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Several mountainous regions are currently affected by syn- or post-orogenic a

investigate how a newly-formed normal fault interacts with structures inherited from a previous
contractional phase. To this end, we use analog models that adopt an innovative technique for per-
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1. Introduction
forming a precut that mimics such inherited structures into a clay layer; this clay layer is laid on top of a
master fault simulated by two rigid blocks sliding along an inclined plane. We carry out six experiments
with variously oriented precuts and compare the results with those obtained in a reference isotropic
experiment. All other conditions are identical for all seven realizations. Fault evolution is monitored by
taking closely-spaced snapshots analyzed through the Digital Image Correlation method. We find that
the upward propagation of the normal fault can be either accelerated or decelerated depending on the
presence of a precut and its orientation. Such precuts can also promote or inhibit the formation of
bending-moment faults. These interactions between master fault and precut also affect the shape of the
fault-related synclineeanticline pair.

Gudmundsson, 2011). The growth history of a natural extensional
Long-term geological processes, s

fault, however, is often more complex than one might expect from
uch as the growth and devel-
opment of extensional faults from their embryonic stage (blind

such simple models. Rock variability and the presence of older
structures (e.g., pre-existing faults) may play a crucial role, for
faults) to a mature stage (basin-bounding faults), cannot be
appreciated on a human timescale. Two fundamental options exist
to overcome this limitation. One is the analysis of natural faults at
different stages of maturity at different locations; the other is the
analysis of faults through modeling. In principle, the first strategy
should be preferred, but identifying a suite of faults having different
age and sharing a similar tectonic framework may turn out to be
extremely difficult. The second strategy is easier to pursue but its
assumptions and limitations need to be carefully considered. Con-
ceptual evolutionary models predict that in a uniform material
faults form through the coalescence of Mode I fractures subse-
quently reactivated in shear (e.g. Segall and Pollard, 1983; Martel
et al., 1988; Pollard and Aydin, 1988; Mandl, 2000; Scholz, 2002;
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instance, in affecting the geometry of the fault and its extent. These
occurrences are nearly inevitable when extension takes place in
mountain belts where syn- or post-orogenic extensional structures
develop in complex settings created by the superposition of
different rock types separated by thrust faults (Fig. 1). Several major
mountain belts are currently undergoing extension, including the
Himalayas (Molnar et al., 1993), the Andes (Dalmayrac, and Molnar,
1981), the Basin and Range (Wernicke, 1981; Malavieille, 1993), the
Taiwan Orogen (Teng, 1996), the Alps (Selverstone, 1988; Bonini
et al., 2010; Maino et al., 2013), the Apennines (Elter et al., 1975;
Hyppolite et al., 1994; Tavarnelli et al., 2001, 2003), and the Pyr-
enees (Chevrot et al., 2011; Lacan and Ortu~no, 2012). The growth of
faults in these heterogeneous layered settings has been the object
of a number of studies (see van Gent et al., 2010; Roche et al., 2013
and references therein). A few studies have also discussed how
faults develop when interacting with pre-existing mechanical
weaknesses, such as inherited fault zones or thin weak rock layers
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(e.g., Williams et al., 1989; Faccenna et al., 1995; Tavarnelli et al.,
1996a, 1996b; Cosgrove and Ameen, 2000; Withjack and
Callaway, 2000; Tavarnelli et al., 2001; Tvedt et al., 2013;
Di Domenica et al., 2014; Tong et al., 2014). In addition, theoretical
and numerical analyses have shown that even thin mechanical

potential reactivation of pre-existing faults (e.g. Eisenstadt and
Sims, 2005; Bonini et al., 2014).

In this study we use wet clay to simulate the deformation pat-
terns associated with an extensional, initially blind, master fault
(Fig. 2). As regards the clay type, we adopt wet kaolin because it is
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Fig. 1. Schematic cross section showing the early blind phase of an extensional system where new faults grow up and interact with inherited mechanical discontinuities such as
thrust faults.
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weaknesses may deflect, stop, decelerate or accelerate the propa-
gation of new faults (e.g., Cooke and Pollard, 1997; Roering et al.,
1997; Mandl, 2000).

In this study we investigate how the growth of an extensional
fault is affected by the presence of a pre-existing frictional
discontinuity located in the rock volume overlying the fault itself.
To this end we performed analog modeling through a series of six
experiments using a clay layer; in each realization a precut is placed
with variable orientation with respect to a master fault, thus
simulating simple but different inherited structural settings. The
results of these experiments are compared with the state of
deformation of a reference isotropic experiment (no precut above
the fault). We quantify the strain-rate distribution inside the
different experiments and reconstruct the evolution of any fault-
related folds at significant steps.

Our results indicate that during the evolution of a growing
extensional fault any pre-existing discontinuity affects (i) the
propagation rate of new faults and their ability to reach the surface,
(ii) the development of secondary brittle structures related to fault-
propagation folding, and (iii) the shape of the related accommo-
dation space together with the migration of the syncline hinge
through time. We claim that these elements can be related to the
presence and orientation of pre-existing mechanical discontinu-
ities in natural cases.

2. Method and experimental setup

Two analog materials are commonly used to investigate the

evolution of extensional structures: dry sand and wet clay. These
two materials have different properties and are selected by mod-

2

elers based on the goal to be pursued (Eisenstadt and Sims, 2005).
Dry sand is classically used to analyze broad deformation zones and
fault kinematics (e.g. Davis et al., 1983; McClay and Bonora, 2001;
Ahmad et al., 2014; Toscani et al., 2014; Philippon et al., 2015), as
well as the brittle surface expression of blind faults (e.g. Bonini
et al., 2011; Galuppo et al., 2015). Wet clay is especially used in
studies devoted to analyzing the development of faults and frac-
tures (e.g. Cloos, 1968; Withjack and Jamison, 1986), and the
one of the most used and tested clay types for simulating faulting
and folding in brittle crustal rocks (e.g., Withjack et al., 1990;
Eisenstadt and Sims, 2005; Miller and Mitra, 2011; Cooke and van
der Elst, 2012).

The experimental apparatus is composed by two rigid blocks
juxtaposed along 45� sloping sides, which represent the plane of
the master fault. We adopted a dip of 45� for the master fault
because worldwide compilations of normal faults show that this is
the most common value in tectonically active regions (Jackson and
White, 1989; Collettini and Sibson, 2001).

Wet clay covers the two rigid blocks and represents rocks
located above the master fault (Fig. 2). The footwall block is fixed,
whereas the hanging wall block is allowed to slide downward along
the sloping side. The displacement of themoving block is controlled
by a stepper-motor at a constant velocity of 0.005 mm/s. The clay is
wet kaolin with density of 1.65 g/cm3, water content of 60% by
mass, shear strength in the range 50e120 Pa (Eisenstadt and Sims,
2005; Cooke and van der Elst, 2012), and friction coefficient equal
to 0.6. Using well established scaling rules (e.g., Hubbert, 1937) we
assume that under these experimental conditions 1 cm in our
experiment corresponds to about 1 km in nature. In all the exper-
iments the clay layer is 5 cm-thick, thus representing a 5 km-thick
brittle continental crust in nature. Black quartz sand grains are
placed on the model side to act as displacement markers by
creating a visual contrast with the pale-colored clay, hence allow-
ing the model evolution to be monitored. In addition to mapping
brittle structural features such as newly-formed fractures and
faults, this technique allows us to identify peculiar features of the
displacement field, including the trishear zone (Hardy and Ford,
1997; Allmendinger, 1998), and to obtain a high-resolution quan-
tification of the deformation taking place during the experiments.
Fault evolution, displacement field, and strain-rate distribution are
investigated through the Digital Image Correlation method (D.I.C.;
Pan et al., 2009) by analyzing side photographs taken at every
0.5 mm of displacement on the master fault using the PIVlab
software (Garcia, 2011; Thielicke, 2014; Thielicke and Stamhuis,
2014).

What makes wet kaolin especially suitable for our purposes is
the possibility of precutting the clay layer to introduce thin



mechanical discontinuities that simulate pre-existing faults or thin
layers of weaker rocks. The precut is ~200 mm thick and is obtained
by sliding an electrified blade into the clay layer before starting the
deformation process. This technique has already been applied to
reproduce long-lived faults both in strike-slip systems (Cooke et al.,

simplicity, we show snapshots taken at the end of regular intervals
of 0.5 cm of displacement on themaster fault. In the following, each
interval is denoted as follows: 0.0e0.5 cm, Early Stage; 0.5e1.0 cm,
Middle Stage; 1.0e1.5 cm, Late Stage. For each stage we provide a
display of fault and fracture traces, a set of displacement vectors,

During the Early Stage a newly-formed synthetic fault and a
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Fig. 2. a) Plan and side views of the apparatus and initial setup of the isotropic experiment E1. b-g) Initial setups for the precut experiments E2-E7 (the precut is shown by a black,
thick line on the side of the clay layer).

L. Bonini et al. / Journal of Structural Geology 74 (2015) 145e158 147
2013) and in extensional regimes (Paul and Mitra, 2013; Bonini
et al., 2014).

Using this setup we conduct seven experiments named from E1
through E7 (Fig. 2aeh, Table 1). E1 is a mechanically isotropic
experiment (i.e. without precut). E2 has a horizontal precut in the
middle of the clay layer. E3, E4 and E5 have precuts dipping 10�,
30�, and 45�, respectively, with the same dip direction of themaster
fault (i.e., synthetic planes). The last two experiments, E6 and E7,
have a precut dipping 45� and 30�, respectively, both with opposite
dip directionwith respect to the master fault (i.e. antithetic planes).

The precut is spatially arranged such that it consistently runs
2.5 cm above the tip of the master fault for all experiments. For

Table 1
Summary of initial conditions and results of each experiment.

Initial conditions Results

Precut Dip angle Dip direction Propagation ratea
Below precut Across precut

E1 No e e e e

E2 Yes Horizontal e z >
E3 Yes 10� Synthetic z >
E4 Yes 30� Synthetic z R
E5 Yes 45� Synthetic z R
E6 Yes 45� Antithetic z >
E7 Yes 30� Antithetic z >

a Mathematical symbols represent relative values of propagation and syncline hinge
precut reactivation.

3

and the strain-rate distribution within the clay layer.

3. Experimental results

3.1. Experiment E1: isotropic
smaller antithetic fault propagate upward from the upper tip of the
master fault (Fig. 3a), and the fault-propagation folding produces a
gentle monocline. The displacement field indicates a trishear zone
located above the tip of the master fault (Fig. 3b), and the strain

Antithetic faults Shallow brittle Syncline hinge

created structures created migration ratea

Above precut

e Yes Yes e

>> No Yes z

<< Yes Yes z

R Yes No <
R Yes No e

< Yes Yes <
< Yes Yes <<

migration rates with respect to the isotropic experiment (E1); letter “R” stands for



analysis shows that most of the deformation is related to the
upward-propagating synthetic fault (Fig. 3c).

In the Middle Stage the first synthetic fault slightly propagates
upward (Fig. 3d) and two branches appear on both sides of it. Such
faults grow by connecting previously-formed small cracks. At the

the free surface accommodates the development of the monocline
(Fig. 4a). Displacement vectors depict a trishear zone whose apical
angle is located close to the precut (Fig. 4b), attesting faster upward
fault propagation than in E1 (compare with Fig. 3b). The strain-rate
distribution shows that most of the deformation is confined below

RI
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free surface, the steepening of the monocline produces two
downward-propagating faults (bending-moment faults).

During the Late Stage upward- and downward-propagating
faults connect to each other, thereby forming a continuous fault
plane that extends from the tip of the rigid hanging wall block up to
the free surface (Fig. 3g), and there it forms a fault free face.
Displacement vectors confirm the decoupling between the two
sides of the fault in the clay layer, showing no motion of the foot-
wall (Fig. 3h). Overall the strain-rate distribution shows that most
of the deformation is concentrated along the main synthetic fault,
though a secondary synthetic structure located in its hanging wall
displays significant activity (Fig. 3i). The heterogeneous strain-rate
distribution along the fault traces suggests that these faults form by
linking small cracks.

In summary, the isotropic model shows that after about 1.5 cm
of displacement imparted to the rigid blocks the fault has propa-
gated enough to reach the free surface. This value is then used as a
reference maximum displacement to compare the results obtained
from the other experiments at the same step. In case the propa-
gating fault reaches the surface before this reference maximum
displacement, the experiment is stopped.

3.2. Experiment E2: horizontal precut

In the Early Stage a newly-formed, synthetic fault propagates
upward and intersects the horizontal precut (Fig. 4); a small frac-
ture is located above its upper tip, and a bending-moment fault at
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Fig. 3. Side view of the isotropic experiment E1 after 0.5, 1.0 and 1.5 cm of displacement on
the left-hand panels (a, d, g) were detected through visual inspection: the red lines marks
during previous stages. Central panels (b, e, h) show the displacement field detected using D
Right-hand panels (c, f, i) display the strain-rate distribution. (For interpretation of the refe
article.)
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the precut (Fig. 4c).
As the experiment proceeds to the Middle Stage the upward-

propagating fault crosses the precut and connects with overlying
fractures and with a newly-formed downward-propagating fault.
This new fault system cuts the entire clay layer, as testified by
the absence of displacement in its footwall (Fig. 4d). The
experiment is thus stopped at the end of this stage. The fault-
related folding at this stage produces bending-moment faults
at the free surface. The strain-rate distribution shows that most
of the slip falls along fault segments that formed in the Early
Stage (Fig. 4e).

3.3. Experiment E3: synthetic, 10� dipping precut

During the Early Stage a new fault forms and propagates upward
at a slower rate than that of E2, yet faster than the homologous fault
in E1 (Fig. 5a). Unlike the first two experiments, no brittle struc-
tures are seen above the precut. The displacement field shows a
trishear zone that crosses the precut (Fig. 5b). The vectors within
the trishear zone exhibit a larger horizontal component than in E1
and E2. The strain analysis shows only diffuse deformation above
the precut (Fig. 5c).

In the Middle Stage the upward-propagating fault reaches the
discontinuity and stops (Fig. 5d, f); only few secondary fractures
form at its tip without significant shearing. Two antithetic faults
forms in the hanging wall of the master fault and a new bending-
moments fault accommodates extension at the free surface. The
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strain analysis shows that most of the deformation is confined
below the precut (Fig. 5f).

In the Late Stage the upper tip of the upward-propagating fault
remains in the vicinity of the precut (Fig. 5g). Brittle deformation is
accommodated in its footwall by another small fracture located

3.4. Experiment E4: synthetic, 30� dipping precut

During the Early Stage a new fault forms at tip of the master
fault and by propagating upward quickly reaches the precut
(Fig. 6a). Both the displacement field and the strain-rate distribu-
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Fig. 4. Side view of E2 (horizontal precut). The dashed lines mark the precut; other symbols as in Fig. 3.
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close to the precut and by bending-moment faults. The strain-rate
distribution and displacement vectors show that there is no
connection between upward- and downward-propagating struc-
tures. Therefore, at the final step of this experiment the slip at
depth is not transferred all the way to the free surface.
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5

tion show that the upper part of the precut has been slightly
reactivated. The composite structure that includes the newly-
formed fault and the reactivated precut inhibits the formation of
a trishear zone, leaving the footwall almost undeformed (Fig. 6b, c).
In the Middle Stage a new synthetic fault forms in the footwall of
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the previously formed fault (Fig. 6d) and slip on the precut in-
creases (Fig. 6e, f). Small fractures form in the zone where newly-
formed faults meet the reactivated section of the precut. These
fractures appear to be related to the flexure of the hanging-wall
block due to the sliding along the composite structure. In the Late

experiment than in all other experiments (Fig. 8e). The strain-rate
distribution shows that much of the deformation is localized on
the surface faults (Fig. 8f). During the Late Stage (Fig. 8g) the
upward-propagating fault splits into two splays and crosses the
precut. Bending-moment faults are well-developed and exhibit a
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Stage (Fig. 6g) the displacement vectors and the strain-rate distri-
bution show that this composite structure reaches a mature stage
and the displacement of the rigid blocks is transferred up to the free
surface through the precut (Fig. 6h, i). A secondary synthetic fault
located in the hanging wall of the composite structure propagates a
bit farther upward, yet it does not reach the free surface. Unlike
previous experiments (E1, E2, E3), no bending-moments faults are
formed at the free surface.

3.5. Experiment E5: synthetic, 45� dipping precut

In the Early Stage an upward-propagating fault reaches the
precut, forming a composite fault that immediately transfers the
displacement all the way to the free surface (Fig. 7). Both the
displacement field and strain-rate distribution (Fig. 7b, c) show that
slip is rather uniformly distributed along the precut. The experi-
ment is then stopped.

3.6. Experiment E6: antithetic, 45� dipping precut

During the Early Stage a new fault develops from the tip of the
master fault (Fig. 8); its propagation produces a somehow irreg-
ular trishear zone above it (Fig. 8b). The strain-rate distribution
shows a partial reactivation of the precut, especially in the section
near the newly formed fault (Fig. 8c). In the Middle Stage the
upward-propagating fault reaches the precut and stops (Fig. 8d).
Meanwhile, small fractures form in the hanging wall of the precut,
some due to bending. Near the free surface the horizontal
component of displacement dominates, thereby promoting the
formation of bending-moment faults that are more evident in this
sizable vertical displacement; yet they do not show a direct
connection with the upward-propagating faults (Fig. 8h). The
strain-rate distribution shows the reactivation of the precut
(Fig. 8i).

3.7. Experiment E7: antithetic, 30� dipping precut

In the Early Stage (Fig. 9) the upward-propagating fault is
slightly more developed and the displacement field is less irregular
than in E6 (Figs. 9b and 8b). The strain-rate distribution shows only
a modest reactivation along the precut and most of the strain is
concentrated along newly-formed faults (Fig. 9c). During the Mid-
dle Stage the upward-propagating fault reaches the precut and
bending-moment faults start propagating downward from the free
surface (Fig. 9d, e). In this stage the strain-rate distribution shows
that the precut is not reactivated and part of the deformation fo-
cuses along an embryonic antithetic fault (Fig. 9f). In the Late Stage
upward- and downward-propagating faults are almost connected
(Fig. 9g), as testified by the displacement vectors and by the strain-
rate distribution (Fig. 9h, i). Similarly to E6, also in this experiment
bending-moment faults exhibit a considerable vertical offset, but in
this case also the newly-formed antithetic fault produces signifi-
cant offset of the free surface.

4. Discussion

In all experiments with precuts (E2-7), and starting from the
very early development stage, the geometry and kinematics of
brittle structures, the shape of the related folds, the displacement
fields, and the strain-rate distributions differ from those seen



following the isotropic experiment (E1). These differences are
analyzed in detail in the following sections (see summary of results
in Table 1).

Although we investigate how pre-existing discontinuities affect
the evolution of a normal fault, our experiments yield results
qualitatively similar to those obtained by Roering et al. (1997); we
observe different velocities in fault propagation, however, also
depending on 1) the location of the upward-propagating fault and
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Fig. 7. Side view of E5 (synthetic, 45� dipping precut). The dashed lines mark the precut; other symbols as in Fig. 3.
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4.1. Upward propagation of new faults

The role of mechanical discontinuities on the propagation of
fractures and faults represents one of the main problems faced by

fracture mechanics andmaterial science (see Gudmundsson, 2011,

characteristic angle of shear fractures (Fig. 3a). Such shear fractures

ER
acem
for a summary); as such, it has been the object of several studies.
Numerical models, and particularly those based on boundary el-
ements approaches (e.g., Cooke and Pollard, 1997; Roering et al.,
1997; Cooke et al., 2000; d’Alessio and Martel, 2004; Cooke and
Madden, 2014), yielded encouraging results for geological appli-
cations. Among other workers, Roering et al. (1997) analyzed the
influence of horizontal, bedding-plane slip on the propagation of
a newly-formed, blind reverse fault, suggesting: 1) an increased
tendency of the new fault to propagate upward when the fric-
tional plane is above it, and 2) a reduced tendency for the same
new fault to propagate further when its tip reaches the pre-
existing plane.
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2) the orientation of the pre-existing discontinuities (precuts). The
upward propagation rate of our newly-formed faults is not constant
over time (Fig. 10a), but it either accelerates or decelerates during
all experiments. Below we first recall how these faults grow in the
isotropic experiment, then analyze the fault-propagation rate in
experiments with differently oriented precut.

4.1.1. The isotropic model
The main fractures that can be visually detected on the side of

the clay layer in the Early Stage of the isotropic experiment (E1)
formed with an acute angle with the vertical s1 (ca. 30�), the
(Mode II) e i.e. the upward-propagating faults e connect to each
other through small vertical fractures reminiscent of wing cracks
(Mode I). In general, this propagation pattern is similar to that ex-
pected from crack models and it has been observed both in
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laboratory tests on rock samples and in field studies (see Scholz,
2002 for a summary and references on this topic). The profile of
upward propagation of these faults reflects this process (Fig. 10a).

At the very beginning of the experiment the stress concentra-
tion at the buried tip of the master fault (i.e. at the boundary be-

formed faults is slightly faster than in the isotropic case (Fig. 10b)
but slower than in the experiment where the precut is horizontal.
The upward-propagation rate of newly-formed faults becomes
increasingly faster for an increase in the dip of the precut in ex-
periments where the precut is synthetic to the master fault. Our

established that the behavior of the propagating fracture strongly
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tween the rigid blocks) increases and generates small en echelon
Mode I fractures, resulting in a low fault propagation rate (Fig. 10a).
When the small, Mode I fractures connect to one another, and
become visually detectable Mode II fractures, the propagation rate
increases abruptly and the shear fractures develop up to 1.5 cm
from the original location of the tip of the master fault. This process
is followed by another phase of Mode I crack formation, and
consequently the fault propagation slows down. During the Late
Stage the upward-propagating fault connects through Mode I
cracks located at its tip with downward-propagating faults, thereby
increasing the extent of its upward propagation.

In summary, the upward propagation rate of newly-formed
faults in the isotropic experiment is not constant; it is very slow
during the formation of Mode I cracks, but increases abruptly when
the cracks start connecting and forming shear fractures. This pro-
duces an asymmetric propagation profile, with a nucleation phase
dominated by the formation of small cracks at the tip of the shear
fractures and limited upward propagation, followed by a growing
phase where small cracks connect to one another to form larger
shear factures, thus determining faster upward propagation.

4.1.2. Fault-tip upward propagation below the precut
At the very beginning of all experiments with precut, the char-

acteristics of the upward propagation of new faults are rather
similar to those seen in the isotropic experiment (Fig. 10b). How-

ever, significant differences in the upward propagation rates start

8

appearing later on, when the newly-formed, upward-propagating
shear fractures extend beyond 1 cm distance from the base of the
clay layer. At this point, in experiments where the precut is anti-
thetic to the master fault the upward-propagation rate of newly-
results thus confirm that discontinuities located above a fault
accelerate its upward propagation rate, but this tendency is
controlled by the dip angle and dip direction of the precut. This
occurrence is probably related to the stress intensity at the prop-
agating tip of upward-propagating faults; as shown by the strain
analysis in the various experiments, which is larger when slip on
the discontinuity is larger.

4.1.3. Fault-tip upward propagation across the precut
A propagating fracture that meets a discontinuity may stop, be

deflected, or penetrate such discontinuity. The works by
Hutchinson (1996), Xu et al. (2003), and Wang and Xu (2006)
depends on the toughness of the encountered discontinuity, i.e. on
the ability of a material containing a crack to resist fracturing.
When the toughness is larger than the total strain energy, the
propagating fracture penetrates the discontinuity. Conversely,
when the toughness is lower than the total strain energy, the
propagating fracture is deflected and joins the discontinuity.

In our experiments we observe that the precut orientation
controls the propagation process of newly-formed faults when
their tip approaches the precut itself. We also observe that a steeper
precut dip angle, which determines an increased shear stress with
respect to normal stress, favors slip along the precut. More slip is
thus indicative of a relatively lower toughness of the discontinuity,
and consequently it is also indicative of a promoted fracture
deflection. The deflection of upward-propagating faults is pro-
moted in experiments where the dip of the precut is >10� (E4, E5,
E6, and E7; Fig. 10b). In experiments with antithetic precut, the
sense of slip on the precut is opposite to that of the main, upward-



propagating faults; hence, deflection is inhibited along such an
unfavorably oriented plane, resulting in a delayed upward-
propagation of newly-formed faults.

4.1.4. Fault-tip upward propagation above the precut
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In E4 and E5 the newly-formed faults reactivate the precut and
quickly reach the free surface. In E2 the upward-propagating fault
accelerates after connecting with the horizontal precut. In all other
experiments (E3, E6, and E7) the newly-formed faults decelerate
their upward propagation as they extend beyond the precut
(Fig. 10b). In these experiments, such deceleration is probably
related to the slip on the precut that accommodates part of the
shear strain.

4.2. Antithetic faults

Another important difference between the isotropic experiment
(E1) and the experiments with precut (E2-7) concerns the forma-
tion of antithetic faults (Figs. 3e9). In the isotropic case, an anti-
thetic fault evolves throughout the experiment and accommodates
the material deformation in the hanging wall of the main synthetic
upward-propagating faults (Fig. 3). It nucleated at the bend formed
by the master fault on the rigid blocks and the newly-formed up-
ward-propagating fault. The same is seen in E3 (Fig. 5), but in this
case the antithetic faults are located at the bends of the synthetic
upward-propagating fault and terminate their own propagation
against the precut.

In E2 the antithetic faults cannot be visually detected (left
panels in Fig. 4), though some strain concentrates where an anti-
thetic fault may be expected to form (Fig. 4e), i.e. on the hanging
wall side of the trishear zone. Such an occurrence can be explained
by the smooth trajectory of the synthetic fault, which derives from
the faster growth rate and lower hanging wall deformation than
those seen in other experiments.

In E4 and E5 (Figs. 6 and 7) the synthetic precuts have a dip�30�

and have been partially (E4) or totally reactivated (E5). The reac-
tivation prevents the formation of new antithetic faults by ac-
commodating most of the hanging wall deformation.

In E6, the precut is antithetic with respect to both the master
fault and the newly-formed upward-propagating faults. In this
case, the partial reactivation of the precut prevents the formation of
new antithetic faults (Fig. 8). In E7, the antithetic precut only
partially prevents the formation of antithetic structures because its
reactivation occurs only in the very early stage of deformation
(Fig. 9a). No antithetic faults are formed in later stages (Fig. 9f, i),
although a strain concentration is seen along an alignment whose
attitude and dip are compatiblewith those of an incipient antithetic
fault plane.

4.3. Shallow brittle structures

During all experiments, the movement of the rigid blocks and
the development of upward-propagating faults produce folding,
that is to say, bending of the free surface: anticlines above the tip of
the master fault and synclines over the rigid hanging wall. In most
of our experiments we observe faults that form near the free sur-
face and propagate downward, evolving through time and space
during the different stages of the experiments, yet they are nor-
mally confined at very shallow depth. As already mentioned, these
minor faults are related with the bending moment caused by the
upward-propagation of the main newly-formed synthetic fault.
Shallow downward-propagating structures form in five experi-
ments: E1, E2, E3, E6, and E7. They are located along the anticline
axis, i.e. where the tensile stress due to bending is largest. In
contrast, downward-propagating faults do not form at all in E4 and



E5, likely because slip on the main synthetic fault reaches the free
surface during the very early stages of deformation (Fig. 10b),
thereby minimizing the bending moment at shallow depth. Here-
after, we adopt the vertical projection to the free surface of the tip
of the master fault on the footwall rigid block as a reference for the

shallow faults (Section 4.3), we adopt the vertical projection to the
free surface of the tip of the master fault on the footwall rigid block
as a reference for the position of fold axes (Fig. 11b and d); in this
case, however, positive distance is toward the hanging wall.

A comparison of the hanging wall of all experiments shows
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position of these shallow faults (Fig. 10c); positive distance is to-
ward the footwall.

At the free surface of the isotropic experiment (E1) the first
structure nucleates near the anticline axis at a distance of 2.0 cm
(Figs. 3, and 10c). The second surface fault forms at a shorter dis-
tance and links with the upward-propagating fault during the late
stage of the experiment.

In E2, a shallow brittle structure forms since the Early Stage,
likely because the development of the fold related with the
upward-propagating fault is faster than in other experiments. This
shallow fault is located farther away into the footwall than shallow
faults observed in other experiments (Fig. 10c), yet it remains
within the trishear zone. In the Middle Stage, other shallow faults
quickly form at shorter distance but showing only little offset.

In E3 a shallow fault displaces the free surface at 2.5 cm distance
in the Middle Stage (Figs. 4, and 10c). During the Late Stage most of
the surface deformation concentrates on this fault because of the
significant slowdown in the evolution of the upward-propagating
but still blind faults, likely as a result of the interaction with the
precut. This interaction causes a small change of the monocline
shape, and, consequently, the maximum tensile stress is always
located in the same portion of the fold. Minor faults located at
shorter distance are related to the progression of theeminimal, yet
clearly visible e fold.

In E6 (Fig. 8) and E7 (Fig. 9), the downward-propagating faults
are well developed and offset significantly the free surface. This is
due to the reactivation of the precut that tightens the anticline at
shallow depth, thereby increasing the tensile stress on the fold
extrados.

In all experiments, the downward-propagating faults form
progressively from the footwall toward the hanging wall, though
their initial position and vertical offset are variable (Fig. 10c). In the
experiments where the upward-propagating faults reach the sur-
face (E1 and E2) the innermost shallow faults form in the early
stages and are then linked to the upward-propagating faults.

4.4. Shape of the free surface and migration of the syncline hinge

The shape of the anticlines and synclines and the position of
their hinges control the development of secondary brittle struc-
tures. Such direct correlation was illustrated in Section 4.3 where
we highlighted how the shape of the anticlines and themigration of
their hinge points lead to the formation of secondary shallow faults
e i.e. the bending-moment faults e while the master fault remains
blind.

To analyze the warping of the free surface we construct a
formline obtained by connecting the shallowest displacement
vectors; this allows us to avoid including unwanted artifacts due to
the unevenness of the top of the clay layer. All experiments show a
different evolution of the fold shape and of the space-time migra-
tion of fold hinges (Fig. 11). To highlight the peculiarities of each
experiment, we reconstruct 1) the cumulative and 2) the incre-
mental shape changes (Fig. 11a and c, respectively) at the same
intervals as in the fault analyses. The cumulative profiles provide a
way of comparing our experimental results with the bedrock of a
hypothetical sedimentary basin, i.e. with the shape of the basin
floor. Conversely, since erosion, transport, and deposition processes
respond dynamically to the changes of the accommodation space,
the incremental profiles provide useful information on the evolu-
tion/architecture of a sedimentary infill. Similarly to the analysis of
anticline limbs with different inclinations and a variable degree of
openness of the synclines (Fig. 11).

4.4.1. Early stage (from 0 to 0.5 cm)
In the isotropic experiment (E1) the syncline hinge is at about

2.5 cm (Fig. 11a). In most of the other experiments, the syncline
hinge is closer to the tip of themaster fault, with the exception of E3
whose syncline hinge is the farthest (Fig. 11a). Such differences are
due to the different propagation rates of the upward-propagating
faults and/or to the amount of slip taken on by the precut. In E3,
for instance, the position of the syncline hinge could be related to
the slower development of the upward-propagating fault or to a
weak reactivation of the precut or to both conditions. The syncline
hinge of E2 is the closest, likely because of the faster growth rate of
the upward-propagating fault. Regarding E4, E6, and E7, the syn-
cline hinge stays nearly in the same position even if the fault evo-
lution history and the resulting fold shape are different. Indeed in
E4 the reactivation of the synthetic precut produces a very open
anticline and syncline, whereas in E6 and E7 slip on the precut
tightens the shape of the syncline without shifting its hinge
(Fig. 11a, b). In E7 a small syncline also forms far away into the
hanging wall in correspondence with the precut cutoff and likely
due to the partial reactivation of the precut itself. Notice that in all
experiments the subsidence of the syncline hinge is about 0.3 cm
(Fig. 11a). In E5 no syncline develops because the early reactivation
of the precut quickly transfers slip up to the free surface, hence
drastically shortening the bending phase.

4.4.2. Middle stage (from 0.5 to 1.0 cm)
In the Middle Stage the differences between subsequent ex-

periments increase, though all syncline hinges migrate toward the
footwall. In E1, the syncline hinge migrates 0.29 cm vertically and
0.6 cm horizontally (Fig. 11b and d). E2, E3, and E4 show a similar
trend. Conversely, E6 and E7 display significant lowering without
any horizontal shift. This is likely due to the concurrent evolution of
fold-related faulting and slip on sections of the precut (Figs. 8 and
9). This trend is more evident in E6 because the precut is more
favorably oriented for being reactivated (dip ¼ 45�). Downward-
propagating faults begin to be well developed and offset the free
surface. In E3 the anticline is also reshaped by a small graben-like
structure. The precut reactivation in E4 increases the size of the
hollow located on the hinge zone of the major anticline. In E2 the
fast development of the upward-propagating fault produces a sort
of box fold (Fig. 11a). The analysis of the surface deformation
(Fig. 11c) highlights that this box fold is produced by a rapid
migration of the syncline hinge due to the evolution of the upward-
propagating fault. Fig. 11b and d show that E1, E2, and E3 have
approximately the same horizontal shift values, but the vertical
component in E1 and E3 is less pronounced than that of E2 and it is
insufficient to produce a significant change in the shape of the
syncline.

4.4.3. Late stage (from 1.0 to 1.5 cm)
In E1 the connection between upward- and downward-

propagating faults concludes the blind phase of the system. The
synclinal hinge migrates toward the footwall at an almost constant
rate (Fig.11b and d). In E3, the evolution of the upward-propagating
fault is drastically slowed down by the precut (Fig. 10b). Such
interaction enhances the little graben near the anticline hinge. In E4
the reactivation of the precut contrasts the migration of the



syncline hinge, resulting in its negligible horizontal shift (Fig. 11d).
Fig. 11c shows how the slip on this anti-listric (convex up) fault
results in a uniform subsidence of the hanging wall. In E6 and E7
the horizontal migration of the syncline hinge restarts only after
that the downward-propagating faults are well developed and the

Our experimental apparatus reproduces a planar, 45�-dipping
master fault. In nature, extensional faults may have a listric ge-
ometry that induces hanging wall deformation driven by the
sliding of rocks on a curved fault surface (e.g. rollover and drag
folds), potentially broadening the newly-generated accommoda-
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upward-propagating faults cross the precut.

4.5. Modeling limitations

The geometry and kinematics of faults and folds that develop in

an extensional system where variably oriented pre-existing dis-
continuities are located above a master normal fault can be suc-

1

cessfully simulated using analog modeling. Before applying our
results to analyze natural systems, however, it is important to
consider some intrinsic limitations of our experiments.

1

tion space (Resor and Pollard, 2012). Friction on the master fault
plane and secondary normal- and reverse-drag folds or a combi-
nation thereof may also control hanging wall deformation (e.g.,
Schlische, 1995).

Other important limitations regard the frictional properties and
the number of precuts within the clay layer. They may strongly
affect the evolution of the extensional system, amplifying or
reducing phenomena that we observe in our experiments (Roering
et al., 1997). The shear strength of the precut also depends on its
depth, because the deeper the precut, the higher the normal stress
acting on it. Therefore, for any given precut setting, a shallower



precut can be reactivated more easily. A better characterization of
precuts also improves the possibility of comparing them to natural
discontinuities.

In nature, the dip of the master fault strongly affects both the
associated folds and any secondary brittle structures (Withjack

In summary, although extension is currently the dominating
tectonic mechanism both in the Pyrenees and in the Apennines, the
structural architecture of these orogens reflects the activity of the
large seismogenic normal faults only to a very limited extent.
Instead, their landscape and their earthquake potential are clearly
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et al., 1990). When the master fault is steeper the associated fold
is tighter and determines an early development of bending-
moment faults. Conversely, when the master fault dip is gentler,
the associated fold is open and the extensional structures e or
downward-propagating faults e may not form at all because the
curvature radius is larger. Moreover, the normal faults may rotate
during the evolution (domino rotation), changing their dip and
affecting the shape of the accommodation space.

The usage of rigid hanging wall and footwall blocks is yet
another simplification. In the case of seismogenic faults, for
instance, surface deformation is not only produced by coseismic
elastic dislocation but also by postseismic relaxation. This is related
with the viscous roots and the viscoelastic properties of the lower
crust and upper mantle that may contribute to the surface defor-
mation by increasing the wavelength of the surface displacement
(Wang et al., 2006; Bürgmann and Dresen, 2008).

4.6. Natural extensional systems

Several currently active extensional systems are located in

continental regions that were affected by contractional processes in
earlier tectonic phases. These tectonic systems may exhibit various

12
degrees of structural maturity depending on the age of inception
and on the strain rate of the ongoing extension.

In a very early stage, the extension of an orogenic belt is mainly,
though not exclusively, testified by earthquake focal mechanisms
and geodetic strain. For instance, the Pyrenees is a mountain chain
where the landscape is still dominated by geomorphic features
generated in a contractional setting, but where the analysis of focal
mechanisms demonstrates that current deformation is dominantly
extensional (Chevrot et al., 2011; Lacan and Ortu~no, 2012).
Considering the tectonic setting of the region and, specifically, the
double vergence of the chain, one could speculate that in the Pyr-
enees some interactions between older contractional structures
and younger extensional faults might be occurring in a framework
similar to either E4-5 or E6-7.

Such interactions have been extensively documented also in the
Apennines, where recent earthquakes shed light on the direct
interaction between youthful extensional faults and inherited
thrusts that affect both their development and their surface
signature. For example, Miocene thrusts appear to control the
extent of 40�-dipping normal faults that were responsible for the
Mw 6.0 and 5.7 mainshocks of the September 1997, Colfiorito,
earthquake sequence (Chiaraluce et al., 2003). In the case of the
April 2009, L'Aquila earthquake sequence the first mainshock (6
April, Mw 6.3) was caused by slip on a 40e50�-dipping normal
fault; this master fault branches upward at 3e5 km depth where it
intersect a Miocene thrust dipping 10� in the same dip direction as
the master fault and creates bending-moment faulting at the
ground surface (Bonini et al., 2014). In the second mainshock (7
April, Mw 5.4), that was caused by another 40e50�-dipping normal
fault with an upper limit at about 5 km depth, just below a 20e30�-
dipping Miocene thrust; as a result, it showed no connection with
the normal faults lying above it, especially well imaged by seismic
reflection lines (Bigi et al., 2013). Altogether these examples recalls
the early-middle stages of E3 and E4 and, considering cases
analyzed by Valensise and Pantosti (2001), suggest that other large
active normal faults in the Apennines may be developing in a
framework similar to any other of our experiments.
dominated by the interaction with inherited contractional struc-
tures, which ultimately affect the length, the width and the top
depth of the active normal faults.

Another example of such interactions has been documented in
the northern part of the Taiwan orogen that is affected by late
Quaternary extension (e.g. Suppe,1984; Teng,1996; Hu et al., 2002).
An active normal fault (Shanchiao Fault) located in the Taipei basin
shows a ramp-flat-ramp geometry whose deeper ramp (dipping
60�) is an ancient extensional fault inherited from a pre-
contractional phase (rifting phase of the Chinese Continental
Margin). Its flat portion (dipping 15�) is a Neogene thrust fault,
whereas the shallower ramp is a late Quaternary e hence newly-
formed e normal fault (Chen et al., 2014). It is plausible that Qua-
ternary extension reactivated the ancient extensional fault at depth,
which propagated upward exploiting a segment of the loweangle
inherited thrust and then reached the ground surface forming a
new high-angle, normal fault. This unusual case of Quaternary fault
development is reminiscent of the results of E3 and E4, and shows
that also a 60�-dipping extensional fault, i.e. a fault steeper than the
master faults in our experiments, may stop its upward propagation
against an inherited low-angle structure.

Conversely, in a mature system the extensional faults are ex-
pected to bewell developed and expressed at the surface. The Basin
and Range Province is a renowned example of such a mature
extensional system. However, also in this region extensional
structures overprint older contractional structures (e.g. Wernicke,
1992; Parsons, 1995; Axen, 2007). Studies on major earthquakes
of this area (e.g. the Mw 7.3, 1959, Hebgen Lake, Montana, and the
Mw 6.9, 1983, Borah Peak, Idaho) demonstrate that the normal
faults exposed at the surface are the direct expression of large,
planar faults dipping 40�e70� and extending down to 12e16 km
depth (Barrientos et al., 1987; Doser, 1989). Notice, however, that
some of these fault planes coincide at depth with pre-existing
contractional structures (thrust faults) reactivated as normal
faults during the extensional phase (Doser, 1989; West, 1992) in a
way very similar to what can be observed in E4 and E5. The exis-
tence of youthful faults confined at depth (blind faults) and inter-
acting with inherited thrusts that are unfavorably oriented with
respect to the current stress field was described in great detail by
West (1989, 1992), testifying that inherited structures may play an
active role even in regions that exhibit a hypermature stage of
development.

In summary, depending on the local configuration or on the
degree of structural maturity, the inherited structures may directly
affect the evolution of youthful extensional faults. Our experiments
may help characterizing the evolutionary stage of these faults and
understand the causal relationships between the master fault at
depth and other structural and geomorphic features.

5. Conclusions

We investigated how pre-existing discontinuities affect the
growth of extensional structures connected to the displacement on
an initially-blind master normal fault. To this end, we used analog
models that take advantage of an innovative technique for per-
forming a precut into a clay (wet kaolin) layer laid on top of a
master fault, simulated by the sliding of two rigid blocks. Using this
original setup, we carried out six experiments in which the precut
has various orientations with respect to the master fault, and
compared them to another experiment without any precut



(isotropic). All other conditions were identical for all seven
experiments.

Our results show that the presence of a precut can either
accelerate or decelerate the upward propagation of the master fault
and exert control on several other factors summarized belowand in

Bonini, L., Di Bucci, D., Toscani, G., Seno, S., Valensise, G., 2014. On the complexity of
surface ruptures during normal faulting earthquakes: excerpts from the 6 April
2009 L'Aquila (central Italy) earthquake (Mw 6.3). Solid Earth 5, 389e408.
http://dx.doi.org/10.5194/se-5-389-2014.
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Table 1;

� a horizontal precut promotes the tendency to grow of upward-
propagating faults;

� low-angle synthetic precuts (e.g. dip 10�) slow down the prop-
agation of upward-propagating faults, but also promote the
formation and evolution of shallow downward-propagating
surface faults associated with bending moment;

� high-angle precuts (dip>30�) are prone to be reactivated and
may serve as a preferential way for the master fault to quickly
transfer slip up to the free surface. If the dip of the precut is
lower than that of the master fault, the new fault system will
show an antilistric geometry;

� when the precut is antithetic with respect to the master fault
one may expect an increase of the growth of the upward-
propagating faults and a reactivation of the precut as anti-
thetic faults;

� the various interactions between the growing master fault and
the precut also affect the shape of the fault-related syncline-
eanticline pair and, in turn, the shape of the resulting accom-
modation space.

These findings may improve our understanding of how exten-
sional fault systems evolve in presence of structures inherited from
previous tectonic phases, such as the normal faults that currently
affect older orogenic belts. We also suggest that the analysis of the
shape and architecture of fault-related continental basins carried
out in the light of our findings may provide useful constraints for
reconstructing the actual geometry of the master fault at depth.
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