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Abstract: This paper presents three 3D reconstructions of different analogue models used to
reproduce, interpret, and describe the geological setting of a seismogenic area in Southern
Italy—the Messina Strait. Three-dimensional analysis is a technique that allows for less
sparse and more congruent and coherent information about a study zone whose complete
understanding reduces uncertainties and risks. A thorough structural and geodynamic
description of the effects of low-angle normal faulting in the same region through analogue
models has been widely investigated in the scientific literature. Sandbox models for fault
behaviour during deformation and the effects of a Low Angle Normal Fault (LANF) on
the seismotectonic setting are also studied. The deformational patterns associated with
seismogenic faults, rotational behaviour of faults, and other related problems have not
yet been thoroughly analysed. Most problems, like the evolution of normal faults, fault
geometry, and others, have been cited and briefly outlined in earlier published works, but
a three-dimensional approach is still significant. Here, we carried out a three-dimensional
digital model for a complete and continuous structural model of a debated, studied area.
The aim of this study is to highlight the importance of fully representing faults in complex
and/or non-cylindrical structures, mainly when the shape and dimensions of the fault(s)
are key parameters, like in seismogenic contexts.

Keywords: 3D modelling; low angle normal fault; Messina Strait; displacement

1. Introduction
Geological cross-sections and structural maps can be used to determine the geological

setting of an area that has to be explored. Sometimes more complex tools, like contour maps
and isobath and isopach maps, can be used to better investigate the study area. The problem
is that all these tools (maps and sections) are two-dimensional descriptions of the structures,
and geological objects must often be considered in their three-dimensional complexity.
Representing a geological object with only a cross-section could be misleading and not
precise if the geological context involves intense and/or not cylindrical deformation.

The starting point for a 3D model is generally a set of cross-sections and/or geological
measurements. Often, the entire model is the interpolation of all the user-defined cross-
sections but, in theory, models require existing data against which it can be tested. The best
way to achieve this goal is to use a high perceptual of data available for the model built,
then perform a quality check using data not included in the model building. In this way,
it is possible to check where and how the interpolation moves away from measured data.
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We followed this approach for the models presented in this paper and we found a good fit
between the final model(s) and the data we used for the 3D reconstructions.

Creating 3D models is also an iterative process that requires continuous checks and re-
interpretations of the input data. The making and interactive visualisation of the conceptual
model often improves the user’s understanding of the structure. This interaction should
continue until the user is satisfied that the model accurately fits with data collected for the
model construction and possibly, with those left out for the quality check. Building the 3D
model, particularly if data are few and sparse, requires assumptions about the geology of
the structures that could often go untested in 2D maps or sections. Modifications to the
sections are generally needed to produce internally consistent 3D models so that the mod-
elling process becomes a significant part of the geological interpretation and reconstruction
process [1] (Basically, most 3D modelling software aims to interpolate data with different
interpolation tools to provide a coherent 3D surface. Recently, many researchers are work-
ing on three-dimensional modelling, like a 3D model that was generated on earthquakes
and their relationship with gravity, magnetic anomalies, geological structures, and source
fault interaction of southern Anatolia by Buyuksarac and his coworkers [2]. Similarly,
three-dimensional computations of the ground motion for numerical modelling of the
propagation of viscoelastic waves in heterogeneous media in central Emilia–Romagna
area were conducted by Klin and his co-workers [3]). A 3D velocity model was proposed
to relocated earthquake clusters and the redetermined focal mechanisms to re-access the
seismogenic structure with surface geological observations in the northern Longitudinal
Valley by Huang and Wang [4].

Computerised 3D reconstruction and modelling of geological structures provide
multiple views and approaches for data analysis and visualisation. When the structure is
complex, and data are sparse, as is often in geology and subsurface geology in particular,
iterative 3D modelling approaches should be employed to interrogate new and existing
data, guided by the geological experience of the modeller [5–7]. (In particular, modelling
enables the user to test and transfer a conceptual geological model based on a scientist’s
“feeling” into a well-defined 3D computer model based on data and evidence.

For these reasons, the three-dimensional approach has been chosen for this study as
the represented data are non-cylindrical and could not be faithfully described by geological
cross-sections or maps only. The main objective of the present study is to create three
three-dimensional representations of structurally complex analogue models of Bonini and
his co-workers [8]) describing the Messina Strait fault system. These models are used for
better understanding the kinematics of low-angle normal faults and their surface evidence
and effects. The novelty of this study is the availability of digital models and the full
analysis of the analogue ones. In fact, displacement along the blind faults and the natural
behaviour of the structural setting can only be measured with the help of three-dimensional
modelling. The changes in topography and the development of different faults with
different displacements can help us to infer the possible evolution of an area, even if it
must be noted that these models and their outcomes and results cannot be directly used for
engineering applications.

2. Low Angle Normal Faults
A low-angle normal fault (LANF) can be formed at dips of around 30◦ or less [9]).

However, Andersonian theory [10] does not predict these faults, which are fundamental to
interpreting the crust’s stress state and physical constitution. Andersonian fault mechanics
predict that the normal faults dipping less than 30◦ cannot slip and the global compilations
of normal fault focal mechanisms show only a small fraction of events with nodal plane
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dipping less than 30◦. So, doubts that the LANFs either initiate or slip at shallow dips
(<30◦) still persist.

Generally, the low-angle fault relationship consists of steeply tilted hanging wall strata
resting on extensive flat to gently dipping fault surfaces [11]). The footwall rocks beneath
the low-angle normal slip faults usually represent deep levels of the geological column. The
individual LANFs in the Basin and Range Province of Southwestern USA slipped 5–50 km
and several LANFs exhumed mid-crustal rocks [12–16] (They are globally significant, and
they occur in much of geologic records [17,18] (e.g.,) on most continents, in both extensional
and contractional settings [19–22] (e.g.,) and slow spreading mid-oceanic ridges [23] The
evidence of low-angle normal faults related to the seismicity has been observed from the
Santa Rita Fault of the Tucson basin [24], the Lamoille Valley fault in the Basin and Range
Province [25,26], the Altotiberina faults from central Italy [27,28]), and the Messina Strait of
Southern Italy [8,29–31].

The present study is based on the structurally complex Messina Strait to better un-
derstand the evolution of the Messina Fault (MF), i.e., a seismogenic low angle normal
fault (<30◦), in order to corroborate previous results of Bonini and his co-workers [8]) and
to demonstrate that this kind of approach is the only one that can be used to represent
peculiar structural settings effectively.

2.1. Messina Strait

The Messina Strait is characterised by a complex geodynamic process affecting the
Calabrian Arc compressive zone system and the Tyrrhenian extensional tectonic system [32].
The Messina Strait (Figure 1) and surrounding areas show the highest seismic activity in
the central Mediterranean.
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Figure 1. Schematic map of Messina Strait showing different faults detected by various authors. The
Inset map shows the location of the study area (adapted from [8]).

This strait exhibits the effects of powerful Quaternary tectonics mainly represented
by a vast regional uplift that started at 0.6 Ma [33,34] (and by normal faulting consistent
with the regional WNW-ESE oriented extension [29]. This area is largely affected by
intense seismic activities including large earthquakes that are both crustal (D < 35 km) and
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subcrustal (D > 35 km) in origin. The distribution of crustal seismicity, including major
earthquakes (M ≥ 6) that occurred in historical times, is located in the hanging wall of the
different Quaternary normal fault segments. Several important seismic sequences struck
this region (some of them are shown in Table 1).

Table 1. Major and Minor Earthquakes in Messina Strait.

SN Earthquakes Year Magnitude

Major Earthquakes

1 South Calabria Region Earthquake 1783 5.6–7.1

2 Capo Vaticano Peninsula Earthquake 1905 7.0

3 Messina Reggio Calabria earthquake 1908 7.1

Minor Events

1 In the Strait of Messina 1975 4.7

2 In the Patti Gulf 1978 5.6

3 In southeastern Sicily 1990 5.4

Numerous researchers worked on the Messina Strait and proposed contrasting models
for the 1908 causative fault. These models range from two opposite-dipping normal faults
with different dip-angles [35,36] either E-dipping blind low-angle fault on the Sicilian
side [37–41] or W-dipping high-angle fault ruptured on the Calabrian mainland [36] and
right along the Straits [42].

A hypothesis on rupture along the NE trending, west-dipping faults slicing across
the Calabrian side of the Strait by creating macroseismic fields was proposed by some
authors [34,43–46] and accepted by others [47,48] (who reported significant subsidence and
coseismic ground fracturing in the area. Using additional information, such as seismicity
and morphotectonic data of Aloisi and her co-workers [36]) concluded that the Armo
and the S. Eufemia faults were part of a major crustal structure that slipped during the
1908 earthquake. Meschis and his co-workers [49] proposed a rupture along the Messina–
Taormina Fault (MTF in Figure 1), a 70 km-long structure near the Sicilian coast. With the
help of a geodetic data inversion study, Barreca and her co-workers [31] proposed normal
slip on the low-angle discontinuity and a transtensional (slightly left-lateral) motion on the
34.5 km-long extensional fault in the study area. For a recent and complete review of the
geological literature regarding the Messina Fault, the reader can refer to Barreca and her
co-worker’s publication [31] and references therein (Table 1 and Figure 1).

2.2. Messina Fault

According to Valensise and Pantosti [40] and Bonini and his co-workers [8], the most
probable source of the Messina earthquake (1908) is a low-angle blind normal fault that
starts 3 km beneath the earth’s surface and ends around 12 km deep, with a 30◦ dip in the
SE direction. The total length of this fault is 20 km along the dip and 40 km along the strike
of the fault plane, with a reconstructed coseismic slip of 1.42 m [8].

3. Methodology
MOVE suite package 2022 (by PE Limited is used to build three-dimensional digital

models of the analogue models. This software is mainly used for structural modelling
including geomechanical modelling, fracture modelling, etc. The analogue experiments
were carried out on Sandbox and their details were made available by Bonini and his
co-workers [8]). These three-dimensional models are used to understand the structural
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setting of the Messina strait at three different extension levels: 0.5 cm, 2.0 cm, and 3.5 cm.
The results of these models are comparable with true seismic sections of the study area.

Experiment Setup

An 80 cm wide and 43 cm long sandbox (Figure 2) was used to reproduce the above-
described structural setting. A mobile backstop induces a progressive extension along the
fault plane and, consequently, normal fault propagation. Quartz sand and glass microbeads
were the two granular materials used to model this context. We used glass microbeads
to reproduce the fault rocks’ geomechanical features because of their very low internal
friction angle (300–400 µm; Φ = 24◦). Due to their high sphericity and roundness, they act
as detachment levels and simulate relatively incompetent rocks such as clay and shales.
A well-rounded, spherical material is better suited to model the brittle behaviour of rocks
in crustal and lithospheric scale analogue models than less well-rounded materials since
it has a smaller cohesion and a coefficient of internal friction, which is closer to values of
natural rocks [50]). Quartz sand (100–300 µm; Φ = 34◦) has negligible cohesive strength
and deforms according to Navier–Coulomb failure. Different colours of quartz sand were
used to reproduce lithological units and highlight faults and displacements in the internal
sections at the end of the experiment. The scale of the model is 1:100,000, so 1 cm in
the model represents approximately 1 km in nature. Movie S1 and Figure 2 explain the
complete experimental setup and show some images of the internal sections (sections are
spaced at 2 cm in all models) (Figure 2 and Movie S1).
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Figure 2. Three-dimensional model of sandbox experiment with (a) geographic references of the
study area and (b) topographic surface showing the position of central graben with respect to the
fault plane. The mobile wall is moving outside in different stages (0.5, 2.0, and 3.5 cm extension along
the fault plane) of the experiment in the arrow direction to induce extension.

4. Results
4.1. Sandbox Models

Three different extension levels: 0.5 cm, 2.0 cm, and 3.5 cm are representing models of
true seismic sections of the study area. Different faults with diverse extension levels are
shown in Figure 3.
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Figure 3. Generation of different faults (F1 to F10) and topographic surfaces; (a–c) Development
of different faults in different experiment stages showing the position of internal sections at 20, 40,
and 60 cm (traces in the picture). Internal sections are 2 cm spaced, (d–f) Topographic surfaces with
contour lines. The maximum depth of the central graben is −0.2 cm in MS-1, −1.2 cm in MS-2 and
−2.2 cm in MS-3.

4.1.1. First Model (MS-1)

The first experiment was carried out on a 0.5 cm extension. In this experiment, a
synthetic (minor faults whose sense of displacement is similar to its associated major faults)
fault, F1, visible on the central part, represents the surface expression of the Messina fault,
i.e., low-angle blind normal fault. After a few intervals, an antithetic (minor, secondary
fault, usually one of a set, whose sense of displacement is opposite to its associated major
and synthetic faults) fault, F2, developed, and it was visible only in central sections (from
36 cm to 46 cm) of the sandbox experiments. Both faults have the highest displacement at
40 cm cross-section area (i.e., in the sandbox’s middle). The progressive development of
both faults and their lateral continuations are shown in Figure 3a.

4.1.2. Second Model (MS-2)

The second experiment was performed by imposing a 2.0 cm extension. In this
experiment, four faults were generated. They led to a central graben and have attitudes
shown by Figure 3b. The first (synthetic fault, F1) and second faults (antithetic fault, F2)
were similar to those of the first experiment. The third fault F3 was again synthetic, while
the fourth one (F4) was antithetic. These are all high-angle normal faults produced as a
result of displacements along the low-angle Messina Fault (<30◦). In this continuation, the
fifth fault, F5, was generated with a synthetic attitude towards the backstop side of the
experiment and the resultant antithetic fault, F7, was also in the same area. The last two
faults were visible only in limited sectors of the model, as shown in Figure 3.

4.1.3. Third Model (MS-3)

The third experiment underwent a 3.50 cm extension along the fault plane and showed
a large number of faults. Two grabens were developed in this experiment; one deep graben
was on the central part while the second one was closer to the mobile backstop. The
central graben was made up of predominantly two first-order faults (F1 and F2) and some
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second-order faults (F3 and F4). The second graben was made by F5 (synthetic fault) and F7
(antithetic fault). These faults were visible in their initial state in the previous experiment,
but now they have created a complete graben (Figure 3 and Movie S2).

Due to the similar pattern and evolution of faults in different models, it is assumed that
these three models are like different steps of a single experiment with increasing amounts
of extension. The number of faults increased with the displacement along the main fault
plane. Movie S2 explains the generations of faults in different stages in the third model.
This movie represents the formation of the grabens and shows changes in the topographic
surface accordingly.

These models were prepared by interpolating sections that were obtained very pre-
cisely at every 2 cm interval and perpendicularly to the moving wall, as shown in Movie S3.
Consequently, in different experiment steps, the section shows distinct faults. A 3D model
built by interpolating these parallel sections can give the idea of the real and complete fault
shape. The models are particularly useful where the fault shape is curved and deflects from
the direction parallel to the mobile wall. In these parts of the model, in fact, the 2D sections
are not significant for the real displacement evaluation, as they are not perpendicular to the
fault plane direction (Movie S3).

Thus, three-dimensional modelling allows for visualizing and manipulating geo-
logical models in real-time. Structural modelling has traditionally been carried out in 2D
using cross-section interpretation as starting point. In 2D models, there are some limitations;
for example, looking at Figure 3, the real displacement along faults can be calculated along
a 40 cm section as it is normal to the faults. However, in the same figure, it cannot be
calculated along 20 cm and 60 cm sections due to the curved shape of faults. To solve
this problem, we need a three-dimensional tool that considers depth. Three-dimensional
modelling can offer tools like inclined shear and flexural slip information with strain
visualization and displacement analysis. There are many tools in 3D modelling for different
types of analysis, including Allan Mapper (Move software package by Petroleum Experts
Ltd.). The Allan Mapper automatically allows the foot wall and hanging wall cut-offs to be
traced onto the fault surface. The two lines can be used to produce a separation map of the
fault. This provides essential help in visualizing and measuring variable heaves along fault
direction (Figure 4).

Figure 4. Automatic construction of the cut-off lines on the fault plane (red surface) carried out using
Move suite (PE Limited) software. (a,b) provide two different views of the fault plane where the
footwall and hanging wall cut-off lines can be projected and the strike displacement variations are
easily detectable.
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4.2. Displacement Along the Fault Planes

The development of the graben in all three models follows a similar pattern. In all the
experiments, the maximum displacement (Figure 5) is observed along fault 1, which is the
surface expression of a low-angle blind normal fault.

Figure 5. Binary graphs showing displacement with respect to the total amount of extension (in cm).
The X-axis is relative to the dimensions of the models; the Y-axis shows the displacement along the
fault plane. All models MS-1, MS-2, and MS-3 exhibit quasi-elliptical shapes for slip distribution.
MS-3 has the deepest graben and, accordingly, it has the highest displacement among the others.
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4.2.1. First Model (MS-1)

In the first experiment, the extension was 0.5 cm. The first synthetic fault, F1, has
0.06 cm to 0.27 cm displacement in different sections (from 26 cm to 54 cm sections) while
the second fault, F2 (antithetic fault), has maximum displacement (0.13 cm) in a 46 cm
section. The highest value of the total amount of displacement is 0.40 cm, observed in the
central part of the experiment (40–42 cm sections).

4.2.2. Second Model (MS-2)

The second model is developed at a 2.0 cm extension along a blind normal fault.
The F1 has displacement from 0.11 cm (at the 22 cm section) to 1.35 cm (at the 40 cm
section). The displacement along F2 and F3 is 0.40 cm and 0.15 cm, respectively. The
maximum displacement is 1.35 cm along F1, and the total displacement in this model is
2.0 cm (corresponding to the imposed one).

4.2.3. Third Model (MS-3)

The third model has a 3.5 cm extension imposed by the moving wall. A deep graben
with a number of faults in the central part and a second graben near the moving backstop
wall was developed. The displacement along first-order faults were maximum in the central
graben, as shown in Table 2. The maximum displacement along the F1 was 2.10 cm. In
the second graben, displacement along the F5 was 0.12 to 0.26 cm, while, along F7, was
0.04 to 0.1 cm. In this experiment, the total amount of measured displacement was 3.46 cm
(Table 2 and Figure 5).

Table 2. Displacement along Faults in Central Graben in Ms-3 Model.

Faults
Displacement

From To

F1 0.9 cm at 22 cm Section 2.10 cm at 40 cm Section

F2 0.16 cm at 22 cm Section 0.81 cm at 42 cm Section

F3 0.13 cm at 30 cm Section 0.67 cm at 54 cm Section

5. Discussion
Maps and sections taken from the models and their measurements are highlighting that

most of the applied aspects, including geometrical and structural features, of the faults were
developed in the analogue models of Bonini and his co-workers [8]). Nevertheless, some
topics and evidence can be understood through 3D reconstruction and visualisation only:

(1) The first is to follow the trend of the faults in depth, inside the model, and not only in
the map. The changes both in the fault trace and inclination can be followed during
the evolution of the model (i.e., through the different sand-box experiments) and in
the single evolution step in a continuous way over the width of the models. Looking at
the 3D visualisation of the brittle structures, it is evident that the faults start from the
base of the apparatus (i.e., from the active LANF) and progressively develop toward
the topographic surface, reaching it in the very early stages of extension (0.5 cm)
following the increase in the displacement imposed by the backstop on the LANF.
This is particularly evident in the first evolution steps, where newly formed faults are
present on the topographic surface.

(2) A detailed analysis of the kinematics and type of the faults evidenced a displacement
gait that is not constant and homogeneous through the width of the models. The
setting of the main faults is, in fact, hardly influenced at the end of the faults, where
the strike of fault planes deviates from the strike of the main buried LANF. The
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complexity of the faults and their displacement amounts is so evidenced, this could
not be possible or, at least, it could be much more difficult looking only at single
cross sections. Building the cut-off lines along a fault plane and observing them in
a continuous and 3D way allowed us to highlight how deformation is taking place
along different fault planes while extension increases. Here, the importance of 3D
reconstructions enables and facilitates the study of displacement on a single fault and
its distribution on multiple fault planes kinematically related.

(3) The study of faults and their displacements is directly related to the observation
of topographic variations observed in the central part of the models while the im-
posed basal displacement increases. In the middle of the sandbox, an evident and
asymmetric graben was developed from the very early stages of deformation (few
millimetres). The topography variations, even if visible from some 2D sections (in
particular, from those coming from the central sector in the most advanced steps of
the models), are clearly evidenced and well defined by a complete analysis of the
surface of the whole model. Moreover, by associating 3D model depressions with the
topography and normal faults, it is easier to determine which faults are responsible
for the topographic variations.

The complete reconstruction of the model’s surface reveals where the graben devel-
oped and its lateral terminations. The lineaments responsible for this setting and their
different displacement amounts can explain the topography’s shape. This highlights that
the topographic depression (visible also in the natural case) is due to tectonic causes and
that the presence of an active LANF drives the overall structural setting of the area.

6. Conclusions
The analogue models and all the analyses and measures performed on them helped

us to better understand the kinematics of the geological contest we aimed to reproduce and
propose a seismotectonic setting for the study area.

Nevertheless, some items that appeared during the study needed more suitable ex-
planations. The maps of the models and all internal sections need to be made into better
tools for analysing and interpreting some of the more complex and hidden aspects outlined
in the previous chapters. For these reasons, a digital 3D reconstruction of the models has
been performed in the firm belief that only a continuous and complete view could help to
better understand the whole structure and kinematics of the sandbox experiments and the
reproduced tectonic setting.

With a 3D reconstruction, it is possible to follow the path of the faults inside the model.
Digital models are fundamental to visualizing the presence and attitude of all faults. On
the internal sections of the models, it is possible to view the displacements of the faults.
Some variations in these displacements are evident (there are differences in the amount
of displacement) and following them through the whole model is useful. Analyses of the
different displacements on the single internal 2D sections is possible but not as helpful
and “self-explanation” as the observation of the 3D reconstruction of the topography and
fault planes.

The previous topic is strictly related to the most evident one, the topography changes in
the middle part of the models with the increase in the imposed basal displacement. Also, in
this case, depression could only be detected in the sections. However, it is evident that a 3D
digital reconstruction with a colour scale enables better visualisation and comprehension of
the amount of the topographic depression, its extension and progressive evolution through
the different steps of the model. With a digital 3D continuous reconstruction, it is possible
to compare the path of the fault displacements with the topographic variations to verify
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if it is directly related to the nature of faults or mainly related to the “dilation effects” of
the sand.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/geosciences15020053/s1, Three short movies (.avi format) for
experimental setup are included. Movie Captions: Movie S1. The complete experimental set up
including 30◦ fault plane, microbeads layer and different colour of sand for different units. This
movie also shows some of the internal sections every 2 cm along strike. Movie S2. Generation of
different faults in sequence and topography with experimental view and map view explaining the
location of graben with respect to real situation. Movie S3. This video display internal section of the
experiment. The displacement along the surface expression (fault 1) of the low angle normal fault is
the highest, as shown in the central section. Yellow lines are relative to the topographic surface.
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