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Knowledge of the formation mechanisms and geometries of fracture systems in
sedimentary rocks is crucial for understanding local and basin-scale fluid migration.
Complex fracture networks can be caused by, for instance, forced folding of a
competent sediment layer in response to magmatic sill intrusion, remobilisation of
fluidized sand or fluid overpressure in underlying porous reservoir formations. The
opening modes and geometries of the fractures mainly determine the bulk permeability
and sealing capacity of the folded layer. In this study, we carried out laboratory analog
experiments to better comprehend patterns and evolution of the fracture network during
forced folding as well as differences of the fracture patterns between a 2D and 3D
modelling approach and between a homogenous and a multi-layered cover. The
experimental layering consisted of a lower reservoir layer and an upper cover, which
was either a single high-cohesive layer or an alternation of low- and high-cohesive layers.
The two configurations were tested in an apparatus allowing quasi-2D and 3D
experiments. Streaming air from the base of the model and air injected through a
needle valve was used to produce a regional and a local field of fluid overpressure in
the layers. The experimental outcomes reveal that the evolution of the fracture network
undergoes an initial phase characterized by the formation of a forced fold associated with
dominantly compactive and tensile fractures. The second phase of the evolution is
dominated by fracture breakthrough and overpressure release mainly along shear
fractures. Structures observed in 2D cross sections can be related to their expressions
on the surface of the 3D respective experiments. Furthermore, the experiments showed
that the intrusion network is more complex and laterally extended in the case of a multi-
layered cover. Our results can be instructive for detecting and predicting fracture patterns
around shallow magmatic and sand intrusions as well as above underground fluid
storage sites.
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1 INTRODUCTION

The formation of forced folds associated with fracture systems
and saucer-shaped intrusions can be caused by a variety of
processes such as fluid overpressuring, intrusion of magma, or
sand injection. These processes commonly occur in systems of an
overpressured reservoir layer underneath a low-permeable and
relatively competent caprock. Fluid overpressure and resulting
fracturing in the reservoir can be provoked by for example
undercompaction, generation of hydrocarbons, phase
transformation of minerals, and fluid influx from a source
underneath or from magmatic intrusions (e.g. Brooke et al.,
1995; Huuse et al., 2005; Frey-Martnez et al., 2007; Mourgues
et al., 2011). At excessive fluid overpressure, the caprock is often
uplifted into a forced fold leading to fracturing at the crest and
along the hinges of the fold (Cosgrove and Hillier, 2000;
Shoulders and Cartwright, 2004; Frey-Martnez et al., 2007;
Jackson et al., 2011; Mourgues et al., 2012; Haug et al., 2018;
Warsitzka et al., 2019; Meng and Hodgetts, 2020). Depending
mainly on the cohesion and the thickness of the cover, these
fractures fail in a tensile, shear or hybrid tensile-shear mode (e.g.
Muirhead et al., 2014; Wilson et al., 2016; Haug et al., 2018; Meng
and Hodgetts, 2020).

An important process leading to forced folding is, for instance,
the intrusion of magma, which can propagate horizontally in
shallow-level, stratified sedimentary rocks and transitions into
inclined dykes (Figure 1A) (Burchardt, 2008; Polteau et al., 2008;
Galland et al., 2014; Magee et al., 2014; Magee et al., 2017b;
Cruden et al., 2017; Montanari et al., 2017; Haug et al., 2018;
Reeves et al., 2018; Schmiedel et al., 2019). Sill emplacement
causes elastic bending of the overburden host rocks (Pollard and
Johnson, 1973; Hansen and Cartwright, 2006; Polteau et al., 2008;
Galland et al., 2018c). At the tips of the propagating sill, fractures
open in different modes depending on the effective stress, the

shape of the intrusion as well as thickness, rheology and
stratification of the host rock (Thomson and Schofield, 2008;
Haug et al., 2018). If the cover is relatively weak (low cohesion),
mainly normal and reverse faults develop at the crest, whereas
sub-vertical shear zones occur at the outer margins of the fold
(Acocella et al., 2001; Haug et al., 2018). In contrast, if the cover is
competent (high cohesion), inclined magma-intruded tensile
fractures are typically induced at the tips of the sill (e.g. Haug
et al., 2018; Schmiedel et al., 2019).

Another process for forced folding is the remobilization and
injection of sand above isolated, overpressured parent sand layers,
for instance sub-marine channels and fan deposits, surrounded
by fine-grained sediments (e.g. Shoulders and Cartwright, 2004;
Huuse et al., 2007; Jackson et al., 2011). Outcrop studies and high-
resolution 3D seismic data reveal that large-scale (hundreds of
meters) sand intrusions and their associated forced folds are often
bounded by sand-filled, inclined wing fractures and a network of
faults and fractures at their crests (Figure 1B) (Duranti and
Hurst, 2004; Huuse et al., 2004; Briedis et al., 2007; Huuse et al.,
2007; Cartwright et al., 2008; Szarawarska et al., 2010; Vigorito
and Hurst, 2010; Jackson et al., 2011). The fracture network is
often complex and variable in terms of orientation, aspect ratio
and connectivity, which is attributed to different depths and
rheological anisotropies in the overburden (e.g. Parize et al., 2007;
Shoulders et al., 2007; Surlyk et al., 2007; Monnier et al., 2015).

Although the dynamics of these folding mechanisms as
described above and physical properties of the fluids (density
and viscosity of water, hydrocarbons and magma) are different,
they share some similarities in the structural evolution and the
basic physics of the fracture formation (Mandl, 2000).
Nevertheless, fracture formation and their opening modes in
cohesive, stratified sediments during uplift of forced folds are
poorly understood. The conductivity of such fractures is mainly
influenced by their opening mode so that it is important to

FIGURE 1 | Examples of processes leading to forced folding and associated fracture patterns. (A) Two-stage evolution of overburden deformation patterns during
a magmatic sill-to-inclined dyke transition of a shallow level magmatic intrusion (modified from Hansen and Cartwright, 2006). Stage 1: Formation of a forced fold
associated with tensile fractures at the periphery of the sill. Stage 2: Sill intrusions into peripheral fractures. (B)Crestal fractures and wing-like intrusions above an isolated
sand body, which is surrounded by low-permeable fine-grained sediments (modified from Huuse et al., 2007).
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evaluate patterns and strain partitioning in the fracture system.
The aim of this study is to better elucidate the complexities and
strain patterns of fracture networks emerging during forced
folding of a high-cohesive overburden layer above an
overpressured reservoir layer. In physical laboratory
experiments, we built a simplified stratigraphy of a high-
permeable, dry granulate layer representing the reservoir layer
overlain by a cover consisting of a low-permeable, high-cohesive
powder. Streaming air was used as the pore fluid equivalent
injected into dry granular materials to provoke overpressure
driven deformation of the cover layer.

In previous analog modelling studies using brittle granulates to
simulate host rocks, 2D experimental (narrow) apparatuses have be
applied to monitor fracture patterns and intrusion processes through
glass side walls (e.g. Rodrigues et al., 2009; Mourgues et al., 2012;
Warsitzka et al., 2019).However, the 3D variability cannot be examined
in quasi-2D (Abdelmalak et al., 2012). Experiments conducted in a
wider, three-dimensional box enabled observation of surface
deformation patterns (Mathieu et al., 2008; Gressier et al., 2010;
Galland, 2012; Guldstrand et al., 2017; Poppe et al., 2019; Schmiedel
et al., 2019), whereas the internal structural development in the brittle
layers cannot be observed. In 3Dexperiments using transparent gelatine
as host rock analog, the propagation of sills and tensile fractures can be
monitored (e.g. Kavanagh et al., 2017; Williams et al., 2022). However,
gelatine is an elastic material, which is not able to fail by plastic shear,
and is generally too cohesive to represent shallow brittle rocks (Mathieu
et al., 2008). Thus, we used a fine-grained silica powder as cover layer
material, which is able to fail by shear and tensile fracturing, and
combined a 2D and a 3D experimental setup in order to examine
deformation structures from different perspectives and to evaluate
methodological differences between the two approaches.

3D experiments consisting of multiple layers of various
granulates with different grain size, density, permeability and
shear strength showed that intrusion systems and fracture
networks are more complex and involve the development of
forced folds, dykes and sills of various shapes (Rodrigues et al.,
2009; Mourgues et al., 2012; Bureau et al., 2014; Montanari et al.,
2017). Therefore, we compare fracture patterns during forced
folding depending on one single, mechanically isotropic cover
and a mechanically layered cover.

Our experimental results reveal the principle evolution of fractures
during forced folding and the dominating fracture mode during
certain phases of this evolution. They can help to identify and
interpret the geometries, patterns and opening modes of fractures
observed in outcrops and in seismic data. Such evaluation is of major
importance for geoengineering and energy industries, because fracture
systems in a sealing overburden affect the integrity of underground
fluid reservoirs and might increase their leakage potential depending
on the connectivity and spatial distribution of the fractures (Hurst
et al., 2003; Cartwright et al., 2007, 2008; Senger et al., 2017).

2 METHODS

2.1 Experimental Setup and Scaling
The experimental device consists of an upper chamber bounded
by plexiglass walls into which the analog materials are sieved, and

a lower pressure chamber, which serves as a compressed air
reservoir (Figure 2A). A fluid pressure gradient in porous
material is built by streaming air according to Darcy’s law
(Cobbold and Castro, 1999). The air flux is controlled by mass
flow regulators supplying perforated tubes in the basal pressure
chamber (QPC) as well as a needle valve piercing into the lowest
material layer (QNV). This setup is designed to combine the
presence of a regional-scale, “hydrostatic” fluid pressure and a
local source of fluid overpressure affecting a layered porous
medium. Pressure sensors record the air pressure in the
pressure chamber (PPC). The apparatus can be modified to
choose between a quasi-2D configuration (5 cm wide) and a
3D-configuration (40 cm wide) (Figures 2B,D,E).

Layering consists of dry granular materials that deform
according to the Mohr-Coulomb criterion (e.g. Lohrmann
et al., 2003). Physical properties of the used materials, such as
frictional shear strength and permeability, were measured and are
further described in (Warsitzka et al., 2019). Silicate cenospheres
are used to represent the reservoir layer, due to a high
permeability (~13 × 10–11 m2), a small grain density
(~750 kg m−3) and a small frictional strength (Warsitzka et al.,
2019). The natural cover of the overpressured reservoir is
assumed to be a fine-grained, relatively consolidated
sedimentary rocks with a low permeability, a relatively high
shear strength and the ability to fail in shear and in tension.
In the experiments, we used a glass powder possessing a high
cohesion (>100 Pa) and low permeability (4 × 10–11 m2). This
material enables a sufficient air pressure build up within the pore
space due to the streaming air. Furthermore, such a cohesive
powder is the most suitable material to simulate elasto-plastic
mechanical behaviour of most natural rocks (Galland et al.,
2018b).

The experiments are geometrically and dynamically scaled so
that governing parameters are proportional between model and
nature (Merle, 2015). The scaling procedure of analog models
using streaming air to produce a pore fluid overpressure are
described in detail in Mourgues et al. (2012) and Warsitzka et al.
(2019). We chose a geometric scaling ratio of γL = 10–4 so that
10 cm in the experiment corresponds to 1000 m in nature. To
achieve dynamical scaling, material strengths and effective
stresses can be related between model and nature. The
effective stress is the total stress minus the pore fluid pressure
(Mourgues et al., 2012), assuming that maximal normal stress σ1
is vertical. The relationship between the effective stress σe, the
pore fluid pressure and the gravitational stress provides the
dimensionless Ramberg number Cobbold et al. (2001);
Rodrigues et al. (2009); Mourgues et al. (2012):

Ra � γLγgγρe
γσe

(1)

whereby γg is the ratio of the gravitational acceleration (γg = 1), γρe
the ratio of the effective overburden density and γσe the ratio of
the effective stress. ρe represents the effective bulk density
corrected for buoyancy effects of the pore fluid ((1 − ϕ)(ρs −
ρf)). Assuming a ρe of 600–700 kg m

−3 and an average natural
porosity of ~50%, the scaling factor for the stress γS ranges
between 5 × 10–5 to 5 × 10–4 (Warsitzka et al., 2019). The
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lithostatic pressure of about 1000 m of fine-grained sediment
with an average bulk density of about 1900 kg m−3 is ~19 MPa.
The lithostatic pressure of the experimental cover layer in the
our reference experiment is ~900 Pa. The resulting scaling
factor of 5 × 10–5 is at the lower limit of that of the pore fluid
pressure (Warsitzka et al., 2019) so that the experiments can be
considered as scaled for both, the lithostatic and the effective
pressure.

Driving forces in the porous media are governed by fluid
pressure, buoyancy and drag at particles due to fluid flow
(Mourgues and Cobbold, 2003). In experimental granular,
permeable media, a fluid pressure gradient is built-up by
streaming air, whereas buoyancy forces can be neglected
(Cobbold and Castro, 1999; Mourgues and Cobbold, 2003;
Rodrigues et al., 2009; Gressier et al., 2010). Assuming that
fluid flow is only vertical, the vertical fluid pressure gradient
can be determined from a conversion of Darcy’s law (Cobbold
et al., 2001):

zPf

zz
� −η

κ
qz (2)

Here, η is the dynamic viscosity, κ the intrinsic permeability,
zpf

zz the (non-hydrostatic) vertical fluid pressure gradient and qz
the vertical fluid flow velocity. Assuming a natural pore fluid
overpressure of several MPa, the model scales correctly when the

pore fluid pressure in the experiment ranges between 100 and
1000 Pa. Resisting forces against deformation arise from
gravitational stress of the overburden and the frictional
strength or tensile strength, respectively, of the cohesive
material. The shear strength is defined by the Mohr-Coulomb
criterion:

τ � σNμ + C (3)
The internal friction coefficient μ is dimensionless andmust be

similar for nature and model. Cohesion (or alternatively the
tensile strength) of natural, moderately compacted, fine-
grained sedimentary rocks may be in the order 106 Pa
(Abdelmalak et al., 2012). Using an estimated cohesion of the
glass powder of 100–200 Pa (Warsitzka et al., 2019), the cohesion
has a scaling factor of 1–2 × 10–4 Pa, which is in the same order of
magnitude as the scaling factor of effective pressure.

Dynamic scaling can only be achieved, when inertia forces are
negligible, i.e. when deformation processes in the analog
experiment are relatively slow and the regime of the fluid flow
is laminar (Rodrigues et al., 2009). However, these conditions are
likely only fulfilled until the onset of fracture breakthrough.
During rapid fracture propagation and fluidization of reservoir
material, deformation velocities are too high and air flow pattern
around moving particles is suggested to be turbulent (Rodrigues
et al., 2009). Furthermore, it has to be stressed that experiments

FIGURE 2 | (A) Sketch of the experimental setup illustrating the upper experimental box (dimensions: 80× 5×60 cm) and the lower pressure chamber (modified
fromWarsitzka et al., 2019). A highly permeable foam layer and a fine metal gauze separates both parts of the box and lead to homogeneously distributed air flow at the
base of the analog materials. Blue arrows demonstrate air flow. (B) Top view of the basal pressure chamber. The width of the experimental box and the basal pressure
chamber can be changed from a 5 cm wide 2D configuration to a 40 cm wide 3D configuration. (C) Layering of analog materials in the experiments with a single-
layer cover (experiments 1A and 1B) and with multi-layer cover (experiments 2A and 2B).

Frontiers in Earth Science | www.frontiersin.org July 2022 | Volume 10 | Article 8811344

Warsitzka et al. Fractures Resulting from Forced Folding

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


using flowing air to produce pore fluid pressure are not scaled for
time, i.e. lack kinematic scaling (Rodrigues et al., 2009). However,
the quasi-instantaneous diffusion of pore pressure in the model
ensures that the pore pressure field can be assumed to be steady-
state even during rapid propagation of fractures, a condition,
which benefits dynamic scaling.

2.2 Experimental Procedure
After sieving layers of analog material into the upper
experimental box, QPC was gradually increased until PPC
equalled a 40% of the vertical normal stress (“lithostatic
pressure,” σN) of the analog materials. Under this condition,
the experimental ratio between PPC and σN roughly corresponds
to the ratio between hydrostatic pressure and lithostatic pressure
in nature at depths of ~1000 m in normally pressurized porous
sediments. Afterwards, QNV was increased in steps of ΔQNV =
3–5 L min−1 leading to a stepwise increase of the pressure around
the tip of the needle valve and in the basal chamber PPC. After
beginning of surficial extrusion of reservoir material, QNV and
QPC were switched off.

Experiments were monitored with a digital camera (Nikon
D7000; recording rate: 1 Hz) from the front in the 2D
configuration and from above in the 3D configuration. The
displacement patterns during deformation were analysed by
digital image correlation (DIC; DaVis 10.0 by ⓒ LaVision;
Adam et al., 2005; LaVision (2018)) using 2D-DIC multipass
processing (interrogation window size was 48×48 pixels in the 2D
experiments and 24×24 pixels in the 3D experiments with 50%
overlap).

Here, we present four experiments, which differ in the layering
of the cover layer and in their 2D or 3D configuration,
respectively (Table 1). In experiments 1A (2D) and 1B (3D),
the cover consisted of one homogeneous layer of glass powder
(Figure 2C). In experiments 2A (2D) and 2B (3D), an additional
layer of the high-permeable, low-cohesive reservoir material was
intercalated in between two thinner cover layers (Figure 2C). The
thicknesses of the multilayers were arranged such that the total
vertical normal stress (’lithostatic pressure’) was similar to that in
the experiments with the single-layer cover (Table 1).

2.3 Fracture and Failure Mode Analysis
Side and top view photos were used to interpret fracture patterns
and analyse the opening mode of the fractures (“fracture mode”)
in the cohesive cover layer. Generally, fractures originate either

from tensile, shear or compaction failure as well as hybrid modes
of tensile-shear and compactive-shear failure (Figure 3A) (Price
and Cosgrove, 1990; Ferrill et al., 2020).

In our study, the fracture analysis of the 2D experiments
includes 1) the interpretation of fractures and differentiation of
fractures dominated by tensile and compactive failure
(Figure 3B). Tensile fractures are characterized by open gaps.
Compactive fractures can be recognized by irregular, zigzag-
shaped lineaments formed by compression and volume loss. In
the surface views of the 3D experiments, compactive fractures
could not be recognized so that only tensile fractures were
interpreted (Figure 3C). 2) Interpreted fractures were
dissected into discrete segments (Figures 3D,E) and length
and dips (in 2D experiments) or strikes (in 3D experiments)
of the segments were measured. 3) The angles of the fractures (α
in the 2D experiments and β in the 3D-experiments, Figures
3D,E) were then subtracted from the angle of the closest vector of
the displacement field derived from the DIC analysis. The
resulting angle θ (Figures 3D,E) is here used to distinguish
the opening mode of each segment. We define fractures with θ
between 0 and 45° as dominated by shear failure, i.e. tensile-shear
or compactive-shear, and fractures with θ between 45 and 90° as
dominated by tension or compaction, respectively.

Dips and lengths of the fractures were also used for statistical
analysis. Counts of strike and dip values of the fractures are
weighted by the length of the related segment (weighted average)
so that long fractures are statistically over- and short fractures are
underrepresented. From a set of fractures, the distribution of dips
or strikes, respectively, in intervals of 10° was determined.

3 RESULTS

3.1 Homogeneous Cover
In the 2D experiment 1A, forced folding of the cover layer was
induced above the needle valve accompanied by the formation of
sub-vertical fractures at the crest of the fold (“crestal fracture”).
Contemporaneously, Y-shaped fracture systems developed at
both limbs of the forced fold (“wing fractures”) (Figures 4A,B,
phase 1). This situation remained stable until the next step of
increasing the air flux through the needle valve. With beginning
of the next step (at ~7.8 L min−1), the left flank of the fold was
abruptly uplifted and the wing fractures propagated towards the
model surface (Figures 4A,B, phase 2). The wing fractures

TABLE 1 | List of Experiments.

Exp. ID Box config Layers hR hC σNtot σNcov QNV−F QNV−B PPC−F PPC−B

[cm] [cm] [Pa] [Pa] [lmin−3] [lmin−3] [Pa] [Pa]

1A 2D 2 5.7 9.3 ~920 ~695 7.6 7.9 450 455
1B 3D 2 5.8 9.0 ~905 ~680 10.7 17.8 480 560
2A 2D 4 5.6 4.0/2.2/3.8 ~930 ~695 7.3 7.5 435 435
2B 3D 4 5.8 4.3/2.2/4.0 ~915 ~710 10.5 14.7 450 480

Exp. ID refers to experiment’s names used in this study. The thickness of the cover hC of experiments 2A and 2B lists thicknesses of the lower high-cohesive layer, the upper low-cohesive
layer and the upper high-cohesive layer (Figure 2C). hR – thickness of the (lower + upper) reservoir layer, hC – thickness of the cover layer(s), hR – thickness of the (lower) reservoir layer,
PPC−F/B – Pressure in the basal chamber during initiation of forced folding/breakthrough of fractures,QNV−F/B – Pressure in the needle valve during initiation of forced folding/breakthrough
of fractures, σNtot – total vertical normal stress, σNcov – vertical normal stress at the base of the cover layer (including the upper reservoir layer).
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branched off into a network of inclined fractures. The time series
of the surface deformation (Figure 4C) shows that shortly before
breakthrough of the wing fractures, the central fold and its left

flank were rapidly uplifted by ~5 mm (= 5% of total cover
thickness). The air pressure in the basal pressure chamber
suddenly decreased after the breakthrough of the wing

FIGURE 3 | (A) Sketches of the failure modes of fractures (modified from Ferrill et al., 2020). (B) Side view photo of experiment 1A showing the fracture patterns in
the cohesive cover layer (cf. Figure 4A). (C) Top view photo of the 3D experiment 1B displaying fractures on the surface of the cohesive cover layer (cf. Figure 5A).
Tensile fractures are identifiable by open gaps, compaction fractures by white and grey shadows and shear fractures by lineaments connecting tensile or compactive
fractures. Note that in the 3D experiment no compaction fractures are visible at the surface. (D,E) Interpretation of the fractures and division into individual fracture
segments (black lines with nodes). The white arrows show the displacement vectors derived from the DIC analysis. α describes the dip and β the strike angle,
respectively, of the fracture segment. Θ is used to determine the fracture mode and is defined by the angle between the fracture’s dip or strike and the nearest
displacement vector.

Frontiers in Earth Science | www.frontiersin.org July 2022 | Volume 10 | Article 8811346

Warsitzka et al. Fractures Resulting from Forced Folding

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


fractures (Figure 4D). This implies that the breakthrough opened
a continuous, high-permeable pathway so that the air flux was
concentrated in the wing fractures. The concentrated air flux lead
to the fluidization and extrusion of material of the reservoir layer
at the experimental surface. Subsequent to the breakthrough, the
central fold gradually subsided by about 2 mm, but not back to its
original position (Figures 4A,B, phase 3).

In the top view of the equivalent 3D experiment 1B, a
tensile fracture opened roughly in the center of the box
trending parallel to the x-axis (Figures 5A,B, phase 1a).
During the next several steps of increased air flux through
the needle valve, additional fractures branched off
perpendicular of the initial fracture (Figure 5A, phase
1b). The displacement field shows that the movement was
partitioned between various blocks and direct radially away
from the central uplift (Figure 5B). This vector pattern

indicates an outward tilting of the blocks and, therefore, a
dome-shaped forced fold.

At an air flux of roughly 17 L min−1, the uplift of the cover
block left from the position of the needle valve was increased
rapidly. This led to widening of the branched fractures in the
centre and to a further lateral propagation of the fractures
(Figure 5A, phase 2). At this time, extrusion of reservoir
material began along the initial fracture directly at the edge of
a strongly tilted block. Thus, fracture breakthrough occurred at
the crest of the forced folds, which is different from the equivalent
2D experiment 1A.

In the 3D experiment 1B, surficial traces of these fractures
show a more complex pattern compared to the single, straight
crestal fracture developed in the 2D experiment (Figure 5A).
Furthermore, the width of the region affected by block tilting and
fracturing at the surface was larger in exp. 1B (~52 cm; Figure 5B)

FIGURE 4 | Results of exp. 1A, which consisted of a homogeneous cover layer and was performed in the 2D box configuration of the apparatus. (A) Side view
photos showing the structural evolution. Phase 1: a central forced fold developed above the tip of the needle valve (NV). Phase 2: uplift of the left flank of the forced fold
and breakthrough of the wing fractures. Phase 3: The central forced fold subsided. (B) Displacement vector field derived from the DIC analysis. The background color
represents the amount of the vertical displacement dz (uplift = orange to brown, subsidence = brown to blue). Each image shows the cumulative displacement of the
specified time interval. The fracture segments (white lines) were interpreted from high-resolution photos (see e.g. Figure 3). The rose diagrams show the dip directions
normalized by the length of the individual fracture segments. (C) Time series of the surface height (top of the white layer) plotted against the x-position of the experiment.
(D) Time series of the air flux through the needle valve (QNV) and the pressure in the pressure chamber (PPC). Air flux at the base of the pressure chamber (QPC) was
constant so that PPC was approx. 40% of the total vertical normal stress at the beginning of the experiment (Table 1).
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than in exp. 1A (~40 cm; Figure 4B) indicating that the 3D
dome-shaped uplift was wider than the 2D forced fold. The air
pressure to induce initial forced folding occurred at a significantly
higher critical values (PPC−F) in the 3D experiments (Figure 5C)

compared to the equivalent 2D experiment (Table 1). Also, the
transition from the initial forced fold (phase 1) to breakthrough of
the fractures (phase 2) required only one further step of
increasing air flux through the needle valve in the 2D

FIGURE 5 |Results of exp. 1B, which consisted of a homogeneous cover layer and was performed in the 3D box configuration of the apparatus. (A) Top view of the
experimental surface. Phase 1a: initial, central fractures formed above the tip of the needle valve (NV). Phase 1b: Further fracture branched off from the initial fractures.
Phase 2: branched fractures developed and material extrusion occurred along the central fracture. (B) Displacement vector field derived from the DIC analysis. The
background color displays the amount of the total displacement d. Each image shows the cumulative displacement for the specified time interval. The rose
diagrams show the strike directions normalized by the lengths of individual fracture segments (white lines). (C) Time series of the air flux through the needle valve (QNV)
and the pressure in the pressure chamber (PPC). Air flux at the base of the pressure chamber (QPC) was constant so that PPCwas approx. 40% of the total vertical normal
stress at the beginning of the experiment (Table 1).

Frontiers in Earth Science | www.frontiersin.org July 2022 | Volume 10 | Article 8811348

Warsitzka et al. Fractures Resulting from Forced Folding

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


experiments. Compared to that, multiple steps of air flux increase
were needed in the 3D experiments to induce breakthrough after
the formation of the initial forced fold (Figure 5C).

3.2 Multi-Layer Cover
Experiment 2A consisted of a multi-layered cover and was
performed in the 2D configuration of the apparatus. Similar
to exp. 1A, the structural evolution started with the formation of
a symmetrical forced fold and the formation of Y-shaped wing
fractures, which simultaneously affected both cohesive cover
layers (Figures 6A,B, phase 1). After one further step of
increasing air flux through the needle valve (at ~7.3 L min−1),
the left flank of the lower cover layer was uplifted first so that
wing fractures broke through. Subsequently, an additional
forced fold developed in the upper cover layer above the
outlets of these fractures and was accompanied by

breakthrough of fractures to the experimental surface
(Figures 6A,B, phase 2). The uplift of the flanks took place
within a few seconds and is accompanied by rapid subsidence of
the central forced fold. The width of the initial forced fold in the
lower part of the cover succession was roughly 20 cm, whereas it
increased to roughly 45 cm measured between the uppermost
tips of the wing fractures (Figure 6B).

The development of the elevation of the upper and the lower
cover layer are similar (Figure 6C). Nevertheless, the
amplitude of the crestal uplift is slightly higher in the lower
cover layer (~6 mm) compared to the upper one (~5 mm). In
contrast, the uplift of the flank is less in the lower (~4 mm)
than in the upper cover layer (~7 mm). Due to fluidization,
grains of the upper reservoir layer are flushed towards the
forced fold of the upper cover layer and extruded through the
wing fractures.

FIGURE 6 |Results of exp. 2A, which consisted of a multi-layered cover and was performed in the 2D configuration of the apparatus. (A) Side view photos showing
the structural evolution. Phase 1: a central forced fold developed in both cover layers above the tip of the needle valve (NV). Phase 2: forced folding and fracturing
occurred at the left flank, whereas the central forced fold subsided. Phase 3: The uplifted parts at the left flank gradually subsided. (B) Displacement vector field derived
from the DIC analysis. The background color displays the amount of the vertical displacement dz (uplift = orange to brown, subsidence = brown to blue). Each image
shows the cumulative displacement for the specified time interval. The fracture segments (white lines) were interpreted from high-resolution photos (see e.g. Figure 3).
The rose diagrams show the dip directions normalized by the lengths of individual fracture segments. (C) Time series of the elevation of the upper and the lower cover
layer plotted against the x-position of the experiment. (D) Time series of the air flux through the needle valve (QNV) and the pressure in the pressure chamber (PPC). Air flux
at the base of the pressure chamber (QPC) was constant so that PPC was approx. 40% of the total vertical normal stress at the beginning of the experiment (Table 1).
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In the equivalent 3D experiment 2B, an initial fracture opened
in the center of the box striking parallel to the x-axis (Figures
7A,B, phase 1). Horizontal displacement vectors showmovement
away from this fracture indicating the uplift of an elongated

forced fold. During increase of air flux through the needle valve,
tensile fractures propagated towards the lower right part of the
box (in top view), where a closely branched fracture network
developed (Figures 7A,B, phase 2). At an air flux in the needle

FIGURE 7 | Results of exp. 2B, which consisted of a multi-layered cover and was performed in the 3D configuration of the apparatus. (A) Top view of the
experimental surface. Phase 1: initial fractures and a forced fold formed in the centre of the box. Phase 2: branched fractures and uplift of the flank developed dominantly
in the right half of the box. Phase 3: Rapid collapse of the force fold occurred and was associated with the formation of collapse fractures. (B) Displacement vector field
derived from the DIC analysis. The background color displays the amount of the total displacement. Each image shows the cumulative displacement for the
specified time interval. The rose diagrams show the strike directions normalized by the lengths of individual fracture segments (white lines). (C) Time series of the air flux
through the needle valve (QNV) and the pressure in the pressure chamber (PPC). Air flux at the base of the pressure chamber (QPC) was constant so that PPCwas approx.
40% of the total vertical normal stress at the beginning of the experiment (Table 1).
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valve of approximately 15 L min−1, the surface in the lower right
region was uplifted rapidly followed by extrusion of reservoir
material and a rapid collapse of this uplift (Figure 7A, phase 3).
Displacement vectors indicate again tilting away from a radial
center in the right part of the box (Figure 7B, phase 2). Likewise,
subsidence of the flank uplift is displayed by a more or less
concentrical pattern of the displacement vectors (Figure 7B,

phase 3). The entire region affected by uplift and fractures was
c. 70 cm wide and, therefore, captured almost the entire area of
the apparatus.

Similar as in experiments with a homogeneous cover, the
critical pressure for forced folding and breakthrough was higher
in the 3D experiment (Figure 7C) than in the 2D experiment
(Figure 6D). Furthermore, critical pressures were slightly lower

FIGURE 8 |Results of the fracture mode analysis of the 2D experiment 1A for (A) phase 1 and (B) phase 2 showing the opening mode of the fractures color-coded.
The opening mode is determined by the relative angle θ between the dip of the fracture and the displacement vectors (black arrows). If θ is larger than 45°, the fracture is
dominated by tensile (red) or compactive (blue) movement, respectively. In case θ is smaller than 45°, the fracture is dominated by tensile-shear (orange) or compactive
shear (green), respectively. The bar plots to the right display the amount of the specific fracture types for certain depth intervals (only wing fractures included). Rose
diagrams display the dip angles α of the tensile (TF), tensile-shear (TSF), compactive (CF) and compactive-shear fractures (CSF) normalized by the length of each fracture
segment.
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in experiments with multi-layered cover than those in
experiments with homogeneous cover, although “lithostatic
pressures” were similar (Table 1). A further main difference
between homogeneous and multi-layered experiments is the
spacing between fractures that is less dense in experiments 2A
and 2B than in 1A and 1B.

3.3 Fracture Mode
In the 2D experiments 1A and 2A, the crest of the forced fold was
dissected by one sub-vertical, tensile fracture during phase 1
(Figures 8A, 9A). In the lower part of the fold crest occurred a
branched network of fractures that failed by compaction. The
patterns of the wing fractures in both experiments start with a

FIGURE 9 |Results of the fracture mode analysis of the 2D experiment 2A for (A) phase 1 and (B) phase 2 showing the opening mode of the fractures color-coded.
The opening mode is determined by the relative angle θ between the dip of the fracture and the displacement vectors (black arrows). If θ is larger than 45°, the fracture is
dominated by tensile (red) or compactive (blue) movement, respectively. In case θ is smaller than 45°, the fracture is dominated by tensile-shear (orange) or compactive
shear (green), respectively. The bar plots to the right display the amount of the specific fracture types for certain depth intervals (only wing fractures included). Rose
diagrams display the dip angles α of the tensile (TF), tensile-shear (TSF), compactive (CF) and compactive-shear fractures (CSF) normalized by the length of each fracture
segment.
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subvertical fracture at the base of the cover layer, which were
dominated by tensile mode (Figures 8, 9). At the same time,
branched fractures formed in the V-shaped region above these
tensile fractures and along which deformation occurred in
compactive mode. The number of compactive and compactive-
shear fractures is much higher than that of tensile and tensile-shear
fractures (Figures 8A, 9A). The dip angles of the tensile dominated
fractures were either horizontal or vertical in both experiments. In
contrast, the compaction-dominated fractures, frequent in the
wing fracture system, are inclined between ±45°.

During phase 2, i.e. the breakthrough of the wing fractures, the
wing fractures at the flank of the breakthrough were dominated
by tensile-shear fractures (Figures 8B, 9B), which were mainly
inclined around 45°. This implies that the flank of the forced fold
was sheared during the uplift. At the opposite flank of the

breakthrough, additional compaction and tensile fractures
were activated due to the increased tilting of the uplifted flank.

In the 3D experiments 1B and 2B, the fractures were characterized
by a complex pattern of shear and tensile movements (Figures 10A,
11A). Thismight be a result of the outward tilting of individual blocks
of the cover during the formation of the central hinge uplift (phase 1)
and the various strike directions of the fractures. In general, more
fractures were dominated by shearing than by tensile opening as
shown in the rose diagrams (Figures 10, 11). During the
breakthrough of the fractures (phase 2), the number of tensile
fractures increased significantly in both experiments. Nevertheless,
the fractures at which the breakthrough occurs are mainly affected by
shear movement indicating that shear fractures between differentially
uplifted blocks penetrate through the high-cohesive layer into the
reservoir layer underneath.

FIGURE 10 | Results of the fracture mode analysis of the 3D experiment 1B for (A) phase 1 and (B) phase 2 showing the opening mode of the fractures color-
coded. The fracture mode is determined by the relative angle θ between the strike of the fracture and the closest displacement vector (black arrows). If θ is larger than 45°,
the fracture is dominated by tensile opening (red). In case θ is smaller than 45°, the fracture is dominated by tensile-shear movement (orange to beige). Note that traces of
compactive fracture were invisible on the surface. The bar plots at the left and the bottom display the amount of the specific fracture types for certain intervals along
the y- and x-axis, respectively. Rose diagrams display the strike angles β of the tensile (TF) and tensile-shear fractures (TSF).
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The strike direction of the tensile-shear fractures is
bimodal, whereas most of the fractures are parallel to the
x-axis of the box and in an angle of 30–45° (Figures 10,
11). The tensile dominated fractures have no preferred
strike directions. In fact, the dominant strike directions
change from phase 1 to phase 2.

4 DISCUSSION

4.1 Fracture Patterns in Homogeneous
Cover Layers
By modeling experiments in a quasi-2D and in a 3D
configuration, different perspectives on the processes of forced
folding and associated fracturing can be gained. This allows to

indirectly correlate deformation patterns between cross sections
and the surface.

The side view in the 2D experiment 1A shows that first sub-
vertical tensile fractures occurred at the crest and the lower parts
of the limbs of the forced fold (Figures 12A,C). At the same time,
a V-shaped system of compactive fractures developed in the
upper parts of the limbs. These indicate that the cover layer
was compressed in the upper parts and stretched in the lower
parts due to the bending during forced folding (Figure 12C) (e.g.
Pollard and Johnson, 1973). Reservoir material intruded into the
opening tensile fractures at the base of the cover, but did not
infiltrate the regions of the compactive fractures. Furthermore, no
decrease in air pressure could be detected during phase 1 (e.g.
Figure 4D). These observations imply that the initial fracture
network related to forced folding did not increase the bulk

FIGURE 11 | Results of the fracture mode analysis of the 3D experiment 2B for (A) phase 1 and (B) phase 2 showing the opening mode of the fractures color-
coded. The fracture mode is determined by the relative angle θ between the strike of the fracture and the closest displacement vector (black arrows). If θ is larger than 45°,
the fracture is dominated by tensile opening (red). In case θ is smaller than 45°, the fracture is dominated by tensile-shear movement (orange to beige). Note that traces of
compactive fracture were invisible on the surface. The bar plots at the left and the bottom display the amount of the specific fracture types for certain intervals along
the y- and x-axis, respectively. Rose diagrams display the strike angles β of the tensile (TF) and tensile-shear fractures (TSF).
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FIGURE 12 | Interpretive sketches showing wing fractures (green) and crestal fractures (blue). For the 3D experiment 1B, the half-width of the box is shown. (A)
Exp. 1A: Breakthrough occurred along wing fractures. (B) Exp. 1B: breakthrough of fractures occurred at the crest of the forced fold. Note that wing fractures did not
penetrated to the surface so that their position and shape is speculative. (C) Two-stage evolution of principal fracture evolution shown for the left half of the model. Phase
1: Forced folding of the cohesive cover layer caused tensile fracturing at the crest and the lower flanks of the fold. Phase 2: shear failure lead to breakthrough of the
fractures. 2a: Wing-fracture breakthrough, 2b: Crestal fracture breakthrough. The red line denotes the neutral plane, where normal strains are zero (Bureau et al., 2014).

FIGURE 13 | Interpretive sketches showing wing fractures (green) and crestal fractures (blue). For the 3D experiment 2B, the half-width of the box is shown. (A)
Exp. 2A: an additional fracture network due to forced folding developed in the upper cover layer. (B) Exp. 2B: Breakthrough of fractures occurred at the flanks of the
central forced fold in the lower cover layer. Note that positions and shape of fractures in the lower cover layer are speculative. They were sketched in analogy to results of
the 2D experiment 2A. (C) Two-stage evolution of principal fracture evolution shown for the left half of the model. Phase 1: Tensile and compactive failure in the
central forced above the needle valve. Phase 2: shear failure leads to breakthrough of the wing fractures and a second sequence of forced folding and fracture
breakthrough occurs in the upper cover layer.
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permeability of the cover layer suggesting that the cover layer
maintained its hydraulic properties.

In the equivalent 3D experiment 1B, fractures occurred in the
region above the needle valve, which mainly opened in hybrid
shear and tensile mode (Figure 10A). Referring to observations in
the 2D experiment, these fractures represent the crestal network
caused by updoming of the cover layer (Figure 12B). The hybrid
mode of the fractures likely resulted from differentially uplifted
and tilted blocks of the cover layer such that shear displacement
took place along the bounding fractures. Furthermore, we suggest
that tensile fractures also developed at the base of fold limbs based
on the observations in the 2D experiment (Figures 12A,B).
However, the wing fractures apparently did not penetrate to
the experimental surface in the 3D exp. 1B, because no flank
uplift took place.

During phase 2 in experiment 1A, one side of the forced fold
was uplifted relative to the outer limb of the forced fold
(Figure 12C, phase 2). The fracture analysis shows that tensile
fractures formed during phase 1 were reactivated by shear
displacement at the side of the breakthrough. This leads to a
pattern of alternating steep and sub-horizontal fracture segments
(Figure 3B). In contrast, previously formed compactive fractures
in the V-shaped upper part of the fold limbs were breached by
shear and tensile fractures (Figure 8) suggesting that these
compactive fractures do not act as mechanical weak zones.

Different from 2D experiment 1A, the breakthrough of the
fractures took place along the initial crestal fracture in 3D
experiment 1B (Figure 5A, phase 2). It can be suggested that
the crestal fracture penetrated by shear displacement along the
edges of differentially uplifted blocks from the surface towards the
base of the cover (Figure 12C). This is a significant difference to
the 2D experiment andmight result from the dome-shaped uplift.
In the 2D experiment, flanks of the fold slide along glass planes. In
the 3D experiment, the flanks of the dome were in contact with
cohesive material on all sides, which might hamper flank uplift.
Furthermore, the total size and mass of the fold limbs are larger in
the 3D experiments. Hence, it is likely easier to shear and further
uplift the crestal block instead of the flanks of the dome-shaped
fold. These differences demonstrate that insights derived from 2D
experiments should be supplemented by similar 3D experiments
to test the influence of boundary effects on deformation
processes.

In both experiments, the breakthrough of the fractures was
associated with a significant drop in the air pressure in the basal
pressure chamber. This implies that high-permeable pathways
penetrated the cover layers focusing the air flux. The decreased air
pressure in the reservoir layer was insufficient to support the
uplifted forced fold so that the cover layer subsided during
phase 3.

The higher critical pressures in the 3D experiment for
triggering forced folding and fracture breakthrough can be
also attributed to a larger strength of the cover layer. The
strength of the overburden above a pressurized reservoir
mainly depends on the flexural bending and tensile strength
(Pollard and Johnson, 1973; Galland and Scheibert, 2013). In the
2D experiment, the forced fold affected only a narrow, 5 cm wide
stripe of the cover layer so that bending stresses during initial

forced folding can be assumed to be acting only in the x-direction.
In contrast, a dome-shaped fold has to be uplifted in 3D
experiments 1B so that bending stresses acted in the x- and
y-direction.

4.2 Fracture Patterns in Multi-Layer Models
In the 2D multi-layer experiment 2A, the sequence of forced
folding and wing fracture breakthrough first took place in both
cover layers above the needle valve. During phase 2, this sequence
repeated in the upper layer above the tip of the wing fractures in
the lower cover layer (Figure 13A). In the multi-layered 3D
experiment 2B, initial fracturing and forced folding (phase 1) also
occurred in the region above the needle valve, whereas major
fracturing and fracture breakthrough was localized in the outer
parts of the box offset from the needle valve (Figure 13B). This
observation suggests that the evolution in both the 2D and the 3D
experiments was similar. Tips of the wing fractures in the lower
cover layer served as a local source for overpressure from which
air spread in the upper reservoir layer and again induced forced
folding (Figure 13C). Since the upper cover layer was already
fractured at the beginning of phase 2, the breakthrough likely
occurred along both, crestal and wing fractures (Figures 13A,B).
In summary, it can be suggested that the presence of a high-
permeable weak interlayer in a stratified cover leads to a
decoupling of deformation between individual layers and
considerable lateral widening of the region affected by
fracturing. The width of the initial forced fold was roughly
10 cm less during phase 1 in experiment 2A (Figure 6B)
compared to that in exp. 1A (Figure 4B) with a homogeneous
cover. Nevertheless, the fractured region widened significantly
during phase 2 in the multi-layered experiments.

Lower critical pressures in the experiment 2A with a
multilayered cover (Figure 6D) indicate that the force
required to induce bending is lower than in case of a
homogeneous cover in experiment 1A (Figure 4D). This is
likely because bending of multiple thin cover layers benefits
from mechanically weak interlayers accommodating flexural
shear strain between the competent cover layers.

4.3 Experimental Limitations
Limitations of the experimental approach are described in detail
in Warsitzka et al. (2019). In that study, various settings with
different thicknesses of the cover layer and pore pressure
conditions were tested in quasi-2D experiments. Furthermore,
May et al., 2019 investigated different settings of the geometrical
configuration and the material properties of the cover layer in 2D
and 3D experiments. Overall, the reproducibility of our
experimental results are verified by the structural similarities
(also compared to other studies such as Rodrigues et al.
(2009); Mourgues et al. (2012); Bureau et al. (2014)) as well as
the systematic variation of the structures and the critical air
pressures depending on the changed parameters.

In the following, we describe further limitation of the
experimental approach:

(1) The approach to use 2D and 3D experiments allows us to
investigate different aspects on the fracture formation.
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Nevertheless, differences in structural evolution between exp.
1A and 1B, in particular the process of the fracture
breakthrough, imply that the influence of the experimental
setup is not negligible. The reasons for that remain
speculative (see above and May et al. (2019)) and have
implications for the scaling of mechanical properties of
the cover layer. Since the forced fold is a dome-shaped
structure in the 3D experiments, the flexural rigidity of
the upward bent cover is significantly larger than in the
2D experiments (Goulty and Schofield, 2008; Galland and
Scheibert, 2013), whereas the lithostatic pressure is equal.
Thus, the elastic properties of the cover actually have to be
scaled differently between 2D and 3D experiments. However,
it can also be argued that the 2D and 3D setups represent
different geological situations. 3D experiments might
simulate oblate structures, such as saucer-shaped
intrusions (e.g. Polteau et al., 2008), whereas 2D
experiments might represent profiles across plane-strain,
laterally elongated structures, such as sand intrusions
emerging from sub-marine, sandy channels (e.g. Jackson
et al., 2011).

(2) Fracture patterns and opening modes are affected by the
rheology of the cover layer and the viscosity of the injected or
remobilized fluid (e.g. Montanari et al., 2017; Meng and
Hodgetts, 2020), which can be highly variable in nature.
Nevertheless, a systematic investigation of the effects of these
parameters is beyond the scope of our study, but was
qualitatively undertaken by a comparison with previous
modelling studies (see below).

(3) The experimental setup assumes an ideal planar layering of
the reservoir-cover system and homogeneous mechanical
properties of each layer. Natural sedimentary strata, in
contrast, can contain diverse tectonic and sedimentary
structures, such as folds, polygonal fault system, deltaic
systems, etc. (e.g. Shoulders et al., 2007; Magee et al.,
2019; May et al., 2019). Such heterogeneities influence the
accumulation of fluid overpressure as well as shapes and
localization of forced folds and fractures. Furthermore, post-
intrusion compaction of the cover layer can modify folds and
fracture patterns (e.g. Jackson, 2007; Magee et al., 2019).
Hence, it is crucial to identify structural patterns that existed
prior to or developed after forced folding, when translating
our experimental results to natural examples.

(4) Regional tectonic stresses were not included in the
experimental procedure. Instead it was assumed that
horizontal stress and fluid pressure are equal in all
directions, which is likely not the case in most natural
settings (Mourgues et al., 2011). Opening modes and
directions are affected by tectonic stresses as it has been
demonstrated by, for instance, numerical modelling studies
on hydraulic fracturing (e.g. Smart et al., 2014). Thus, our
models should be regarded as a first-order approach
performed under idealized isotropic stress conditions.

(5) Thermo-mechanical effects were not considered. In the host
rock surrounding of magmatic intrusions, temperature
increase leads to thermal expansion and boiling of pore
fluids (Schofield et al., 2010). This can result in pore fluid

overpressure, host rock fluidization and hydrofracturing.
Such processes cannot be simulated in the experimental
approach shown here (Montanari et al., 2017).

4.4 Comparison of Structures with Previous
Modelling Studies
Consistent with our observations, previous quasi-2D experiments
using a water tank apparatus (5 cm wide) containing an
overpressured reservoir under gelatine-saturated sand (Bureau
et al., 2014) also reproduced the development of forced folds
associated with wing fractures. Accordingly, wing fractures
originate at positions of maximum extensional strain in the
bending overburden. However, their observations imply that
wing fractures only propagate due to tension and not in a
combination of tensile and shear strain as in our experiments.
This difference can be attributed to a higher strength (cohesion of
up to 1500 Pa) and thickness (8–20 cm) of the overburden in the
models of Bureau et al. (2014), which likely prevents flank uplift
and shear failure.

Mourgues et al. (2012) used a 2D configuration and widely
dispersed air stream in combination with a point-like air injection
into fine grained powder to trigger the formation of conical
fracture patterns originating from a sub-vertical hydro-fracture
above the injection point. Similar dykes and conical fractures
were observed in experiments simulating magmatic intrusions by
injecting a viscous liquid (e.g. oil, syrup) into fine-grained powder
(e.g. Mathieu et al., 2008; Abdelmalak et al., 2012; Galland, 2012;
Poppe et al., 2019). The resulting Y-shaped network of fractures
or intrusion, respectively, are similar to the Y-shaped wing
fracture system in our experiments, although the initiation
processes are different. In the studies mentioned above, the
initial vertical fracture formed by hydro-fracturing emerged
from the point source of the overpressure and translated to
inclined fractures at a certain depth. In our experiments, the
initial sub-vertical wing fracture resulted from bending at the base
of the fold limbs. The surficial breakthrough of the fractures, in
contrast, was similar in both experimental approaches. A
triangular block of the cover was uplifted associated with shear
and tensile fracturing (e.g. Abdelmalak et al., 2012; Mourgues
et al., 2012; Poppe et al., 2019).

In 3D experiments using widely distributed streaming air
through granular materials, Rodrigues et al. (2009) compared
a homogeneous cover layer (their Experiment 4, silica powder,
10 cm thick, cohesion = ~300 Pa) with a multi-layered cover
(their Experiment 5, silica powder interlayered with quartz sand,
5 cm thick). Internal structures derived from cut cross sections
revealed that dominantly horizontal fractures formed in different
levels of the homogeneous cover layer, whereas no wing fractures
could be observed. These structures are different from sub-
vertical bending and shear fractures produced in our
experiments, which might result from the higher density
(1200 kg m−3) of the cover material used by Rodrigues et al.
(2009). The multi-layered experiment of Rodrigues et al. (2009)
shows folding of the uppermost low-permeable layer as well as
dominantly vertical fractures in the high-cohesive interlayers,
similar to the tensile crestal fractures in our experiments (e.g.
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Figure 6A). This similarity suggests that forced folding and initial
tensile fracturing is the dominant deformation mechanism in
overpressured layered sequences with high-cohesive interlayers.

Several analog and numerical models of magmatic and sand
intrusion emphasize the effect of the cohesion of the cover layer on
fracture modes and the geometry of the forced folds (May et al.,
2019; Poppe et al., 2019; Schmiedel et al., 2019; Meng and Hodgetts,
2020). These studies revealed that the forced fold is wider and higher,
if the cohesion is larger. Furthermore, the cover is bent upwards and
tensile wing fractures open at the base of the cover similar as in our
experiments. Numerical models by Meng and Hodgetts (2020)
demonstrate the evolution of first tensile and subsequent shear
failure dominated deformation of the wing fractures and are
therefore in good agreement with our modelling results. If the
cohesion is relatively low, in contrast, the cover is vertically
displaced due to inflation of the underlying sand or magmatic
intrusion. In such a scenario, the uplifted block is mainly
bounded by sub-vertical shear zones and its crest is dissected by
sets of normal and reverse faults (Meng andHodgetts, 2020). Hence,
the main difference is that initial fracture failure is dominated by
shearing in case of a low cohesive cover and by dilatation in case of a
high-cohesive cover layer.

Similar relationships are determined from analog models on
magmatic sill intrusions using fluids with a higher viscosity than
pressurized air (10–5 Pas), such as silicone, glycerine, honey, oil
(101–104 Pas) (Acocella et al., 2001; Mathieu et al., 2008; Galland
et al., 2018b). Independent of the used experimental fluid, a high-
cohesive host rock material (e.g. powders of silica diatomite or
ignimbrite) dominantly fails by tensions at the outer edges of the

intruding sill or inclined dyke, whereas a low-cohesive material
(e.g. quartz sand) fails by shear and reverse faults (Figure 14A)
(Mathieu et al., 2008; Abdelmalak et al., 2012; Montanari et al.,
2017; Galland et al., 2018b; Poppe et al., 2019). The viscosity of
the fluid affects the width of the forced fold and the emplacement
mode of the intrusion (Mathieu et al., 2008). If the injected fluid
has a relatively low viscosity, saucer-shaped sills with rather wide
forced folds form. If the injected fluid has a relatively high
viscosity, resurgent blocks bounded by sub-vertical reverse
faults develop (Acocella et al., 2001; Montanari et al., 2017;
Galland et al., 2018b). This suggests that our experimental
results are best applicable to structures formed by low-viscous
intrusions (i.e. fluidized sand, low-viscous magma).

Using numerical models, Haug et al. (2018) revealed that the
failure mode at the tip of propagating sills also depends on the
ratio between sill radius (R) and intrusion depth (H) (equivalent
to overburden thickness). Shear failure is favoured for small ratios
(R/H< 1), whereas tensile failure occurs if the ratio is high (R/
H> 5) and the host rock cohesion is relatively large. In
experiments shown in the study presented here as well as in
Warsitzka et al. (2019), the half-width of the forced fold might be
used as equivalent to the sill radius. The width of the fold is
generally larger, if the cover layer is thicker (Warsitzka et al.,
2019). Taking into account the experiments in Warsitzka et al.
(2019) and exp. 1A and 2A of this study, the ratio R/H varies
between 1.3 and 2. Thus, initial tensile fracturing occurs at a lower
R/H ratio in our models compared to the model of Haug et al.
(2018). We speculate that this could be a result of the relatively
high cohesion in relation to the viscosity of the fluid.

FIGURE 14 | (A) Sketch illustrating the failure modes in host rocks at the tips of propagating magmatic sills (modified from Wilson et al., 2016; Haug et al., 2018).
Plastic shear failure (left) dominantly occurs in low-cohesive host rocks. Elasto-plastic tensile-shear failure (right) mainly takes place in high-cohesive host rocks. (B)
Schematic block diagram of a sand injection complex, which can generally be observed in outcrop and reflection seismic data (modified from Hurst et al., 2003). (C)
Schematic diagram showing the influence of magmatic intrusion related forced folds on the fluid system (e.g. Magee et al., 2017b).
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4.5 Implication for Natural Fracture Systems
Scale and complexity of fracture patterns induced by fluid
overpressure are often not sufficiently resolved in seismic data
or not accessible in surface outcrops. However, fracture patterns
play a major role in localization of fluid flow in sedimentary
basins (e.g. Walsh et al., 1998; Faulkner et al., 2010; Senger et al.,
2017) and, thus, are important for hydrocarbon reservoirs,
diagenetic ore deposits, and geotechnical fluid storage sites.
Fluid injection into subsurface sedimentary formations for the
production of geothermal energy or storage purposes, e.g. during
CO2-storage, can lead to increased fluid pressure and changes in
stress-strain-conditions resulting in uplift of the sealing
formation and (re-)activation of fractures (e.g. Rutqvist, 2012;
May et al., 2019). If unrecognized, such fractures can result in the
widespread lateral migration of the leaked fluid in sediment layers
of the overburden. Thus, detecting and monitoring such fractures
during fluid injection are important for risk assessment of
storage sites.

Our experimental study helps to assess the geometries,
connectivities and locations of sub-seismic faults and fractures.
It shows that fracture geometries and distribution are determined
by the kinematics of larger forced folds, which governs the main
displacement and strain components. Relatively large, widely
opened fractures develop at the hinges of the folds. Emerging
from these wing fractures, sets of small-to medium sized fractures
develop in a V-shape region, which accommodate minor opening
and shearing. Before fracture breakthrough, the region is
dominated by compaction fractures. The compactive failure
likely causes a reduction of the porosity, which potentially
increases the sealing capacity of the region. Thus, the opening
wing fractures at the base of the cover might represent potential
targets for geothermal or hydrocarbon production wells. During
fracture breakthrough and flank uplift, in contrast, opening and
shearing along the fractures is largest. Collapse of the fold after
pressure relief results in partial closure of the fractures.
Nonetheless, these shear-dominated fractures are still
permeable after breakthrough as suggested by the decreased
air pressure in the basal chamber. Transferred to nature, such
wing fractures and the surrounding damage zones in the
V-shaped region might be below seismic resolution, but still
permeable and potential leakage pathways for fluids from the
underlying reservoir. Based on our experimental results,
orientation and extent of networks of small-scale fractures can
be predicted so that potential regions for further exploration and
risk assessment can be defined. Spill-points of anticlinal
structures thus might not only bear risks of unwanted lateral
but also of vertical fluid migration out of a storage reservoir. In
the following, we discuss some specific geological processes in the
shallow crust (<~1 km) leading to folding associated fracturing.

4.5.1 Fracture Patterns due to Sand Injections
Many examples of seismic and outcrop data of shallow sand
remobilization (a few hundreds of meter depth) demonstrate that
saucer-shaped intrusions emanate from buried sub-marine sand
channels (e.g. Dixon et al., 1995; Lonergan et al., 2000; Duranti
and Hurst, 2004; Huuse et al., 2004; Jackson, 2007; Szarawarska
et al., 2010; Monnier et al., 2015). They are often associated with

“jack-up” folds of the fine-grained overburden and wing fractures
at the margins of the parent sand unit leading to saucer-shaped
sand intrusion structures (Figure 14B). Localized fluid
overpressure in the often isolated sand bodies can be caused
by fluid influx from a lower reservoir at the top of faults or other
fluid conduits (Huuse et al., 2005; Frey-Martnez et al., 2007). It is
suggested that differential compaction and forced folding of the
overburden strata lead to convex-up geometries above such
channels (Cosgrove and Hillier, 2000; Jackson, 2007;
Szarawarska et al., 2010). Our experiments suggest that pure
tensile failure at the flanks of the forced fold can be the seed
initiating sand intrusions. Fluid overpressure localizes in these
initial wing fractures so that sand intrusions are able to propagate
further.

In our experiments, wing fractures are symmetric on both
sides of the initial forced fold (phase 1), whereas breakthrough to
the surface always focuses on one side and leads to highly
asymmetric structures, in particular in the experiments with a
multilayered cover (Figures 4, 6). In contrast, wing intrusions of
saucer-shaped intrusions mostly appear to be symmetrical in
seismic data in terms of dip, shape and length (e.g. Duranti and
Hurst, 2004; Huuse et al., 2007; Cartwright et al., 2008;
Szarawarska et al., 2010). This might indicate that
breakthrough and extrusion of reservoir material occurs on
both sides of the forced fold. However, it is also possible that
the side of breakthrough is not recognized, because small-offset,
often steeply inclined shear fractures in the upper parts of the
wing intrusions are below seismic resolution. This, in turn, has
major implications for fluid flow, since the side of the
breakthrough is permeable for fluid flow, whereas the opposite
side might still be sealed. Another explanation for the structural
differences between our models and natural sand injection could
be the inadequate scaling of the viscosity of the mobilized and
fluidized sand (see experimental limitations).

Besides saucer-shaped sand intrusions dominated by wing
fractures, there are examples where sand intrusions are localized
at the crest of the parent sand body (“crestal intrusion complex,”
Figure 14B) (e.g Dixon et al., 1995; Briedis et al., 2007; Frey-
Martnez et al., 2007; Surlyk et al., 2007). According to numerical
models by Meng and Hodgetts (2020), these crestal intrusions
dominantly develop, if the cover layer has a relatively low
cohesion and thickness. However, crestal shear failure and
extrusion of the reservoir materials also occurred in our 3D
experiment 1B (Figure 5), which was preceded by radial
doming of the cover layer. Thus, we suggest that crestal
intrusion complexes can also evolve in high-cohesive cover
layers, if the top of the sand body already forms a convex-up
geometry, which can be due to, for instance, laterally differential
compaction.

As described above, the sequence of forced folding and
fracture breakthrough can repeat in multiple structural levels
with the presence of a high-permeable interlayer in the cover.
Such sequences of generations are also interpreted from outcrop
studies on multilevel submarine channels embedded in
mudstones (Hubbard et al., 2007; Monnier et al., 2015).
Monnier et al. (2015) proposed that a sill-dyke network
emerged from a lower channel body (300–400 m depth),
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penetrated into shallow channels (100–200 m depth) and led to
sand remobilisation and hydrofracturing. During that upward
propagation, the region affected by sand injections extended to as
much as 1 km away from the lower sand channel. These
similarities in the evolution compared to our multi-layer
experiments emphasize the importance of a mechanically
stratified overburden on the evolution of sand injection systems.

4.5.2 Fracture Patterns due to Magmatic Intrusions
Magma emplacement in the shallow layers of sedimentary basins
takes place by the formation of a system of sheet-like, inclined and
saucer-shaped sill intrusions (Figure 14C) as observed in many
field studies (e.g Schofield et al., 2010; Wilson et al., 2016; Magee
et al., 2017a) and in seismic data (e.g. Hansen and Cartwright,
2006; Thomson and Schofield, 2008; Jackson et al., 2013; Magee
et al., 2013, 2017b; Omosanya et al., 2017; Schmiedel et al., 2017;
Reeves et al., 2018; Reynolds et al., 2022). These studies show that
magma inflation during sill emplacement often leads to forced
folding of the overburden and extensional deformation in the
stretched hinge zone. Magee et al. (2017a) present a field exposure
of a shallow-level saucer-shaped intrusion, where an elliptical,
dome-like uplift of the ground surface and related crestal
extension prior to eruption were identified at the surface. It is
suggested that growth of the dome already started centuries
before present-day lava extrusion. InSAR measurements
detected a few meters of ground surface uplift of the dome
prior to as well as subsidence during and after a recent
volcanic eruption (Magee et al., 2017a). This evolution is
similar to that observed in our 3D experiments, where a long-
lasting phase of fold growth associated with crestal fracturing is
followed by relatively short phases of fracture breakthrough and
subsidence of the fold (5C and 7C). Remarkably, volcanic
eruptions took place along the margins of the dome (Magee
et al., 2017a), which is different from our 3D exp. 1B but similar to
exp. 2B. Likewise, other field and seismic based studies often
suggest that fluid flow and magma transport mostly occurs at the
marginal inclined dykes of a saucer-shaped intrusion
(Figure 14C) (Thomson and Schofield, 2008; Muirhead et al.,
2014; Agirrezabala, 2015; Omosanya et al., 2017; Galland et al.,
2018b; Reeves et al., 2018), which then can serve as feeders for
additional sills and forced folds in shallower levels (e.g. Reynolds
et al., 2022). This implies that fracture breakthrough at the fold
limb rather than crestal breakthrough is the dominant process for
magma extrusion of saucer-shaped sills. Even though saucer-
shaped magmatic intrusions and their flanking inclined dykes are
rather symmetrical in profile view (similar as wing-like sand
injections), seismic and analog modelling studies reveal that
fracture breakthrough and vertical magma propagation is a
rather asymmetric process and concentrates at one side of the
saucer-shaped structure (e.g. Abdelmalak et al., 2012; Galland,
2012; Magee et al., 2013; Reynolds et al., 2022), which can cause
uplift and reverse faulting at one flank of sheet intrusions, so
called “trapdoor faulting” (e.g. Jónsson et al., 2005). This
asymmetry of the breakthrough and extrusion process is in
accordance with our experimental results.

As explained above, initial inclined dykes at the tips of
propagating sills open either by shear failure or by tensile

fracturing (Figure 14A) (e.g. Thomson and Schofield, 2008;
Schofield et al., 2010; Magee et al., 2014; Wilson et al., 2016;
Schmiedel et al., 2017; Galland et al., 2018a; Haug et al., 2018).
Field examples, such as those described in detail by Muirhead
et al. (2014), show that meter-scale geometries of inclined dykes
are characterized by alternating segments of shear- and tensile-
dominated fractures. Similar observations were made by Vétel
and Cartwright, 2010 on clastic dykes from a partly exposed sand
injection network. The measured opening direction was oblique
to the dykes suggesting a mixed-mode shear and tensile failure of
the intrusions. Our experimentally derived structures (cf.
Figure 3B) indicate that such mixed-mode opening pattern
can develop at the hinges of forced folds due to shear-induced
propagation of fractures initially opened in tensile mode. Thus,
our experimental results can help to interpret evolution of
outcrop-scale fracture networks around saucer-shaped
magmatic and wing-like sand intrusions, even though the air-
grain mixture in our models is not scaled to magma or fluidized
sand in terms of their viscosity.

The similarity of features resulting from the two processes
described above suggest that our experimental results can be
applied to various scales assuming that we do not rely too strictly
on the defined geometrical scaling ratio of 10–4. The sequence of
forced folding and fracture breakthrough can occur from shallow
level sand mounds beneath cohesive fine-grained sediments
(<100 m, Frey-Martnez et al., 2007) to large scale sand and
magmatic intrusions (<1000 m, Jolly and Lonergan, 2002).

5 CONCLUSION

In this analog modeling study, we examined the influence of a
homogeneous vs heterogeneous (multi-layered) cover as well as
2D vs 3D experimental configuration on the mechanisms of
forced folding and associated fracturing driven by excessive
fluid pressure.

(1) The structural evolution in the experiments undergoes a first
phase characterized by symmetrical forced folding, the
development of a network of inclined fractures at the
hinges of the fold and sub-vertical crestal fractures. The
initial wing fractures in the lower part of the cover layer
mainly open in tensile mode, whereas the upper part of the
wing fracture network is characterized by compactive failure.

(2) During the second phase, the fractures break through to the
cover layer dissecting the overburden in separate blocks.
These blocks are differentially uplifted, which induces
dominantly shear and hybrid shear-tensile failure. The
breakthrough is followed by the subsidence of the forced
fold and a decrease of fluid pressure in the reservoir layer.
Under most conditions, the breakthrough takes place along
the wing fracture system at the hinges of the forced fold such
that the previously formed tensile wing fractures are
reactivated as shear fractures. Only in the 3D experiment
with homogeneous cover, breakthrough occurred along the
crestal fracture system. We related this behaviour to the
dome-shaped forced fold under a relatively thick cover
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layer, whereas it is mechanically easier to fracture the crest
than to uplift the fold limb.

(3) Comparison of the same layering in a quasi 2D and a 3D
configuration revealed that the forced fold and region affected
by fractures is wider and the critical pressure required for
initiation of uplift and breakthrough are larger than in
equivalent 2D experiments. This is because stresses required
for bending of the cover layer are higher in the 3D experiment,
because bending stresses act in all horizontal directions.
Furthermore, the crestal fracture network is more complex
in 3D experiments, where it is characterized by hybrid tensile-
shear fractures striking in multiple directions.

(4) In experiments with a mechanically layered cover, the initial
forced fold is narrower and critical pressures of folding and
breakthrough are lower. This implies that resistance against
bending is smaller if the cover succession contains weak
interlayers. In the experiments with multilayered cover, wing
fractures are more inclined and the system of wing fractures
is more complex and asymmetric. Furthermore, the fractured
region in the upper cover layer is significantly wider than at
the top of a homogeneous cover layer. These differences
between multi-layered and homogeneous cover mainly
results from lateral spreading of the fluid overpressure in
the intercalated high-permeable reservoir layer. Thus, it can
be expected that fluid leakage can occur with considerably
lateral offset away from the original overpressured fluid source.

(5) The recognition of 3D fracture patterns is crucial for
understanding subsurface fluid migration in sedimentary
basins. The process of forced folding, opening of tensile
fractures and breakthrough by shear failure can be applied
to structural evolution of different types of reservoir-
overburden-systems, such as the formation of saucer-
shaped sand intrusions, shallow magmatic sill to dyke

transitions and underground fluid storage. Our
experimentally derived observations help to interpret
subsurface structures from surface fractures and vice versa.
We emphasize that three-dimensional variations of the
fracture patterns can be underestimated when considering
only 2D cross sections.
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