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The development of structurally controlled basins is frequently dominated by inherited geological and tectonic
structures, especially when the affected region has undergone multiple tectonic phases. In this study we use
physically scaled analog models to analyze the impact of inherited faults on the evolution of a new extensional
fault system and its associated basin. In our experiments, we introduced inherited faults — bearing diverse ge-
ometries and orientations — cut through a homogeneous analog material (wet clay). After each experiment, we
compare (a) how the inherited faults affected the inception and development of new faults and (b) the shape of
the resulting basins, using a ‘reference model’ run without pre-existing faults. The results show that the orien-
tation of pre-existing faults with respect to the extensional axis does affect the development of the new exten-
sional structures. The main effects show up when the orientation of the pre-existing faults is closer to that
expected for a fault that is optimally oriented (perpendicular) with respect to the direction of extension and has a
dip close to an Andersonian extensional fault. Conversely, the impact on the resulting basin shape is more
spatially complex, especially in the case of misoriented pre-existing faults. We also compare our experimental
results with an analytical method based on the slip tendency theory. The application of our findings to selected
natural cases demonstrates how one may interpret the occurrence, orientation, and activity of inherited faults by
looking at the present-day geometry and wavelength of an extensional basin, particularly when newly formed
extensional faults exhibit structurally unexpected trajectories.

1. Introduction

Extensional basins develop in different geodynamic settings,
including continental rifts, back-arc and forearc regions, intra-cratonic
areas, or in association with strike-slip tectonics. The normal faults
controlling the growth of an extensional basin may be influenced by
multiple mechanical characteristics of the structural architecture
inherited before the inception of extension (e.g., Childs et al., 2003 and
references therein). The spatial distribution of mechanically weak or
strong rocks, basement anisotropies, fault reactivations, metamorphic
foliation or schistosity, and any pre-existing mechanical discontinuities
(weaknesses) are the most critical features controlling the inception and
development of extensional faults and their associated basins. Several
works addressed this issue, using either analog or numerical models (e.
g., Bonini et al., 1997; Michon and Sokoutis, 2005; Aanyu and Koehn,
2011; Autin et al., 2013; Withjack et al., 2017; Zwaan and Schreurs,

2017; Deng et al., 2018; Duclaux et al., 2020; Osagiede et al., 2021;
Wang et al., 2021; Zwaan et al., 2021; Corti et al., 2022; Zwaan et al.,
2022), or natural cases (e.g., Morley, 1999; Tommasi and Vauchez,
2001; Morley et al., 2004; Bell et al., 2014; Claringbould et al., 2017;
Corti et al., 2018; Collanega et al., 2019; Henstra et al., 2019; Pong-
wapee et al., 2019; Molnar et al., 2020; Wedmore et al., 2020; Bramham
et al., 2021).

Likewise, several studies described the reactivation of inherited
faults and its effect on the development of new faults in different regions
worldwide (e.g., Bonini et al., 1997; Keep and McClay, 1997; Odinsen
et al., 2000; Lezzar et al., 2002; Morley et al., 2004; Bellahsen and
Daniel, 2005; Corti, 2009; Henza et al., 2010; Frankowicz and McClay,
2010; Nixon et al., 2014; Whipp et al., 2014; Phillips et al., 2016; Deng
et al., 2017; Deng et al., 2018; Molnar et al., 2019; Maestrelli et al.,
2020), all demonstrating that inherited faults exert a variable control on
whether and how new structures unfold.
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The main elements controlling the reactivation of inherited faults in
the brittle upper crust are: a) friction along the fault plane, b) differential
strength between faults with respect to the host rocks, and c) orientation
of inherited faults relative to the new stress field (e.g., Sibson, 1985).
Regarding the latter, some studies investigated how the strike and dip of
pre-existing faults in the brittle crust control the development of new
faults (e.g., Bellahsen and Daniel, 2005; Henza et al., 2010; Deng et al.,
2018; Maestrelli et al., 2020), although their modeling setups essentially
focused on the role of strike variability of inherited faults with respect to
the new stress field. Nevertheless, a comprehensive study on how the
variation of both strike and dip of inherited structures may affect a new
extensional system is still lacking. We thus conducted analog experi-
ments simulating different strike/dip classes of inherited faults to fill in
this gap, focusing on the role of inherited dip-slip faults. To simulate the
effect of those faults, we introduced mechanical discontinuities within a
clay pack, their strike and dip spanning the full angle range for each
experiment, and compared the results with those obtained in a reference
setup, i.e., a model unaffected by inherited faults. To validate our
method we then compared our findings with those obtained by a theo-
retical analysis based on fault reactivation tendency. Finally, we
analyzed suitable natural cases to demonstrate how our results may help
understanding fault kinematics in regions where ongoing extension
overlays a long geodynamic history.

2. Method

Modeling fault reactivation with physical experiments implies a
choice among various possible setups and strategies regarding the
apparatus design, the analog material, and the technique used to
reproduce inherited faults.

Over the years, different extensional apparatuses have been used,
depending on the goals of each study (see Zwaan et al., 2019, for a recent
discussion on this topic). Among the various options, we selected an
experimental box composed of two rigid plates, one is fixed and one is
mobile and attached to a stepper motor that generates extension
(Fig. 1a), with a brittle layer above it. As demonstrated in previous
studies (e.g., Cloos, 1968; Withjack et al., 1990; Eisenstadt and With-
jack, 1995; Eisenstadt and Sims, 2005), this configuration imposes a
velocity discontinuity (VD) coinciding with the boundary between the
mobile and fixed plates, leading to the creation of a graben with a
well-developed master fault striking parallel to the VD. We deemed such
a configuration appropriate to study how inherited structures impact the
development of a single extensional fault.

Among several different analog modeling materials we selected wet
clay, that has been used extensively to investigate the evolution of brittle
structures in the upper crust, starting from the seminal work by Riedel
(1929). Over the years, wet clay has been used to model the evolution of
strike-slip (e.g., Tchalenko, 1970; Hempton and Neher, 1986), reverse
(e.g., Miller and Mitra, 2011; Bonanno et al., 2017), and normal faults
(e.g., Withjack et al., 1990; Spyropoulos et al., 1999; Withjack and
Schische, 2006; Henza et al., 2010). One of the reasons for this choice is
that the small size of the clay particles and the non-negligible cohesion
of the mixture allows for observing the development of fractures and
faults with a very high resolution compared to other analog materials
(Eisenstadt and Sims, 2005; Reber et al., 2020).

Another feature of our experiment is the introduction of the equiv-
alent of pre-existing faults in the models. Thin mechanical weaknesses in
clay models have already allowed the evaluation of the effects of pre-
existing faults on the development of new ones (Cooke et al., 2013;
Bonini et al., 2014, 2015, 2016; Hatem et al., 2015, 2017; Bonanno
et al., 2017; Fedorik et al., 2018). The method for introducing thin
mechanical weaknesses exploits the electro-osmotic flow induced by an
electric potential difference applied to the wet clay.

We implanted two metal plates connected to the anode of a low-
voltage battery at the two opposite corners of our clay cakes (Fig. 1).
Then, we connected a blade to the cathode. Introducing the blade in the
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wet clay package induces water to flow from the wet clay to the blade.
Immediately, a very thin film of water envelopes the blade, causing two
important effects. The first is to lubricate the blade, easing it to cut
through the wet clay without altering the initial shape of the model; the
water envelope reduces the dragging effect of the blade, thus preventing
it from sticking to the clay walls. The second effect stems from the
property of the thin water film attracted by the blade to persist between
the two clay walls, thus preventing them from sealing after the blade has
cut through.

The velocity of the blade motion is essential to ensure the repro-
ducibility of the ideal friction along the precuts. Notice that the velocity
is strictly related to the water content of clay that must be correctly
chosen to ensure proper scaling of the models (see Section 2.1 for a
detailed description). Also, the applied voltage impacts the blade’s
ability to attract water molecules; we adopted a 24 V battery. To reduce
the variability of the experimental results arising from different running
velocities of the blade or uncontrolled dip and strike angles of the
simulated inherited faults, we used a robotic arm (collaborative robot
model UR5, by Universal Robot; Fig. 1b). The robotic arm was instru-
mental in reproducing correctly and reliably the chosen geometries
(within £ 0.1 mm repeatability error declared by the manufacturer:
https://www.universal-robots.com/media/50588/ur5_en.pdf).

2.1. Scaling of analog models

Water content and strain rate are two critical elements to use wet
clay as an analog material appropriately (e.g., Eisenstadt and Sims,
2005; Cooke and van der Elst, 2012). We used a mixture of kaolin
(#CC31 China Clay) with 62% water content by mass, yielding a density
of about 1.65 g/cm3 and cohesion of about 75 Pa (Fisenstadt and Sims,
2005). We adopted a displacement velocity of 1 mm/min, as in previous
studies (e.g., Bonini et al., 2014; Bonini et al., 2015; Bonini et al., 2016;
Bonanno et al., 2017; Fedorik et al., 2018), to ensure appropriate
rheological behavior during the experiments (Cooke and van der Elst,
2012). Our natural target was an upper-crust rock assemblage with a
cohesion of 10-20 MPa and a density of 2.5 g/cm®. Following
well-established scaling rules (Hubbert, 1937; Ramberg, 1981), the
geometric relationship between the analog model and the natural target
can be calculated as follows:

P CEm

Cn

bn =1y

m

where c is cohesion, p is density, and [ is length. The subscripts m and n
indicate the analog model (m) and the natural target (n), respectively.
The equation yields that 1 cm in our models corresponds to 0.9-2.0 km
in nature. Our wet clay package was 4.5 cm thick (Fig. 1), which scales
to simulate the shallower part of the brittle crust (4-9 km). This thick-
ness, together with the cohesion of the clay mixture, allows us to
simulate vertically propagating faults (e.g., Bonini et al., 2015).
Friction coefficient, a further critical parameter, falls in the range of
0.55-0.85 for most rocks located in the brittle upper crust (e.g., Handin,
1966; Byerlee, 1978); in our experiments, we set it at ~0.6, an appro-
priate value to simulate brittle structures (Bonanno et al., 2017).

2.2. Analog modeling strategy

The stepper motor connected to the mobile plate of our experimental
box (Fig. 1) is used to apply 4 cm of total displacement and simulate the
development of an extensional basin. For the precuts, we adopted five
strike angles — 15°, 30°, 45°, 60°, and 75° — measured clockwise from the
direction of the extensional axis to the direction of the precuts, and three
dip angles — 30°, 45°, and 60° — yielding 15 different setups (Fig. 1;
Table 1). These experimental conditions explored a wide range of geo-
metric configurations to capture most natural cases, including pre-
existing contractional or extensional faults in a region that
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Fig. 1. Sketch (a) and picture (b) of the experimental apparatus and summary (from c to q) of all simulated experimental configurations.
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Table 1

Summary of experimental setups. Throughout all experiments, the displacement
velocity is 1.0 mm/min, and the maximum base plate displacement is 4 cm (see
supplementary material S1).

SETUP NUMBER OF STRIKE ANGLE OF DIP OF
EXPERIMENTS PRECUTS (°) PRECUTS (°)

EXP_0 4 NULL NULL
A15D30 3 15 30
Al15D45 3 15 45
A15D60 3 15 60
A30D30 3 30 30
A30.D45 4 30 45
A30D60 3 30 60
A45D30 5 45 30
A45D45 6 45 45
A45D60 3 45 60
A60D30 3 60 30
A60D45 3 60 45
A60D60 3 60 60
A75D30 3 75 30
A75D45 3 75 45
A75D60 3 75 60

subsequently underwent an extensional phase. For example, the 30° and
60° dip angles represent Andersonian reverse and normal faults
(Anderson, 1951), respectively, while 45° represents both an interme-
diate angle between the two previous cases and the most common dip
for active normal faults (Jackson and White, 1989; Collettini and Sibson,
2001).

A unique code identifies each setup in the form Axx_dxx, where A and
d relate to the azimuth and dip angles, respectively. Exp_0 identifies the
reference model.

The clay package is 50 x 40 cm in size and laterally unconfined
(Fig. 1). We oriented it with the long edges (50 cm) orthogonal to the
direction of plate divergence imposed by the stepper motor. The long
edge on the fixed plate is referred to as the left edge, and the one on the
mobile plate is the right edge. The short edges (40 cm) are those parallel
to the direction of extension; they are referred to as the northern and
southern edges assuming that all figures have the north in their upper
part for a viewer looking at the experiments oriented like in Fig. 1.

Notice that such models may develop undesired (boundary) effects
close to the northern and southern edges. As the confining pressure may
have a non-negligible effect on the development of structures (e.g.,
Handin, 1966), we adopted a strategy based on introducing two precuts
for each setup instead of just one. The precuts are subject to different
confining pressure conditions depending on their distance from the
edges. The summary of results (Section 3) represents an average among
different behaviors recognized on the two precuts.

Another characteristic of the experimental setups was the common
location of the precuts for all configurations with respect to the area
undergoing extension. We used two points at the base of the experi-
mental box coinciding with the velocity discontinuity between mobile
and fixed plates and equidistant from the northern and southern edges.

To ensure the stability of the experimental results, we repeated each
experiment using the same setup at least three times (Table 1).

2.3. Data analysis of analog models

To monitor and analyze the onset and development of new faults, the
reactivation along the precuts, and the evolution of basin shapes (sub-
sidence) across all experiments, we took photographs and digital scans
of the clay package top surface at each 0.1 cm and 0.5 cm step of mobile
plate motion, respectively. We first used photographs to visually
monitor the development of fractures and faults during the experiment.
Then, we used PIVLab, a software based on the Digital Image Correlation
(D.I.C.) method (Thielicke, 2014; Thielicke and Stamhuis, 2014), to
compute the incremental horizontal displacement field throughout the
experiments based on the photographs. Notice that the displacement
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field allowed us to detect the incipient activity of faults or precuts well
before and beyond the visible deformation that surfaced in the
photographs.

The digital scans of the model were obtained using a Structured Light
3D scanning technology (Fig. 1) based on DAVID-laserscanner software.
The derived 3D models were used to analyze both the fault displacement
and the shape of the newly-formed extensional basins, following its
deformation for an increasing displacement of the mobile plate.

Following the analytical strategy outlined above, we first show the
results of our reference model, named Exp_0, then the results of all other
models, broken down by increasing strike (15°, 30°, 45°, 60°, 75°) and
dip (30°, 45°, 60°) of the precuts, and listed using the ID criterion out-
lined in Subsection 2.2. We thus show the topography extracted from the
scans and the resulting displacement field calculated using D.I.C.
(Fig. 2), which we analyzed to interpret all the experiments, particularly
the precut reactivation. All imagery relative to the experiments using
precuts can be found in the supplementary material (S1). For each setup
with precuts, we opted to stop the experiment after 4 cm of total
extension since the reference setup (Exp_0) showed that this is the
amount needed by the main extensional structures for bounding entirely
the newly formed basin. We also show the lateral view of the structures
developed in Exp_0, to be used as a template to assess how fault ge-
ometry and kinematics unfold within the model (Fig. 2). Notice that,
although data were acquired at 0.1 cm steps, for simplicity we opted to
show results obtained at 1.0 cm intervals.

To compare the reactivation of the precuts from the different con-
figurations, we used fault length (L) and maximum displacement (dpax),
the most commonly used parameters to describe natural faults (e.g., Kim
and Sanderson, 2005), which we measured throughout the experiments
from topography data.

2.4. Slip-tendency analysis

We applied the slip tendency technique (Morris et al., 1996) to test
the ability of our analog modeling setup and strategy to capture the
behavior of natural faults to be reactivated.

The ability of an existing cohesionless fault to be remobilized can be
evaluated using Amonton’s law

i

T :”.\ 6)’1

where 7 is the resolved shear stress on the fault plane, y, is the coefficient
of sliding friction, and &, is the effective normal stress on the sliding
plane. Following Morris et al. (1996), slip on a fault may occur if the
resolved shear stress equals or exceeds the frictional resistance to sliding
F so that

FST:},{SGLI.

Solving this equation for y, yields
T

o= ;fn
from which we obtain the ratio between shear and normal stresses as the
slip tendency (T) of an existing fault by setting.with T, ranging from 0 to
1. As T is equivalent to y;, one may assume that if the slip tendency
overrides the static friction coefficient of the fault, then slip occurs. This
equation means that T; focuses on the role of the forces acting in a
system and provides qualitative estimates of the propensity of a fault
plane to be reactivated.

For a given stress regime, the shape of the stress ellipsoid ¢ = (63 —
03)/(01 — o3), which also varies between 0 and 1, affects the slip ten-
dency (Angelier, 1979; Morris et al., 1996). In natural cases, one can
extract the stress field using inversion schemes from slip measurements
or earthquake focal mechanisms (Neves et al., 2009). T; and ¢ can then
be used to analyze the reactivation tendency of existing faults.
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Fig. 2. Map and side views of the no-precut model (Exp_0) used as a reference for all subsequent experiments. Each row shows the model development after 1, 2, 3,
and 4 cm of base plate displacement. The first row shows the free surface of the models derived by the digital scan with color-coded elevation. The second row shows
a line drawing of faults and fractures of the side view of the model and pictures of its central sector after 1, 2, 3, and 4 cm of base plate displacement. The third row
shows the incremental displacement field (colors and black arrows) computed using D.I.C. (Digital Image Correlation). In all panels VD shows the location of the
velocity discontinuity. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

We exploit this approach to evaluate the theoretical behavior of
existing faults similar to those simulated in our experiments. We set up
the conditions for the slip tendency analysis, assuming a natural model
scaled starting from the dimensions of our analog box (see Subsection
2.1). Thus, we imposed left-right extensional stress to a 9-km-thick
volume including planar faults oriented like the precuts across the
various analog setups (Fig. 1, Table 1). We then scaled the stress values
assuming that, under hydrostatic conditions, the system is tangential to
the Mohr-Coulomb envelope at 4.5 km depth for a cohesionless
discontinuity and a 30° angle of internal friction (c; vertical at 115 MPa,
o3 horizontal, left-right oriented at 70 MPa). Finally, we progressively
varied ¢ assigning the same value to o2 and o7 (¢ = 1) and subsequently
reducing it to o3 (¢ = 0) in 0.2 steps, so as to account for the impact of
stress symmetry on the failure condition (Fjaer and Ruistuen, 2002); we
hence evaluated the slip tendency T at each step.

3. Results
3.1. Reference model (i.e., model with no precuts) — Exp_0

After 1.0 cm of base plate displacement, the top surface of the clay
package started subsiding in correspondence of a sharp velocity

discontinuity (Fig. 2a, b, and 2c¢). The amount of subsidence was larger
toward the left and right sides of the box, that is, toward the “western”
and “eastern” equivalents, respectively, of our experimental setup
(Fig. 2a). No faults or fractures were visible on either side of the model,
implying that at this stage, displacement was accommodated by folding
rather than by faulting and fracturing, which resulted in an asymmetric
basin (Fig. 2b).

After 2.0 cm of base plate displacement, a cylindrical basin started
developing, becoming clear in the top view (Fig. 2d, e, and 2f); it was
more pronounced close to the northern and southern edges, where
minor faults and fractures appeared, especially on the right-hand side of
the basin (Fig. 2e). Major and minor faults and fractures also developed
and became visible; in particular, steep faults dipping to the left affected
the right side of the basin, dissecting the free surface of the model
(Fig. 2e). Conversely, faults dipping to the right were blind; secondary
surface faults cut the free surface (Fig. 2e).

After 3.0 cm of base plate displacement, the shape of the basin was
still asymmetric, its subsiding parts still being close to the northern and
southern edges of the model (Fig. 2g, h, and 2i). Well-developed faults
bounded the right side of the basin over its entire length. Faults on the
left side bounded the basin only near the northern and southern edges
(Fig. 2g). The side view showed a major fault dipping to the right, while
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two faults dipping to the left bounded the basin (Fig. 2h). Finally, several
minor faults ruptured through the center of the basin (Fig. 2h).

After 4 cm of extension, the top and side views showed a well-shaped
cylindrical basin, bounded on its sides by well-developed extensional
faults and arguably in its final arrangement (Fig. 2j, k, and 21).

3.2. Experiments with 15°-striking precuts — A15.d30/d45/d60

These are the experiments where the precuts form a 15° angle with
the velocity discontinuity (Fig. 1c, d, 1e, and Figs. 3 and 4).

Starting with the experiment with 30°-dipping precuts (A15_d30;
Figs. 1c, 2 and 3), after 1.0 cm of base plate displacement we observed
the reactivation of both precuts #1, especially above the fixed plate
(Figs. 3a and 4a). The central region of the model showed slight subsi-
dence, coincident with the velocity discontinuity (Fig. 3a). After 2.0 cm
of extension (Figs. 3b and 4b), smaller segments of the precuts appeared
reactivated, generating an irregularly shaped basin. This effect was
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enhanced at the end of the next step (after 3.0 cm of extension; Figs. 3c
and 4c), when precut #2 became active at the center of the model. After
4.0 cm, the final aspect of the model confirmed this trend, resulting in an
irregularly shaped basin (Figs. 3d and 4d).

In the experiment with 45°-dipping precuts (A15_d45), after 1.0 cm
of base plate displacement we observed reactivation of the central
segment of precut #1 and of the left and right segments of precut #2
(Figs. 3e and 4e). This reactivation immediately impacted the basin
shape, as clearly shown after 2.0 cm of extension and until the end of the
experiment (Figs. 3f and 4f). Most of this effect was associated with the
precut reactivation on the left side of the basin, although precut #2
altered the expected symmetric shape on the right side (Figs. 3g and 4g).
At the end of the experiment, the resulting shape of the basin was
sigmoidal (Figs. 3h and 4h).

The results from the experiment with 60°-dipping precuts (A15_d60)
were similar to the previous case in terms of precut reactivation and
basin shape, but the resulting basin was narrower and deeper (Fig. 3i-l,
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4i- 41).

3.3. Experiments with 30°-striking precuts — A30.d30/d45/d60

These are the experiments where the precuts form a 30° angle with
the velocity discontinuity (Fig. 1f, g, and 1h; Figs. 5 and 6).

After 1.0 cm of base plate displacement, in the experiment with 30°-
dipping precuts (Exp_30_30) most precut segments showed reactivation,
especially those on the fixed plate (Figs. 5a and 6a). This reactivation
decreased during the next step (from 1.0 to 2.0 cm of displacement) on
both precuts (Fig. 5b and b). During the following steps and until the end
of the experiment (3.0-4.0 cm of displacement), the activity of the
precuts was confined within small regions coinciding with the sides of
the basin, generating minor anomalies in the basin shape (Fig. 5c, d, 6c,
and 6d).

In the experiment with 45°-dipping precuts (A30_d45), after 1.0 cm
we observed a widespread reactivation along the precuts, decreasing
from the center to the northern and southern edges of the model (Figs. 5e
and 6e). The impact of this reactivation on the basin shape became
clearer at the end of the second step (i.e., after 2.0 cm; Fig. 5f). The

traces of newly formed faults bent and became at a relatively high angle
with respect to the precuts (Fig. 5g). By the end of the experiment (i.e.,
after 4.0 cm), the basin appeared broader than in A30_d30 and Exp_0
(Figs. 2j, 5d and 5h). This basin configuration arose from the coales-
cence between the subsidence associated with the precut reactivations
and that caused by the newly formed extensional faults.

The basin shape anomalies were also visible throughout the experi-
ment with 60°-dipping precuts (A30_d60; Fig. 5i-1). The reactivation of
the precuts evolved similarly to that seen in A30_d45 (Figs. 5h and 6h vs.
Figs. 5h and 6h); nevertheless, the displacement along the precuts was
larger, thus resulting in a narrower and deeper basin, especially close to
precut #2 (Fig. 51).

3.4. Experiments with 45°-striking precuts — A45_d30/d45/d60

These are the experiments where the precuts form a 45° angle with
the velocity discontinuity (Fig. 1i, j, and 1k and Figs. 7 and 8).

After 1.0 cm of base plate displacement, in the experiment with 30°-
dipping precuts (A45.d30) we observed reactivation of both precuts
only in the central part of the model (Figs. 7a and 8a). This reactivation
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decreased during the next step (from 1.0 to 2.0 cm; Figs. 7b and 8b) and
disappeared altogether in the remaining steps (2.0-4.0 cm; Figs. 7c-8d).
Even if reactivation was limited, the shape of the basin became irregular,
showing two broad saddles in the hanging wall of the precuts (Fig. 7d).

In the experiment with 45°-dipping precuts (A45_d45) we observed
similar reactivations of the precuts during the first 2.0 cm of displace-
ment (Fig. 7e, f, 8e, and 8f). After 3.0 cm there was no evident reac-
tivation of the precuts (Figs. 7g and 8g). During the last stage (from 3.0
to 4.0 cm), only a small segment of the precuts on the left side of the
basin showed reactivation (Figs. 7h and 8h). The resulting basin was
wider than that observed in the previous case (A45_d30) and slightly
sigmoidal, due to the bending of the newly formed faults as they
approached the precuts (Fig. 7h).

The experiment with 60°-dipping precuts (A45_d60) showed a broad
reactivation of the precuts in the first interval (up to 1.0 cm of
displacement; Figs. 7i and 8i). The reactivation persisted during the next
step (1.0-2.0 cm of extension), although to a lesser extent, and focused
on the left side of the basin (Figs. 7j and 8j). After 3.0 cm and until the

end of the experiment (3.0-4.0 cm of extension) the reactivation of
precut segments produced a wider basin than in previous cases; this
basin is also more asymmetric due to the bending of the newly formed
faults near the precuts (Figs. 71 and 81).

3.5. Experiments with 60°-striking precuts — A60_d30/d45/d60

These are the experiments where the precuts form a 60° angle with
the velocity discontinuity (Fig. 11, m, and 1n and Figs. 9 and 10).

The experiment with 30°-dipping precuts (A60_d30) showed broad
precut reactivations during the first step of deformation (up to 1.0 cm of
base plate displacement; Figs. 9a and 10a). No further precut reac-
tivation was detected after 1.0 cm of displacement and up to the end of
the experiment. Consequently, the basin and the newly formed faults
showed an evolution similar to that shown in the reference model, i.e.,
the Exp_0 (Figs. 7d and 8d).

The experiment results with 45°-dipping precuts (A60_d45) were
similar to those of the previous case, i.e., the A60_d30 (Fig. 9e-h, 10e-
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10h).

In the experiment with 60°-dipping precuts (A60_d60) the reac-
tivation was detectable only in the first 1.0 cm of base plate displace-
ment (Figs. 91 and 10i). Even if the precuts did not rupture any further, i.
e. no clear reactivation was visible, their limited mobilization seemed to
impact the shape of the basin, which widened where newly formed
faults interacted with them (Fig. 91).

3.6. Experiments with 75°-striking precuts — A75.d30/d45/d60

These are the experiments where the precuts form a 75° angle with
the velocity discontinuity (Fig. 1o, p, and 1q, and Figs. 11 and 12).

The experiment with 30°-dipping precuts (A75.d30) showed a
limited precut reactivation during the first 2.0 cm of base plate
displacement (Fig. 11a, b, 12a, and 12b). Nevertheless, it was enough to
induce a perturbation of the regular shape of the basin, which appeared
narrower at the end of the experiment in the regions where the precuts
cross the newly formed faults (Fig. 11d).

The results of the experiments with precuts dipping at 45° and 60°

(A75_d45 and A75_d60) are essentially the same as in the previous case
(A75_d30), with a tendency for the basin to become narrower where new
faults cross the precuts (Fig. 11h and 1).

3.7. Summary of the experimental results

As mentioned in Section 2, we introduced two parallel precuts —
instead of just one — to reduce the potential over- or under-estimation of
the precut reactivations due to the varying confining pressure
throughout the experiments. From that, we summarized the experi-
mental results using the average length of the reactivated precuts, the
average dmax Of the new faults in the uncut model, and the average dpyax
of the reactivated precuts (Fig. 13).

The length of the reactivated segments generally decreases from the
beginning to the end of the experiments (Fig. 13a). Such behavior is very
pronounced in the experiments where reactivation does not affect the
final shape of the new basin, and less so in the other ones. For instance,
the first group of experiments with a large strike angle, such as A60_dxx
and A75_dxx, showed shorter reactivated segments restricted to the
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early phase of extension (Fig. 13a). In the second group of experiments
showing reactivation, the activity of the precuts persisted until the end
(Fig. 13a). These observations imply that reactivation may have a
different meaning in the two groups. Reactivation in the first group
could be related to weak remobilization of the precuts due to an internal
stress shift during the first phase of relative motion of the two plates. For
the second group, the length of the reactivated segments decreased as
the experiment progressed, conceivably due to the increasingly localized
extension along the velocity discontinuity area and less connection be-
tween the two blocks due to the development of the new faults.

Fig. 13b shows the evolution of dp,x throughout the experiment
along the reactivated segments, compared to the dpyay of the main fault
located in the left portion of the basin for the reference (uncut) experi-
ment. The growth trend of dyax in the uncut experiment is variable,
showing a steeper gradient when the fault begins to break through the
topographic surface (after 2.0 cm of extension), and a flatter gradient
during the fourth centimeter of extension. This behavior relates to the
different phases of fault development. In the early phase of extension,

10

the new master fault is confined at depth, and most of the stress in the
upper level of the clay package is accommodated by folding rather than
faulting, namely with a fold-propagation faulting mechanism (Fig. 2).
Conversely, in the other experiments, the pre-cuts start to accumulate
displacement since the early stages, and the evolution of dp.x appears
quite linear. However, the respective trends show different angular co-
efficients and final values (Fig. 2b). This suggests that the pre-existing
discontinuities act as the master fault of the system during the early
stages of deformation because strain concentrates along them. They are
secondary and passive features, however, responding to a deeper
unfolding process, still not fully developed.

Previous observations of the basin evolution described in Section 3.1
suggest that our results can be subdivided into two groups. The first
group shows no reactivation of the precuts after the early phase of
extension and no large departures of the basin from a cylindrical shape;
this group includes setups where the strike of precuts forms a large angle
with the trend of extension (>60°) and dips at a low angle (30-45°),
such as A60_d30, A60_d45, A75_d30, A75_d45, and A75_d60 (Fig. 14).
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The second group includes all remaining cases. These cases show reac-
tivation of the precuts, which either widened or narrowed various por-
tions of the basin, implying a departure from a purely cylindrical shape
(Fig. 14). The largest deviation of the trend of newly formed faults from
the alignment parallel to the velocity discontinuity occurred on - or
close to — the hanging wall of the reactivated precuts. When the new
faults approach the reactivated precuts, they become orthogonal to the
precuts themselves, possibly arresting their further propagation
(Fig. 14).

3.8. Slip tendency results

Fig. 15 shows the results of the computation of T for a variable ¢.
Notice that the impact of ¢ is more prominent when the angle between
the precuts and the velocity discontinuity is larger. Concerning dip, a
value of 30° appears to prevent the precuts from being reused. Since the
stress conditions imposed on the analytical model are conservative (i.e.,
the differential stress is imposed to be tangent to the failure envelope for
intact rock, and no pore overpressure is added), the slip tendency value

11

is relatively low (<0.55). Nonetheless, its variability adequately predicts
the precuts behavior in the analog models, yielding the lowermost T
values for the setups where we observed no reactivation and no anom-
alies in basin shapes (Table 2). We thus deem that the computation of T;
and our experimental results are in satisfactory agreement.

4. Discussion

Our experimental results showed how the various combinations of
precut strike and dip exerted different control on the development and
the trajectories of new faults and the shape of new basins. The interac-
tion between new and existing faults depends on the starting orientation
of the existing (inherited) faults (precuts) (Fig. 14). Such interaction
results in anomalies both in the trajectories of new faults and in the
shape of the related basins.

The anomalies in the trajectories of new faults are one of the most
interesting results. This behavior was seen in previous studies (e.g.,
Bellahsen and Daniel, 2005; Deng et al., 2017; Deng et al., 2018; Gud-
mundsson et al., 2010; Homberg et al., 1997; Maestrelli et al., 2020;
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Molnar et al., 2019; Osagiede et al., 2021; Willemse, 1997; Zwaan et al.,
2021) and is thought to be related to stress reorientation due to slip on
an existing mechanical discontinuity (that is, an active pre-existing
fault). The same mechanism presumably justifies the broadening or
narrowing of the basins, apparently unrelated to an otherwise evident
reactivation of the precuts detected on the free surface of the models, as
observed by Deng et al. (2017, 2018) in their numerical models. This
effect could be due to the interaction of new faults with the precuts at
deeper levels of the clay package.

Slip tendency analyses confirmed our modeling results regarding the
reactivation of the inherited faults, since both modeling setups were
designed to be sensitive to the orientation of inherited faults. Our analog
experiments suggest that pre-existing faults striking >60° with respect
to the main extensional axis cannot be reactivated. Nevertheless, pre-
vious experimental studies demonstrated that faults striking at an even
larger angle (>60°) might show reactivation (Henza et al., 2010; Bonini
et al., 2016). The models shown in these studies and the natural cases
recalled bear a major difference with respect to our experiments: they

12

produced non-cylindrical basins with bending from the lateral tip of the
emerging faults toward the depocenter. This bending indicates a rota-
tion of the stress axis in the hanging wall of an optimally oriented (and
active) extensional fault, implying that an inherited fault that is not
optimally oriented relative to the regional stress field may still be
reactivated thanks to the local stress field. As reactivation occurs after
initiating a new fault, however, the new fault does not show an anomaly
in its trajectory (Fig. 16).

The previous discussion suggests that, prior to comparing our results
with natural cases, we must always consider all intrinsic limitations of
our experiments.

4.1. Modeling limitations

The main limitation of our experimental approach rests in the design
of the experimental box. As mentioned in Section 2, there exist different
techniques for reproducing extension: since our goals were to obtain a
single basin at the center of the box and to analyze how precut segments



L. Bonini et al.

Journal of Structural Geology 169 (2023) 104836

Horizontal displacement field and fault reactivation

ABO_d30

fixed plate

ing faults

AB0_d45

dip of pre

ABO_d60

Horizontal displacement field (cm)
=—T

—a——a_ Reactivation of pre-cuts (pre-existing faults)

0 0.1

0.2 (cm) 0.3

1
04 0.5

Fig. 10. Incremental displacement field (colors and black arrows) of the A60_dxx experiments computed using D.I.C. (Digital Image Correlation) after 1, 2, 3, and 4
cm of base plate displacement. In all panels VD shows the location of the velocity discontinuity. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

affect any new extensional structures, we selected a setup with a velocity
discontinuity at the base of the analog material, As mentioned in the
Introduction, over the decades extensional tectonics has been investi-
gated through modeling using different setups (see Zwaan et al., 2019,
for a recent discussion of this topic). We may group these studies into
two categories, depending on whether they simulate distributed or
localized extension. Our setup belongs to the second category, implying
that our results cannot be used to discuss the evolution of large-scale
tectonic processes, such as the long-term evolution of a rift system,
but only smaller-scale deformation processes related to the growth of a
single extensional fault and its associated basin.

As previously mentioned, extensional faults are commonly described
and investigated using maximum displacement (dpyay), fault length (L),
and the ratio between them (dpax/L; €.g., Kim and Sanderson, 2005).
The design of our setup produces a quasi-rectilinear fault associated with
a cylindrical basin because the velocity discontinuity occurs over a
single, discrete and rectilinear feature. The experiment without precuts
showed that, at the end of the experiment, the length of the master fault
on the left border of the basin was equivalent to the size of the clay cake

13

(Fig. 2j). Over time, the fault trace propagated from the boundaries to-
ward the center of the box due to the different confinement conditions
(down to zero) near the free edges of the model. These observations
indicate that we could not use the evolution of the fault length to discuss
theoretical studies and natural cases because the growth of a normal
fault initiates from a point and grows laterally (e.g., Cowie and Scholz,
1992; Burgmann et al., 1994; Childs et al., 2003).

We thus used the length and dpax measured along the reactivated
precuts as a qualitative proxy to summarize our results and highlight the
differences between cut and uncut models. The reactivation of the pre-
cuts was observed in every experiment (Figs. 3-12). We refrained from a
quantitative analysis of the reactivation length, however, given its
dependence on the portion of the precuts located in the central exten-
sional area which varies with their strike.

4.2. Natural examples

To complement our results and the cases we explored with our
models, we analyzed three natural cases showing examples of how
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inherited structures affect the subsequent evolution of new extensional
faults.

The first case concerns the Tusse Fault, located offshore Norway; it
represents a multiple-rifted area, where diachronous and variously ori-
ented extensional faults formed complex basins (Fig. 17a and b). These
basins derive both from a Late Permian-to-Early Triassic and a Late
Jurassic-to-Early Cretaceous rifting phases (e.g., Whipp et al., 2014;
Duffy et al., 2015). Among different examples of interactions between
older and younger faults, the present-day setting of the Tusse Fault is
reminiscent of one of our experimental findings (Fig. 17b, ¢, and e). A
trajectory anomaly occurs when the Tusse Fault interacts with an older
extensional fault (Fault 1 in Fig. 17 b, ¢), showing the same behavior of
the newly formed faults we found in A30_d60 (Fig. 17d). Another
anomaly is seen in the corresponding basin shape, which shows a
broadening in the hanging wall of the older fault (Fault 1) and a nar-
rowing in its footwall (Fig. 11c and d). Such geometry implies that the
older fault (Fault 1) was still active during the activity and growth of the
Tusse Fault.

14

The second case concerns Central Italy, where present-day extension
follows a contractional regime, implying that new extensional faults
developed in a region where numerous relatively low-angle faults
already existed (Fig. 17f and g). The example concerns an area hit by a
severe earthquake sequence in 2016-17, when two M > 6 events
devastated a large area of the Central Apennines (e.g., Michele et al.,
2016). The M 6.5 October 30, 2016 Norcia earthquake, the largest shock
of the sequence, documented the present-day extensional reactivation of
an inherited ~35°-dipping large thrust and of a set of high-angle sec-
ondary faults both in its hanging wall and footwall (e.g., Bonini et al.,
2019; Buttinelli et al., 2021; Di Bucci et al., 2021, Fig. 16f, g, h). The
strike difference between thrust and extensional faults is about 30°. The
anomaly in the general trend of the extensional faults cutting the
hanging wall and footwall of the negatively reactivated thrust is quite
similar to that shown in our A30_d30 (Fig. 16i and j). In the modeling
case, the partial reactivation of a low-angle precut controlled the trend
of new faults and the shape of the associated basin. This result confirms
previous findings showing that the interaction between the present-day
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extensional stress field and the inherited compressional structures may km-long, multiple-branched extensional fault system that separates the
control the activity of Quaternary fault systems (Del Ventisette et al., African Plate from the Somali Plate (Fig. 18a). The most recent exten-
2021). sional structures developed mainly since the Oligo-Miocene (e.g., Mor-

The third case concerns the East African Rift System, a nearly 5000- ley, 1999; Michon et al., 2022), but the region underwent several
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Table 2

Results from the slip-tendency (T;) analysis for different setups, and comparison with analog modeling results.
Setup Strike (°) Dip (°) Precut Reactivation in analogue models Basin shape anomaly in analog models Ts Ts Ts Ts

¢ 0.8 » 0.6 ¢ 0.4 ¢ 0.2

A75_d30 75 30 No No 0.11 0.15 0.20 0.27
A75_d45 75 45 only in the early phase No 0.14 0.19 0.27 0.37
A60_d30 60 30 only in the early phase No 0.17 0.20 0.23 0.28
A75_d60 75 60 only in the early phase Yes 0.16 0.20 0.28 0.39
A45_d30 45 30 Yes Yes 0.24 0.25 0.27 0.30
A60_d45 60 45 only in the early phase Yes 0.25 0.28 0.33 0.41
A60_d60 60 60 only in the early phase Yes 0.29 0.30 0.33 0.42
A30.d30 30 30 Yes Yes 0.29 0.30 0.31 0.32
A15_.d30 15 30 Yes Yes 0.33 0.33 0.33 0.34
A45_d45 45 45 Yes Yes 0.34 0.35 0.38 0.43
A45_d60 45 60 Yes Yes 0.40 0.40 0.42 0.47
A30_d45 30 45 Yes Yes 0.42 0.42 0.44 0.46
A15_d45 15 45 Yes Yes 0.47 0.47 0.48 0.48
A30_d60 30 60 Yes Yes 0.50 0.49 0.50 0.52
A15_d60 15 60 Yes Yes 0.55 0.55 0.55 0.55

Variation in lateral subsidence during the development of a
new fault (e.g., constant length model) may cause a partial
reactivation of unfavorably-oriented inherited faults
located in the hanging wall of new faults

inactive inherited fault segment

new fault ’

I
reactivated inherited fault segment

Regularity in lateral subsidence during the development of a
new fault (e.g., constant dmax/l model) may cause only a
reactivation of favorably-oriented inherited faults and
anomalies in new faults trajectories.

reactivated inherited fault segn?ent

anomaly of the new fault
trajectory
new fault

newlfault

I
reactivated inherited fault segment

Fig. 16. Idealized evolution of a new extensional fault with partial (left panel) and full reactivation (right panel) of an inherited fault and its effect on the evolution of

the basin shape. Dark gray indicates the deeper part of the basins.

extensional phases before the Eocene (e.g., Macgregor, 2018). The
Rukwa-North Malawi segment represents an oblique linkage between
the Western and Southern branches (e.g., Heilman et al., 2019). The
present-day structural setting of Rukwa Rift consists of multiple
NNW-trending fault systems associated with different extensional pha-
ses, from the Permo-Triassic (e.g., Delvaux, 2001) and Cretaceous (e.g.,
Roberts et al., 2010) to Cenozoic rifting (e.g., Morley, 1999; Delvaux,
2001). The Rukwa Rift basin is bounded by the Lupa Fault to the
northeast and the Ufipa Fault to the southwest (Fig. 18b). Recent seis-
micity suggests pure normal faulting due to rotation of the local stress
field (e.g., Morley et al., 2004; Kolawole et al., 2021). In the northern-
most part of the Rukwa Rift basin, the Ufipa Fault terminates at a high
angle against the inherited WNW-ESE Chisi Shear Zone (Fig. 18c) and
forms a basin-ward salient (e.g., Heilman et al., 2019). The Chisi Shear
Zone represents a major suture between the Tanzania Craton and the
Bangweulu Block (e.g., Lemna et al., 2019). Several studies suggest an
active role of this suture zone in the development of extensional faulting
over southern Tanzania and northern Malawi (e.g., Morley, 1999;
Delvaux, 2001; Lemna et al., 2019). The strike difference between the
main trend of the Ufipa Fault and the Chisi Shear Zone in the northern
Rukwa Rift is about 30°. Following our experimental results (Fig. 18d
and e), the anomaly in the trend of the Ufipa Fault close to the Chisi
Shear Zone suggests that these two structures were both active during
the development of the Rukwa Rift basin.
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5. Conclusions

We ran a large set of analog experiments to test if and how the
equivalent of inherited dip-slip faults (precuts) forming an angle with
the trend of an extensional stress field impacts the evolution of new
extensional faults and their associated basins. We specifically focused on
the geometry and distribution of newly incepted faults resulting from
incremental deformation applied to precuts with different orientations
(from 15° to 75° relative to the strike of extension) and dips (from 30° to
60°). We then analyzed if and how differently oriented pre-existing
faults affect the evolution of an extensional basin.

Our results show that when strike and dip of pre-existing faults are
very close to those of an optimally oriented extensional fault, their in-
fluence on the development of the resulting extensional basin is more
significant. This finding applies also to the trend of newly formed faults
and the resulting basin shape.

As for the trend of newly formed faults, their trajectories exhibit an
anomaly when new and pre-existing faults are active simultaneously.
The interaction between reactivated and new faults induces anomalies
also in the spatial arrangement and geometry of the associated basin,
whose cylindrical development either broadens or narrows if compared
to what is expected in an ideal scenario, i.e., a setup in which a basin
develops within an isotropic and homogeneous succession.

The structural anomalies observed in natural test cases support our
experimental results. In the first case, located offshore Norway, the trend
of many recent extensional faults exhibits anomalies in areas dissected
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Fig. 17. Tectonic sketch maps of natural examples (a, b, c, f, g, h); excerpts from our experiments (d, i) and summary of Fig. 14 (e, j). a), b), ¢) Tectonic map of the
Horda Platform in the North Sea (a); close-up of the area crossed by the Tusse Fault (b and ¢; modified from Whipp et al., 2014). f), g), and h) Tectonic map of central
Italy; thick black lines in f) and g) show the Sibillini Thrust system. In all panels, red and black arrows mark the anomalies in the trend of newly-incepted faults and

the spatial arrangement of their associated basins, respectively. Notice that for ease of comparison with the natural examples, experiments and panels from Fig. 14 are

shown overturned with respect to other figures. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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'Strike of the Ghisi Shear Zone (1)
and of the Ufita Fault (2)

(@),

d)

Fig. 18. Simplified map of the East African Rift System. b) Map of main faults between Rukwa and Tanganyika rifts (after Lavayssiere et al., 2019). c¢) Close-up of the
interaction between the Ufipa Fault and Chisi Shear Zone (modified from Kolawole et al., 2021). d) Close-up of the A30_d60 experiment and e) of the related panel in
Fig. 14. Red arrows in panels c), d), and f) represent the anomalies in the trend of newly-incepted faults. Notice that for ease of comparison with natural examples, the
experiment and the panel from Fig. 14 are overturned with respect to other figures. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

by faults inherited from a previous extensional phase. Anomalies in fault
trends have been suggested for another natural test case in Central Italy,
where active Quaternary extensional faults interact with thrust faults
inherited from a mountain building phase. The same mechanism has
been observed in the Rukwa Rifts (East Africa Rift System), where the
trend of a recent fault has been deflected by the reactivation of an
ancient shear zone.

When investigating areas whose evolution is likely affected by faults
inherited from older tectonic phases, our findings can be used to deci-
pher anomalies in the trend of the most recent extensional fault systems
and in the 3D geometry of their associated basins.
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