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Abstract

The process of primary migration, which controls the transfer of hydrocarbons from source to reservoir rocks, necessitates the

existence of fluid pathways in formations with inherently low permeability. Primary migration starts with the maturation of

organic matter that produces fluids which increase the effective stress locally. The interactions between local fluid production,

microfracturing, stress conditions, and transport remain difficult to apprehend in shale source rocks. Here, we analyze these

interactions using a coupled hydro-mechanical model based on the discrete element method. The model is used to simulate

the effects of fluid production emanating from kerogen patches contained within a shale rock alternating kerogen-poor and

kerogen-rich layers. We identify two microfracturing mechanisms that control fluid migration: i) propagation of hydraulically

driven fractures induced by kerogen maturation in kerogen-rich layers, and ii) compression induced fracturing in kerogen-

poor layers caused by fluid overpressurization of the surrounding kerogen-rich layers. The relative importance of these two

mechanisms is discussed considering different elastic properties contrasts between the rock layers, as well as various stress

conditions encountered in sedimentary basins, from normal to reverse faulting regimes. Results show that the layering causes

local stress redistribution that controls the prevalence of each mechanism over the other. When the vertical stress is higher

than the horizontal stress in kerogen-rich layers, microfractures propagate from kerogen patches and rotate toward a direction

perpendicular to the layers. Microfracturing in kerogen-poor layers is more pronounced when the confinement in these layers is

higher. Those mechanisms were shown to be representative of Draupne formation.
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Mondol4, François Renard1,3
4

1The Njord Centre, PGP, Department of Geosciences, box 1048, University of Oslo, Blindern, NO-03165

Oslo, Norway6
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Key Points:12

• Shale permeability increases during primary migration due to microfracturing pro-13

cesses induced by kerogen maturation.14

• Elastic properties contrasts between layers cause stress variations that control the15

propagation of hydraulically driven microfractures.16

• Under normal faulting stress, as in the Draupne maturation induced microfrac-17

tures creates fluid path controlling primary migration.18
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Abstract19

The process of primary migration, which controls the transfer of hydrocarbons from source20

to reservoir rocks, necessitates the existence of fluid pathways in formations with inher-21

ently low permeability. Primary migration starts with the maturation of organic mat-22

ter that produces fluids which increase the effective stress locally. The interactions be-23

tween local fluid production, microfracturing, stress conditions, and transport remain24

difficult to apprehend in shale source rocks. Here, we analyze these interactions using25

a coupled hydro-mechanical model based on the discrete element method. The model26

is used to simulate the effects of fluid production emanating from kerogen patches con-27

tained within a shale rock alternating kerogen-poor and kerogen-rich layers. We iden-28

tify two microfracturing mechanisms that control fluid migration: i) propagation of hy-29

draulically driven fractures induced by kerogen maturation in kerogen-rich layers, and30

ii) compression induced fracturing in kerogen-poor layers caused by fluid overpressur-31

ization of the surrounding kerogen-rich layers. The relative importance of these two mech-32

anisms is discussed considering different elastic properties contrasts between the rock lay-33

ers, as well as various stress conditions encountered in sedimentary basins, from normal34

to reverse faulting regimes. Results show that the layering causes local stress redistri-35

bution that controls the prevalence of each mechanism over the other. When the ver-36

tical stress is higher than the horizontal stress in kerogen-rich layers, microfractures prop-37

agate from kerogen patches and rotate toward a direction perpendicular to the layers.38

Microfracturing in kerogen-poor layers is more pronounced when the confinement in these39

layers is higher. Those mechanisms were shown to be representative of Draupne forma-40

tion.41

1 Introduction42

In several geological systems, fluid may be expelled from low permeability rocks.43

This process happens during dehydration of sediments and serpentine in subduction zones,44

dehydration of clay minerals in sedimentary rocks during diagenesis, or hydrocarbon ex-45

pulsion from source rocks, a process called primary migration. Shale rocks deposited in46

sedimentary basins can act as source rocks of hydrocarbon-bearing reservoirs and cap47

rocks for the same reservoirs, or for underground repositories, such as those used for CO248

storage. Shales prevent fluids to escape due to their low permeability and to a capillary49

sealing mechanism controlled by small pores (Horsrud et al., 1998). Shale rocks, when50

acting as source rocks, are of primary interest for hydrocarbon exploration. However,51

the apparent low permeability of shales questions the mechanisms that lead to hydro-52

carbon expulsion. Some shales collected in outcrops or cores samples contain microfrac-53

tures and microporosity at small scales that can increase the overall permeability prop-54

erties of the rock (Gale et al., 2014; Kalani et al., 2015; Ougier-Simonin et al., 2016). How-55

ever the mechanisms at the origin of these microfractures remain unclear.56

Kerogen maturation into hydrocarbons leads to overpressures that can induce frac-57

ture propagation and therefore fluid migration. Such mechanism has been proposed to58

explain shale microfracturing (Pelet & Tissot, 1971; Vernik, 1994; Jin et al., 2010; Fan59

et al., 2012) and has been numerically investigated using a coupled hydro-mechanical model60

by Teixeira et al. (2017). These authors showed that kerogen maturation forms microfrac-61

tures that tend to propagate toward the main principal stress direction within an ini-62

tially homogeneous and isotropic material. Under normal faulting conditions encountered63

in many sedimentary basins, the largest principal stress direction is vertical, thus allow-64

ing fluid migration when vertical tensile fractures open along this direction.65

Shale rocks are complex materials due to their formation process that involves the66

successive deposition of millimeter to centimeter thick layers with variable mineral and67

organic contents. Shales are inherently anisotropic materials (Valès et al., 2004) that show68

fractal distribution of layer thickness (Li et al., 2017). Such structural layering can lead69
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to local stress inversion between successive sedimentary units within sedimentary basins70

(Gunzburger & Magnenet, 2014). Depending on the deposition environment and on the71

local tectonics, stress conditions can vary from normal faulting stress regime when the72

vertical stress σv is larger than the horizontal stress σh, to reverse faulting stress regime73

when the horizontal stress is larger than the vertical stress (Zoback, 2007, chapter 9) (Zhang74

& Zhang, 2017). Obviously, the interaction between the far-field stress conditions and75

the mechanical properties of the materials plays a major role on the deformation pro-76

cesses taking place in shale formations.77

We propose here a numerical study to investigate the influence of shale layering on78

the microfracturing processes occurring during kerogen maturation and the effect of these79

processes on permeability. Two microfracturing mechanisms are proposed and discussed80

as candidates to increase the permeability (Figure 1). The first mechanism is the prop-81

agation of microfractures emanating from kerogen patches due to the local increase of82

fluid pressure. The second mechanism is the ability of this overpressure to damage the83

surrounding rock and the layers that do not contain kerogen. The first mechanism has84

been discussed in previous studies (e.g. (Jin et al., 2010) and references therein), while,85

to our knowledge, the second mechanism has not been proposed yet to explain primary86

migration in source rocks.87

The main goal of the present study is thus to quantify the importance of these two88

different mechanisms on microfracture formation induced by kerogen maturation in lay-89

ered rocks. In particular, the study focuses on the effect of the mechanical contrast (Young’s90

modulus) between layers on these fracturing mechanisms considering three different me-91

chanical loading conditions: a hydrostatic case (σv = σh), a normal faulting case (i.e.92

extension, σv > σh) and a reverse faulting case (i.e. compression, σv < σh). Finally,93

we apply our findings to explain primary migration in the Draupne formation in the Nor-94

wegian Continental Shelf.95

2 Materials and methods96

2.1 Numerical modeling of shale maturation97

We implemented numerical models to investigate rock fracturing induced by kero-98

gen maturation. We used the coupled hydro-mechanical (HM) model proposed by Papachristos99

et al. (2016) to simulate the propagation of microfractures within shale rocks. The model100

combines the discrete element method (DEM and the pore-scale finite volume method101

(FVM) implemented in the open source platform YADE DEM (Kozicki & Donzé, 2008,102

2009; Šmilauer et al., 2015). The same approach has been previously used to investigate103

kerogen maturation in an homogeneous isotropic rock by Teixeira et al. (2017). Details104

of the HM-DEM model can be found in Papachristos et al. (2016). In short, the rock ma-105

terial is modeled as an assembly of bonded rigid particles whose respective motion is ruled106

by Newton’s second law. The poral space is discretized through a Delaunay triangula-107

tion that allows to simulate a compressible fluid flow in-between particles. The method108

is hydro-mechanically coupled in the sense that a deformation of the solid skeleton in-109

duces local fluid overpressures and associated flows, while, reciprocally, fluid overpres-110

sures induce forces on the solid particles which eventually generates hydraulically driven111

cracks as a result of inter-particle bond breakage (Figure 2). In the following we use the112

engineering stress convention where compressive stresses are negative and extensional113

stresses are positive.114

–3–
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Figure 1. Schematic representation of two fracturing mechanisms responsible for fluid ex-

pulsion in tight layered rocks. Left: Schematic shale rock structure before maturation. Right:

Microfracturing process during kerogen maturation. The increase of fluid pressure in kerogen

patches produces microfractures through two mechanisms. Mechanism 1: nucleation, propagation

and rotation of hydraulically driven microfractures emanating from kerogen patches (in black) in

layers with high kerogen content (dark red). Mechanism 2: compression induced microfractures

(in white) in layers with low kerogen content (light red). Both mechanisms increase the perme-

ability of the medium and may lead to the formation of connected fluid pathways connected,

allowing fluid expulsion from a tight rock.

Figure 2. Principle of the numerical model illustrated by 3D and 2D sketches of the bonded

particles medium and the microfractures that form between them. Modified from Papachristos et

al. (2016).

–4–
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2.2 Numerical simulation setup115

2.2.1 Model geometry116

The simulated rock specimen is made of 50, 000 spherical particles packed in a vol-117

ume of dimension 14 × 10 × 10 cm3. The medium is divided into 7 horizontal layers,118

alternating material with high organic content (#1, red) and material with low organic119

content (#2, blue), as shown in figure 3). The layers with high organic content contain120

kerogen patches, whereas the layers with low organic content do not. The interfaces be-121

tween the layers have the same cohesion as between particles withing the layers.122

The kerogen patches within high organic content layers are modeled as penny shaped123

cracks with a radius of 1 cm. Each crack extends over 6.5 discrete elements in the bed-124

ding direction of the shale material to reproduce the preferential orientation of kerogen125

patches observed using synchrotron X-ray tomography imaging (Kobchenko et al., 2011;126

Panahi et al., 2013, 2018). The number of elements has been set as a compromise be-127

tween a fine discretization of the layers, with 6.5 discrete elements across the layer thick-128

ness, and a reasonable simulation time. Kerogen maturation is simulated by injecting129

fluid within all penny shaped kerogen-filled cracks at constant flow rate. The fluid has130

a bulk modulus of 2.2× 109 Pa, a viscosity of 10−3 Pa.s.131

The injection rate and the simulation time cannot be directly linked to the geo-132

logical time under which maturation takes place. This choice was made to ensure the133

simulation to be quasi-static. The elastic waves induced by bond breakages are damped134

to avoid any dynamic effects. Hence, the rate of fluid production in the kerogen patches135

defines the time scale and therefore, no absolute time is given when presenting the re-136

sults of the numerical simulations in the following.137

Figure 3. Discrete elements packing used for the numerical simulations. The elements colored

in red correspond to material #1, a layer with high organic content. The elements colored in

blue correspond to material #2, a layer with low organic content. In dark are shown the initial

kerogen patches where fluid pressurization occurs.

2.2.2 Stress boundary conditions138

Three sets of numerical experiments were designed to simulate three different states139

of stresses: hydrostatic conditions (σv = σh = −17.3 MPa), normal faulting condi-140

tions (σv = −30 MPa, σh = −11 MPa) and reverse faulting conditions (σv = −10 MPa, σh =141

−21 MPa). The normal faulting conditions are chosen to reproduce the stress condi-142

tions measured at depth in the Draupne Shale formation of the Norwegian Continental143

Shelf (Zadeh et al., 2017). The reverse faulting and hydrostatic stress conditions are de-144

–5–



manuscript submitted to JGR: Solid Earth

fined such that the first invariant of the stress tensor (i.e. the pressure, I1 = trace(¯̄σ))145

is the same for all simulations.146

2.2.3 Material properties147

Each layer is modeled as an isotropic and impermeable rock material. The mechan-148

ical properties are chosen from values measured at depth in the Draupne Shale forma-149

tion (Mondol, 2019), a major source rock in the North Sea. The Young’s modulus and150

the Poisson’s ratio are different for each layer whereas the uniaxial tensile strength are151

identical. The properties of the high and low organic content layers are summarized in152

table 1.153

Table 1. Mechanical properties of the different layers forming the medium.

High organic content layer Low organic content layer
#1, red #2, blue

Young’s modulus (GPa) 9.9, 8.9, 7.9, 6.8 14.9, 13.2, 11.5, 9.8, 8.0
Poisson’s ratio (-) 0.34 0.24
Uniaxial Tensile Strength (MPa) 3.5 3.5

2.3 State of stress in a layered elastic material154

The state of stress in a stratified material formed by two series of isotropic layers155

with different elastic properties can be obtained from Hooke’s law:156

¯̄ε =
1 + ν

E
¯̄σ − ν

E
trace(¯̄σ) (1)

We consider here a shale formed by two kinds of layers: kerogen-rich layers con-157

tain patches of kerogen, whereas kerogen-poor layers do not contain organic matter (Fig-158

ure 1). With burial, the organic matter present in the kerogen patches matures, produc-159

ing hydrocarbons and increasing locally the fluid pressure. This local fluid production160

may fracture the rock. As the main principal stress direction controls the direction of161

hydrofracture propagation during kerogen maturation (Teixeira et al., 2017), the ratio162

σhi/σv between the horizontal stress and the vertical stress in the layer, #i, plays a cru-163

cial role. If σhi/σv > 1, the main principal stress direction is horizontal (i.e. parallel164

to bedding) and if σhi/σv < 1, the principal stress direction is vertical (i.e. perpendic-165

ular to bedding). Expression of this ratio is given in equations 2 and 3 for a material made166

up of two medium, where Ei and nui are the elastic parameters of material #i, Pσ =167

σh/σv is the ratio between the imposed horizontal stress and vertical stress, and q1 is168

the volume proportion of material #1. A derivation of those expressions is given in Ap-169

pendix A.170

σh1
σv

=
E1Pσ (ν2 − 1) + (E1ν2 − E2ν1) (1− q1)

E1q1(ν2 − 1) + E2(1− q1)(ν1 − 1)
(2)

σh2
σv

=
E2Pσ (ν1 − 1) + (E2ν1 − E1ν2) q1

E1q1(ν2 − 1) + E2(1− q1)(ν1 − 1)
(3)

Figure 4 presents a comparison between the local stress calculated from the ana-171

lytical solutions (equations 2 and 3), and the local stress predicted by the DEM model172

–6–
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for hydrostatic stress conditions. The model is in good agreement with the analytical173

solutions for both the local vertical stress σv and the local horizontal stress σh. The re-174

sults also show that, depending on the mechanical contrast between the layers, the ori-175

entation of the largest principal stress can be either vertical or horizontal in the high or-176

ganic content layers as observed in some log measurement (Gunzburger & Magnenet, 2014).177

Figure 4. Comparison between theoretical local stresses calculated using equations 2 and

3, and numerical local stresses predicted by the DEM model considering a hydrostatic state of

stress. The numerical local stresses are computed through averaging the per particle stresses over

a layer of thickness δx along the vertical axis. These results are obtained for two sets of high

organic content and low organic content rock parameters under hydrostatic loading conditions

(Pσ = 1) and with q1 = 3/7, as shown on figure 3.

(a) Material #1, E1 = 6.8 GPa, ν1 = 0.34. Material #2, E2 = 14.9 GPa, ν2 = 0.24.

(b) Material #1, E1 = 9.9 GPa, ν1 = 0.34. Material #2, E2 = 8.0 GPa, ν2 = 0.24.

3 Results for a non-layered rock178

The way microfractures initiate and propagate directly depends on the properties179

of the host medium. Here, we study the effect of each property on the kerogen matu-180

ration induced damage in a non-layered medium to identify the microfracturing mech-181

anisms without considering the structural effects caused by the layering. The case of a182

layered rock is studied in section 4.183

3.1 Microfracturing induced by the pressurization of a kerogen patch184

We simulate here the maturation of a sample containing a unique kerogen patch185

subjected to different far field stress regimes (figure 5). The four stress conditions were186

defined keeping the same value for the first invariant of the stress tensor I1, and differ-187

ent differential stresses equal to 0, 9, 11.5 and 19 GPa respectively.188

Under hydrostatic loading (differential stress equal to 0), the hydraulically induced189

fractures are preferentially oriented in the x0z plane, parallel to the bedding, as shown190

on the fluid pressure map as well as on the stereographic projection of the microfractures191

orientation distribution. In this case, the direction of microfracture propagation is driven192

by the orientation of the initial kerogen patch.193

For the simulation with the highest differential stress (19 GPa), the hydraulically194

induced fractures are preferentially oriented in the yOz vertical plane perpendicular to195

the bedding as confirmed by the stereographic projection of the microfracture planes that196

–7–
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Figure 5. Single kerogen patch maturation under different stress conditions into a homo-

geneous rock (E = 9.9 GPa). For each imposed stress condition, a cross-section of the fluid

pressure field in the middle of the sample is displayed. The applied stress conditions are indicated

in the bottom left corner and a stereographic projection of the microfracture planes is displayed

as an inset in the top left corner. Four different stress conditions are shown that all have the

same first invariant stress tensor, I1. The initial kerogen patch is indicated with a white dashed

contour. All simulations are stopped after the same amount of fluid injected, Vf = 1 mm3.

–8–
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shows a maximum in the x direction. This results confirms that fluid induced microfrac-197

tures propagate and rotate in the direction of the largest principal stress direction, along198

the y-axis in this case.199

Both the stereographic plots and the fluid pressure maps show that an increase of200

the differential stress in the vertical direction enhances the number of vertical fractures,201

an effect that can be interpreted by a faster reorientation of the fractures and the cre-202

ation of multiple vertical fluid pathways, as shown by the differences between the −25 MPa203

and −30 MPa cases on figure 5.204

To conclude, for a given set of material properties, an increase of differential stress205

enhances fracture propagation toward the principal stress direction, which favors the cre-206

ation of vertical fluid pathways in the medium.207

3.2 Overpressures due to kerogen maturation in layers with high organic208

content209

During the maturation of organic matter, the production of fluid in the kerogen210

patches results in an increase of fluid pressure. This pressure increase in the kerogen-211

rich layers induces an increase of differential stress in the kerogen-poor layers located be-212

low and above them which can lead to the formation of microfractures (Mechanism 2 in213

Figure 1). In order to assess the effects of material properties and external loading con-214

ditions on this mechanism, we performed simulations with one patch in an homogeneous215

high organic content rock whose Young’s modulus is varied between 6.8 and 9.9 GPa216

(table 1).217

Figure 6. Evolution of the fluid pressure peak during during pressurization of the kerogen

patch. a) Results for three different stresses conditions. b) Result for normal faulting stress

condition with different horizontal stresses of −14.3 MPa,−11 MPa,−7.7 MPa.

Figure 6(a) presents the maximum fluid pressures recorded within the kerogen patch218

at the onset of propagation for the three different stress conditions: hydrostatic, normal219

faulting, and reverse faulting stress regimes respectively. The maximum pressure increases220

with the Young’s modulus. This likely results from the fact that fracture propagation221

is controlled by the stress field at the crack tip which is related by the opening of the222

crack (the displacement of its lips). Hence, when the Young’s modulus increases, a higher223

pressure is needed to reach the same critical opening. The increase in pressure is also224

controlled by the normal stress applied on the kerogen patch. In the configurations tested225

here, this normal stress corresponds to the vertical stress σv.226

Figure 6(b) presents results obtained for three different loading conditions defined227

with the same vertical stress but different horizontal stresses ranging from −7.7 MPa228

–9–



manuscript submitted to JGR: Solid Earth

to −14.3 MPa. In these configurations, the mean stress in the solid, i.e. the first stress229

invariant I1, is therefore different. Results show that the maximum fluid pressure increases230

with I1.231

To conclude, the maximum fluid pressure within the kerogen patches increases when232

the Young’s modulus, the first stress invariant, or the vertical stress increases.233

3.3 Effect of Young’s modulus on damage in layers with low organic con-234

tent235

As presented in section 3.2, the maturation of organic matter induces local stress236

increases around kerogen patches. This stress increase damages rocks layers located in-237

between kerogen patches (Mechanism 2 shows in figure 1).238

In order to assess the dependency of damage on the stress increase and material239

properties (Young’s modulus), we performed triaxial compression test simulations on low240

organic content rock #2. The initial stress condition corresponds to the normal fault-241

ing stress scenario defined such as σv = −30 MPa and σh = −11 MPa. The vertical242

stress is increased by increment of 1 MPa up to −40 MPa. Figure 7 presents the amount243

of cracks generated in the medium as a function of the vertical stress considering five dif-244

ferent simulations run with different Young’s moduli ranging from 6.8 GPa to 9.9 GPa245

(table 1). In the range of parameter investigated here, the Young’s modulus has a neg-246

ligible effect on the damage produced within the sample. Damage results from the in-247

crease of the vertical stress, or, conjointly, from the increase of the first stress invariant248

I1.249

To conclude, microfracturing in low organic content layers is controlled by the con-250

fining pressure in this layer (i.e., the first stress invariant I1,#2).251

Figure 7. Amount of microfractures created in a homogeneous layer with low organic content

rock #2 subjected to a compressive loading (kerogen maturation is not considered here). The

horizontal stress is fixed for all simulations σh = −11 MPa while the vertical stress σv is in-

creased. Five cases are shown for five different Young’s moduli ranging from 6.8 GPa to 9.9 GPa

(table 1).

–10–



manuscript submitted to JGR: Solid Earth

3.4 Summary of the results for a non-layered rock252

In this section, we discuss the two microfracturing mechanisms described in figure 1253

taking place in a non-layered rock. The results show that:254

• (i) the propagation of fluid induced microfractures is directly influenced by the255

far field stress: high deviatoric stresses tend to favor a propagation of the hydrauli-256

cally driven fracture in the direction of the major principal stress.257

• (ii) the overpressure needed to propagate fluid from a kerogen patch increases with258

the Young’s modulus of the host medium as well as with the first stress invariant259

I1,#1 and the stress perpendicular to the kerogen patch.260

• (iii) the amount of microfractures in the layers with low organic content increases261

with the first stress invariant I1#2 and is independent of the Young’s modulus of262

the host medium in the range of parameters tested here.263

In the following section, we discuss how the layering of the rock material influences264

these microfracturing mechanisms. The main objective is to quantify the mechanisms265

and parameters which are most prone to create a three-dimensional fracture network that266

would facilitate fluid migration in a source rock.267

4 Results for a layered rock268

We investigate three different stress conditions: hydrostatic, normal faulting and269

reverse faulting regimes. For each scenario, twenty simulations were performed to con-270

sider every possible combinations of rock material properties given in table 1.271

In each simulation, the amount of microfractures induced in the layer with low or-272

ganic content is computed after the same amount of fluid was injected in the kerogen patches,273

as a proxy to quantify the ability of kerogen maturation to create a fracture network that274

could facilitate fluid migration. Results are depicted in figures 8, 10 and 12. Each fig-275

ure contains two plots where the vertical and horizontal axes correspond to E1 and E2,276

the Young’s moduli of the layers with high organic content #1, and low organic content277

#2, respectively. The background color maps represent the ratio σh1/σv in the layer with278

high organic content (left panel, equation 2), and the ratio σh2/σv in the layer with low279

organic content (right panel, equation 3) as those parameters are important to distin-280

guish which mechanisms induce the fracturing (see section 3.4).281

4.1 Hydrostatic loading condition: σv = σh = −17.3 MPa282

Figure 8 shows the results of simulations performed under hydrostatic stress con-283

dition (σv = σh = −17.3 MPa). Two different areas in the (E1, E2) plots can be dis-284

tinguished.285

Firstly the red shaded area in the left panel corresponds to a local stress condition286

where the main principal stress is vertical in the layers with high organic content. In this287

configuration, because of the deviatoric stress in the high organic content layer, the fluid288

induced microfractures emanating from the kerogen patches reorientate toward the ver-289

tical direction and propagate into the layers with low organic content, as shown in fig-290

ure 9(a).291

Secondly, the blue shaded area in the left panel corresponds to a local stress con-292

dition where the main principal stress is horizontal in the layers with high organic con-293

tent (#1, red layers in figure 3). The microfractures appearing within the layers with294

low organic content are induced by the damaging mechanism related to the compression295

induced by the over-pressurization of the layer with high organic content #1 (mecha-296

nism 2 in figure 1(b)). As shown in figure 9(b), the hydraulically driven microfractures297
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Figure 8. Amount of broken bonds induced in the layers with low organic content (#2,

blue layers in figure 3): each dot corresponds to a simulation. The background colors corre-

spond to the value of σh1/σv in the layers with high organic content (left) and to the value

of σh2/σv in the layers with low organic content (right) computed using equations 2 and 3.

σh = σv = −17.3 MPa, and the total volume of injected fluid is the same for each case:

0.2 mm3.

propagate horizontally inside the high organic content layers as the main principal stress298

is horizontal. The amount of damage in the layers with low organic content is correlated299

to the increase of pressure within the kerogen patches and to the initial confinement of300

the layer with low organic content (I1,#2).301

The dashed line in figure 8 corresponds to a constant value of the first stress in-302

variant in both layers. The increase of damage is linked to the increase of E1 and E2.303

As shown in figure 7, under a given confinement, the increase of E2 has a negligible ef-304

fect on the damaging processes. Therefore, the increase of damage is linked to the in-305

crease of E1, which induces an increase of the overpressure (figure 6).306

For a given value of E1 (e.g., 10 GPa), the amount of microfractures increases when307

E2 and I1,#2 increase and when I1,#1 decreases. A decrease of I1,#1 results in a decrease308

of the overpressure within the kerogen patches, which should lead to less damage in the309

layer with low organic content. However, this effect is counterbalanced by the increase310

of the confinement in the layers with low organic content I1,#2. As a consequence, the311

increase of confinement in the layers with low organic content I1,#2 has a stronger ef-312

fect on damage development in those layers.313

To conclude, under hydrostatic stress condition, the mechanism and amount of mi-314

crofracturing in the layers with low organic content depends on the contrast of elastic315

properties between the layers. On the one hand, for an elastic contrast leading to a main316

principal stress oriented vertically in the layers with high organic content (reddish area317

in figure 8 left), microfracturing of the layers with low organic content is due to the re-318

orientation of the fluid induced microfractures emanating from the kerogen patches in319

the direction perpendicular to the bedding. On the other hand, for an elastic contrast320

leading to a main principal stress oriented horizontally in the layers with high organic321

content (blueish area in figure 8 left), microfracturing of the layers with low organic con-322

tent is due to the overpressure exerted by the two layers with high organic content that323

leads to compression induced damage. The parameters that have the strongest impact324
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Figure 9. Three-dimensional views of the microfractures induced by kerogen maturation

for two different sets of Young’s moduli in the layers with high organic content (red) and low

organic content (blue). The yellow cells correspond to microfractures filled with fluid and

the dark blue cells to microfractures that do not contain fluid. The boundary stresses are

σh = σv = −17.3 MPa, and the total injected fluid volume is 0.2 mm3. (a) Scenario with

E1 = 6.8 GPa in high organic content layers, and E2 = 14.9 GPa in low organic content layers.

(b) Scenario with E1 = 9.9 GPa in high organic content layers, and E2 = 14.9 GPa in low

organic content layers.
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on this damage are the initial confinement of the layer with low organic content (I1,#2,325

(iii)) and the Young’s modulus of the layer with high organic content E1.326

4.2 Normal faulting loading condition: σv = −30 MPa, σh = −11 MPa327

Figure 10 shows the results of simulations performed under normal faulting stress328

condition, with stress values similar to that measured at depth in the Draupne shale for-329

mation in the Norwegian Continental Shelf (σv = −30 MPa, σh = −11 MPa) (Zadeh330

et al., 2017).331

Under such strong deviatoric stress condition (19 MPa), the main principal stress332

in both layer is vertical (figure 10). As shown in figure 10, the stress distribution over333

the range of elastic parameters investigated is similar for all cases (i.e., σh1/σv ∈ [0.45, 0.5],334

σh2/σv ∈ [0.26, 0.3]). The amount of microfractures created within the low organic con-335

tent layers after the injection of 0.22 mm3 of fluid in the kerogen patches is significantly336

higher compared to the hydrostatic case (figure 8). As shown in figure 11, kerogen mat-337

uration induces the propagation of fluid driven microfractures toward the vertical direc-338

tion which corresponds here to the direction of both the local and global major princi-339

pal stress. Hence the main mechanism responsible for the microfracturing of the layers340

with low organic content in this configuration is the reorientation of the fluid induced341

microfractures emanating from kerogen patches into these layers.342

Figure 10. Amount of broken bonds induced in the layers with low organic content (#2, blue

layers in figure 3): each dot corresponds to a simulation. The background colors correspond to

the value of σh1/σv in the layers with high organic content (left) and to the value of σh2/σv in

the layers with low organic content (right) computed using equations 2 and 3. σh = −11 MPa,

σv = −30 MPa, and the total volume of injected fluid is the same for each case: 0.22 mm3.

4.3 Reverse faulting loading condition: σv = −10 MPa, σh = −21 MPa343

Figure 12 shows the results from simulations performed under reverse faulting stress344

condition (σv = −10 MPa, σh = −21 MPa). In this case, the stress field in both lay-345

ers with high and low organic content is dominated by the horizontal stress component346

(σhi/σv > 1). Maturation of kerogen patches induces the propagation of fluid driven347

microfractures along the horizontal direction in all configurations, as shown in figure 13.348

The amount of microfractures induced by compaction within the low organic content lay-349
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Figure 11. Three-dimensional view of microfractures induced by kerogen maturation for two

different sets of Young’s moduli in tje layers with high organic content (red) and low organic

content (blue). The yellow cells corresponds to microfractures filled with fluid and the dark blue

cells to microfractures that do not contain fluid. The boundary stresses are σh = −11 MPa and

σv = −30 MPa. (a) Scenario with E1 = 9.9 GPa in the layers with high organic content, and

E2 = 8.0 GPa in the layers with low organic content for two different volumes of fluid injected

into the kerogen patches (0.12 mm3 and 0.22 mm3). (b) Scenario with E1 = 6.8 GPa in the high

organic content layers, and E2 = 14.9 GPa in low organic content layers for two different volumes

of fluid injected into the kerogen patches (0.12 mm3 and 0.22 mm3).

ers is low compared to the normal faulting and hydrostatic stress conditions (figures 10350

and 8).351

Under this reverse faulting regime, damage of the low organic content layers increases352

with the initial confinement of these layers (I1,#2) as shown in figures 12 and 13 (iii).353

For a given stress condition (σhi/σv, dashed line figure 12), the amount of crack increases354

with the Young’s modulus of the high organic content layers, as expected from the fluid355

overpressure increases due to the high Young’s modulus of high organic content layers356

(ii) (figure 6). Conversely, the initial confinement exerted on the high organic content357

layers (I1,#1) does not have a significant impact on the damage, as on figure 12 where358

the amount of crack decreases with the increase of I1,#1. This result indicates that the359

value of I1,#1 as a minor effect on the fracturing of the low organic content layers, com-360

pared to their initial confinement I1,#2 and to the effect of the Young’s modulus of the361

high organic content layer E1. These conclusions are similar to the ones for the hydro-362

static case.363

5 Discussion364

Microfractures induced by kerogen maturation in shales have been proposed as a365

possible mechanism to increase shale permeability and enhance fluid migration from source366

to reservoir rocks during primary migration (Pelet & Tissot, 1971; Vernik, 1994; Teix-367

eira et al., 2017). For a homogeneous, elastic and isotropic shale, Teixeira et al. (2017)368

have shown that microfracturing under strong deviatoric stress leads to the reorienta-369

tion of the fluid induced microfractures emanating from kerogen patches toward the prin-370

cipal stress direction, allowing the fluid to migrate toward the reservoir.371

Here, we specifically study the effect of structural layering in shales on the devel-372

opment of microfractures induced by kerogen maturation. Layering in shales comes from373

the sedimentary processes of shale formation through successive deposition of typically374

sandy and clayey layers in a sedimentary basin. Those layers can present different elas-375

tic properties and a variety of thicknesses (Li et al., 2017). We used coupled hydro-mechanical376

simulations to investigate the effect of this layering on microfracture development and377
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Figure 12. Amount of broken bonds induced in the layers with low organic content (#2, blue

layers in figure 3): each dot corresponds to a simulation. The background colors correspond to

the value of σh1/σv in the layers with high organic content (left) and to the value of σh2/σv in

the layers with low organic content (right) computed using equations 2 and 3. σh = −21 MPa,

σv = −10 MPa, and the total injected fluid volume is the same for each case: 0.2 mm3.

Figure 13. Three-dimensional view of microfractures induced by kerogen maturation for two

different sets of Young’s moduli in the layers with high organic content (red) and low organic

content (blue). The yellow cells correspond to microfractures filled with fluid and the dark blue

cells to microfractures that do not contain fluid. The boundary stresses are σh = −21 MPa and

σv = −10 MPa, and the total injected fluid volume is 0.2 mm3. (a) Scenario with E1 = 6.8 GPa

in the high organic content layers, and E2 = 8.0 GPa in the low organic content layers. (b)

Scenario with E1 = 9.9 GPa in the high organic content layers, and E2 = 14.9 GPa in the low

organic content layers.
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fluid migration in shales. Relevant mechanical parameters (Young’s modulus, Poisson’s378

ratio, strength) were chosen from borehole and core data from the Draupne shale for-379

mation in the Norwegian Continental Shelf (Mondol, 2019) (table 1). Three different stress380

boundary conditions were investigated in order to cover a large range of stresses condi-381

tions encountered in sedimentary basins, from normal faulting, such as for the stress state382

measured in the Draupne shale (σv = −30 MPa, σh = −11 MPa), to reverse fault-383

ing (σh > σv) and hydrostatic loading (σh = σv).384

Under normal faulting stress condition, as in the Draupne shale formation, kero-385

gen maturation induces fluid production which leads to the fracturing of all the shale386

layers due to the propagation and reorientation of hydraulically driven fractures ema-387

nating from the kerogen patches (figures 10 and 11). The distribution of stress due to388

layering has a minor effect on the fracturing process because the initial deviatoric stress389

is large enough. Under such configuration, the reorientation of the fluid driven microfrac-390

tures emanating from kerogen patches (mechanism 1 in figure 1b) creates preferential391

fluid pathways in the vertical direction which facilitates fluid migration toward the reser-392

voir.393

Under hydrostatic stress condition, the contrast in elastic parameters between the394

layers forming the rock has a greater impact on the microfracturing mechanisms. Two395

different scenarios are possible. Under such loading conditions, even if the stress is hy-396

drostatic at the macroscopic scale, a deviatoric component exists in each layer because397

of the elastic contrast between layers (e.g., figure 4). First, if the vertical stress is higher398

than the horizontal stress in the layers with high organic content (σh1/σv < 1, red ar-399

eas in figure 8 left), the fluid driven microfractures emanating from the kerogen patches400

reorientate toward the vertical direction and fracture the layers with low organic con-401

tent (figure 9 left). On the other hand, if the horizontal stress is greater than the ver-402

tical stress in the layers with high organic content, the fluid driven microfractures em-403

anating from the kerogen patches propagate horizontally and remain contained within404

the layer with high organic content (figure 9 right). In this case, damage is produced in405

the layers with low organic content due to local compressive stress increase induced by406

the pressure buildup caused by kerogen maturation. The main parameter controlling this407

damaging process is the initial confinement of the layer with low organic content, (I1,#2).408

The higher the initial confinement is, the more efficient this damaging process will be.409

The initial confinement is controlled by the elastic contrast between the layers and the410

external stress conditions as expressed by equation 3. The overpressure needed for hy-411

draulically driven fractures to propagate from the kerogen patches can vary due to the412

initial confinement or the value of the Young’s modulus of the layers with high organic413

content, (I1,#1) (figure 6).414

The behavior of the layered rock under reverse faulting stress condition is similar415

to the hydrostatic case when the horizontal stress is higher than the vertical stress in the416

layers with high organic content, (σh1 > σv). When the horizontal stress corresponds417

to the main principal stress in both layers with high or low organic content (figure 12),418

fluid driven microfractures produced by kerogen maturation propagate in the horizon-419

tal plane, parallel to the bedding (figure 13). Damage within layers with low organic con-420

tent is due to the compression of these layers by the maturation induced pressure buildup421

in the surrounding organic-rich layers. The overpressures under reverse faulting condi-422

tion is significantly lower than the overpressure under hydrostatic condition (figure 6)423

due to the lower projected stress on the kerogen patches. Hence, less microfractures are424

induce in the layers with low organic content under reverse faulting condition (figure 12).425

In the range of elastic parameters investigated here, the variation in the amount of mi-426

crocracks formed is correlated to the increase of stress confinement in the layers with low427

organic content, (I1,#2).428

From those three different stress scenarios, the main conclusions are summarized429

in figure 14 which displays the different stress regimes admissible in the layers with low430
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or high organic content. The blue color shades correspond to macroscopic reverse fault-431

ing stress regimes and the red color shades correspond to normal faulting regimes. Two432

different domains can be defined: (1) σv > σh1, where the reorientation of the hydrauli-433

cally driven microfractures emanating from kerogen patches is the main fracturing mech-434

anism in layers with low organic content. (2) σv < σh1, where hydraulically driven mi-435

crofractures emanating from kerogen patches propagate along the bedding, within the436

layers with high organic content. In such case, the mechanism creating damage in the437

layer with low organic content is the compression of this layer due to the overpressur-438

ization of the kerogen patches present in the organic-rich layers located below and above.439

For given external stress conditions, damage within the layers with low organic content440

is mainly controlled by the initial confinement I1,#2. If the initial vertical stress σv re-441

mains constant, the increase of I1,#2 is related to the increase of σh2/σv. A second pa-442

rameter controlling damage in the layers with low organic content is the Young’s mod-443

ulus of the layers with high organic content, as shown in figures 8 and 12 (dashed lines).444

The Young’s modulus has a strong influence on the maximum overpressure needed for445

hydraulically driven fractures to propagate as a result of kerogen maturation (figure 6).446

This overpressure controls the damage induced within the layer with low organic con-447

tent.448

Laboratory studies on immature shale samples have been performed and fractur-449

ing induced by kerogen maturation was visualized using either scanning electron microscopy450

(Allan et al., 2014) or time-lapse synchrotron X-ray microtomography (Kobchenko et451

al., 2011; Panahi et al., 2013). Those experiments were carried out without external stress452

applied and showed hydraulic fracture propagation along the bedding plane, which cor-453

responds to the preferential direction of the penny shaped kerogen patches. Teixeira et454

al. (2017) presented X-ray microtomography images with differential stress applied dur-455

ing maturation and highlighted the formation of vertical hydraulic driven fracture,s as456

confirmed by our simulations. In those simulations, damage in low organic content lay-457

ers is shown to connect high organic content layers through channels, creating a three-458

dimensional fluid pathways for primary migration. These experimental results are con-459

sistent with the simulation presented in this paper.460

6 Conclusion461

The influence of structural layering in shales on fluid expulsion during hydrocar-462

bon formation is investigated for different stress conditions using hydro-mechanically cou-463

pled simulations. The nucleation and growth of microfractures induces an increase of per-464

meability which allows primary migration from the source rock to the reservoir. Two main465

mechanisms of permeability enhancement are identified (figure 1), both related to the466

increase of fluid pressure due to kerogen maturation. The main results are displayed in467

figure 14 and can be summarized as follows:468

1. Hydraulically driven microfractures form due to local fluid overpressure induced469

by kerogen maturation. They emanate from the kerogen patches and may rotate470

in the direction of the local main principal stress during their propagation. Un-471

der normal faulting stress conditions, this direction is vertical and flow pathways472

connected in three dimensions may form (mechanism 1, black microfractures in473

figure 1). This process is directly controlled by the state of stress in the layers with474

high organic content. If the vertical stress is higher than the horizontal stress σv >475

σh1, these maturation induced fractures propagate toward the vertical direction.476

This configuration is likely to be reached under normal faulting stress conditions477

but can also be reached in some reverse faulting stress conditions (figure 14 where478

σh1/σv < 1).479

2. If the horizontal stress is larger than the vertical stress in the layers with high or-480

ganic content, hydraulically driven microfracture caused by kerogen maturation481
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Figure 14. Summary of the local stress distributions in the layers with low (σh2/σv) and

high (σh2/σv) organic content as functions of their elastic properties and the far-field stress.

These stress conditions control the mechanisms responsible for microfracturing of the layers

with low organic content. This figure is built from equations 2 and 3, for a given Poisson’s ra-

tio (ν1 = 0.34, ν2 = 0.24) and a given proportion of high organic content rock (q1 = 3/7),

corresponding to the simulations.
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propagate within these layers. Then, damage in the layers with low organic con-482

tent is caused by the compression of those layers induced by the pressure buildup483

of the high organic content layers (mechanism 2, white microfractures in figure 1.484

The two main parameters controlling this fracturing process are the initial con-485

finement of the layers with low organic content (I2,#2), which results from the elas-486

tic contrast between the layers, and the Young’s modulus of the layers with high487

organic content.488

Appendix A State of stress in a layered linear elastic material489

A layered rock made of two linear elastic isotropic materials is considered. Both490

materials are characterized by a Young’s modulus Ei, a Poisson’s ratio νi and a volume491

fraction qi (with q1 + q2 = 1), as shown in figure A1. The applied loading is assumed492

to be transverse isotropic, with (σv, σh) respectively perpendicular and parallel to the493

layers (see Figure A1). In this configuration the vertical stress, along z-axis, is the same494

in both layer and equal to σv.495

Figure A1. Schematic representation of a layered rock with imposed elastic parameters and

loading conditions.

Applying Hooke’s law on an elastic isotropic material (equation 1), we can project496

the strain tensor for both material on the ~x axis. The strain along the ~x axis is geomet-497

rically constrained to be the same for both materials and is noted εt.498

(Eq 1)#1.~x⇔ εt =
1 + ν1
E1

σh1 −
ν1
E1

(2σh1 + σv) (A1)

(Eq 1)#2.~x⇔ εt =
1 + ν2
E2

σh2 −
ν2
E2

(2σh2 + σv) (A2)

and σh1 and σh2 are related to σv through:499

q1σh1 + (1− q1)σh2 = σv (A3)

Solving the set of equations A4 and introducing the parameter Pσ = σh

σv
, it is pos-500

sible to calculate analytically σhi

σv
from six known parameters: σhi

σv
= g(Ei, νi, Pσ, q1)501

(Equations A5 and A6).502
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{
(Eq. A1)− (Eq. A2)⇔ f(Ei, νi, σi, σv, q1)
σh = q1σh1 + (1 + q1)σh2

(A4)

σh1
σv

=
E1Pσ (ν2 − 1) + (E1ν2 − E2ν1) (1− q1)

E1q1(ν2 − 1) + E2(1− q1)(ν1 − 1)
(A5)

σh2
σv

=
E2Pσ (ν1 − 1) + (E2ν1 − E1ν2) q1

E1q1(ν2 − 1) + E2(1− q1)(ν1 − 1)
(A6)

Notation503

E1, Young’s modulus of material #1504

ν1 Poisson’s ratio of material #1505

q1 volume fraction of material #1506

E2, Young’s modulus of material #2507

ν2 Poisson’s ratio of material #2508

q2 volume fraction of material #2509

σv applied vertical stress510

σh applied horizontal stress511

σh1 horizontal stress in layers with high organic content512

σh2 horizontal stress in layers with low organic content513

Pσ = σh

σv
514

I1 = trace (¯̄σ), macroscopic first stress invariant515

I1,#1 first stress invariant in layers with high organic content516

I1,#2 first stress invariant in layers with low organic content517

Vf injected fluid volume518
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