight and is compared with the results
from the modular formation dynamics tester denoted by red
asterisks. Red asterisks denote the pore pressure from the
modular formation dynamics tester and calibrate the estimated
pore pressure. The depth of overpressure onset is at 4,100
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Fig. 7. (a) Pressure profile (MPa) varying with depth (m) for a well and (b) application of interpreting well log data with the
proposed model. The vertical well includes a zone with a quick increase in pore pressure. The modeled velocity and density
are plotted with the filled circles with the color-coded pore pressure increase.

m according to the logging run and marked with the black
dashed line. In Fig. 7(b), the averaged velocity and density
data are plotted using the Backus average on each 40 m depth
interval near the pressure transition zone, and the inset to
the bottom right shows the complete Vp-density data upscaled
from the entire well log data. The upscaled log data enables
us to investigate the whole trend without the interference of
high-frequency fluctuations. The data denoted by blue, black,
and red squares represent data with respective depths ranging
from less than 4,100 m, between 4,100 and 4,370 m, and
greater than 4,370 m. The data in the shallow section shows
a trend of velocity and density (blue squares) increasing with
depth. Within the intermediate section, velocity and density
deflect with the NCT, and the data trend moves approximately
downward with depth. Within the pressure transition zone
(black squares), the pore pressure is quickly built up, and
the P-wave velocity and density reduce ∼7% (0.2 km/s) and
∼1% (0.02 g/cm3) respectively. With the increasing depth
in the deep section, the Vp and density data (red squares)
both increase and move toward the extrapolation of the NCT,
and the pore pressure increases at a rate lower than within
the pressure transition zone. Tingay et al. (2013) report a
similar pattern for the overpressure generated by the thermal
maturation in the Malay Basin.

The sharp increase in pore pressure within the pressure
transition zone cannot be characterized by the conventional
empirical method. To interpret how the elasticity and pore
pressure vary within the transition zone, the modeling results
are plotted with color-coded filled circles to compare with the
target data (black squares). Some modeling inputs are listed
as follows: the mineral porosity of 1% and the incipient TOC
of 2% are averaged from the well log data of the transition
zone. Illite is assumed to be the primary clay mineral since
the depths of interest are relatively deep (> 4,000 m), and the

bulk density is relatively high (> 2.63 g/cm3). The organic
phase is treated as a part-of pore filling because of the small
volume fraction of soft component (porosity and TOC) and the
relatively rigid framework. Two data points in black squares
move rightward and are out of the range predicted by the
modeling, which might be caused by the heterogeneity of the
composition. The model captures the downward data trend of
the transition zone. The modeling results suggest a fast build-
up in pore pressure for organic shale zones with a decrease
in velocity and a slight decrease in density. Though sonic
velocity and density vary to some extent, the limited void space
(small mineral pore and OM pore constrained by the low TOC
content) accounts for the rapid pore pressure increase.

5. Discussion

5.1 Modeling results when om pore can be
compacted

In the modeling scheme, it is assumed that the kerogen-
related porosity is related to the transformation or maturation
degree of kerogen (Eq. (4)). In general, there are two typical
phases of kerogen, dispersed spheroids or continuous laminae.
The OM pores are easier to remain open in the kerogen
as a part of pore-filling than as a part of load-bearing. For
instance, the larger organic domains in a laminar shape are
non-porous in Fig. 1(b), which may have been compacted in
situ. Therefore, the scenario when OM pore can be plastically
compacted is considered, and its impact on the modeling
results is discussed.

There is a trade-off between mechanical compaction and
thermal maturation controlling the porosity variation trend
with depth. In Milliken et al. (2012), based o the core samples
data from two wells, they found that when the TOC content is
relatively low, the porosity in data from both wells increases
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Fig. 8. The modeling results when kerogen is a part of matrix, and OM pore can be compacted plastically: (a) pore pressure
increase as a function of transformation ratio of kerogen (F) and expulsion ratio of hydrocarbon (E) and (b) modeled organic
shale vertical P-wave velocity (km/s) vs. density (g/cm3) with color-coded pore pressure increase.

with the TOC content, which is consistent with the relationship
between OM-related porosity and organic richness in Eq. (4).
Such a linear relationship also accords with the modeling result
of shale samples in the Powder River Basin of Wyoming
(Modica and Lapierre, 2012). By contrast, when TOC is
relatively high, the linear trend deflects, suggesting the effect
of overburden that decreases pore space cancels the impact of
maturation that increases pore space. A similar pattern can also
be observed from various unconventional shale samples by
Sone and Zoback (2013). Moreover, Sone and Zoback (2013)
indicates samples with high organic richness happen to contain
higher clay content than samples with low organic richness, so
kerogen tends to form a continuous network in the clay-rich
samples shown in Fig. 1(b).

Thus, when OM is a part of load-bearing, and the TOC is
relatively abundant, the generated void space within kerogen
tends to be more compacted and does not change much with
TOC. A constant, e.g., 4%, is attributed to the kerogen-related
porosity (φk). As organic shale is compacted during kerogen
maturation, the bulk volume keeps decreasing and can be
expressed as:

VT =
1−NFKi (1−φn0)

1−φk
(25)

The non-kerogen-related porosity is updated through:

φn2 =
φn0

VT
(26)

where φn0 denotes the initial non-kerogen-related porosity
at 3%; φn2 denotes the non-kerogen-related porosity after
updating. By substituting the updated bulk volume (Eq. (25))
into the volume fractions of minerals and solid OM (Eqs.
(5) and (6)), and the volumes of void space, solid OM, and
initial water (Eqs. (18)-(20)), the parameters for modeling are
updated. The modeling results can be updated when OM is a
part of load-bearing.

The initial TOC is set to 8% before maturation. Similar to
the scenario that kerogen serves as a part of pore-filling, a high
degree of transformed kerogen and a low degree of expulsed

hydrocarbon yield high overpressure in Fig. 8(a). The peak
overpressure is above 110 MPa without considering a fractur-
ing pressure. The peak overpressure is enhanced because OM
pore can be compacted. The framework becomes stiffer than
the scenario that OM pore cannot be compacted plastically.
Some yielded pore pressure increase through Eq. (16) are
negative and therefore omitted, e.g., the results generated by a
low transformation ratio of kerogen and a high expulsion ratio
of hydrocarbon. During the transformation of kerogen-to-oil,
Fig. 8(b) suggests that the vertical P-wave velocity and density
increase trivially by ∼1.5% and ∼1% respectively. The rock
becomes stiffer because the OM pores are compacted, and the
volume fraction of soft components decreases. The expulsion
ratio of oil has smaller impacts on velocity and density than
the transformation ratio of labile kerogen.

5.2 Elastic characteristics compared with other
overpressure mechanisms

The proposed modeling framework demonstrates the evolu-
tion of elastic characteristics and overpressure due to thermal
maturation for various scenarios. Signatures of overpressure
generated by thermal maturation and some other common
mechanism are sketched in Fig. 9. For instance, the velocity
and density increase with depth under normal compaction.
Velocity and density data become concentrated near the NCT
if the disequilibrium compaction occurs. If there is no plastic
compaction during the hydrocarbon generation, P-wave ve-
locity decreases, and density decreases trivially for both the
scenarios of kerogen acting as pore-filling and load-bearing
role. Its data trend resembles the signature of pure fluid
expansion during the process of smectite-to-illite transition
(Hoesni, 2004; Qin et al., 2019). No matter whether the yielded
hydrocarbon seldom or partially escapes or migrates, the data
trend of organic shale moves mainly downward. By contrast,
if released water during the smectite-to-illite transition can
escape partly or entirely, the density can increase and leave a
rightward trend, as shown in Fig. 9. The primary reason why
signatures of the two overpressure mechanisms differ is the



Qin, X., et al. Advances in Geo-Energy Research, 2023, 10(3): 174-188 185

Figure 9

V
el

o
ci

ty

Density

Normal Compaction 

Trend (NCT)

Smectite-to-illite transition 

(pure fluid loss)

Thermal maturation without 

plastic compaction or 
Smectite-to-illite transition 

(pure fluid expansion) 

Smectite-to-illite transition

(mixture of fluid loss and fluid 

expansion)

Disequilibrium 

compaction

Thermal maturation 

with plastic compaction

Fig. 9. Sketch of signatures for several shale overpressure
mechanisms on velocity-density profile, e.g., disequilibrium
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component’s density contrast before or after the phase change,
i.e., the density ratio of organic solid or kerogen to hydrocar-
bon is higher than the ratio of clay interlayer water to free
water. If the plastic compaction occurs, the sonic velocity and
density of organic shale both can increase a little, as shown
in Fig. 9, resulting from the decrease in the volume fraction
of soft components.

6. Conclusions
A framework is proposed to model elastic signatures of

overpressure in organic shales based on the characterization
of the pore pressure evolution processes due to thermal matu-
ration. Main considerations include the morphology of kerogen
and its role in organic shales. Different bulk volume models
for these shales are suggested. Kerogen, due to its dispersed
distribution and spherical shape, is seen as part of the pore-
filling component. It also takes on a load-bearing role because
of its continuous network and layered structure. Different
schemes are then crafted to mimic the equivalent elasticity of
organic shales and gauge the overpressure based on thermal
maturation and hydrocarbon expulsion. The outcomes from
this modeling lead to specific conclusions:

1) The volume ratio of pore water to the initial kerogen
determines the maximum overpressure no matter whether
kerogen serves as a part of pore-filling or load-bearing.
If kerogen is a part of pore-filling, an increase in the
transformation degree of kerogen or a decrease in the
expulsion degree of hydrocarbon helps to increase the
pore pressure due to the maturation or transformation of
kerogen. If kerogen is a part of load-bearing, an increase
in the transformation degree of kerogen first increases but
then decreases the overpressure. The bulk volume model
considers the case without plastic compaction for the OM
pore created due to the thermal maturation and causes the
non-monotonic characteristic of overpressure.

2) If the OM pore cannot be compacted plastically, the

modeled elastic property variation resembles the fluid
expansion unloading model, i.e., velocity decreases and
density changes little when pore pressure increases. The
Vp/Vs ratios are sensitive to the transformation degree of
kerogen compared to the expulsion degree of hydrocar-
bon. If kerogen serves as a part of pore-filling, Vp/Vs ratios
can slightly decrease due to the maturation. If kerogen
serves as a part of load-bearing, Vp/Vs ratios can increase
to a certain degree.

3) If the OM pore can be compacted plastically, the maxi-
mum overpressure is higher than the case when the OM
pore cannot be compacted plastically. Overpressure rises
because the storage space of organic shales decreases.
Due to the behavior of the continual compaction, P-wave
velocity and density of organic shales increase trivially
due to the overpressure caused by the thermal maturation.
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