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S U M M A R Y
To investigate primary petroleum migration through microfracturing of source rocks, we
develop a theoretical multiphysics model incorporating simultaneous generation of oil and gas
from kerogen, elastic anisotropy of the source rock and propagation of microcracks filled with
oil and gas. The variations of excess fluid pressure in the crack and crack propagation distance
with time are determined. A detailed parametric analysis is performed to study the sensitivity
of petroleum migration behaviour to changes in the input parameters including kerogen type
(chemistry of kerogen to oil/gas conversion), elastic anisotropy of source rocks, geothermal
gradient and burial rate. Numerical results show that a microcrack in type III kerogen-bearing
source rocks can attain greater length than in rocks containing type I and II kerogen which
have higher oil potentials and transform to oil/gas much faster than type III kerogen. Elastic
anisotropy of source rocks has a profound influence on the crack propagation distance, but
only a marginal effect on the duration of crack propagation and the excess fluid pressure.
The simulation also shows that higher geothermal gradients and fast burial reduce the crack
propagation duration significantly, but excess pressure and final crack length are not sensitive
to the variations of geothermal gradient and burial rate.

Key words: Numerical approximations and analysis; Geomechanics; Elasticity and anelas-
ticity; Equations of state; Fracture and flow; Mechanics, theory, and modelling.

1 I N T RO D U C T I O N

Petroleum forms in fine-grained source rocks and accumulates in
coarse-grained reservoir rocks with relatively higher porosity and
permeability. The release of petroleum within source rocks and
subsequent expulsion to the more permeable carrier and reservoir
rocks is called primary petroleum migration (Tissot & Welte 1984).
Although great advances have been made in the understanding of
primary migration, quantitative models are still lacking that charac-
terize the petroleum migration route and distance. An improved un-
derstanding of petroleum migration through quantitative modelling
would help in the exploration of petroleum as modelling results can
be applied to the selection of favourable exploration zones based on
the available geological data.

Petroleum migration and generation are interrelated and insepa-
rable (Momper 1978). Sedimentary rocks rich in organic materials
are subjected to continuous burial due to a number of geological
processes, for example, lithospheric flexure associated with orogeny
and compaction. As burial proceeds, organic materials undergo
successive evolution in response to the temperature and pressure
changes caused by the progressive subsidence. Under specific tem-
perature and pressure conditions kerogen forms from the organic
materials deposited and preserved in the sediments. With increas-

ing depth of burial, temperature and pressure continue to increase.
When kerogen becomes ‘mature’, it begins to release liquid oil. De-
pending on the type of kerogen, significant amount of gas can form
simultaneously with liquid oil (Tissot & Welte 1984). Based on
the chemical composition, active kerogen is typically classified into
three types. Type I is mainly formed from lipids and has higher po-
tential for liquid oil. Type II comes principally from marine organic
matter and tends to produce a mix of oil and gas. Its oil potential
is lower than that for type I but higher than that for type III that
is usually derived from terrestrial higher plant. Type II kerogen is
the most common in sedimentary rocks (Hunt 1979; Tissot & Welte
1984; Luo & Vasseur 1996).

The increasing overburden load during continuous burial of the
sedimentary rocks leads to an increase in bulk density and loss
of porosity and permeability. Pore size and permeability become
smaller with increasing depth, which renders porous flow through
the dense source rock matrix highly ineffective (Tissot & Welte
1984; Mann 1994). Petroleum migration through microfracturing
of the source rocks caused mainly by oil/gas generation is cited as
an effective mechanism for primary migration at great depths (e.g.
Durand 1988; Hunt 1990; Capuano 1993; Vernik 1994; Marquez
& Mountjoy 1996; Nelson 2001; Lash & Engelder 2005; Jin et al.
2010).
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The conversion of kerogen to oil and gas results in appreciable
volume increase due to the density difference between the precursor
and the products. As a result, overpressure is developed within the
source rocks. Furthermore, parallel to the kerogen transformation,
part of the overburden load is transferred from the solid source rock
matrix to the enclosed petroleum mix, which expedites the overpres-
sure build-up process. Clay-size minerals within the source rocks act
as effective seals, which prevent the pressure caused by petroleum
generation from dissipating. When the overpressure reaches a crit-
ical value, microcracks will initiate and propagate thus creating a
pathway for migration of petroleum (Momper 1978; Durand 1988).
As the transformation goes forward, further growth of microcracks
driven by the excess pressure enables the migration to proceed. The
preferential direction of initial migration is parallel to the bedding
surfaces for the following reasons: (a) oil-generating kerogen par-
ticles tend to be more concentrated along the bedding surfaces and
most of the particles are aligned parallel to the bedding with high
aspect ratio (Lash & Engelder 2005), and (b) strength anisotropy
of the source rock favours horizontal migration of petroleum, that
is, fracture toughness of the source rocks along the bedding is gen-
erally lower than that in the direction perpendicular to the bedding
(Momper 1978; Vernik 1994; Lash & Engelder 2005) and, hence,
microcracks filled by oil and/or gas tend to grow in the bedding
plane. Microcracks propagating along the bedding surfaces may
coalesce and reach pre-existing vertical fractures, thus, forming an
interconnected fracture network and facilitating further migration
of petroleum (Momper 1978; Vernik 1994; Fan et al. 2010).

Many attempts have been made to correlate petroleum migra-
tion with the microfracturing of source rocks, including theoretical
modelling and characterization, experimental simulation and field
observation (Ozkaya 1988; Engelder & Lacazette 1990; Lacazette
& Engelder 1992; Miller 1995; Nunn 1996; Law & Spencer 1998;
Jin & Johnson 2008; Fan et al. 2010). Momper (1978) presented an
extensive review on petroleum migration within the source rocks
concerning organic geochemistry, petrophysics and petroleum ge-
ology. Palciauskas & Domenico (1980) considered the microfrac-
ture initiation associated with hydrocarbon generation and sediment
compaction. Field observations from different locations given by
Comber & Hinch (1987) and Marquez & Mountjoy (1996) lend
support to the idea that microfractures are efficient migration routes
for oil in relatively impermeable rocks. Bredehoeft et al. (1994)
examined the role of overpressure in driving fluid movement and
simulated the microcrack initiation as a result of kerogen conversion
to oil. Berg & Gangi (1999) estimated the overpressure resulting
from oil generation and analysed the microfracturing of compacted,
relatively impermeable source rocks using the Coulomb criterion
without considering crack propagation. Based on laboratory test,
Vernik (1994) suggested that microfracturing is a natural conse-
quence of kerogen transformation to oil due to the strong strength
anisotropy and the favourable kerogen particle orientation within
the dense source rocks. Convincing evidence supporting petroleum
migration through microcrack growth is provided by Lash &
Engelder (2005). They found bitumen-filled microcracks show-
ing the characteristics of decomposition of kerogen to oil during
catagenesis. Jin et al. (2010) developed a model of primary oil mi-
gration by collinear microcrack coalescing during the main stage
of oil generation. Their results indicated that microcracks would
propagate subcritically because excess pressure induced by kero-
gen transformation to petroleum is not high enough to drive critical
crack growth. Fan et al. (2010) considered the subcritical growth
of a penny-shaped crack driven by excess pressure caused by oil
generation in an isotropic source rock matrix.

The source rocks have been assumed as an isotropic solid in
the existing models of primary migration through fracture propa-
gation. However, a typical source rock has a laminated structure
with organic-rich layers alternating with organic-poor layers. Such
a structure gives rise to a strong elastic anisotropy. Moreover, the in-
terlayer strength is weaker than the in-plane strength (Vernik 1994;
Vernik & Landis 1996). The existing modelling investigations only
considered generation of single-phase petroleum (oil or gas) during
crack propagation. However, kerogen is converted to oil and gas
simultaneously under most pressure and temperature conditions.
Hence, source rock anisotropy and simultaneous generation of oil
and gas must be considered to better understand the process of
petroleum migration.

In this paper, we extend our previous work (Fan et al. 2010, 2012)
to the more general case where elastic anisotropy and simultaneous
kerogen to oil/gas transformation are taken into account. We analyse
the subcritical growth of a penny-shaped crack fully filled by oil
and gas driven by the overpressure induced by the conversion of
kerogen to the petroleum mix. The conversion of oil to gas is not
considered. A sensitivity analysis is carried out to study the effects of
various parameters on the petroleum migration behaviour, including
kerogen type, material anisotropy, geothermal gradient and burial
rate. Detailed results are given for the overpressure evolution with
time and microcrack propagation distance.

2 T H E O R E T I C A L M O D E L L I N G O F
P R I M A RY P E T RO L E U M M I G R AT I O N
T H RO U G H S U B C R I T I C A L C R A C K
P RO PA G AT I O N D U R I N G
H Y D RO C A R B O N G E N E R AT I O N

2.1 Kerogen transformation kinetics

According to Tissot & Welte (1984) and Berg & Gangi (1999),
the transformation of kerogen to hydrocarbons obeys the following
first-order kinetics equation:

dM

dt
= −B M exp

[
− EA

RT (t)

]
, (1)

where M is the mass of active kerogen at time t, B is the frequency
factor, EA is the activation energy of the transformation, R is the
universal gas constant and T is the absolute temperature. The tem-
perature T of a kerogen particle under transformation varies with
time t through the geothermal gradient G and burial rate S. In this
study, we assume a constant burial rate and a constant geothermal
gradient, which are reasonable for the principal zone of petroleum
generation in the depth range of 3–6 km.

Similar to the oil/gas conversion case (Fan et al. 2012), we obtain
the kerogen mass at time t by integrating eq. (1) and considering
burial rate and geothermal gradient as follows:

M = M0 exp [−� (t)] , (2)

where M0 is the initial mass of kerogen particle and �(t) is given
by

� (t) = B(T0 + GSt)

GS
exp

[
− E A

R (T0 + GSt)

]
− BT0

GS

× exp

(
− EA

RT0

)
+ B EA

RGS

{
Ei

[
− EA

R (T0 + GSt)

]
− Ei

(
− EA

RT0

)}
,

(3)
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in which Ei() is the exponential integral defined by

Ei (x) =
x∫

−∞

ex ′

x ′ dx ′.

Accompanying the oil generation during the successive evolu-
tion of kerogen, some amount of gas is released of which methane
accounts for the major constituent. Neglecting the mutual solubility
of gas and oil, we can get the volumes of oil and gas at time t as
follows:

Voil = fM0

ρoil
{1 − exp [−� (t)]} , (4)

Vgas = (1 − f ) M0

ρgas
{1 − exp [−� (t)]} , (5)

where ρoil and ρgas are the densities of oil and gas, respectively, and
f is the mass fraction of oil in the generated petroleum compound.

2.2 Equation of state for gas

To describe the behaviour of gas under high pressures and tempera-
tures, we must employ an appropriate equation of state. We adopt the
equation of state for methane developed by Duan et al. (1992) which
covers a wide range of temperature and pressure (0–1000 ◦C and
0–800 MPa, respectively). The equation of state has the following
form:

Pr Vr

Tr
= 1 + C1

Vr
+ C2

V 2
r

+ C3

V 4
r

+ C4

V 5
r

+ C5

V 2
r

×
(

β + γ

V 2
r

)
exp

(
− γ

V 2
r

)
, (6)

where

Pr = P

Pc
, Tr = T

Tc
, Vr = V

Vc
, Vc = RTc

Pc
,

C1 = a1 + a2

T 2
r

+ a3

T 3
r

, C2 = a4 + a5

T 2
r

+ a6

T 3
r

,

C3 = a7 + a8

T 2
r

+ a9

T 3
r

, C4 = a10 + a11

T 2
r

+ a12

T 3
r

and C5 = α

T 3
r

,

in which P and T are the absolute pressure and temperature of the
gas, respectively, T c is the critical temperature above which methane
cannot be liquefied regardless of the pressure applied, Pc is the crit-
ical pressure required to liquefy methane at the critical temperature
T c and V = m/ρgas is the molar volume with m denoting the molar
mass of methane. The above equation of state contains fifteen ma-
terial parameters, ai (i = 1, 2, . . ., 12), α, β and γ , which can be
found in Duan et al. (1992).

With the help of eq. (6), we can express the gas pressure in terms
of gas density as follows:

P = P(ρgas) = PcTr Vcρgas

m

[
1 + BVcρgas

m
+

CV 2
c
ρ2

gas

m2
+

DV 4
c
ρ4

gas

m4

+
EV 5

c
ρ5

gas

m5
+

FV 2
c
ρ2

gas

m2

(
β +

γ V 2
c
ρ2

gas

m2

)
exp

(
−

γ V 2
c
ρ2

gas

m2

)]
.

(7)

Solving eq. (7), we can determine the density of methane gas as a
function of pressure and temperature.

2.3 Material anisotropy and crack propagation model

Source rocks containing kerogen particles are anisotropic materials.
The elastic moduli in the bedding plane are approximately the same.
The modulus in the direction normal to bedding differs from those
in the bedding plane. Hence, source rocks may be modelled as a
transversely isotropic solid. The elastic properties of a transversely
isotropic material can be determined by five independent elastic
constants c11, c12, c13, c33 and c44 which are related to the engineering
constants as follows (Lekhnitskii 1968):

c11 = E(Ez − Eν ′2)

(1 + ν) (Ez − Ezν − 2Eν ′2)
,

c12 = E(Ezν + Eν ′2)

(1 + ν) (Ez − Ezν − 2Eν ′2)
, c13 = E Ezν

′

Ez − Ezν − 2Eν ′2 ,

c33 = E2
z (1 − ν)

Ez − Ezν − 2Eν ′2 and c44 = μ′,

where E and ν are the Young’s modulus and Poisson’s ratio in the
(transverse) plane of isotropy (parallel to bedding), Ez is the Young’s
modulus in the normal direction of the plane of isotropy and ν ′ and
μ′ are the Poisson’s ratio and shear modulus between the normal
and transverse directions.

Consider a subhorizontal layer-parallel kerogen particle of initial
radius a0 and thickness h undergoing transformation to generate hy-
drocarbons. Pressure build-up mainly caused by significant volume
increase associated with the transformation overcomes the over-
burden pressure and initiates microfracturing. For simplicity, we
assume that the microcrack with radius a0 is formed on the kerogen
surface (either on top or on bottom). As shown in Fig. 1, the micro-
crack is filled with oil and gas and the excess pressure on the crack
surface is denoted by �p0 (fluid pressure beyond the overburden
pressure, Engelder & Lacazette 1990). As transformation contin-
ues, a microcrack driven by the excess pressure may grow further.
At time t, the crack radius is denoted by a, and the excess pressure
on the crack surface �p is determined by

�p = P(ρgas) − ρsgz = P(ρgas) − ρs g (H0 + St) , (8)

where ρs is the average sediment density, g = 9.8 m s–2 is gravita-
tional acceleration, H0 is the initial burial depth where the keorgen
particle lies and P(ρgas) is the gas pressure given by eq. (7).

For a penny-shaped crack in a transversely isotropic material
under uniform crack surface pressure, the volume of crack is deter-
mined to be (Tsai 1982)

Vcrack = 8�p

3K
a3, (9)

where K depends on the elastic constants through

K = c44

(
c13 + λ2

1c33

) (
c13 + λ2

2c33

)
λ1λ2 (λ1 + λ2) c33 (c13 + c44)

. (10)

In eq. (10), λ1 and λ2 are two positive roots of the following
equation:

c33c44λ
4 + (

c2
13 + 2c13c44 − c11c33

)
λ2 + c11c44 = 0. (11)

The stress intensity factor along the crack front is given by
(Tsai 1982)

KI = 2�p
√

a/π. (12)

Clearly during the pressure build-up process, stress intensity fac-
tor increases with the increasing excess pressure. When the stress
intensity factor reaches the threshold value KIth, which is usually a
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Figure 1. A penny-shaped microcrack filled by oil and gas in a transversely isotropic source rock driven by the excess pressure during kerogen–petroleum
transformation.

fraction (e.g. 20–50 per cent) of the fracture toughness of the rock
matrix KIc, the crack will propagate subcritically. This phenomenon
is called subcritical crack propagation.

The subcritical crack propagation velocity, v, is a function of the
stress intensity factor described by the Charles law (Atkinson 1984)

v = da

dt
= A [KI(a)]n , (13)

where n is called subcritical crack growth index and A is a material
constant. Setting KI in eq. (12) equal to KIth, we get the excess
pressure required to initiate subcritical crack growth as follows:

�pth = KIth

√
π/(2

√
a0). (14)

Correspondingly the crack volume is found to be

V 0
crack = 8a3

0

3K
�pth. (15)

As the crack is fully saturated with oil and gas during propagation,
it requires that the volume of the crack equal the sum of oil and gas
volumes, that is,

V t
oil

+ V t
gas

= V t
crack, (16)

where V t
crack, V t

oil and V t
gas are the volumes of the crack, oil and gas

at time t, respectively. Petroleum migration does not occur until the
overpressure reaches the critical value �pth after a certain amount
of petroleum has already been generated. A variable of great interest
is the elapsed time from the start of kerogen/petroleum conversion

to the moment that the stress intensity factor reaches KIth, which is
denoted by t0. A combination of eqs (4), (5), (8), (15) and (16) gives
the following two equations to determine t0, and the corresponding
gas densityρ th

gas:

P
(
ρ th

gas

) − ρsg(H0 + St0) = KIth

√
π/

(
2
√

a0

)
, (17)

(1 − f )M0 {1 − exp [−� (t0)]}
ρ th

gas

+ f M0 {1 − exp [−� (t0)]}
ρoil

= 4a3
0

3K

KIth
√

π√
a0

. (18)

2.4 Simulation of subcritical crack growth using a finite
difference approach

A finite difference method is employed to simulate the coupled
process of microcrack propagation and the conversion of kerogen
to oil and gas. Here, we present a brief overview of the approach
(Fan et al. 2010). Consider subcritical propagation of a penny-
shaped microcrack with an initial crack radius a0 from time t0 to the
current time t. We need to determine the crack radius and excess
pressure at time t. We apply a discretization by dividing the time
domain t – t0 into a uniform grid t0, t1, . . . , tN −1, tN with tN = t. Let
ai and ρi

gas denote the radius of the crack and the corresponding gas
density at step ti, respectively. The crack radius at ti+1 is obtained
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from eq. (13)

ai+1 = ai + A[P(ρi
gas)

− ρsg (H0 + Sti )]n(ai )n/2
(
2
/√

π
)n

(ti+1 − ti ). (19)

If we ignore the compressibility of oil, the gas pressure P(ρi+1
gas ) at

ti+1 can be written as

P
(
ρi+1

gas

) = 3K

8a3
i+1

[
f M0

ρoil
+ (1 − f ) M0

ρi+1
gas

]

× {1 − exp [−� (ti+1)]} + ρsg (H0 + Sti+1) . (20)

From eq. (20) ρi+1
gas , the gas density at step ti+1, can be solved.

Correspondingly, the excess pressure �pi+1 at ti+1 is

�pi+1 = 3K

8a3
i+1

[
f M0

ρoil
+ (1 − f ) M0

ρi+1
gas

]
{1 − exp [−� (ti+1)]} .

(21)

To drive the crack propagation subcritically, �pi+1 must satisfy
the following condition so that the stress intensity factor at the crack
front exceeds the threshold value KIth

�pi+1 ≥ KIth

2
√

ai+1

/
π

(22)

If the above condition is not satisfied, which means that insuf-
ficient amount of petroleum has been released from the kerogen
particle to drive subcritical crack propagation, then time ti+1 should
be adjusted by solving eqs (17) and (18) with a0, t0 and ρ th

gas re-
placed by ai+1, ti+1 and ρi+1

gas , respectively. The simulation results
are presented in the next section.

3 N U M E R I C A L R E S U LT S

In the numerical simulations, we focus on the effects of kerogen type
(chemistry of kerogen–oil/gas conversion) and elastic anisotropy
of the source rock on the crack propagation/petroleum migration
behaviour. Geothermal gradient and burial rate are also considered
in the simulation. Two quantities are of great interest: excess fluid
pressure in the crack and crack propagation distance. The excess
pressure drives crack propagation and, hence, petroleum migration.
Therefore, quantitative estimation of excess pressure is crucial in
the modelling of petroleum migration. Crack propagation distance
is a major concern because microcrack propagation increases the
possibility of forming interconnected networks that may facilitate
escape of petroleum from low-permeability source rocks to higher-
permeability carrier rocks. In addition, our calculations should be
able to account for variations in the migration distances observed in
field-based studies. The major effective source rocks seem to be fine-
grained, dense, relatively impermeable argillaceous rocks, including
shales, marls and argillaceous carbonates. In our simulation, we
take shales as the example, and the basic material and geometrical
parameters for typical shales used in the calculations are listed in
Table 1 (see for example, Luo & Vasseur 1996; Nunn 1996; Berg
& Gangi 1999; Lash & Engelder 2005). In particular, the fracture
toughness in the bedding plane is assumed as KIc = 0.1 MPa-
m1/2 which is consistent with the estimates of Nunn (1996) in the
range of 0.01–1 MPa-m1/2. The threshold stress intensity factor is a
fraction of the fracture toughness (Atkinson 1984; Freiman 1984).
We assume that KIth = 0.2 KIc = 0.02 MPa-m1/2.

Following Atkinson (1984), the subcritical crack growth parame-
ters A and n are selected as A = 8.3×108 mm/s/(MPa-mm1/2)n and
n = 80 which yield a subcritical crack velocity of 10−7 mm s–1

when the stress intensity factor assumes the selected value of

Table 1. Physical and geometrical parameters used in the simulation.

Symbols Definition Value (unit)

Rock matrix
E In plane Young’s modulus 4.0 GPa
ν In plane Poison’s ratio 0.3
Ez Young’s modulus along z direction 3.0 GPa
ν′ Poisson’s ratio normal to xy plane 0.3
μ′ Shear modulus normal to xy plane 1.54 GPa
ρs Average sediment density 2350 kg m–3

KIth Threshold stress intensity factor in bedding plane 0.02 MPa-m1/2

A Subcritical crack growth constant 8.3 × 108 mm/s/(MPa-mm1/2)80

n Subcritical crack growth index 80
a0 Initial microcrack radius 50 μm
H0 Initial depth of burial 3000 m
T0 Initial temperature 120 ◦C
G Geothermal gradient 30 ◦C km–1

S Burial rate 0.1 km Myr–1

Oil
ρoil Oil density 850 kg m–3

Methane
m Molar mass 16 g mol–1

Tc Critical temperature 191.1 K
Pc Critical pressure 4.64 MPa

Kerogen
h Initial kerogen particle thickness 5 μm

Kinetics
R Universal gas constant 8.314 J/mole/K
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Table 2. Kinetic parameters for three types of active kerogen.

Kerogen types Type I Type II Type III

B (Pre-exponential constant) 2.44 × 1014 s−1 8.14 × 1013 s−1 4.97 × 1014 s−1

EA (Activation energy) 221.4 kJ mol–1 215.2 kJ mol–1 228.2 kJ mol–1

f (Mass fraction of oil in the
released compound)

86.8 per cent 82.1 per cent 60 per cent

KIth = 0.02 MPa-m1/2. We note that subcritical crack growth be-
haviour may not be described by the Charles law over the entire
stress intensity factor range from KIth to KIc (Atkinson 1984). Eq.
(13) now may only be applied when the stress intensity factor is near
the threshold value KIth. Our previous studies on subcritical growth
of oil (or gas)-filled cracks during kerogen/oil (or oil/gas) conver-
sion (Fan et al. 2010, 2012) indicated that the crack growth rate is
governed by the transformation kinetics because the kerogen/oil and
oil/gas conversion rates are much slower than the subcritical crack
propagation rate according to the Charles law (Eq. 13). As a result,
only KIth and the subcritical crack growth velocity at KI = KIth play
a role in determining the crack propagation rate and duration (the
crack will not grow if the stress intensity factor is smaller than KIth).
Hence, Eq. (13) and the selected parameters A and n can be used to
correctly describe the subcritical growth behaviour of oil/gas filled
microcracks.

As described in Section 2.3, we assume that the initial crack
forms on the surface of the flat kerogen particle and has the same
size as that of the particle as shown in Fig. 1. Based on the field
observation of Lash & Engelder (2005), we assume that the diameter
and thickness of the kerogen particle are 100 and 5 μm, respectively,
that is, the initial crack has a diameter of 100 μm.

We consider all three types of kerogen in the simulation. Table 2
lists the kinetic parameters for the conversion of kerogen to oil/gas
(Pepper & Corvi 1995; Luo & Vasseur 1996). To explore the effect
of elastic anisotropy on the crack propagation in a transversely
isotropic source rock, we take the ratio of the out-of-plane Young’s
modus over in-plane Young’s modulus, Ez/E, as an indicator of
anisotropy. The material behaviour generally reduces or become
similar to that of an isotropic solid when Ez/E = 1. For horizontal
crack propagation, the fracture toughness in the vertical direction
may not play an explicit role and only the toughness for crack
propagation in the bedding plane is needed.

Fan et al. (2012) showed that steeper geothermal gradients and
higher burial rates shorten the crack propagation duration but have
insignificant effects on the crack propagation distance when oil
converts to gas during continuous burial of oil. Here, we further
examine the effects of geothermal gradient and burial rate during the
conversion of kerogen to oil/gas (solid to fluids conversion instead
of liquid to gas conversion). Geothermal gradient in sedimentary
rocks typically ranges from 15 to 50 ◦C km–1 with an average of
30 ◦C km–1. In our numerical calculations the basic parameters for
the geothermal gradient and burial rate are taken as 30 ◦C km–1

and 0.1 km Myr–1, respectively. We vary the geothermal gradient
from 20 to 40 ◦C km–1 and burial rate from 0.05 to 0.2 km Myr–1,
consistent with previous studies (Berg & Gangi 1999).

3.1 Effect of kerogen type

We first examine the effect of kerogen type on the crack propagation
distance and excess pressure for Ez/E = 0.75, as shown in Figs 2 and
3, respectively. It is observed from Fig. 2 that crack growth rate is
the highest in type II kerogen bearing source rock and the lowest in

Figure 2. Normalized crack propagation distance versus time for different
types of keorgen-bearing source rocks (Ez = 3.0 GPa, S = 0.1 km Myr–1,
G = 30 ◦C km–1).

Figure 3. Excess fluid pressure versus time for different types of keorgen-
bearing source rocks (Ez = 3.0 GPa, S = 0.1 km Myr–1, G = 30 ◦C km–1).

type III kerogen bearing rock under otherwise the same conditions.
The reasons lie in (1) the crack propagation rate is governed by
the transformation kinetics as subcritical crack growth rate by other
mechanisms is much higher than the transformation rate and (2)
the higher activation energy of transformation associated with de-
composition of type III kerogen leads to longer time for petroleum
generation and, hence, lower subcritical crack propagation rate.

The final length of the microcrack in type III kerogen bearing rock
is longer than those in type I and II kerogen-bearing source rocks.
The reason is that relatively more gas and less oil are generated from
type III kerogen. Transformation of kerogen to gas would contribute
more to the volume increase due to the density difference between
the precursor and the products.

Another feature of interest is the contrast between the final
depths of burial for different types of kerogen when all the kerogen
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transforms to petroleum. Using a simple calculation from eq. (8),
we find that the final depths of burial are about 4111 and 3749 m
for type III and II kerogen-bearing source rocks, respectively. The
results indicate that type III kerogen is more likely to undergo sec-
ondary cracking because gas may be formed from the previously
generated oil when the gas stage is reached at higher temperatures.
This effect is not considered in this study.

Because longer cracks require smaller overpressure to propagate
(eq. 22) excess pressure decreases with time as microcrack propa-
gation proceeds as confirmed in Fig. 3. Although it decreases more
sharply in type II and I kerogen-bearing mature source rocks, the
excess pressure within the crack at the end of crack propagation is
slightly different in different types of kerogen-bearing source rocks.
Similar to the results from Fan et al. (2010), duration of crack prop-
agation is mainly governed by the transformation kinetics because
subcritical crack growth rate is higher than the transformation rate.

Type II kerogen occurs most frequently in source rocks, so in the
following discussions we focus on type II kerogen for illustration
purposes.

3.2 Effect of elastic anisotropy of source rocks

To investigate the sensitivity of crack propagation distance and ex-
cess pressure to elastic anisotropy of source rocks, different values
of the modulus ratio Ez/E as indicators of degree of anisotropy are
employed in the analysis, and the results are presented in Figs 4
and 5. The general trends of the microcrack propagation distance
and excess pressure evolution through time are similar to those ob-
served in Figs 2 and 3, respectively. The crack propagation distance
increases with decreasing ratio Ez/E. At a given time, the excess
pressure within the crack is lower in a source rock with a higher ratio
of Ez/E. This phenomenon may be explained by observing the crack
volume in eq. (9). In general, numerical calculations show that pa-
rameter K increases monotonically with increasing ratio of Ez/E, the
degree of elastic anisotropy. Eq. (9) indicates that a higher K (higher
Ez/E) results in a smaller crack volume for a given crack radius.
Hence, the crack propagation distance becomes longer in a source
rock with a higher ratio of Ez/E for a given amount of generated
petroleum. Fig. 5 shows that the excess pressure decreases slightly
with increasing modulus ratio Ez/E. It is interesting to note that

Figure 4. Effect of elastic anisotropy on the crack propagation distance in
type II kerogen-bearing source rocks (S = 0.1 km Myr–1, G = 30 ◦C km–1).

Figure 5. Effect of elastic anisotropy on the excess fluid pressure in type II
kerogen-bearing source rocks (S = 0.1 km Myr–1, G = 30 ◦C km–1).

dependence of crack propagation duration on elastic anisotropy is
weak and the crack propagation duration remains almost the same.

3.3 Effects of geothermal gradient and burial rate

The crack propagation distance and excess pressure profiles corre-
sponding to three different geothermal gradients of G = 20, 30 and
40 ◦C km–1 are shown in Figs 6 and 7, respectively. Crack prop-
agation duration becomes shorter at higher geothermal gradients.
Correspondingly, petroleum generation and migration take place
over a narrower depth range under higher geothermal gradients. For
example, Fig. 6 shows that as the geothermal gradient decreases
from 40 to 20 ◦C km–1, the duration of crack propagation increases
from about 6.1– 9.92 Myr. For G = 40 ◦C km–1, the crack propa-
gation starts at a depth of 3000 m and terminates at about 3600 m.
For G = 20 ◦C km–1, the corresponding depth range is from 3000
to 4000 m. With decreasing geothermal gradient, the petroleum mi-
gration zone extends downwards further. Another point of interest
is the temperature changes during the process of kerogen conver-
sion and crack growth. For a geothermal gradient of 40 ◦C km–1,
the temperature change is about 24 ◦C, which means that the crack
growth occurs in the approximate temperature range of 125–150 ◦C.

Figure 6. Effect of geothermal gradient on the crack propagation distance
in type II kerogen-bearing source rocks (Ez = 3.0 GPa, S = 0.1 km Myr–1).
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Figure 7. Effect of geothermal gradient on the excess fluid pressure in type
II kerogen-bearing source rocks (Ez = 3.0 GPa, S = 0.1 km Myr–1).

Figure 8. Effect of burial rate on the crack propagation distance in type II
kerogen-bearing source rocks (Ez = 3.0 GPa, G = 30 ◦C km–1).

For a geothermal gradient of 20 ◦C km–1, the temperature change is
about 20 ◦C. It is worth noting that although increasing geothermal
gradient reduces the duration of crack propagation, it has marginal
effect on final crack length and excess pressure.

Figs 8 and 9 show the influence of burial rate on the crack prop-
agation distance and excess pressure, respectively. Variations of
crack propagation distance and excess pressure with time for differ-
ent burial rates follow quite similar patterns to those in Figs 6 and
7, respectively. From eq. (1) the transformation rate of kerogen to
petroleum Bexp[−EA/R/T(t)] increases with increasing burial rate
and geothermal gradient. As a result, crack propagation duration
reduces significantly at higher burial rate and geothermal gradient.
The final crack length and excess pressure, however, are relatively
insensitive to the burial rates. In summary, the numerical results in
Figs 6–9 show that the geothermal gradient and burial rate have
profound influences on the petroleum migration duration but the
effect on the final crack length is insignificant.

4 C O N C LU D I N G R E M A R K S

An integrated approach consisting of fracture mechanics,
anisotropic elasticity, kerogen-petroleum transformation kinetics
and an equation of state for gas is developed and applied to analyse
subcritical propagation of a microcrack filled by oil and gas during

Figure 9. Effect of burial rate on the excess fluid pressure in type II kerogen-
bearing source rocks (Ez = 3.0 GPa, G = 30 ◦C km–1).

kerogen-petroleum conversion. We focus on the effects of kerogen
type and elastic anisotropy of source rock on the crack growth and
petroleum migration behaviour. Geothermal gradient and burial rate
are included in the theoretical model. The following conclusions can
be made based on the numerical results.

(1) Overpressure within well-sealed source rocks resulted prin-
cipally from conversion of kerogen to petroleum mix can cause
microfractures, thus, creating migration pathways for petroleum
under favourable burial history.

(2) Microcracks can attain the greatest length in type III kerogen-
bearing source rocks due to the higher gas–oil ratio associated with
the decomposition of the kerogen. The corresponding crack propa-
gation duration for type III kerogen, however, is longer than those
for type I and II kerogen due to the higher activation energy of
conversion.

(3) Crack propagation distance becomes shorter in a transversely
isotropic source rock with lower modulus ratio Ez/E compared with
that in an isotropic rock.

(4) Higher geothermal gradient and fast burial reduce the mi-
crocrack propagation duration but only slightly influence the final
crack length.

(5) Our simulation results are consistent with the documented
field observations that suggest primary migration through self-
propagating microfractures may be the most important mechanism
for transport of petroleum from low-permeability source layer to
higher-permeability carrier layer.
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