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Abstract

Discrete element experiments were performed to simulate fracturing processes in nodule-bearing,
fine-grained rocks. Two models that contain a collection of bonded circular particles were
subjected to uniaxial compression to yield shortening and fracturing of the particle assembly.
Model I with soft nodules produced incremental amount of microfractures within nodules during
the early stage of deformation, followed by the generation of macro sized fractures between
neighbouring nodules by microfracture coalescence. The nodule-linking fractures constituted
through-going fractures that cross-cut nodules. Model 11 with stiff nodules produced two conjugate
sets of fractures that are predominantly localized within the rock matrix. The fractures cross-cut
nodule-rock interfaces and broke contact bonds of nodule surfaces and their enclosing rocks,
creating opening voids between them. The nodules, as mechanical heterogeneities, responded
mechanically differently to the remote stress from the rock matrix. The distorted local stress field
induced by the nodules can explain the varied levels of fracture development in nodules from the
rock matrix. This study demonstrates the significant impact of nodular structures on the local stress

field and fracture development within nodular horizons, which is believed to be instructive for
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fracture analysis in nodule-bearing fine-grained rocks that constitute caprocks, reservoir or source
rocks for hydrocarbons.

Key words: nodule; fracture; fine-grained; shale; chalk; discrete element

1. Introduction

Nodular structures occur as regular to irregular, spherical to ellipsoidal discrete masses, ranging
from several centimeters to up to three meters in diameter (Tucker, 2009). In general, nodules lack
internal structures except for the preserved remnants of original bedding or fossils (Marshall and
Pirrie, 2013). Nodules have a contrasting composition to their host fine-grained rocks, and the
nodule-forming minerals typically include calcite, chert, gypsum (anhydrite), apatite and pyrite
(Boggs Jr and Boggs, 2009). Nodules tend to follow specific horizons, and they grew by
cementation of the hosts during early to late burial diagenesis (e.g. Irwin et al., 1977; Marshall,
1982; Raiswell and Fisher, 2000). Nodules are, thereby, considered to be have a diagenetic origin
and can aid in environmental reconstructions and sequence stratigraphic interpretations of basin

history (Potter et al., 2005).

Extensive studies have been focused on petrographic observations and stable isotopes of nodules,
which can yield information of microbial processes, diagenetic fluids and material sources (e.g.
Coleman and Raiswell, 1981; Kiriakoulakis et al., 2000; Lash and Blood, 2004; Mozley and Burns,
1993; Mozley and Wersin, 1992; Raiswell and Fisher, 2000). However, the influence of nodular
structures on the local stress field and fracture development in fine-grained rocks, which are critical
for fluid flow in the low-permeability systems, are not well understood. A pioneering study by
Spence and Finch (2014) made investigations into the influence of nodular chert rhythmites on

fracture development in chalk through discrete element modelling, and correlated fracture intensity
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to the mechanical properties of their host rock and chert nodules, aiding in fracture prediction in
the subsurface. Nevertheless, a further quantitative study is needed to examine the role of nodules

as mechanical contrasts to their host rocks in fracturing.

This paper reports a numerical modelling study of the control of nodules, either soft or stiff, on
fracture development in fine-grained rocks. This paper first introduces the research method, and
then shows the modelling results, followed by comparing the results to natural examples and
discussing the implications of the modelling results for fracture analysis. The aims of this study
are (1) to simulate sequential fracture generation, propagation and coalescence; (2) to examine
fracture spatial distribution and the local stress fields distorted by nodules; and (3) to provide
realistic fracture network models that are compatible with natural examples, and to enhance our
understanding of the mechanical influence of nodules in fine-grained rocks. It is believed that the
results presented can be instructive for fracture analysis in nodule-bearing, fine-grained rocks that

serve as caprocks, reservoir or source rocks for hydrocarbons.

2. Modelling approach

2.1. The discrete element method

The discrete element method, based on the fundamental physics of Hertzian elastic, frictional
particles, was first introduced by Cundall and Strack (1979) to study the behavior and interaction
of granular materials. The modelled material is composed of a collection of small particles that
displace independently from one another, and interact only at contacts of particles. Individual
particles are governed by linear-elastic springs in compression that resists particle overlap, and

contact bonding that resists both shear and tensional displacements. Once either the shear or
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normal bond strength is exceeded, the bond breaks and the particle interactions are governed by
Coulomb frictional sliding that resists shear motion. Deformation of the bonded aggregate is driven
by the movement of elastic, frictional walls and/ or gravity. The mechanical behavior of such a
system is represented by the movement of each particle and inter-particle forces acting on particle

contacts, which obey Newton’s law of motion.

The discrete element method has been extensively used for addressing problems in structural
geology across a wide range of scales, such as the modelling of normal/ reverse faults (Saltzer,
1992; Strayer and Suppe, 2002; Yamada and Matsuoka, 2005; Abe et al., 2011; Smart et al., 2011;
Hardy, 2011, 2013; Schopfer et al., 2006, 2007, 2016, 2017; Finch and Gawthorpe, 2017), strike-
slip fault (Liu and Konietzky, 2018), relay structures (Imber et al., 2004), fault gauge (Abe and
Mair, 2005, 2009; Guo and Morgan, 2006, 2007), detachment fold (Hardy and Finch, 2005; Vidal-
Royo et al., 2011), fault-related fold (Finch et al., 2003, 2004; Cardozo et al., 2005; Hardy and
Finch, 2006, 2007; Benesh et al., 2007; Hughes et al., 2014), fold and thrust belt (Burbidge and
Braun, 2002; Naylor et al., 2005; Hardy et al., 2009; Dean et al., 2013; Morgan, 2015; Morgan and
Bangs, 2017), and salt tectonics (Pichel et al., 2017). In particular, the discrete element models can
produce realistic fractures with a finite displacement due to the particle-based nature (Schopfer et
al., 2011; Virgo et al., 2013, 2014, 2016; Spence and Finch, 2014), and provide a promising tool

for fracture modelling and prediction.

2.2. Model design and setup
A two-dimensional planar model was built, which consists of densely packed particles (Fig. 1).

The model is 8 m long and 4 meter wide. The model contains six equally-sized nodules with a
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radius of 0.4 m, each consisting of 1,189 particles (Table 1). The nodules are uniformly distributed
within the rock matrix, with a spacing of 2.5 m along the x-axis and 1.7 m along the y-axis. The
rock matrix consist of 68,433 particles. The particles radii range from 0.01 to 0.012 meter,

following a uniform distribution. The particle density is 2600 kg/m?.

For the rock matrix, the particle normal stiffness is 1e8 N/m, and the shear stiffness is 57 N/m
(Table 1). The particles in the rock matrix were assigned with a value of 1e8 N/m and 5e7 N/m for
the normal and shear bond stiffness, and bond cohesion and tensile strength of 5e4 N and 2e5 N
respectively. For soft nodules, the values of particle stiffness and bond strength are one magnitude
lower than the matrix. For stiff nodules, those values are one magnitude higher than the matrix. A
friction coefficient of 0.25 was assigned to all particles. Two walls, aligned along the y-axis, define
the boundaries of model. Both walls were advanced inwards at a controlled velocity to displace
the particles and to induce deformation of the particle assembly. The model margins along the x-

axis were free.

Broken bonds, i.e. microfractures, and their number, displacement fields, and particle contract
forces were recorded for structural analysis. Six snapshots of modelling results were presented that
can represent the critical stages of fracture development. Notably, although the models presented
do not directly simulate any specific natural prototypes, the models aim to provide a more general

framework for analyzing the mechanical influence of nodular structures in fine-grained rocks.

3. Results

3.1. Model I with soft nodules
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The model remained intact until timestep 25,000, when the first microfracture was generated in
nodule 3, followed by two more microfractures being generated in this nodule (see Supplementary
material). At timestep 44,000, the fourth microfracture was nucleated in nodule 2. Since then, more
microfractures were generated only within the nodules as compression of the bulk rock continued,
leading to an increasing fracture intensity. By contrast, no microfractures were generated in the
rock matrix at this stage (Fig. 2). The displacement field exhibits a rectangular, low-value zone,
with the outer boundaries defined by the nodules. The particles with the lowest displacement

occurred in a rectangular zone between nodules 2 and 4 (Fig. 3).

Later, microfractures started to appear in the rock matrix between nodules 2 and 3, 3 and 4, and 4
and 5, which were aligned in a linear manner (Fig. 2). Following this, the coalescence of
neighbouring microfractures in the rock matrix resulted in four macro scale fractures (F1 — F4) at
T3 that link neighbouring nodules. F2 and F4 are sub-parallel to each other, which constituted a
more persistent fracture cross-cutting nodule 2. This process was accompanied with the thinning

of the low-displacement zone, with the thinnest segments located along F1 (Fig. 3).

At a later stage (T4), F5, aligned parallel to F3, was formed to link F3, resulting in a through-going
fracture that cross-cuts nodule 5 (Fig. 2). A curved fracture F6 was formed to link nodules 1 and

3. The low-displacement zone was continuously narrowed to be restricted within F3 (Fig. 3).

At T5, a new fracture F7 was generated to link nodules 2 and 4. F8 that is rooted in nodule 3,
propagated towards F1 (Fig. 2). The aperture of existing fractures all increased with

distinguishable fracture porosity. The displacement field exhibited a clear zonation, i.e. the inner
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segments of nodular zones bounded by nodule-cutting fractures, have the lowest displacement (Fig.

3).

At the final stage (T6), F8 reached nodule 1 as the second bridging fracture that link nodules 1 and
3. No more macro fractures were formed (Fig. 2). The existing fractures continued to expand with
increased aperture. The low-displacement zones on the left of nodule 4 are bounded by two
through-going fractures, one consisting of F1 and F8, and the other consisting of F4 and F7 (Fig.
3). One the right of nodule 4, the low-displacement zone is between a through-going fracture that

consists of F3 and F5, and a sub-parallel fracture that cuts nodule 6.

From T1 to T3, the stress field exhibited pronounced zonation during the compression process (Fig.
4). Local stresses in the four circular zones of nodules are much lower than that in the rock matrix.
The stresses on each side of the nodules along the x-axis are also prominently dropped. Notably,
the compressive stresses were predominantly concentrated within the zone nodule-free zones, and
their trajectories were aligned approximately along the x-axis. Since T4, the compressive stresses
have dropped significantly, however, the compressive stresses dominated the areas between
neighbouring nodules. From T5 to T6, the compressive stresses were mainly localized within
neighbouring nodules, with stress trajectories being aligned parallel to nodule-linking fractures

that led to fracture propagation and widening.

Fig. 5 shows the generation history of microfractures in the model with soft nodules. It is

demonstrated that the rate of microfracture generation increased at the early stage, and became
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subsequently decreased from timestep 1.7x10°. A total of 11,003 microfractures were produced

during the entire compression process.

3.2. Model Il with stiff nodules

The model with stiff nodules remained intact until timestep 2.01 x10° when the first microfracture
was formed in the rock matrix between nodules 2 and 4 (see Supplementary material). This was
followed by the generation of more microfractures in the rock matrix within the nodule-bounded
areas from T1 to T4 (Fig. 6). Since T3, the spatial arrangement of microfractures began to exhibit
a linear manner. The particles located within the six nodules exhibit the lowest displacement

comparing to the outer particles during this period (Fig. 7).

Coalescence of neighbouring microfractures led to the formation of two conjugate sets of
macrofractures since T4 (Fig. 6). Fractures of set 1 are represented by F1 that cut the inner margins
of nodules 3 and 4. The other set of fractures intersect with those of set 1 at rock-nodule contacts.
From T5, F1 reached nodule 1 and linked with F3 that cross-cut the outer margin of nodule 6. F2
of set 1 cut the margins of nodules 3 and 5. The low-displacement zone became narrowed to be

between F1 and F2 (Fig. 7).

As compression continued, F1 propagated outward and reached the model boundary at T6. This
led to a through-going fracture that transects the model (Fig. 6). Microfracture intensity became
higher than the earlier stages, however, no more new macrofractures were generated. The newly-
formed microfractures were largely located near the existing fractures, which widened

macrofracture aperture. In particular, the intersected conjugate fractures caused breakage of rock-
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nodule bonds and produced an opening void. Notably, no microfractures were generated in nodules
till the end of the simulation. Particles with the lowest displacement are located within the damage

zone of F1, followed by the rock segment between F1 and F3 (Fig. 7).

From T1 to T4, the stress field exhibited pronounced zonation, with the compressive stresses
concentrated between nodules parallel to the x-axis (Fig. 8). In nodule-free zones, stresses are
significant lower. Since T5, the compressive stresses have dropped significantly, especially within
the nodules. However, compressive stresses dominated the fractured zones between nodules, e.g.
nodules 3 and 5, which are sub-parallel to the marofractures and contributed to fracture widening.
At T6, the magnitude of compressive stresses continued to be dropped, and the stresses only

dominated the areas of nodules 3 and 5 and their adjacent areas.

Fig. 9 shows the generation history of microfractures in the model with stiff nodules. The fracture
generation exhibits a similar trend to model | with soft nodules, i.e. an increasing generation rate
at the early stage, followed by a rate reduction at the final stage. A total 5947 microfractures were

produced in this model during the entire simulation.

4. Discussion

4.1. Comparison to natural examples

4.1.1. Mudstone with soft nodules

Nodular gypsum has been commonly observed in evaporite deposits worldwide (Holliday, 1970)
and also on Mars (Young and Chan, 2017). Gypsum nodules have been suggested as the

syndepositional structures formed in the capillary and upper phreatic zones beneath sabkha surface
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(Nichols, 2009). Gypsum nodules are often concentrated in certain horizons that may represent

stages of basin drying (Cosgrove, 2001).

Fig.10 shows ruptured gypsum nodules in the Triassic red marls of the Bristol Channel Basin, UK.
The white, reddish nodules occur as rounded, sub-rounded or elliptic discrete aggregates of
gypsum that can be easily distinguished from their host rock. Notably, gypsum veins, either
horizontal or vertical, are nodule-rooted and linking neighbouring nodules in the same or adjacent
horizons. These veins have been suggested to form as the result of horizontal crustal compression
during basin inversion in early Cenozoic (Meng et al., 2017b). The vein fillings are likely to be

sourced from vein-rooted nodules (Meng et al., 2018).

The modelling results of model 1 with soft nodules largely agree to the field observations of
gypsum veins and nodules, regarding fracture pattern and spatial distribution, especially the
nodule-linking, opening-mode fractures (Fig. 2). Although it is possible that the formation of those
fractures could be formed due to volumetric expansion of nodules when they encountered fresh
waters, the local stresses developed between gypsum nodules could have contributed significantly

to the generation of nodule-linking fractures as revealed in this study.

4.1.2. Shale with stiff nodules

Limestone nodules occur commonly in organic-rich shales. Such nodules have been considered to
have formed during early to late diagenesis, and have derived carbonate from seawater, dissolution
of fossil skeletons or bicarbonate from bacterial decomposition of organic matter (e.g. Marshall,

1982; Wolff et al., 1992; Kiriakoulakis et al., 2000; Meng et al., 2017a).
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The limestone nodules form a strong mechanical contrast between the nodules and their enclosing
weak shales, and are ideal comparative objects to model 2 with stiff nodules. Fig. 11a shows
limestone nodules in the Lowellville Shale of the Pottsville Group of northeastern Ohio, USA. The
outcrop is transected by a fault developed between two sub-rounded, gray limestone nodules. The
fault plane encounters the upper surface of nodule a and the lower surface of nodule b, resulting

in peeling of nodule-enclosing shales and expose of nodule surfaces.

Similarly, multiple faults occur in highly-fractured shales that contain an elliptic limestone nodule
(Fig. 11b). Faults F1’ encounter the upper plane of the nodule and cross-cut its frontal tapering
segment. The faults observed in the Lowellville Shale are comparable with F1 in model 2 of this
study (Fig. 6). These faults/ fractures occur between neighbouring nodules, and develop along
nodule-rock contacts, leading to breakage of nodule-rock bonds. Moreover, the level of fracture
development exhibits a high variance between stiff limestone nodules and weak shales, i.e.

fractures are much more intensively developed in shales.

4.2. Implications for fracture analysis in nodule-bearing, fine-grained rocks

It is demonstrated in the modelling results that the occurrence of nodular structures with different
elastic properties from the host rock can respond mechanically differently to the remote stress
(Figs 4, 8). This can distort the local stress field not only within the nodules, but also in the rock
matrix around the nodules. Such mechanical contrasts can lead to varied fracture pattern,
distribution, propagation and intensity. This is similar to the effect of mechanical stratigraphy on

fracture development in the host strata (Laubach et al., 2009).
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If nodules are weaker than their host rock, fractures are predominantly localized within nodules
(Fig. 2). In contrast, fractures would be preferentially developed in the host rock if nodules are
stronger (Fig. 6). This agrees to a similar experimental study by Virgo et al. (2014). In their study,
the researchers found that repeated fracturing would occur in a sealed pre-existing vein if the vein
is weaker than its host rock, whilst a bundle of subparallel veins would be produced if the vein is

stronger than the host rock.

The localization of fracture distribution, either in the nodules or the rock matrix, can be due to the
elastic mismatch between nodules and their enclosing rock, which can arrest fracture propagation
and result in fracture termination at nodule-rock contacts. For rocks with weak nodules, the local
stresses between neighbouring nodules can result in bridging, opening-mode fractures as a result
of concentration of compressive stresses that is oriented parallel to fracture directions. For rocks
with stiff nodules, the bond at interfaces between nodules and enclosing rocks can be preferentially
broken and influence fracture propagation directions to be deflected along the nodule-rock contacts
(Fig. 6). Hence, the occurrence of nodules can cause profound mechanical heterogeneities at a

stratigraphic unit.

Evaporitic mudstones are commonly regarded as an efficient type of caprocks for hydrocarbon
reservoirs because of their low ultralow permeability that can prevent fluid flow (Armitage et al.,
2013, 2016; Meng et al., 2018a). Natural fractures in those rocks can indicate breaches of seals
and serve as hydraulic conduits for fluid migration (Meng et al., 2018b). Therefore, the studies on

natural fractures are critical for seal integrity analysis. It is shown in this study that the nodular
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horizons could be highly fractured if the sedimentary basin has experienced tectonic compression

during its evolution.

Black shales have been intensively studies during the past decade due to the boom in shale gas
development (Curtis, 2002). Notably, nodular structures, mainly including limestone and pyrite
nodules, have been frequently reported in many gas-bearing shales, e.g. the Barnett Shale in the
Fort Worth Basin (USA) (Bowker, 2007), the Marcellus Shale in the Appalachain Basin (USA)
(e.g. Hooker et al., 2017), the Vaca Muerta Shale in the Neuquén Basin (Argentina) (e.g. Rodrigues
et al., 2009), the Low Lias Shale in the Wessex Basin (UK) (e.g. Kiriakoulakis et al., 2000). It has
been suggested that the production of shale gas relies on the existing natural fracture network
during artificial stimulation (Gale and Holder, 2010; Gale et al., 2014). Hence, the knowledge of
fracture systems in the target shales is necessary for effective hydraulic fracture treatment design.
Similarly, hydrocarbon production from chalk reservoirs also depends on natural fracture networks
that are intimately associated with chert nodules (e.g. Corbett et al., 1987; Belayneh et al., 2007).
The modelling results presented in this study show that the occurrence of horizons of stiff
limestone nodules in less stiff host rocks (shale or chalk) may not favor the generation of fractures.
Fractures could be less abundant in those horizons compared to nodule-free levels. Moreover,
fractures tend to cross-cut nodule-rock interfaces, suggesting that fracture orientations can be
highly affected by nodules. The dilatational voids created by nodule-related fractures can

significantly increase the total porosity of the bulk rock.

Notably, the numerical models presented are highly simplified, and many other factors that may

potentially influence fracture development in nodular horizons were not considered, such as shapes
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and spacing of nodules, and fluid pressure. It is suggested that future studies can consider these
factors and incorporate fluid coupling in the numerical models, so as to construct more realistic
models. Moreover, the timing of fracturing, i.e. the level of lithofication, should be analyzed for

inferring the mechanical properties of nodules and their hosts for the input of model parameters.

5. Conclusions

(1) This study demonstrates that numerical experiments based on the discrete element method are
efficient to simulate shear and tensile fracturing in nodule-bearing, fine-grained rocks.

(2) The modelling results show that fracture generation was largely localized to soft nodules in
fine-grained rocks. Bridging, opening-mode fractures were preferentially formed to link
neighbouring nodules.

(3) In fine-grained rocks with stiff nodules, fractures were predominantly produced in the rock
matrix. Nodule-rock contacts significantly influenced the propagation and deflection of fractures.
(4) The occurrence of nodules, either soft or stiff, responded differently to the remote stress and
distorted the local stress field, and thereby affected fracture nucleation, propagation, pattern and
abundance.

(5) The simulation results compare well with field examples of fractures (veins) in mudrocks with
soft gypsum nodules and stiff limestone nodules, suggesting that the results can be instructive for
fracture analysis in nodule-bearing fine-grained rocks serving as caprocks, reservoir or source

rocks.
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Figure captions
Fig. 1. Schematic illustration showing the model design, boundary conditions and particle

interactions.

Fig. 2. Result of model | showing sequential generation of fractures. T1 to T6 represent timestep

of 5x10%, 8x10%, 1x10°, 1.3x10°, 1.6x10%and 2.0x10° respectively. See text for description.
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Fig. 3. Contour of displacement field of model I. See text for description.

Fig. 4. Contact force chains of model | with soft nodules (gray). See text for description.

Fig. 5. Plot of fracture number versus timestep for model I with soft nodules.

Fig. 6. Result of model Il showing sequential generation of fractures. T1 to T6 represent timestep

of 1.5x10°, 2.0 x10°, 2.5 x10°, 3.0 x10°, 3.5 x10° and 4.0 x10° respectively. The enlarged box

shows the opening void between nodule 3 and its enclosing rock. See text for description.

Fig. 7. Contour of displacement field of model 11. See text for description.

Fig. 8. Contact force chains of model 11 with stiff nodules (gray). See text for description.

Fig. 9. Plot of fracture number versus timestep for model 11 with stiff nodules.

Fig. 10. Field photographs showing gypsum nodules and veins in the red Triassic marls of the

Bristol Channel Basin, UK. (a) Horizontal bridging veins (arrows) link neighboring nodules. Note

that the veins are rooted in nodules and exhibit tapering tips. (b) Horizontal (green) and sub-vertical

(yellow) bridging veins are developed within three nodular horizons.
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Fig. 11. Field photographs showing gray limestone nodules and faults in black shales of the
Pottsville Group, northeastern Ohio, USA. Modified from St. John (2015a, b). (a) A fault transects
the outcrop of black shales. The fault cross-cuts the upper surface of nodule a and the lower surface
of nodule b. (b) A fault F1 is developed along the interface between shale and a lenticular nodule.

Faults and fractures are highlighted by dashed lines. The enlarged box shows the fault trace of F1.
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Table.1 Parameters for the discrete element models.

Parameter Rock matrix Soft nodule Stiff nodule
Particle number 68,433 1189 x 6 1189 x 6
Particle radii (m) 0.01-0.012 0.01-0.012 0.01-0.012
Density (kg/m?®) 2600 2600 2600
Porosity (%) 10 10 10
Particle normal stiffness k, (N/m) 1e8 le7 1e9
Particle shear stiffness ks (N/m) 5e7 5e6 5e8
Bond normal stiffness k,, (N/m) 1e8 le7 1e9
Bond shear stiffness kg (N/m) 5e7 5e6 5e8
Bond cohesion @, (N) 5e4 5e3 5e5
Bond tensile strength ¢ (N) 2e5 2e4 2e6
Young’s modulus E (MPa) 50 5 500

Friction coefficient u 0.25 0.25 0.25
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