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ABSTRACT

This paper presents a geomechanical model of microcrack growth
coupled with thermal maturation data for the Tuwaiq Mountain
Formation, Jafurah Basin, Saudi Arabia. We set out to capture
the basin evolution in terms of resource capacity and pore pres-
sure. The overpressure that evolves in the organic matter-rich
units during kerogen–oil conversion controls the creation and
growth of horizontal and vertical microcracks between 65 and
60 Ma, according to our model. The crack coalescence time varies
between 2 and 5 Ma. Vertical microcracks formed between 55
and 50 Ma, at a markedly higher overpressure than that for the
horizontal microcracks. The rate of microcrack growth, organic
matter content, and thermal maturity control the timing of micro-
crack coalescence that creates a rock-spanning cluster and enables
primary migration of some of these hydrocarbons out of the
source rock. With vertical permeabilities of 300 to 500 nd and
expulsion efficiency of 70%, primary migration stopped between
30 and 25 Ma. Plastic bitumen and brittle solid pyrobitumen,
produced during secondary cracking of oil to gas, remain in iso-
lated clusters that sever flow pathways and limit loss of pore pres-
sure. The flow of gas microbubbles and oil droplets through the
plastic bitumen preserves overpressure for millions of years, with
a pressure decrease of 5 to 10 MPa. Balancing the hydrocarbon
mass, and assuming that 10 Ma is the shortest time required
to disconnect flow, we estimate the final pore pressure (Pp) in
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the Tuwaiq Mountain Limestone Formation to be between 6500
and 9000psi (45 and 62 MPa), Pp/Sv = 0.47 � 0.7, where Sv is
the vertical stress. The methane gas storage capacity of the
Tuwaiq Mountain Formation is 500–700 SCF/t source rock
(14.2–20 m3/t source rock).

INTRODUCTION

Organic matter-rich mudrocks are currently targeted for un-
conventional oil and gas exploration. The highly uncertain and
commonly exaggerated (Patzek et al., 2013, 2014, 2019;
Eftekhari et al., 2018, 2020; Saputra et al., 2019, 2020, 2022a, b;
US Energy Information Administration, 2019; Haider et al.,
2020) total oil and gas mudrock resource potential of the world is
estimated at 535 billion t and 588 Tm3 (35 TSCF), respectively
(Tong et al., 2018). Saudi Arabia has recoverable shale gas
reserves of 17 Tm3 (Sorkhabi, 2019). For basins with moderate to
high thermal maturity, most of the porosity and thus producible
hydrocarbons are stored in the organic matter nanopores (Curtis
et al., 2012; Fishman et al., 2014; Saidian et al., 2014; Klaver et al.,
2015, 2016; Pommer and Milliken, 2015; Gu et al., 2016; Haider
and Patzek, 2020). During a basin’s thermal maturation, its
organic matter converts into a residue (bitumen/pyrobitumen)
and compositionally different hydrocarbons. The conversion path-
way is governed by the rate of thermal heating, chemical proper-
ties of organic matter, and source rock composition (abundance of
sulfur and clay minerals, for example). Moreover, textural and
structural evolution and pore size distribution depend mostly on
the geological conditions (depth, temperature, and stresses) and
the source rock characteristics (kerogen content and type, miner-
alogy, pore water content, chemical composition of the source
rock, etc.) (Han et al., 2006; Helgeson et al., 2009; Jarvie, 2012;
Jin et al., 2013; Gasparik et al., 2014; Craddock et al., 2015; Lin
et al., 2015; Wu et al., 2015; Ko et al., 2016; Mathia et al., 2016;
Gorynski et al., 2019). These parameters determine unique matu-
ration and hydrocarbon expulsion paths for each source rock and
thus, result in a wide range of associated resource volumes, chemi-
cal compositions (bitumen, crude oil, condensate, natural gas),
and ultimate recovery factors. Hence, understanding and con-
straining the parameters governing kerogenmaturation and hydro-
carbon migration are important for unconventional resource
development and successful well delivery.

In mature basins, the mostly thin laminae of organic matter
form in response to compaction and deformation during burial.
From the perspective of this work, the most important structural
change of a source rock during thermal maturation (Katsube et al.,
1992; Katsube, 2000; Zhu et al., 2018) is the creation of bedding-
parallel microcracks (Littke et al., 1988). Experimental evidence
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by O’Brien et al. (2002), Kobchenko et al. (2011, 2014), Pana-
hi et al. (2014), Ougier-Simonin et al. (2016), Guo et al. (2017),
and Saif et al. (2019) reveals the creation of these microcracks
during the oil generation stage in response to local overpressure
buildup. The existence of microcracks within the organic matter
corroborates the idea that overpressure is the main reason for
their creation (Luo and Dusseault, 1997; Padin et al., 2014;
Er et al., 2016; Teixeira et al., 2017; Panahi et al., 2019). The rate
at which these microcracks grow, their final sizes, and the timing
of their formation depend predominantly on the mechanical
properties of the source rock, thermal maturation rate, and
organic matter volume and geometry (Ungerer et al., 1981;
Leythaeuser et al., 1988; €Ozkaya, 1988; Fan et al., 2012a, b; D.
Dong et al., 2018; Yang andMavko, 2018; Hooker et al., 2019).

In addition to extensive bedding-parallel microcracks, vertical
microcracks also form. The internal pressure required to create
the latter cracks is believed to be higher than that for horizontal
microcracks (Vernik, 1994; Marquez and Mountjoy, 1996; Lash
and Engelder, 2005; Al Duhailan et al., 2013) because of tensile
strength anisotropy and kerogen grain ellipticity. Both of these
factors result in variable stress concentration along the periphery
of the elliptic organic matter specks. The possibility of creating
vertical microcracks also depends strongly on the magnitude of
far-field stresses, in particular, the maximum and least principal
stresses, S1 and S3, respectively.

Another important mudrock property is its anisotropic perme-
ability. As a source rock is buried deeper, its pore water is squeezed
out, thus decreasing the rock’s porosity and permeability (David
et al., 1994; Ostermeier, 2001; Schutjens et al., 2004). Compacted
shales at their terminal burial depth do not have macroscopically
connected networks of fluid flow paths or the formation-spanning
fluid clusters (Keller et al., 2013a; Cardott et al., 2015; Sun et al.,
2015; Keller and Holzer, 2018; Zhang et al., 2020). The increase
of overpressure during conversion of kerogen to oil opens rock to
fluid flow in microfractures and to primary hydrocarbon migration
(Uchida, 1987; Siddiqui and Lake, 1992; Neuzil, 1994; Dewhurst
et al., 1998; Yang and Aplin, 1998; Yang et al., 2012; Kibodeaux
et al., 2014; Adams et al., 2016; Rabbani et al., 2017; F.Dong et al.,
2018; Panahi et al., 2019). Such microfractures are open, partly
filled with plastic bitumen, or partly or completely filled with min-
eral cement (Leythaeuser et al., 1988; Hackley and Cardott,
2016), indicating that either an aqueous phase or oil phase flowed
in these source rock fractures. Thus, at low water saturation and
high oil saturation, single-phase fluid flow can occur, expelling
mostly oil from the system.

Further maturation of organic matter leads to a complex evo-
lution of rock permeability. Once primary migration stops, sec-
ondary cracking of oil to gas begins. Due to its lower density
and higher volume, gas generation would principally lead to
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higher overpressure in an impermeable rock, as sug-
gested by Ungerer et al. (1981). However, due to its
higher solubility in water and diffusion coefficient,
gas is much more easily lost from a source rock than
oil. Thus, overpressure buildup/retention during the
gas generation stage is extremely difficult because of
fast gas diffusion through the connected pore network
(Carslaw and Jaeger, 1959; Bredehoeft and Hanshaw,
1968; Neuzil, 1986; Bethke, 1988; Deming, 1994).
Diffusion of fluid pressure through a rock layer of
thickness z, takes time t, equal to

t =
z2Ctm

4k
(1)

where Ct and k are the total rock compressibility and
permeability, respectively, and m is the fluid viscosity. If
we assume the rock compressibility to be 10�9 Pa�1,
and use the dynamic viscosity of methane at 100 �C
(13.4· 10�6 Pa � s), equation 2 reduces to

t = 4:2491 · 10�28 z2

k
m:y: (2)

To preserve an overpressure of 50 MPa in a 100-m-
thick rock layer for 50 m.y., the permeability re-
quired from the above equation is 8.4894 · 10�26

m2 = 10�5 nd. This value is five orders of magnitude
lower than the commonly reported source rock per-
meabilities (Burrus et al., 1993). Thus, in the absence
of zero permeability, it is practically impossible to
maintain high pressure in mudrocks for millions of
years. To explain the development and preservation
of overpressure during gas generation, we propose
that most of the gas flow pathways (microcracks and
pore clusters) are blocked by the plastic bitumen and
brittle solid pyrobitumen.

We couple pore pressure to rock heating and
deformation by invoking generation of microcracks.
Organic matter is assumed to be composed of inde-
pendent kerogen patches. To couple localized fluid
production in each kerogen patch with the associated
microfracturing, we develop a numerical model of
microcrack growth, primary migration of hydrocar-
bons, and overpressure generation in a mudrock. We
use our model to explain the history and current
state of the Jurassic Tuwaiq Mountain carbonaceous
mudrock formation. Our model shows that a net-
work of microfractures driven by the maturation
overpressure assists in the mobilization of bitumen

and oil. We also show that a complex evolution of the
isolated gas clusters during the secondary oil cracking
stage is a probable mechanism that preserves gas over-
pressure in the source rock for millions of years.

Our approach is as follows: First, we consider
thermal maturation of the Tuwaiq Mountain Forma-
tion. This process depends on the distribution and his-
tory of in situ stresses in the Jafurah Basin. Next, we
present a model of the distribution of organic matter
in the source rock and the related conditions of hori-
zontal and vertical microfracturing in response to the
kerogen–oil conversion that overpressures the rock.
We then present the concept of critical porosity and
show how the interconnected vertical and horizontal
microcracks create a permeable system. The volume
of organic matter and rate of its thermal maturation
control the timing of microcrack coalescence and
induce primary migration of hydrocarbons. To quan-
tify the extent of this migration, we present a reason-
able hypothesis of vertical permeability range in the
past, considering pore blocking by bitumen, perme-
ability anisotropy, and stress release during coring.

Our study aims to demonstrate the usefulness of
a coupled geological and geomechanical model to
assess primary hydrocarbon migration, gas retention
potential, and overpressure buildup for a source rock
deposit. The stress states, stress equations, and geome-
chanical and geological properties used in the model-
ing are specific to the Tuwaiq Mountain Formation in
the Jafurah Basin, Saudi Arabia. The data used in our
model have been collected from limited published lit-
erature. Thus, to generalize this study, we performed
a sensitivity analysis of the geomechanical parameters
associated with the basin. The procedure outlined in
the paper is a first step to quantifying different aspects
of one basin. Translating our approach to other basins
would require a problem setup that depends on the
evolution history, structural properties, geomechani-
cal properties, and other geological conditions of the
specific basin under study.

TUWAIQ MOUNTAIN FORMATION

Geological Setting

During the Mesozoic, the Afro-Arabian plate evolved
as a continental shelf (see Figure 1). It was bounded
by the Neo-Tethys sea on the northeast and by the
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Arabian shield on the west and south. During the
Jurassic and much of the Cretaceous, deposition in
the Arabian Gulf was dominated by marine platform
carbonates (Steineke et al., 1958; Powers et al., 1966;
Murris, 1980; Ayres et al., 1982; Beydoun, 1991) that
developed in response to marine transgressions at the
southwestern margin of the Tethys ocean (Murris,
1980; Al-Husseini, 1997). Differential subsidence and
local structuring within the shelf formed the relatively
short-lived intrashelf basins. In eastern Saudi Arabia,
one of these intrashelf basins, the Arabian Basin,
existed from late Callovian to early Kimmeridgian.

The shallow-water setting of the basin and high or-
ganic productivity restricted seawater circulation and
preserved a thick sequence of laminated, organically
rich sediments (Carrigan et al., 1995). The eustatic
sea-level rise and fall led to variation in the sedimen-
tary facies throughout the basin.

In the southwestern part of the basin, the main
source rock facies is the Tuwaiq Mountain Forma-
tion. The thickness of the source rock facies exceeds
500 ft (152 m) in the center of the basin and thins
laterally. In the northeastern area, the source rock facies
overlies the Hadriya reservoir. With few exceptions

Figure 1. Generalized geological map and cross section of the Arabian Peninsula showing the escarpments in the central part of Saudi
Arabia. The escarpments were formed by differential erosion of altering resistant sandstones and limestones and more easily eroded silt-
stones and mudstones. Source: Abd El Aal (2017). Gp.5 Group; Med.5 Mediterranean; Tuwaiq Mt. Lst.5 Tuwaiq Mountain Limestone;
U.A.E.5 United Arab Emirates.
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of minor uplift and erosion episodes, the Tuwaiq
Mountain Formation in the Jafurah Basin has been
continuously subsiding (Droste, 1990). Its present
depth of 11,500 ft (3.5 km) is the maximum burial
to date. The subsurface temperature is high because
of high basal heat flow, with an average temperature
gradient of 30�C/km.

Lithofacies

Figure 2 shows the generalized geological column of
the Middle and Upper Jurassic stratigraphy of Saudi

Arabia (Cantrell et al., 2014). The Tuwaiq Mountain
Limestone Formation (TMLF) falls in the Middle
Jurassic and is the main source rock for the major oil
and gas accumulations discovered in Late Jurassic
carbonate reservoirs in Saudi Arabia (Cole et al.,
1994; Carrigan et al., 1995). The TMLF is one of
seven formations that constitute the Shaqra Group
of Saudi Arabia (EL-Sorogy et al., 2016) and overlies
unconformably the Dhruma Formation. The com-
bined thickness of the formation is 295 m. It is
unconformably overlain by the Hanifa Formation.
This calcareous source rock was deposited in a
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Figure 2. Generalized stratigraphy of the Jurassic Period. Source: Cantrell et al. (2014). MTN5 Mountain.
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restricted marine environment within an intrashelf
basin (Alsharhan and Kendall, 1986). The dark gray
mudstone beds within the TMLF in outcrop repre-
sent proximity to the maximum flooding zone of the
formation. The temperature variation and oxygen
content of the depositional environment in the basin
formed three facies in the TMLF in upward sequence:
Baladiyah (T1), Maysiyah (T2), and Daddiyah (T3).
The thicknesses of these sequences are 32, 56, and 96
m, respectively. The T1 consists of noxic, black, lami-
nated wackestone to mud-dominated packstone; the
T2 consists of dysoxic, black, horizontally microbio-
turbated, laminated to very thin-bedded wackestone
to mud-dominated packstone; and the T3 consists of
oxygenated, gray, bioturbated, thin-bedded wackes-
tone to mud-dominated packstone. The sedimentary
structures of the basin include undulating parallel
lamination, microhummocky cross lamination, ripple
lamination, microcut and fill lamination, and microto-
pographic infill lamination.

Source Rock Characteristics

The kerogen in the TMLF is of type II S, and the
thickness of the formation is relatively uniform
(100–150 ft [30–45m]) (Katz, 2012). Type II S kero-
gen is principally derived from the well-preserved

marine organic matter deposited in oxygen-deficient,
commonly reducing sedimentary environments. It is
characterized by high-intermediate initial H/C and
low-intermediate O/C ratios. Out of the Lower,
Middle, and Upper Jurassic successions, the Tuwaiq
Mountain Formation of the Upper Jurassic Age is of
the best quality and is relatively thick, with hydrogen
indices ranging between 600 and 800 mg HC/g total
organic carbon (TOC) (Cole et al., 1994). Hydrocar-
bon generation started circa 100 Ma and reached the
peak oil generation stage at 70 Ma. Figure 3 shows
the hydrocarbon generation potential and transforma-
tion ratio (TR) with time. The initial TOC before
maturation was 12% on average. The TOC after
kerogen maturation was reduced to an average value
of 5%. Thermal maturity data (ranging between 1.4%
and 1.6% vitrinite reflectance equivalent) indicate
that the basin reached the peak oil generation win-
dow to wet-gas generation window. The TR defined
by Tissot and Welte (1984) is the ratio of the petro-
leum (oil and gas) actually formed by the kerogen to
the total amount of petroleum that the kerogen is
capable of generating. The data for the histories of
temperature gradient, hydrogen index, and TR are
from Hakami and _Inan (2016) and Hakami et al.
(2016b). The average hydrocarbon generation po-
tential is 775 mg HC/g TOC. Based on this average

Jurassic Cretaceous Paleogene

Million years

Neogene Quaternary

205 144 65 24 1.8 Present day

(A) (B)

(C)

Figure 3. (A) Cumulative hydrocarbon (HC) (oil and gas) generated from the Tuwaiq Mountain (TQMN) Formation at well E. Adapted
from Hakami and _Inan (2016). (B) Transformation ratio of the kerogen with time. The maximum generation potential is 775mg HC/g total
organic carbon (TOC). The TQMN Formation generated 700mg HC/g TOC. The kinetics used to model the oil/gas generation is taken
from Hakami and _Inan (2016) (Table 1).
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TOC value, the kerogen volume is given by Alfred
et al. (2013) as

Vk =
TOCi · rnk

TOCi · ðrnk � rkÞ + Forgrk
· 100

=
0:12 · 2650

0:12 · 1500 + 1 · 1150
· 100

= 24% of bulk volume (3)

where rnk and rk are the densities of the inorganic
matrix and kerogen, respectively; TOCi is the TOC
fraction in the inorganic rock matrix before matura-
tion (0.12); and Forg is the fraction of TOCi that is
present in kerogen, set here to 1.

The mineralogy and geomechanical properties of
the source rock are controlled by the dominant car-
bonate minerals (calcite and dolomite) with very low
clay content. Quartz and pyrite are also present as
accessoryminerals. Minimal clay content and an abun-
dance of carbonate minerals tend to make formations
more brittle, thus increasing the hydraulic fracture
potential of the formations. The calcite-dominated,
organic-rich layers are dominated by bedding-parallel
microfractures developed during thermal maturation
of the kerogen particles. The porous intervals between
organic-rich units might hold the hydrocarbons gener-
ated from the associated organic-rich units.

Structural History and In Situ Stress in
the Tuwaiq Mountain Formation

The Arab intrashelf basin developed during the low
tectonic activity of the Middle and Late Jurassic. Tec-
tonic stability of the deposited carbonates provided
the foundation of a broad shelf region. As a result, the
Tuwaiq Mountain Formation source rock is devoid of
major fault zones or major fracture clusters, resulting
in the accumulation of vast reserves (Wilson, 2020)
and overpressure development. Tectonic stability
(i.e., low strain and little internal deformation) also
prevented structural compartmentalization. However,
microfracture and mesofracture networks are preva-
lent (Ameen, 2019). Their formation depends on
local processes related to burial and thermal matura-
tion, rather than regional tectonics. Bedding parallel
discontinuities include veins and beef fractures. Also,
natural hydraulic fractures and natural shear fractures
were created in response to the hydrocarbon genera-
tion in organic-rich units. Steeply dipping, natural

hydraulic fractures were formed prior to or during
mud compaction. The steeply to moderately dipping
hairline joints and faults postdate the main compac-
tion of the carbonate muds. The horizontal microfrac-
tures associated with the organic-rich units of the
source rock are filled with bitumen, indicating their
formation during thermal maturation of the organic
matter.

The stress regime of the Arabian Peninsula has
had a complex history because of the convergence
and collision of the African and Eurasian plates
(Badawy and Horv�ath, 1999). At present, the Ara-
bian Peninsula is characterized by elevated horizon-
tal compression, in particular on its eastern side
toward the Arabian Gulf where the Jafurah Basin is
situated. The gradient of vertical principal stress,
¶Sv/¶z, estimated from the overburden weight is
1.1–1.2psi/ft (25–27kPa/m). The gradient of mini-
mum horizontal stress, ¶Sh/¶z, estimated using the
multiple diagnostic fracturing injectivity tests is
0.86–0.96psi/ft (19–1kPa/m). The gradient of max-
imum horizontal stress, ¶SH/¶z, is estimated to be
1.2psi/ft (27 kPa/m) (Al-Momin et al., 2015; Bartko
et al., 2017). Thus, the regional stress regime is
characterized by strike-slip/normal faulting, with
SH ‡ Sv > Sh (Ameen et al., 2010; Ameen, 2014,
2019; MacPherson and Ameen, 2014). The present-
day low stress differentials have persisted since the
Late Cretaceous (100–66 Ma), during which the
Tuwaiq Mountain Formation produced most of its
primary oil (see Figure 3). In microfracture simula-
tions during maturation (100–60 Ma) at a depth of
11,500 ft (3.5 km), SH is assumed to be very close to
Sv, SH » Sv with the common gradient of 1.2psi/ft
(27 kPa/m).

KEROGEN DISTRIBUTION MODEL AND
PRESSURE INCREASE

Kerogen in source rocks occurs either as discrete
layers (e.g., cyanobacterial mats and/or stromatolites)
or is strongly enriched in discrete thin layers (e.g.,
seasonal algal blooms) or is finely disseminated as
discrete particles. Although the original kerogen
particles have different forms, they are strongly
flattened in source rocks (e.g., in telalginite and lamal-
ginite). Therefore, most petroleum source rocks
are finely laminated, with organic matter oriented
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bedding parallel. Organic or organic matter-rich layers
are interbedded with mineral layers containing little
organic matter (e.g., clay minerals, other silicates, and
carbonates) (Littke, 1993) (see Figure 4A, B). Bed
interfaces are surfaces of mechanical weakness.

During burial over geologic time, the deposited
organic matter undergoes diagenetic changes. A closer
look at the organic matter-rich layers reveals a com-
plex distribution of organic and inorganic matter
over a wide range of scales (from nanometers to tens
of meters) (see Figure 4C, D). This complexity
evolves during a basin’s burial and heating. At macro-
scale, organic matter may look like a continuous thin
layer. However, at microscale, organic matter exists
as disconnected patches of locally well-connected
nanopores. Thus, we envisage a conceptual model
in which organic matter consists of the individual
and disconnected, micrometer-scale kerogen specks
(see Figure 5B) separated by inorganic matter, such as
clay minerals, calcite, dolomite, quartz, pyrite, etc.
We are aware that our model is a simplification, but
it is quite useful for setting up different what-if
scenarios.

The kerogen specks are the uniformly distributed
ellipsoids with radius Rk and height H. The horizon-
tal distance between the adjacent kerogen specks is
dh, and the vertical distance between two kerogen
speck layers is dv. The ellipticity, a, of the kerogen
specks is defined by the ratio Rk/H. The kerogen vol-
ume of 24% of bulk volume, see equation 3 is as-
sumed to consist of independent kerogen specks of

volume 4 · 10�14 m3 each. The radii of these specks
vary between 20 and 70 mm, and their heights vary
between 5 and 30 mm. If Vk is the volume of kerogen
per cubic meter of rock, and Vks is the volume of
an average kerogen speck, the average distance, dh,
between two specks is

dh =
Vks

Vkdv
� 2Rkffiffiffiffiffiffiffiffi

Vkdv
Vk

q (4)

MICROCRACK INITIATION IN THE KEROGEN
SPECK

As organic matter is buried, increasing overburden
weight and temperature facilitate conversion of kero-
gen to the lighter, hydrogen-enriched products, first
to bitumen (soluble, still rather polar and rich in
heteroatoms) and then into oil (almost pure hydro-
carbons). To study microcrack initiation and its sub-
sequent growth at the depth of interest, the vertical
stress around a microcrack is calculated from its aver-
age gradient. The initial pore pressure, Pp, in a kerogen
speck is assumed to be the hydrostatic pressure, Ph.
With increasing burial, kerogen–oil kinetics causes
pore pressure inside each speck to increase above Ph,
as Pp = Ph + DP, where DP is the overpressure (see
Figure 6A). The mathematical model of pore pressure
increases inside a kerogen speck in response to
kerogen–oil conversion is explained in Appendix 1.

Figure 4. (A) A Tuwaiq Mountain Formation escarpment along the Riyadh-Makkah highway. (B) A shale core having an interbedded
organic-rich layer and carbonate layers. It represents the effect of changing sea level in the carbonate depositional platform. Source:
Ferri et al. (2011). (C, D) Scanning electron microscopy images of Tuwaiq Mountain source rock showing the distribution of organic mat-
ter. The dark specks are made of kerogen. These specks are disconnected at the microscale. Source: Hakami (2016). ONP 5 organic
nanopores.
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The local vertical and minimum horizontal principal
stresses, sv and sh, impose tractions on the crack
boundary that act against the volumetrically overpres-
sured kerogen speck. As a result, a tangential stress
concentration evolves along the crack’s boundary.
With increasing thermal maturity and associated
increase of overpressure, the tangential stress around
the kerogen speck goes into tension at u = 0, p/2 and

creates a system of horizontal tensile microcracks. The
schematic diagram of a horizontal microcrack is
shown in Figure 6B. The Rk is the kerogen speck
radius, and we assume the crack formed is penny
shaped with radius Rc. The w(x) is the crack width
that decreases toward the tip. The mathematical
model of crack width, w(x), and the associated vol-
ume change are explained in Appendix 2. Two nearby

Pp

Tangential stress ( )
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en
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al

 s
tr
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s 
(
)

= 0

(A) (B)

Figure 6. (A) Tangential stress acts along the periphery a speck because of the internal pore pressure (Pp)—as it develops due to kero-
gen conversion—and local stresses act upon the speck. The stress values are extreme at u 5 0 and u 5 p/2. (B) The kerogen speck with
a crack. The crack aperture is wx, Rc is the crack radius, and Rk is the radius of the kerogen speck.

(B)(A)

Figure 5. (A) Most of the deposited kerogen specks become flattened ellipsoids because of increasing overburden weight during burial.
A small fraction remains spherical in shape. (B) Elliptical and spherical kerogen specks are distributed in the organic matrix. The dh repre-
sents the distance between two kerogen specks, and dv is the vertical distance between microscopic kerogen layers. sh 5 horizontal
stress; sv5 vertical stress; H5 kerogen height; Pp5 pore pressure; Rk5 kerogen radius.
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kerogen specks connect when their penny-shaped
cracks coalesce.

The conditions for creating horizontal micro-
cracks depend on the stress concentration along the
kerogen’s periphery. The tangential stress, tps, devel-
oped in response to local principal stresses sv and sh

near a kerogen speck is given by Jaeger et al. (2009)
(see also Appendix 3):

tps =

2RkHðsh + svÞ + ðsh � svÞ
ðR2

k � b2Þcos2b
� ðRk + HÞ2
cos2ðb� uÞ

2
64

3
75

ðR2
k + H2Þ � ðR2

k �H2Þcos2u
(5)

where sv is the local overburden stress, sh is the local
minimum horizontal stress, b is the angle between
the direction of the principal stress, sh, and the hori-
zontal plane, and u is the angle from the horizontal
plane in the counterclockwise direction.

The tangential stress around the periphery of a
kerogen speck appears because of the pore pressure,
Pp, inside of the speck, and is given by Jaeger et al.
(2009):

tpp =
ð1� 2aÞ + ða2 � 1Þsin2u

1 + ða2 � 1Þsin2u Pp (6)

where tpp is the tangential stress caused by the
speck’s internal pore pressure, and a is the aspect
ratio, Rk/H, or ellipticity.

The crack is formed at a point on the periphery
of the speck, when the hoop stress becomes negative
and greater than the tensile strength of the speck
according to the condition

tps + tpp < �T (7)

where T is the tensile strength of the rock, and tps +
tpp is the hoop stress. Figure 7 shows how the princi-
pal stresses and pore pressure can initiate horizontal
microcracks in kerogen specks. The u = 0 is the hori-
zontal or bedding-parallel direction, and u = p/2 is
the vertical or bedding-perpendicular direction. The
kerogen speck ellipticity is a = 10, the tensile strength
is T = 5 MPa, and b = 0. At the low pore pressures
(e.g., Pp = 65 and 75 MPa), the hoop stress is mini-
mum (>0) at u = p/2, and maximum at u = 0 (the
green and blue curves, respectively). At a sufficiently
high pore pressure (e.g., Pp = 86 MPa), the hoop

stress flips (the red curve), becomes negative at u = 0
and p, and exceeds the tensile strength of the rock,
thus creating a horizontal microcrack. Based on equa-
tions 5–7, the specks with ellipticity a > 1 generate
horizontal microcracks.

This conceptual model is valid under the reason-
able assumption that the source rock remains imper-
meable during the kerogen maturation period, thus
allowing for pressure buildup within kerogen specks.
Additionally, we assume that most of the pore water
is squeezed out of the source rock in the early stages
of compaction and diagenesis (Korvin, 1984; Smith,
1971), leading to the formation of a disconnected net-
work of fractures/pores in the formation. Most of the
kerogen specks in the source rocks become elliptical
during burial, but some remain spherical for reasons
explained below. As a result, thermal maturation
leads to the formation of a connected network of hor-
izontal fractures (imagine many horizontal cookie
sheets stacked in vertical layers, with the cookies that
overflowed during baking and connected over each
layer). A three-dimensional (3-D) connected fracture
network requires vertical fractures created by

� The overpressure-induced vertical microcracks
in still spherical kerogen specks. These specks
generate vertical microfractures after horizontal
microfractures, in response to kerogen overpres-
sure and stress distribution around the speck
surfaces.

Figure 7. Hoop stresses along the boundary of an elliptical
(a 5 10) kerogen speck. At high pore pressure (Pp) (Pp 5 86
MPa), the hoop stress becomes negative and exceeds the tensile
strength of the speck at u 5 0, p, thus creating a horizontal
microcrack. sh5 horizontal stress; sv5 vertical stress.
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� The compression-induced fracturing in inorganic
layers caused by fluid overpressure in the embed-
ded kerogen-rich layers (Chauve et al., 2020) (see
Figure 8). This vertical growth of microfractures in
an inorganic layer is caused by localized diffusion
of rock damage (Barenblatt and Prostokishin, 1993;
Barenblatt et al., 2002, 2006) that is extremely fast
compared with growth of the horizontal micro-
fractures that takes millions of years. As a result,
vertical microfractures in the inorganic layers are
assumed to grow simultaneously with the horizon-
tal microfractures.

The stacked horizontal fracture networks that
combine with the vertical cracks in between them
create a 3-D rock-spanning cluster that enables the
first vertical macroscopic fluid flow (primary hydro-
carbon migration) in the source rock.

HYDROCARBON EXPULSION AND CRITICAL
POROSITY

Primary hydrocarbon migration in conventional for-
mations is reasonably simple. The fluid phase and
the organic matter are connected during the initial

thermal maturation stages. The hydrocarbon satura-
tion at a TR of 0.25 to 0.3 is sufficient to drive the
fluid out of the source rock. Also, the very high per-
meability of the conventional formations leads to
an easy escape of the generated hydrocarbon. In
contrast, primary expulsion is complex in unconven-
tional formations. In the organic-rich mudrocks, dur-
ing the initial stages of thermal maturation, kerogen
particles are isolated. In other words, a hydraulically
continuous and connected fluid flow network does
not exist. Keller et al. (2013a) defined the critical
porosity, fc, as the minimum porosity required for a
rock-spanning cluster that enables macroscopic fluid
flow in a particular direction. Figure 9 shows the
required critical porosity for a rock-spanning cluster
in each of the principal directions, x, y, and z. Here
x – y represents a bedding-parallel plane in a mudrock
sample, and z is the bedding-perpendicular direction.
The average value of fc in the z direction in a 3-D
pore network is larger than 10%. Most mudrocks
(clay rich or carbonaceous) around the world retain
average porosity of 8% at depth, and we assume
that the formation-spanning cluster does not exist in
the vertical direction sans macroscopic fractures and
microcracks.

Keller et al. (2013b) and Grathoff et al. (2016)
also showed that pores in the organic matter in
mudrocks are locally well connected at the nanoscale
but disconnected at the microscale. Haider et al.
(2020a) presented a numerical justification for the
existence of disconnected pore networks in source
rocks. During the hydrocarbon generation stage, over-
pressure inside a kerogen speck creates a system of
horizontal and vertical microcracks. Once the crack
is formed, it grows according to Charles’ law (see
Appendix 4) and creates a network of connected ver-
tical and horizontal microcracks. This network bridges
the previously disconnected pore clusters and creates
a formation-spanning cluster. The formation-spanning
cluster eventually connects the source rock layers with
the highly permeable flow paths, through which
primary hydrocarbon migration develops. Figure 9B
shows a schematic diagram of a shale unit overlain by
a highly permeable layer. The one-dimensional pres-
sure diffusion equation governing primary oil expul-
sion in the vertical direction is

¶Pf

¶t
=

k
fmCt

¶2Pf

¶x2
+ Source term (8)

Figure 8. The gray, organic-rich layers with kerogen patches
are interbedded with the yellow inorganic layers. High pressure
in the organic-rich layers, generated in response to kerogen mat-
uration, increases compressive stress in each inorganic layer from
top and bottom. This compression causes rock failure and creates
vertical microfractures in the inorganic layers. Vertical fractures
also emanate from the spherical kerogen specks. Adapted from
Chauve et al. (2020).
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where Pf, k, f, Ct, and m are, respectively, the initial
pressure of the formation, permeability, porosity,
total compressibility, and fluid viscosity. The source
term accounts for the kinetics of kerogen–oil conver-
sion as a function of time.

POROSITY AND PERMEABILITY IN THE
JAFURAH BASIN

To estimate vertical permeability at the time of pri-
mary migration, we start with the experimentally
reported horizontal permeability in recovered core
and follow the steps listed below. Hakami et al.
(2016a) presented a correlation between the hori-
zontal permeability and porosity in the experiments
on core samples. From Hakami et al. (2016a), we
find that when the core porosity varies from 5% to
7.5%, the measured permeability is between 30 and
150 nd. To estimate the vertical permeability at the
time of primary migration, we follow the following
reasoning.

1. Because of release of the confining pressure dur-
ing core recovery and creation of microfractures,
the permeability measured in the laboratory by
Hakami et al. (2016a) is likely high in compari-
son with the in-situ permeability. We assume

the in-situ permeability to be an order of magni-
tude lower (Cho et al., 2013; Heller et al.,
2014; Mokhtari and Tutuncu, 2015), resulting
in the horizontal permeability of 3 to 15 nd.

2. Permeability anisotropy is very prominent in
shales, and horizontal permeability should be at
least one order of magnitude higher than vertical
permeability, (Chalmers et al., 2012; Ghaniza-
deh et al., 2014; Bhandari et al., 2015). Hence-
forth, we assume that the in-situ vertical
permeability may vary between 0.3 and 1.5 nd.

3. The permeability of mature mudrock cores is low-
ered significantly by pore blocking from plastic
bitumen and brittle pyrobitumen deposited dur-
ing secondary cracking of oil to gas. Bitumen
removal from a core sample using organic solvents
increases permeability 10–50 times, depending on
weight fraction of the bitumen in the sample.
Based on this experimental finding, the in-situ ver-
tical permeability during primary hydrocarbon
migration may vary between 1 and 50 nd.

4. Finally, we assume that the pyrobitumen in the
sample decreases permeability by one order of
magnitude.

These considerations result in the estimated in situ
vertical permeability of 10 to 500 nd during primary
oil expulsion. Figure 10B schematically illustrates these
four steps starting from the range initially reported by

(A) (B)

Figure 9. (A) The critical porosity, fc, represents the minimum porosity for fluid flow in a particular direction. The z is the bedding-
perpendicular direction, and x–y represents the bedding plane. The critical porosity required for percolation (10%–12%) in the z direction is
higher than the average porosity of 8% in mudrocks around the world. However, primary hydrocarbon migration occurs in the vertical direc-
tion, because of the complex interconnections of natural fractures, rock damage, and microcracks created during kerogen–oil conversion. Once
all fractures are blocked with bitumen and pyrobitumen, mostly isolated clusters of the hydrocarbon emerge and migration is limited, leading
to an overpressured system. Source: adapted from Keller et al. (2013a). (B) The source rock in contact with the highly permeable layer at
the top. Oil starts flowing up through the microcracks created by the overpressure. The expulsion is modeled using a one-dimensional (1-D)
pressure diffusion equation. zav, yav, xav5 average critical porosity in the z direction, y direction, and x direction, respectively.
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Hakami et al. (2016a). We use the final in situ vertical
permeability range (10–500 nd) to estimate the veloc-
ity and volume of oil expelled from the source rock
during primary hydrocarbon expulsion.

PORE BLOCKING AND PRESSURE BUILDUP

Primary hydrocarbon migration stops at a minimum
oil saturation threshold at which the previously con-
nected oil phase gets disconnected. Further maturation
of the remaining liquid hydrocarbon in the secondary
cracking stage leads to the formation of plastic bitu-
men and brittle pyrobitumen (Bernard et al., 2012;
Modica and Lapierre, 2012; Loucks and Reed, 2014).
The brittle pyrobitumen deposited in the pore throats
is insoluble and immobile. The plastic bitumen is solu-
ble, oil wet, and movable over short distances, thus
squeezed into the larger pores and permeable chan-
nels, causing a decrease of permeability at all scales up
to macroscale (Mastalerz et al., 2013; Xiong et al.,
2016; Misch et al., 2019). Pore blocking and the asso-
ciated permeability decrease lead to the formation of
isolated pore clusters.

Eventually, gas generated at higher thermal matu-
rity rises through the plastic bitumen, because of den-
sity difference. The velocity of gas bubbles flowing up
through the highly viscous plastic bitumen is given by
Stokes’ law

v =
2
9
r2gðrb � rgÞ

mb
(9)

where r is the average radius of gas bubbles, g is the
acceleration of gravity, rb and rg are the bitumen and

gas densities, respectively, and mb is the bitumen
viscosity.

Figure 11A shows the velocity of gas bubbles
creeping through the plastic bitumen at different bub-
ble radii. For a bubble radius of 10nm and the bitu-
men viscosity range of 100 to 200 poise, the Stokes
velocity ranges from 0.5 to 0.9 m/m.y. Figure 11B
gives an example of how, in response to this slow
escape velocity, the overpressure is preserved in a
source rock. The initial gas pressure in the source rock
is assumed to be 57 MPa. Even if gas escapes through
10% of the bed’s surface area, the decrease in over-
pressure is only 10 MPa over 50 m.y. Therefore, the
blocking of permeable channels/pore throats by bitu-
men and pyrobitumen leads to the formation of the
mostly isolated gas clusters and controls the gas escape
and overpressure buildup/retention in source rocks.

In other words, plastic bitumen is an effective
blocker of oil and gas migration pathways, and it
reduces the effective rock permeability to such an
extent that high overpressure can be retained, and
the generated oil and gas stored for millions of years.

RESULTS

Based on thermal maturity data and local stress
values around a kerogen speck (hoop stress), we pre-
dict how overpressure in the kerogen specks leads to
microcrack initiation, growth, coalescence, and to a
realistic timing of primary hydrocarbonmigration after
the emergence of a formation-spanning cluster. When
maturation started circa 110Ma, the TMLF depth was
only 2.7 km. With time, formation depth increased.
The uncertainty in the model caused by the variable

(A) (B)

Figure 10. (A) The permeability (k) versus porosity (f) trend for the Jafurah Basin source rock. Source: Hakami et al. (2016a). Critical
porosity for the existence of a three-dimensional spanning cluster is 10%–12%. (B) A conceptual framework and the associated steps to
estimate the range of vertical permeability in the lower Tuwaiq Mountain source rock.
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depth is addressed in Appendix 5. To simplify the
model, calculations are done at 3.5 km true vertical
depth, which is the present-day average depth of the
Tuwaiq Mountain Formation. We assume that all pro-
cesses occur at this final depth. The overpressure
required to create horizontal microcracks in a kerogen
speck depends on the speck’s ellipticity and the state
of in situ stress, estimated using equations 5–7. The
time required to reach that overpressure is estimated
by coupling thermal maturity data with the overpres-
sure generation model. Further, our simulation quanti-
fies residual oil after primary migration and generation
of plastic bitumen that blocks most of the pores during
secondary cracking of oil to gas and retains the over-
pressure. The predicted present-day pore pressures

compare well with those from the field data reported
in the literature. Below, we analyze the variability and
uncertainty ranges of some of the critical parameters
that govern the physics of our simulation. The goal is
to quantify the sensitivity of our model to changes of
the key input parameters and ascertain robustness of
the results we present, see Appendix 6.

Effect of Kerogen Speck Ellipticity on Crack
Initiation Overpressure

The timing of crack initiation and growth depends
strongly on kerogen speck ellipticity, a, horizontal
distances between the kerogen specks, dh, and
the maximum crack radius, Rc (see Figure 12A).

(A) (B)

Figure 11. (A) The dashed lines represent the vertical Stokes velocity of gas bubbles that depends on the bitumen viscosity. The shaded
region denotes the likely bitumen viscosities. The oil and gas velocities through the bitumen are comparable to the hydrocarbon escape
velocity driven by buoyancy. (B) The pore pressure is preserved in a source rock because of the paucity of flow paths for the hydrocar-
bons. The low velocity of the gas bubbles governed by the Stokes’ law maintains overpressure for a long time. The pore pressure loss as a
result of gas escape is only 10 MPa per 50 m.y. if the gas flows through 10% of the bed surface. r5 radius of gas bubbles.

(A) (B)

Figure 12. (A) Ellipticity represents flatness of the kerogen specks. Higher ellipticity means flatter kerogen specks and less distance
between them (blue curve). The red curve depicts the maximum value of the ratio of the crack radius to the kerogen speck radius, Rc/Rk,
when horizontal cracks connect. For flatter kerogen specks (higher a), this ratio decreases, because the kerogen specks are closer to each
other. (B) As the kerogen speck ellipticity increases, the initial overpressure required to initiate the horizontal crack decreases. The stress
ratio for this simulation is sh/sv5 0.75. sh5 horizontal stress; sv5 vertical stress; dh5 horizontal distance between kerogen specks.
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Flatter (i.e., more ellipsoidal) kerogen specks grow
closer to each other in the bedding plane. As a result, a
microcrack’s maximum radius, Rc, decreases, limiting
the maximum value of the ratio Rc/Rk. Figure 12B

shows the strong effect of ellipticity on the required
overpressure, DP (pore pressure increment above the
hydrostatic pressure), to initiate a horizontal crack.
For a < 10, DP increases sharply, thus requiring more
time to reach the critical microfracturing stage (see
Figure 13 [blue curve]). The elapsed time required
for the cracks to connect depends on the coupling
between stress concentration at the crack tips and the
distance between kerogen specks (see Figure 13 [red
curve]). For the specks with ellipticities 10 < a < 25,
the variability of the horizontal crack initiation time is
small. Most of these cracks formed circa 49–47 Ma.
Cracks of high ellipticity (a = 28) connected at 49Ma,
2 m.y. after initiation. Cracks with a = 10 connected
at 53.5 Ma, nearly 5 m.y. after initiation. For a < 10,
crack initiation and coalescence times are close, because
of the sudden release of high stress concentration.

Crack Growth Dynamics

With an increase of ellipticity, a, the maximum value
of the ratio of crack radius, Rc, to kerogen speck
radius, Rk, decreases. This ratio controls the dynamics
of crack growth with time. Figure 14A shows the
ratio Rc/Rk versus time. When a crack initiates, Rc/Rk

jumps abruptly, followed by a modest increase.
This sudden jump is caused by an abrupt release of
the stress concentrated at the kerogen tips. After this

Figure 13. Crack initiation time decreases sharply with a > 0
fi 10 because of the high overpressure, DP, required for the initia-
tion. The coupled effect of horizontal distance, dh, between kerogen
specks and the stress concentration at the crack tips controls the
crack coalescence time (red curve). For almost spherical kerogen
specks (a < 4), the crack coalescence time is small in response to
a sudden release of very high stress concentration. The crack coa-
lescence time increases to the maximum of 4.8 Ma, for a 5 10,
and then decreases to 2 Ma for the more closely spaced kerogen
specks of higher ellipticity. The stress ratio for this simulation is
sh/sv5 0.75. sh5 horizontal stress; sv5 vertical stress.

(A) (B)

Figure 14. (A) Kerogen specks with lower ellipticity, a, take longer to initiate cracks because of the higher overpressure (DP) required
for crack initiation. The sudden vertical jump is caused by an abrupt stress release at the kerogen speck’s tips. The kinetics of the
kerogen–oil conversion control the growth rates of cracks (the right-curving parts) most of the time. The shaded area represents the time
interval required to create connected horizontal microcracks. The stress ratio for this simulation is sh/sv 5 0.75. (B) The pressure change
in kerogen specks during the kerogen–oil conversion. Point A represents the overpressure required to initiate a horizontal crack followed
by a sudden drop because of the unstable crack growth. Then the pressure decreases slowly from point B to point C, eventually creating
a connected horizontal microcrack network at point C. The stress ratio for this simulation is sh/sv 5 0.75. sh 5 horizontal stress; sv 5
vertical stress; Rc/Rk5 the ratio of the crack radius to the kerogen speck radius.
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sudden energy release and crack jump, the crack
growth stabilizes and is controlled by the kerogen–
oil conversion kinetics for most of the crack growth
time measured in millions of years. The dynamics of
pore pressure change are similar to those of crack
growth (see Figure 14B). Once the pressure required
for crack initiation is reached, there is a sudden de-
crease in pressure, A ! B, as a result of stress release.
This is followed by a slow pressure decrease, B ! C,
controlled by the kerogen conversion kinetics.

Effect of Stress State

Stress plays an important role in creating a connected
network of horizontal and vertical microcracks.
Using the stress gradient values (Table 1) for the
Tuwaiq Mountain Formation at the depth of 3.5 km
(11,500 ft) gives an estimated local vertical stress,

sv = 87–95 MPa, the minimum horizontal stress
range of sh = 68–76 MPa, and the stress ratios, sh/sv,
ranging from 0.7 to 0.8 around a kerogen speck.

The overpressure required to create a horizontal
microcrack depends strongly on the ellipticity, a, of
a kerogen speck (see Figure 15A). With T = 5 MPa,
b = 0, and u = 0, equations 5–7 show that as a

increases from 2 to 28, the required overpressure
decreases from 75 to 46 MPa. The effect of the stress
ratio sh/sv on horizontal microfracturing is negligi-
ble. In contrast, the ratio sh/sv significantly impacts
vertical microcrack initiation in spherical kerogen
specks (a = 1) at T = 5 MPa, b = 0, and u = p/2. For a
small change in the stress ratio from 0.7 to 0.8, the
overpressure required to create vertical microcracks
increases from 66 to 78 MPa (see Figure 15B).
An important implication of this finding is that
for higher stress ratios, the possibility of creating an

Table 1. Values of Key Parameters Used in the Calculations

Parameter Value

General parameters
Inorganic matter density, rnk 2650 kg/m3

Kerogen density, rk 1150 kg/m3

Oil density, ro 850 kg/m3

Gas density, rg 0.718 kg/m3

Water compressibility, Cw 0.4 · 10�3 MPa�1

Oil compressibility, Co 2.3 · 10�3 MPa�1

Gas compressibility, Cg 4.1 · 10�3 MPa�1

Methane critical pressure, PcM 4.599 MPa
Methane critical temperature, TcM 190 K

Tuwaiq Mountain Formation parameters
Formation depth* 11,500 ft (3.5 km)
Formation porosity, f* 0.08
Stress gradient (vertical), ¶Sv/¶z* 1.1–1.2 psi/ft (25–27 kPa/m)
Maximum stress gradient (horizontal), ¶SH/¶z* 1.2 psi/ft (27 kPa/m)
Minimum stress gradient (horizontal), ¶Sh/¶z* 0.86–0.96 psi/ft (19–21 kPa/m)
Hydrogen index, HI* 775mg HC/g TOC
Initial total organic carbon, TOCi* 0.12
Total organic carbon at present, TOCf* 0.05
Fraction of organic matter, Forg 1
Crack aperture w(x)
Kerogen volume Vk

Geomechanical parameters
Tensile strength, T 3–5 MPa
Stress intensity factor, Kic 0.02
Poisson’s ratio, v* 0.23
Young’s modulus, E 2 GPa
Bulk modulus, G 0.714 GPa

Values in the table are taken from multiple literature sources listed in the Introduction unless marked with an asterisk.
*Values from Hakami and _Inan (2016); Al-Momin et al. (2015); Bartko et al. (2017) for the Tuwaiq Mountain Formation.
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effective vertical microfracture would be appreciably
more difficult. This effect can be seen clearly in
Figure 16A. The black curve represents the maxi-
mum overpressure that can develop in kerogen
specks of different ellipticity, posthorizontal micro-
fracturing. The red and blue curves show the pres-
sures needed to generate vertical microcracks at two
different stress ratios. For the stress ratio of 0.80, the
pore pressure is insufficient to create vertical micro-
cracks (for the same amount of overpressure) com-
pared with the case when the stress ratio is 0.75.

This analysis quantifies the obvious assertion that
the quality of fracture connectivity and the probabil-
ity of percolation depend strongly on the state of
stress. The higher the stress ratio, the higher the like-
lihood is of a more sparsely connected system with
a lower efficiency of primary oil migration from the
source rock and geologically, a longer maturation
period needed to reach the critical overpressure for
vertical microfracturing.

Hydrocarbon Expulsion and Overpressure
Generation

To quantify the timing and extent of primary migra-
tion, we assume that an upper bound on the range of
stress ratio is sh/sv = 0.75. The reason is that low dif-
ferential stress has persisted over geological time in
the TuwaiqMountain Formation. At this in situ stress
condition and for a wide range of kerogen ellipticity,
a, horizontal microfractures connected between 65
and 55 Ma. Vertical microfractures formed by the

compression-induced damage diffusion in the inter-
bedded inorganic layers and microcrack initiation
in the spherical kerogen specks between 57 and
53 Ma. The microcracks induced in the inorganic
layers formed along with the horizontal microcracks
between 65 and 57 Ma. Beginning at 50 Ma, the suf-
ficiently connected vertical microfractures enabled
primary migration (see Figure 16B).

Assuming 50 Ma as the start of vertical migration,
Figure 17A shows the expulsion efficiency of the
source rock, expressed as a fraction of the total amount
of oil available at different vertical permeabilities
between 100 and 500 nd. Initially, there was a step
increase in the fraction of oil expelled because of the
initial high overpressure. Once the overpressure bled
off due to low oil compressibility, the fraction of oil
expelled increased gradually, driven by the buoyancy
force. Assuming a minimum required oil saturation of
30% for the connected oil phase in primary migration
and a vertical permeability of 400 nd, the flow stopped
at 30 Ma. At a lower permeability of 100 nd, the pri-
mary migration would have never stopped until the
present because the minimum oil saturation threshold
of 30% has not been reached.

The average hydrogen index of 775 mg HC/g
TOC in the Tuwaiq Mountain Formation translates
into 173 kg HC/t source rock. For a vertical perme-
ability of 400 nd, the total amount of oil expelled
from the source rock during primary migration is
estimated to be 120 kg/t source rock. The residual oil
of 48 kg/t source rock was converted into gas as
thermal maturity progressed with time. Since the

(A) (B)

Figure 15. (A) The overpressure required to initiate a horizontal crack is a strong function of the kerogen speck’s ellipticity, a. The effect
of stress ratio, sh/sv, is negligible. The overpressure required for crack initiation decreases sharply with ellipticity a > 0 fi 10. (B) The
overpressure required to create vertical microcracks in spherical kerogen specks (a 5 1) depends strongly on the value of sh/sv. sh 5
horizontal stress; sv5 vertical stress.
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Tuwaiq Mountain Formation basin bears mostly wet
gas, we assume that 70%–90% of the residual oil has
been converted into gas, equal to 33.6–43.2 kg/t
source rock.

As oil converts to gas and bitumen/pyrobitumen,
the latter block permeable channels, and formation
permeability decreases continuously with time. How-
ever, this permeability is still high, and the produced
gas continues to escape from the source rock without

increasing pore pressure. When hydrocarbons diffuse
slowly through the plastic bitumen, vertical migration
is very limited. Gas escape becomes minimal, and the
pore pressure starts increasing once isolated clusters
of hydrocarbons emerge, circa 20–13 Ma. Figure 17B
shows the effect of (1) oil to gas conversion efficiency
and (2) the time when the isolated clusters emerge on
the present-day overpressure in the Tuwaiq Moun-
tain Formation. The x axis represents the timelines of

(A) (B)

Figure 16. (A) The in situ stress ratio, sh/sv, has a significant effect on the possibility of creating vertical microcracks. Small values
(0.6–0.7) of this ratio favor the creation of vertical microcracks under the stress regime that prevails on the Arabian Peninsula. These verti-
cal microcracks are responsible for primary migration of hydrocarbons. (B) The time required to create a connected network of horizontal
and vertical microcracks. The horizontal microcracks connected between 65 and 60 Ma. The compression-induced vertical microfractures
formed between 65 and 57 Ma. The pore pressure-induced microfractures in spherical kerogen specks formed between 50 and 50 Ma,
and the vertical microcracks are created and connect between 55 and 50 Ma for the stress ratio, sh/sv in the range of 0.7–0.75. The
connected vertical microcracks led to primary hydrocarbon migration. sh5 horizontal stress; sv5 vertical stress.

(A) (B)

Figure 17. (A) The total hydrocarbon expulsion driven by buoyancy1 overpressure at different source rock permeabilities (k). A small
decrease of oil volume causes a large pressure drop in the source rock because of the low oil compressibility. As a result, the contribution
from overpressure is only 10%, and most of the oil is expelled in a very short period of time (a step increase). (B) The present pore pres-
sure in the Tuwaiq Mountain Formation. The time of emergence of isolated hydrocarbon (HC) clusters is between 20 and 13 Ma. If these
clusters formed at 20 Ma, the present-day pore pressure would vary between 57 and 64 MPa. If they had formed at 13 Ma, the present-
day pore pressure would vary between 45 and 47 MPa. Depending on the oil-to-gas conversion efficiency and the time when the
formation-spanning cluster is disconnected, the present-day pore pressure ranges between 45 and 64 MPa.
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different processes, and the y axis represents the
present-day pore pressure. The oil–gas conversion
started at 30 Ma. The red, blue, and green curves
show the present-day pore pressures, given the time
when isolated clusters formed. For example (red
curve), if the isolated clusters formed at 20 Ma, the
maximum value of present-day pore pressure would
be 64 MPa. As the time of disconnection of the
formation-spanning cluster moves to 13 Ma, the
maximum pore pressure achieved at present de-
creases. This is because the source rock has more time
to expel a larger amount of gas. Moreover, the steep
slopes of the three lines indicate that the final pore
pressure is highly sensitive to the time when isolated
clusters emerged.

These results highlight that the present-day pore
pressure in the Tuwaiq Mountain Formation is a
strong function of the time when the isolated hydro-
carbon clusters reemerged in the source rock. The
simulation results show a fairly wide range of the pos-
sible pore pressure values in agreement with the pub-
lished data, which range between 45 and 65 MPa or
6500 and 9000psi.

DISCUSSION AND CONCLUSIONS

The analyses and results presented in this study reveal
that the economic viability of a source rock depends

on (1) the microstructural changes of rock and fluids
during thermal evolution of a basin, (2) the paleos-
tress conditions that govern the creation of natural
fractures, and (3) the associated permeability changes
that enable primary hydrocarbon migration. To simu-
late primary hydrocarbon migration and generation of
overpressure, we combine the elastic rock mechanics
with the thermal history of the Tuwaiq Mountain
Formation in the Jafurah Basin. Figure 18 summarizes
the different geologic, thermal, mechanical, chemical,
and transport processes in the source rock and their
timing. Primary migration started between 55 and
50 Ma, and stopped at circa 40–30 Ma. Secondary
cracking of oil to gas started at 30 Ma. These geologic
time intervals are in agreement with the data pub-
lished by Droste (1990). We estimate the amount
of hydrocarbons that migrated from the source rock
to be approximately 120 kg oil per metric tonne of
source rock. Current pore pressures are very high,
45–65 MPa (6500–9000psi), Pp/Sv = 0.47–0.7, and
explained well by the proposed pore blocking by bitu-
men and pyrobitumen. In addition, the results of our
study reveal that

� Kerogen speck ellipticity, a, determines the timing
of horizontal crack formation and crack coales-
cence. Crack growth dynamics are mostly con-
trolled by kerogen!oil kinetics. Horizontal cracks
connected between 65 and 55 Ma, depending on
the ellipticity of the kerogen specks.

� The probability of vertical crack formation in
spherical kerogen specks depends strongly on stress
ratio, sh/sv. Compression-induced vertical micro-
fractures caused by kerogen-rich fluid layers grow
simultaneously with horizontal microfractures.

� Low oil compressibility causes a large pore pres-
sure, Pp, change with a small change in oil volume.
We find that even large pressure differentials drive
only 10%–12% of the total generated hydrocar-
bons out of the source rock. Most of the oil
migrates because of buoyancy.

� Vertical gas migration velocity through a pore sys-
tem filled with plastic bitumen was 0.5–0.9 m/m.y.
The reemergence of isolated hydrocarbon clusters
in response to pore blocking by plastic bitumen
and pyrobitumen limits vertical hydrocarbon flow
and develops high overpressure in the source rock.

In agreement with the Jafurah Basin history, our
model explains key processes that govern primary

Figure 18. The timing of different processes during thermal
maturation of the Tuwaiq Mountain Formation.
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hydrocarbon migration and pressure buildup in the
Tuwaiq Mountain source rock formation. However,
we recognize that the predictive power of our
model is limited by the uncertainties in timing
of the relevant processes. These uncertainties are

governed by the poorly known rock-mechanical
parameters and in situ stress magnitudes over
110 m.y. Appendix 6 and Appendix 7 highlight
these effects and their impact on the basin’s state
of overpressure.

Nomenclature

Parameters Subscripts

a Ellipticity, Rk/H b Bitumen
m Viscosity, mN/m (Poise) cr Crack
n Poisson’s ratio f Final
¶S/¶z Stress gradient, MPa/m (psi/ft) g Gas
f Formation porosity H Direction of maximum horizontal stress
fc Critical porosity h Direction of minimum horizontal stress
r Density, kg/m3 i Initial
s Stress around kerogen speck, MPa k Kerogen
t Tangential stress, MPa ks Kerogen speck
DP Overpressure, MPa nk Inorganic matrix
C Compressibility, MPa�1 o Oil
dh Horizontal distance between kerogen specks, mm org Organic matter
dv Vertical distance between kerogen specks, mm p Pore
E Young’s modulus, GPa pp Pore pressure
F Fraction ps Principal stress
G Bulk modulus, GPa t Total
g Gravity acceleration v Vertical
H Kerogen height, mm w Water
HI Hydrogen index, mg HC/g TOC
k Permeability, m2

Kic Fracture toughness, MPa/m1/2

Pcr Crack closure pressure
Pc Critical pressure of methane, MPa
Pf Formation pressure, MPa
Ph Hydrostatic pressure, MPa
Pp Pore pressure, MPa
r Radius of a gas bubble, mm
Rc Crack radius, mm
Rk Kerogen radius, mm
S Far field principal stress, MPa
T Tensile strength
t Time
Tc Critical temperature of methane, K
TOC Total organic carbon, mg HC/g
V Volume, m3

v Velocity, m/m.y.
wx Crack aperture
Ma Million years before present
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APPENDIX 1: OVERPRESSURE GENERATION IN
A KEROGEN SPECK

Depending on the type of organic matter, thermal matura-
tion produces oil and gas at different proportions. Guo
et al. (2011, 2016) presented an analytical expression for
overpressure generation because of oil and gas generation

AðPh + DPÞ2 � BðPh + DPÞ �C = 0 (10)

where

A = CwVw +
ð1� IFÞForgMk

rk
+
CoMo

ro
(11)

B = CwVwPh +
ð1� IFÞForgMkPh

rk

+ 7:416 · 10�5 aMgrTD

rg
�Mo + Mg

rk
+
Mo

ro

(12)

C = 3:413 · 10�4 bMgrTD

rg
(13)

In equations 11–13, Mo, Mg, Mk, and Mgr are, respec-
tively, the mass of oil, gas, kerogen, and the escaped gas;
Vw is the water volume; Forg is the fraction of organic mat-
ter; TD is the temperature; Ph is the hydrostatic pressure;
and Cw and Co are the water and gas compressibilities,
respectively. The final equation for the overpressure P is

DP =
B +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2 + 4AC

p

2A
� Ph (14)

When overpressure inside a kerogen speck is suffi-
ciently large to create and extend subcritical cracks, the
extra crack volume created must be considered to correct
this overpressure. With this extra volume, Vcr, the pore
pressure, Pp, is decreased by adjusting the parameter B

B = CwVwPh +
ð1� IFÞForgMkPh

rk
+ 7:416

· 10�5 aMgrTD

rg
�Mo + Mg

rk
� Vcr +

Mo

ro

(15)

APPENDIX 2: WIDTH OF A SUBCRITICAL CRACK

The width, w(x), of a subcritical crack (twice the opening
displacement) that originates from the initial kerogen speck
depends on the stress intensity and the pore pressure inside
the crack. Tsai (1969, 1982) and Nilson and Proffer
(1984) proposed the following analytical expression:

wðxÞ =
4
p

1� n

G
+
ðL
x

ða
0
ðP � sÞf j

a0
a
R

� �
djffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2 � j2
q

0
B@

1
CA

f
x
a0

a
R

� � a + R
x + R

� �n a daffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � x2

p

(16)

where G and n are the shear modulus and Poisson’s ratio,
respectively, and n = 0or 1 for planar or axisymmetric cases,
respectively. The f is the weighting function, which depends
on a specific geometry and particular choice of L/R. The
long fracture limit of the proposed formula is given by

wðxÞ =
4
p

1� n

G
+
ðL
x

ða
0
ðP � sÞ j

a

� �n djffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � j2

q
0
B@

1
CA a daffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2 � x2
p

(17)

where n is 0 or 1 for planar and axisymmetric cases,
respectively. To remove singularities, the differentials in
the equation are rewritten as

a daffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � x2

p = d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � x2

p
,

djffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � j2

q = d sin�1ðj=aÞ

(18)

The volume of the subcritical crack is obtained from
integrating the crack width over the length of the crack

Vcr =
ðL
0
2pðR + xÞwðxÞdx (19)

APPENDIX 3: CRACK INITIATION THEORY

The stress around an elliptical hole in response to the prin-
cipal stresses sv and sh is given by

tps =

2abðsh + svÞ + ðsh � svÞ
ða2 � b2Þcos2b
� ða + bÞ2cos2ðb� uÞ

" #

ða2 + b2Þ � ða2 � b2Þcos2u
(20)

where b is the angle between the direction of minimum
horizontal principal stress, sh, and the horizontal plane, u,
is the angle from the horizontal plane in the counterclock-
wise direction, and a and b are the major and minor axes
of the elliptical crack, respectively.

If the elliptical crack is internally pressured by a fluid,
the tangential stress at its surface is

tpp =
ð1� 2aÞ + ða2 � 1Þsin2u

1 + ða2 � 1Þsin2u (21)

where a is the aspect ratio (a/b). Combining equations 20
and 21 gives the tensile stress acting along the surface of
the elliptical microcrack. The crack initiates if the stress
around it exceeds the tensile strength of the rock.

Crack closure depends on the stress state of the system
and the magnitude of pore pressure. The crack can be fully
closed under a sufficiently large differential pressure. The pres-
sure at which the elliptical crack fully closes is given by

PcrðclosingÞ =
1
Cp

(22)
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where Cp is the pore compressibility. The closing pressure
of a 3-D penny-shaped crack of the aspect ratio, a, is

Pcrðpenny-shaped crackÞ =
3pð1� 2nÞ

4að1� n2ÞCmatrix
(23)

where n is the Poisson’s ratio, and Cmatrix is the marix
compressibility.

APPENDIX 4: RATE OF MICROCRACK GROWTH

Once a crack is created by reaching the required DPh, it
propagates at the speed defined by Charles (Charles, 1958;
Wiederhorn, 1978; Atkinson, 1982)

vcr = A½KIðaÞ�n (24)

where vcr is the subcritical crack propagation velocity, A and
n are the material constants, and KI is the stress intensity fac-
tor. The stress intensity factor is related to the overpressure
and the initial radius of the kerogen, Rk, by the relation

DP =
KI

2

ffiffiffiffiffiffi
p

Rk

r
(25)

As the crack propagates, its growing volume is Vcr. The
decrease in the overpressure is calculated, considering the
volume increase by the microcrack growth. The overpressure
DP decreases, and finally, DP is insufficient to drive the crack
further. Once this point is reached, the rate of oil and gas
generation controls crack growth with time. The minimum
value of DP required to keep the crack growing depends on
the threshold fracture toughness, KIth, and the crack radius:

2DP

ffiffiffiffiffi
Rc

p

r
‡ KIth (26)

APPENDIX 5: SENSITIVITY ANALYSIS:
FORMATION DEPTH

In this paper, the present-day pore pressure for the Tuwaiq
Mountain Formation was modeled at its present depth of
3.5 km. The range of overpressure estimated at this depth
would reflect a lower bound of the overpressure that can
be retained in the formation. When maturation started
at 110 Ma, the formation depth was 2.7 km (i.e., 700 m

shallower compared with its present depth). The formation
depth has a significant effect on the stress ratios and the pore
pressure and hence, on the dynamics of crack formation, the
extent of primary hydrocarbon migration, and the present-
day overpressure. To consider sensitivity in response to the
formation depth, we calculated the timing and extent of pri-
mary hydrocarbon migration and the present-day overpressure
at the depth of 2.7 km. This calculation gives an upper
bound of overpressure that can be retained in the formation.
Thus, in a dynamic system where the formation depth gradu-
ally increased from 2.5 km to 3.5 km, the overpressure would
lie between the upper bound range modeled at 2.7 km and
the lower bound range modeled at 3.5 km. Table 2 compares
the timing of different processes and the estimated present
overpressure values for the depths of 3.5 km and 2.7 km.

APPENDIX 6: IMPORTANCE OF THERMAL
MATURATION RATE

Laboratory pyrolysis experiments are widely used to quantify
the extent of primary hydrocarbon migration (Leythaeuser
et al., 1984; Lewan and Ruble, 2002; Gorynski et al., 2019;
Grohmann et al., 2023). For the same source rock sample,
experiments at different rates of thermal maturation of

Table 2. Comparison of Different Processes at the Formation Depth of 3.5 km versus 2.7 km

Sensitivity Parameters Depth, 3.5 km Depth, 2.7 km

Horizontal crack networks form at 55 Ma 65 Ma
Primary migration starts at 50 Ma 60 Ma
Primary migration ends at 30 Ma 40 Ma
Oil mass left after primary hydrocarbon migration 49 kg/t source rock 47 kg/t source rock
Present overpressure 45–65 MPa 52–70 MPa

Figure 19. The effect of the thermal maturation rate on the
amount of hydrocarbon (HC) expelled from the source rock at
the minimum irreducible saturation of oil equal to 30%. For a
wide range of thermal maturity, the total amount of expelled HC
varies little.
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kerogen give different estimates of primary oil migration. A
higher maturation rate leads to more oil expelled from the
source rock because the oil-saturated pore space that sup-
ports fluid flow remains connected most of the time. Con-
versely, slow hydrocarbon maturation leads to less primary
hydrocarbon expulsion because the oil-saturated pore space
remains connected only for a limited time. To quantify this
effect, we assume 30% as the oil saturation below which
the macroscopic oil flow stops. Based on this assumption,
Figure 19 shows a synthetic example of two different rates
of generation of the same amount of hydrocarbons, repre-
sented by the red curves (+, �). The corresponding black
symbols (+, �) show the amount of remaining hydrocarbon
in the source rock, once the oil saturation in the source rock
drops down to <30% and primary hydrocarbon migration
stops. We see that for two different hydrocarbon generation
rates, the amounts of hydrocarbon left in the source rock after
primary hydrocarbon expulsion are 55 and 57 kg/t source
rock, respectively, and the times when the expulsion stops dif-
fer by 9 m.y.

However, the basin evolution during secondary crack-
ing of the remaining oil to gas is very sensitive with respect
to time. This is because the evolution of overpressure in
the gas generation window is a sensitive function of time
(see Figure 17B). So, to quantify hydrocarbon expulsion
and overpressure evolution more accurately, pyrolysis labo-
ratory experiments must correlate well with the geological
maturation rate and the geologic time.

APPENDIX 7: SENSITIVITY ANALYSIS:
EFFECT OF ROCK YOUNG’S MODULUS
AND TENSILE STRENGTH

The parameters used in our simulations (e.g., the porosity,
TOC content, pyrolysis kinetics, and conversion extent data)
have small uncertainties relative to the rock mechanical

parameters, such as Young’s modulus, E, and the tensile
strength, T, of the rock. Another important parameter with a
wide uncertainty range is the stress ratio (sh/sv) in the past.
Its strong effect on the possibility of primary hydrocarbon
migration was highlighted in the paper. Here, we present
how Young’s modulus and tensile strength of the rock affect
crack coalescence and primary hydrocarbon migration.

Figure 20A shows the effect of Young’s modulus on
crack coalescence time. For a wide range of ellipticity, a, a
higher Young’s modulus accelerates crack coalescence. For
E = 10GPa, all kerogen specks in an organic-rich layer of
the formation connected at 67 Ma. For E = 2GPa, the
same kerogen specks connected between 65 and 55 Ma. In
the range of speck flatness, a 2 [10, 25], the maximum
delay of crack coalescence is 5 m.y. This delay does not
impact the efficiency of hydrocarbon expulsion from the
source rock, but it has a significant effect on the develop-
ment of overpressure during the gas generation stage, pre-
viously explained in Figure 17B.

For a given value of tensile strength, the time at which
cracks start forming is a strong function of the ellipticity of
the kerogen specks. This formation time increases sharply
as speck ellipticity decreases below 10. If we consider the
highly flattened kerogen specks in an organic-rich layer of
the source roc (see Figure 20B), the tensile strength of the
rock does not have a significant effect on the time when
the crack starts forming, thus having a small effect on the
evolution of the basin in subsequent stages of primary
hydrocarbon migration.
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