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Abstract: Fold-and-thrust belts have a high variability of structural styles, whose investigation
provides continuous updates of the predictive models that try to better approximate the geometries
recognized in the field. The majority of studies are focused on the geometry and development of
folds and thrust surfaces and the amount of displacement, taking into account the role played by
the involved stratigraphic succession assumed as a layer cake. We present a case study from the
external zone of the Variscan fold-and-thrust belt in SW Sardinia, where it was possible to investigate
the lateral and vertical variations of the mechanical properties of the involved succession, how they
related to previous folding, control thrust geometry, and kinematics. In this case, the superposition
of two fold systems acted as a buttress that induced extensive back-thrusting. We found that there
is a close connection between the attitude of the bedding and the geometry of back thrust surfaces,
shear strength during thrust propagation, and variation in the shortening amount, depending on
which part of the folds were cut across. The folding-related mechanical anisotropy also seems to have
induced a ductile deformation in the footwall of back-thrusts. Although the case study considers the
development of back-thrust, the relations between thrust and not-layer cake geometries could also be
applied to fore-thrust development.

Keywords: back-thrust; buttressing; footwall deformation; inversion tectonics; mechanical stratigra-
phy; pre-existing folds; shear strength; structural inheritance; thrust displacement; triangle zone

1. Introduction

Fold-and-thrust belts have been extensively studied since the second half of the last
century to describe the structural style and define the mechanism of development [1–11].
In the last few decades, our understanding of fold-and-thrust belts has benefited from
the improvement of the investigation methods, including 3D seismic surveys [12–14], 2D
and 3D modeling and restoration software [15–17], tectonic geomorphology [18], and ana-
log [19] and numerical models [20]. The relevance of the fold-and-thrust belt for research
progress in crustal deformation [21], orogenic processes [22], seismic hazard [23–25], and
hydrocarbon exploration [26–28] has led to increasing interest from both academics and
industry in recent years, and to the publication of several Special Issues and review papers
that address this topic for different purposes and through varying approaches [29–36].
A huge number of published papers highlight the high variability of structural styles
and features that characterize the fold-and-thrust belts worldwide, both active and fossil.
Differences may arise because of different geodynamic settings where the fold-and-thrust
belts develop, namely, collisional [37], convergent [38], or gravity-driven [39]; depending
on which part of the crust is involved, if it is thick- [40] or thin-skinned tectonics [41];
according to the rheology of the involved rocks [42,43], mechanical stratigraphy [44], the
depth of the detachment [45], and the deformation rates [46]; and based on the occur-
rence of salt tectonics [47,48], syn-orogenic erosion and deposition [49,50] and pre-existing
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structures [51–53]. In particular, structural inheritance plays an important role because,
generally, fold-and-thrust belts originate from the continental margin that was previously
affected by extensional tectonics [54]. Recently, the spatial variation’s role of mechanical
properties of layer-cake stratigraphy in influencing fault and fold development and linkage
has been highlighted [55], but open questions remain about the influence of mechanical
anisotropy related to former structures, except for the role of pre-existing normal faults [54]
or fault-controlled thrust ramps [56], and how the inherited structures can be detected [34].

This paper contributes to filling these knowledge gaps, focusing on the Variscan
fold-and-thrust belt of SW Sardinia (Figure 1a). The intriguing premise of this case study
is the very complex tectonic evolution that the stratigraphic succession had undergone
before acting as a Variscan fold-and-thrust belt. Previous studies dealing with the role of
inherited structures in fold-and-thrust belts worldwide, including analog and numerical
models, focus mainly on pre-existing normal faults [57–60]. Instead, in the external zone of
the Variscan fold-and-thrust belt in SW Sardinia, the structural inheritance is characterized
by non-layer cake stratigraphy due to the superposition of perpendicular folding events, a
supposed extensional phase that occurred before the first folding event, and an angular
unconformity that further complicates the mechanical stratigraphy. Due to this peculiar
stratigraphic-structural setting, the study area is suitable to understand how the geometry,
kinematics, and dynamics of thrust faults may be influenced by inherited folds that pro-
duced a litho-stratigraphic heterogeneity. Interestingly, the resulting structural style of the
Variscan fold-and-thrust belt in SW Sardinia is strongly marked by extensive back-thrust
development (Figure 1b,c). Although these structures have been recognized in Sardinia
for a long time [61–64], there is still a lack of detailed studies on their geometry, kinematic,
and mechanical features.

In this paper, we present geological and structural data and the reconstruction of the
geometry, kinematics, and displacement of the back-thrusts that unravel what relationships
exist between the structural style of the fold-and-thrust belt and the structural inheritance.
The majority of the speculations about the influence of complex structures on the mechanics
of thrusting can also be extended to fore-thrusts.

Our conclusions illustrate what happens when a poly-deformed faulted and folded
stratigraphic succession is involved in a fold-and-thrust belt, and how a complex struc-
tural inheritance may influence the distribution, geometry, kinematics, and dynamics of
the structures.
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Figure 1. (a) Tectonic sketch map of the Variscan basement of Sardinia; (b) geological sketch map of the Variscan external
zone in Sardinia and a schematic stratigraphic log of the Variscan succession (modified from [64]). CA: Cuccuru Contu
Antiform; DAR: Arenarie Dome; GA: Gonnesa Antiform; IS: Iglesias Synform; MS: Malacalzetta Synform; OB: Orbai
Back-thrust. (c) Schematic geological cross section (from Funedda, 2009 [63], modified).

2. Data and Methodology

This study is based on field investigation and structural analysis, whose starting point
is the recent geological map at 1:50,000 scale “Foglio 555 Iglesias” performed by the Italian
Geological Survey (ISPRA Carg Project; [64]). Field investigation were carried out to detail
the main stratigraphic and tectonic contacts—orientation of beds, folds and faults elements,
and kinematic indicators—and report them on a topographic map at 1:10,000 scale, thus
reducing in this way the uncertainty of the data analysis due to the scale dimension.

The 3D geometry of stratigraphic and tectonic contacts has been reconstructed by
means of handmade structural contours derived by their intersections with topographic
contours at 1:10,000 scale with a 10 m contour-lines interval (Figure 2). The iterative proce-
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dure of detailed mapping, field observations, and structural contouring, to estimate the
consistency between outcrop data and structure contouring, provided a further validation
of the geological map reducing inconsistency that can arise from data errors and contour-
ing artifacts [65]. A further control of the quality of the structural contouring has been
performed following the procedure proposed by Tearpock and Bische (2002) [66].

Figure 2. Example of contour lines (every 10 m) reconstruction of stratigraphic and tectonic contacts.
The cutoff lines used to measure the horizontal displacement are also shown.

From the contour map, the main geometric characteristics of the back-thrust were ex-
tracted: the length, measured tip-to-tip parallel to the average strike (fault length sensu [67]),
and the dip and dip direction, measured as average along the reconstructed fault plane.
In particular, the length of the back-thrusts has to be considered as the minimum, certain
value because it refers to where the back-thrusts have been effectively detected, taking
into account that the length may be longer if the back-thrusts are hidden by Quaternary
deposits, mine dumps, or highly wooded areas.

The footwall and hanging wall cutoff lines of the significative stratigraphic contacts
have been reconstructed. Note that they are often curved lines since the faults cut folded
surfaces; moreover, the same contact could produce not parallel cutoff lines in the footwall
and in the hanging wall since the fault can cut the same fold in different part (i.e., limb
or hinge) (Figure 2). The cutoff lines have been employed to calculate the displacement;
given that sometimes they are not parallel, an average distance was take into account and
the results have been approximated to decameters. The horizontal (H), vertical (V), and
net (N) displacement along the back-thrusts has been calculated following these steps:
(1) H was measured parallel to the transport direction between the cutoff lines of the same
stratigraphic contact in the hanging wall and footwall; (2) the steepness of the back-thrust
was calculated parallel to the transport direction; (3) V and N were calculated using the
values obtained from (1) and (2) by means of trigonometric functions. Note that H and V
coincide to heave and throw only in the case the transport direction is parallel to the dip
direction of the back-thrust.

The geological cross-sections have been made from the structural contour maps at
1:10,000 scale, honoring all the field data. Considering that the study area suffered at least
three different shortening directions, 2D cross-section balancing was not allowed. The
non-cylindricity of the structures along the cross-section—which prevent a restoring and
balancing procedure—is highlighted by some sudden changes of the apparent thickness
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of the same formations. It happens because along the same geological cross section a fold
is cut along both the hinge zone—so the true thickness is projected onto the cross-section
—and along the vertical limb—so an apparent, larger thickness is projected.

Move Suite by Petroleum Experts (Petex) Ltd. (Edinburgh, UK) was used to draw and
restore some faults starting from the handmade structural contour lines, and to build the
“Allan diagrams” [65,68], which allowed us to recognize the displacement of the different
stratigraphic contacts along the same fault.

3. Geological Background

The Paleozoic basement of Sardinia is an almost complete segment of the Variscan
chain where the axial, nappe, and external zones of the orogenic belt are well exposed
(Figure 1a). The structure of the Variscan chain in Sardinia resulted from a N–S short-
ening (in present-day coordinates) related to the continental collision that occurred in
early Carboniferous times [69]. The nappes were emplaced at first with a top-to-the-S
transport direction and later with a top-to-the-W [70]. The W-directed tectonics gave rise
to the emplacement of the nappe zone over the external zone [63]. The Arburese thrust
(Figure 1b,c) that separates the nappe zone and the underlying external zone is the main
Variscan structure cropping out in SW Sardinia. It strikes NW–SE, dipping to NE, for more
than 60 km and is marked by a 50 m thick shear zone [63,71].

The external zone stratigraphic succession involved in the Variscan deformation spans
in age from the lower Cambrian to the lower Carboniferous [72]. From the bottom to the
top, the stratigraphic succession is composed of the following formations (Figure 1b), of
which a brief description is given. The Nebida Fm. (lower Cambrian) consists of more than
500 m thick alternating sandstones and siltstone with episodic carbonate intercalations
and characterized by a continuous oolithic limestone level [73]. The Gonnesa Fm. (lower
Cambrian) shows a change in the sedimentological conditions and is made up of well-
stratified dolostones and massive limestones up to 500 m thick [74]. The Campo Pisano
Fm. (middle Cambrian) is a 20 to 50 m thick succession of marly limestones that mark
the transition to the overlying Cabitza Fm. (middle Cambrian-Lower Ordovician), a
400 m thick alternation of levels of claystones, siltstones, and fine-grained sandstones [75].
During the Lower-Middle Ordovician there is a stratigraphic gap marked by an angular
unconformity (Sardic Unconformity, [76]) related to the Sardic Phase [77], a regional tectonic
event affecting the northwestern margin of Gondwana [78–81]. The Sardic unconformity is
covered by the Monte Argentu Fm. (Upper Ordovician), a siliciclastic succession, which
ranges from a few tens of meters to 600 m thick, characterized at the base by olistoliths,
megabreccias, and coarse conglomerates that evolve up-section to marine sandstones
and siltstones [82]. Above the Monte Argentu Fm., deposition of siliciclastic sediments
persisted throughout the entire Upper Ordovician [83] passing successively to black-shales
and limestones Silurian-Middle Devonian in age [84]. Finally, the lower Carboniferous
clastic deposits [85] caps the stratigraphic succession.

Some rough observations on the mechanical properties of the lithostratigraphic succes-
sion can be made considering the structural style of the different units involved in the same
deformational event. A first-order mechanical discontinuity is between the Gonnesa and
the Campo Pisano fms. The limestones and dolostones of the Gonnesa Fm. are generally
deformed in large wavelength (up to 1000 m) buckled folds with m-size minor order
structures and a spaced axial-plane cleavage. The marlstones, fine-grained sandstones, and
shale of the Campo Pisano and Cabitza fms are deformed in buckled folds with thickened
hinges, a well-developed axial plane cleavage and an average wavelength less of 100 m
to dm in size. Therefore, the Gonnesa Fm. looks to have had a higher shear strength than
that of the Campo Pisano and Cabitza fms. Indeed, some back-thrusts developed along
the contact between Gonnesa and Campo Pisano fms. Other mechanical discontinuities,
of minor order, can be recognized, e.g.: the contact between the coarse conglomerates
and breccias at the base of the M. Argentu Fm. and the fine sandstones and shale of the
Cabitza Fm.
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In the external zone three tectonic phases are recognized, which gave rise to a very
complicated structural setting: the first event is related to the middle Ordovician Sardic
phase, and the second and third to the Variscan event.

The Sardic Phase was a compressional event that involved only the stratigraphic
succession beneath the Sardic unconformity. According to the N–S shortening direction,
E-trending folds developed, geometrically characterized by upright axial surface, close
tightness, and a kilometric wavelength; no tectonic foliation is clearly associated with
this folding event. Axes plunge towards the E and the W according to the effect of the
later folding, so these folds are not cylindrical, e.g., the Malacalzetta Synform (Figure 3).
The steep limbs of the Sardic folds are cut at a high angle by the Sardic unconformity,
sometimes approaching 90◦. The kilometric map-scale Sardic folds are peculiar features of
the structural setting of the external zone. Moving from north to south, they are (Figure 1b):
the Malacalzetta Synform, the Cuccuru Contu Antiform, the Iglesias Synform, and the
Gonnesa Antiform. Along with the folds, Sardic reverse faults striking roughly E–W have
been also detected [64,86].

The Variscan deformation affects the entire stratigraphic succession from the lower
Cambrian to the lower Carboniferous and it is postdated by upper Carboniferous continen-
tal succession [64]. The I Variscan Phase, is characterized by folds trending E–W that are
superposed on the Sardic folds, with the same shortening direction [61], forming a type
0 interference pattern (according to [87]). The axial surfaces are upright, and the tightness
is open, so that the Sardic unconformity and the stratigraphic succession above it are gently
deformed, whereas the Sardic folds are slightly more shortened.

The II Variscan Phase differs from the previous in the E–W shortening direction, which
is perpendicular to the shortening related to both Sardic and I Variscan phases. The II
Variscan Phase accumulated the highest shortening throughout a progressive deformation
that gave rise, sequentially, to N-trending folds, W-verging fore-thrusts, and, finally, E-
verging back-thrusts [61–63] that gave rise, along with the Arburese thrust, to a triangle
zone [63] (Figure 1c). The N-trending folds are characterized by N-trending axes whose
dip changes according to the position of the layers already folded by the previous folding
events. Axial surfaces are generally upright, sometimes steeply dipping towards the W
(Figure 4), the first-order wavelength is of a few hundred meters with associated minor
order folds. The stretching lineation related to this tectonic phase always trends E-W.

The superposition of two perpendicular fold systems striking roughly E–W and N–S
formed a type 1 interference pattern [87], whose main map-scale structure in the study
area is the so-called “Arenarie Dome” (“Arenarie”, which means sandstones, is the older
name of the Nebida Fm.), a dome consisting of sandstones belonging to the Nebida Fm.
surrounded by the dolostones and limestones of the Gonnesa Fm. (Figure 1b). Due to the
N-trending Variscan folds, the E-trending folds show a cartographically clear change in
the axes plunging direction from W-ward to E-ward. In addition to this, the steep limbs
of the Sardic folds are deformed by N-trending folds with steep axes plunging either
N-ward or S-ward according to the attitude of the limb they affect. Following this, the
dome-and-basin structure is involved in the fore- and back-thrusts development. Among
the most noticeable at map-scale, are the fore-thrusts that cut across the Iglesias Synform
and the Gonnesa Antiform and the back-thrust that displaces the core of the “Arenarie
Dome” (Figure 1b). It is worthy to underline this change in structural style in the zone
close to the nappe front: back-thrusts and fore-thrusts are widespread close to the Arenarie
dome and to the Iglesias Synform, respectively. In the following, given that in the study
area generally just the pre-Sardic succession are involved in back-thrusting, we will refer
to the E-trending fold as Sardic, considering that is not possible to easily distinguish the
effect of the superimposed I Variscan E-trending folding. However, because the Sardic
unconformity reaches up to 90◦ and E-W-trending upright limbs lack in the post-Sardic
succession, we consider the E-trending folds Sardic rather than Variscan.
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Figure 3. Geological map of the study area (modified from ISPRA Carg Project [64]). CA: Cuccuru Contu Antiform; MS: Malacalzetta Synform.
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Figure 4. Geological cross sections parallel to the back-thrusts transport direction, location in Figure 3. Note that the sudden change of the apparent thickness of some formations is related
to a change of their dip direction; e.g., in A-A’ the change of GON1 and GON2 thickness in the hanging wall and footwall of back-thrust 7.
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4. Results

The study area (Figure 3) is located in the northern sector of the external zone between
the “Arenarie Dome” and the leading edge of the nappe zone, where the back-thrusts ex-
tensively crop out. In this sector, the exposed formations are progressively younger moving
towards the nappe front, because of erosion processes and according to the interference
pattern of superposed perpendicular folding. Here, the stratigraphic succession spans
in age from lower Cambrian to Silurian. In roughly the same way, there is an increasing
mechanical weakness of the lithologies moving towards the nappe front: the sandstones of
the Nebida Fm., the limestones and dolostones of the Gonnesa Fm., the marly limestones
of the Campo Pisano Fm., the fine sandstones, pelites and siltstones of the Cabitza Fm., the
conglomerates, phyllites and shales of the upper Ordovician-Silurian succession, this last
lying just below the Arburese thrust (Figure 1). However, this seemingly simple mechani-
cal stratigraphy is structurally complicated by the occurrence of the Sardic and Variscan
antiforms and synforms. The back-thrusts mainly affect the pre-Sardic Unconformity suc-
cession, crosscut the Sardic folds, and are rare in the post-Sardic unconformity succession.
Additionally, there is not any information about the occurrence of a basal detachment.

In the following paragraphs, based on a 3D reconstruction through structural contour
lines of the stratigraphic and tectonic surfaces and on analyses of fault rocks and kinematic
indicators on thrust’s surface, we describe the main outcrop- and map-scale characteristics
of the back-thrusts, the relationships between the back-thrusts surfaces and the attitude
of the underlying folded strata in their footwall, and the folds that affect the Variscan S1
cleavage in the footwall of some back-thrusts.

4.1. The Back-Thrusts of the Marganai Area

In the field, the back-thrusts are recognizable in landscape view if they give rise to a
rugged morphology, for example, when the limestones of the Gonnesa Fm. overthrust on
the shales of the Cabitza Fm. (Figure 5a). At the outcrop scale, the back-thrusts are marked
by a 1 to 10 m thick shear zone characterized by the occurrence of a different type of fault
rocks depending on the lithologies affected. When the back-thrusts affected the sandstones of
the Nebida Fm., a fault gouge (Figure 5b) or foliated cataclasite (Figure 5c) developed. The
fault gouge may be either several meters thick or be confined between discrete slickenside in
fault cores that are a few decimeters thick. The foliated cataclasite developed in bands with a
thickness of a few meters and are characterized by fish-shaped fragments (Figure 5c1), are
a few decimeters long, and are bounded by slickensides that sometimes show slickenlines
(Figure 5c2). When the back-thrusts affected the limestones and dolostones of the Gonnesa Fm.
the fault rocks may be either breccias or calcite-mylonite. The breccias consist of millimetric
to centimetric angular fragments glued by an intergranular calcite cement (Figure 5d). The
calcite–mylonite is characterized by alternating black and white millimetric layers that are
parallel to the mylonitic foliation. In the marly limestones of the Campo Pisano Fm. and
in the fine sandstones and shales of the Cabitza Fm., mylonite developed more commonly
(Figure 5d). The mylonite zones are several meters thick and include different kinds of
kinematic indicators. At the outcrop-scale, asymmetric folds (Figure 5e), S–C fabric (Figure 5f)
and foliation deflection (Figure 5g) indicate a top-to-the-E shear sense. In thin sections, parallel
to the aggregate lineation and perpendicular to the foliation, the shear sense can be accurately
defined by asymmetric porphyroclasts (Figure 5h,i), sigmoids, and domino and shear bands
boudins that consistently indicate a top-to-the-E transport direction (stereographic projection
in Figure 6). The same kinematic indicators are recognized in the calcite-mylonite along the
Orbai back-thrust [63]. Rarely, an opposite shear sense has even been detected, as commonly
observed in mylonitic shear zones [88,89].

The detected back-thrusts show remarkable differences from each other for what
concerns their length and attitude. The length varies a lot, from a few hundred meters
to several kilometers (Figures 3 and 6, Table 1). The dip direction ranges between N230
and N330 and the dip is also highly variable, between 8◦ and 76◦ (Figure 4, stereographic
projection in Figure 6, Table 1).
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Figure 5. (a) Landscape view of the back-thrust 5 (see location in Figure 3) that affects the Gonnesa
(GON) and Cabitza (CAB) formations. (b) Fault gouge along the back-thrust 1B that affects the
Nebida Fm.; red line: tectonic contact; black line: bedding; point of view toward the west. (c) Foliated
cataclasite along the back-thrust 2 that affects the Nebida Fm.; inset details of the fish-shaped fragment
(c1) and slickenlines (c2). (d) Fault breccia along back-thrust 2 that affects the Gonnesa Fm.; black
angular clasts are limestone fragments glued by a white calcite cement. (e) Asymmetric fold in a
calcite-mylonite along the back-thrust 2 that affects the Campo Pisano Fm., indicating a top-to-the
E shear sense. (f) S–C fabric indicating a top-to-the E shear sense in the Cabitza Fm., along the



Geosciences 2021, 11, 276 11 of 30

back-thrust 2. (g) Foliation deflection along the back-thrust 2 that affects the Campo Pisano Fm.
indicating a top-to-the E shear sense. (h) Asymmetric, sigma-type quartz porphyroclast indicating a
top-to-the E shear sense; thin section, CPL; sample collected along the back-thrust 5 that affects the
Mt. Argentu Fm. (i) Schematic drawing of Figure 5h.

Figure 6. Structural contour lines of the back-thrusts in the study area (in light color the geological map of Figure 3). The
different color for back-thrusts is just to avoid confusion between the superposed contour lines. The reported contour
lines with a 50 m interval were derived from contour lines with 10 m interval (see example in Figure 2). The upward
and downward concave shape of some back-thrusts is highlighted, understood as a change in dip along their general
strike direction. The axial surface trace of the N-trending antiform separates a western domain with W-plunging and an
eastern domain with E-plunging Sardic folds. Inset equal-area, lower hemisphere stereographic projection of the transport
directions and attitude of back-thrusts.

The Arenas back-thrust (1 in Figures 3 and 6) exhibits the greater along-strike length,
more than 9 km, striking from the Arenas mine to the village of Iglesias. The longest
back-thrusts, the Arenas and Reigraxius back-thrusts (1 and 13 in Figures 3 and 6), crosscut
the entire lower Cambrian-Upper Ordovician succession and involve both hinges and
limbs of the Sardic folds. Other back-thrusts are shorter, reaching a few kilometers or only
a few hundred meters in length (e.g., 6, 10, 19, and 21 in Figures 3 and 6, Table 1), the
shortest ones developed alternatively in the hinges or limbs of the Sardic folds, therefore
involving only a portion of the stratigraphic succession. Indeed, some back-thrusts affected
only the Gonnesa Fm. (e.g., 3, 4, 18, and 27) or the Nebida Fm. (e.g., 9 and 12).



Geosciences 2021, 11, 276 12 of 30

Table 1. Main characteristics of the detected back-thrusts. Acronyms of the formations are the same reported in Figure 3. Negative values of displacement indicate a residual normal offset.

Back-Thrust Lenght (m) Dip Direction (◦) Dip (◦)
Displacement (m) Distance from

the Nappe
Front (m)Displaced Stratigraphic Contacts N H V

1

A

9000 m

1500 m N310 13◦ not evaluable not evaluable not evaluable not evaluable 11,500 m

B 2500 m N300 37◦
NEB1-NEB2 500 m 400 m 300 m

13,500 m
NEB2-GON1 500 m 400 m 300 m

C 2500 m N250 41◦
NEB1-NEB2 1360 m 1200 m 650 m

14,000 m
NEB2-GON1 1360 m 1200 m 650 m

D 2500 m N245 45◦ NEB2-GON1 530 m 400 m 350 m 13,000 m

2 3000 m N300 8◦ minimum displacement evaluable 1300 m 1300 m 100 m 12,500 m

3 400 m N300 70◦ not evaluable not evaluable not evaluable not evaluable 11,800 m

4 500 m N315 53◦ not evaluable not evaluable not evaluable not evaluable 11,500 m

5 1400 m N330 68◦ GON2-CAB 470 m 450 m 150 m 12,500 m

6 750 m N300 68◦ GON1-GON2 50 40 m 25 12,300 m

7 1100 m N300 73◦
GON1-GON2 −200 m −75 m −170 m

12,000 m
GON2-CAB 540 m 300 m 450 m

8 500 m N305 75◦
NEB1-NEB2 40 m 10 m 40 m

12,000 m
NEB2-GON1 30 m 10 m 30 m

9 500 m N325 71◦ NEB1-NEB2 60 m 30 m 50 m 11,500 m

10 400 m N280 76◦ GON1-GON2 60 m 20 m 60 m 11,000 m

11

A

2300

1000 m N270 56◦ GON1-GON2 50 m 30 m 40 m 10,500 m

B 1300 m N290 76◦
NEB2-GON1 −80 m −30 m −70 m

10,500 mGON1-GON2 −60 m −20 m −50 m

GON2-CAB 70 m 30 m 70 m

12 500 m N332 62◦ NEB1-NEB2 −60 m −40 m −40 m 10,800 m
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Table 1. Cont.

Back-Thrust Lenght (m) Dip Direction (◦) Dip (◦)
Displacement (m) Distance from

the Nappe
Front (m)Displaced Stratigraphic Contacts N H V

13

A

3600

1300 m N270 63◦ not evaluable not evaluable not evaluable not evaluable 10,000 m

B 2300 m N270 68◦
NEB2-GON1 130 m 50 m 120 m

9500 mGON1-GON2 270 m 100 m 250 m

GON2-CAB 1200 m 450 m 1110 m

14 2700 m N240 59◦ not evaluable not evaluable not evaluable not evaluable 9200 m

15 300 m N300 45◦ not evaluable not evaluable not evaluable not evaluable 9000 m

16 1300 m N255 45◦ NEB2-GON1 140 m 100 m 100 m 9200 m

17 1000 m N230 45◦ not evaluable not evaluable not evaluable not evaluable 9000 m

18 500 m N290 37◦ not evaluable not evaluable not evaluable not evaluable 8500 m

19 1200 m N265 33◦ not evaluable not evaluable not evaluable not evaluable 8000 m

20 1700 m N250 39◦ GON2-CAB 190 m 150 m 120 m 7500 m

21 1500 m N250 41◦ not evaluable not evaluable not evaluable not evaluable 7000 m

22 1400 m N300 27◦ GON1-GON2 30 m 30 m 10 m 8000 m

23 1200 m N310 27◦ not evaluable not evaluable not evaluable not evaluable 7500 m

24 1700 m N300 39◦ not evaluable not evaluable not evaluable not evaluable 7200 m

25 600 m N280 40◦ not evaluable not evaluable not evaluable not evaluable 7000 m

26 700 m N275 20◦ not evaluable not evaluable not evaluable not evaluable 7000 m

27 400 m N280 45◦ not evaluable not evaluable not evaluable not evaluable 6800 m

28 600 m N270 23◦ not evaluable not evaluable not evaluable not evaluable 5500 m

29 2000 m N270 15◦ minimum displacement evaluable 2070 m 2000 m 535 m 4500 m
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The steepness changes along the same back-thrust according to a ramp-and-flat geom-
etry, where the layer’s competence decreases up-section. The back-thrust’s dip changes
from 40◦ to 45◦ within the sandstones of the Nebida Fm. and the limestones and dolostones
of the Gonnesa Fm. (1C and 1D) to 13◦ where the lower Cambrian succession is thrusted
over the conglomerates, phyllites, and shales of the Monte Argentu Fm. near the Arenas
mine (1A). Similarly, the Mt. Acqua back-thrust (29) is steep at 15◦ where it thrusts the
limestones of the Gonnesa Fm. over the Upper Ordovician succession (Figure 4, Figure 6).

However, the steepness is also highly variable among back-thrusts that affect the same
lithology, in particular for those within the Gonnesa Fm. These back-thrusts become less
steep, from more than 70◦ to 20◦ (Figures 4 and 6, Table 1), moving from the western to the
eastern sectors of the study area, that is, approaching the nappe front. In general, this trend
is shared by all the back-thrusts in the study area (Figure 7a). About 50% of the back-thrusts
detected show a steepness lower than 45◦ (Figure 7a), which are values generally observed
in fore-thrusts (e.g., [6]), whereas back-thrust should be steeper [90]. The out-of-trend
dip of the back-thrust 1A and 2 in Figure 7a is related to the weak mechanical properties
of the lithostratigraphic units they overthrust, that is the Monte Argentu and Cabitza
fms, respectively.

A total displacement of more than 7.5 km has been measured in the study area,
with the bulk of shortening accommodated by four main back-thrusts, namely Arenas,
Malacalzetta, Reigraxius, and Mt. Acqua back-thrusts (respectively: 1, 2, 13, and 29 in
Figures 3 and 6), and a small amount of shortening distributed among other back-thrusts
that accumulated displacements lower than 500 m. In general, the displacement varies
according to the back-thrusts’ dip and length (Figure 7b,c): the steeper the back-thrusts the
lower the displacements, although few exceptions occur. For example, back-thrusts 2 and
13 show comparable displacements despite a difference of 60◦ in dip (Figure 7b, Table 1).
The back-thrusts several kilometers long exceed a displacement of 1000 m, those more than
1000 m long reach a displacement of a few hundred meters, and those more than 100 m
long accumulate only a few decameters of displacement (Figure 7c, Table 1). These values
are consistent with the displacement/length ratio inferred by several datasets (e.g., [67]).
The Mt. Acqua back-thrust (29 in Figures 3, 4 and 6, Table 1) accumulated at least 2 km
of displacement, the highest in the area, but it may be much larger considering that it has
been measured in the map as the minimum. Even the length of the Mt. Acqua back-thrust
is larger than the 2 km inferred from the map, as suggested by the displacement/length
ratio that arises from it. The Mt. Acqua back-thrust may be reasonably correlated to
the Orbai back-thrust (Figure 1b) that crops out less than 10 km southward, south of
the Cixerri valley, now separated from an open synform filled by Cenozoic deposits [91],
because they affect the same formations and are both the closest to the nappe front. The
Orbai back-thrust should be 15 km long and should have accommodated a minimum
displacement of 7 km [63]. Along the Arenas back-thrust, the displacement increases from
the tip (1D in Figure 3), near Iglesias town, to San Benedetto village, where it exceeds
1300 m (1C in Figure 3). Further to the north, a tectonic sliver bounded at the top by the
Arenas back-thrust and at the bottom by the Malacalzetta back-thrust (2 in Figures 3 and 8)
occurs. Here, the Arenas back-thrust accumulated a net displacement of 500 m and the
Malacalzetta back-thrust a minimum displacement of 1300 m (Table 1). Then, the total
shortening accommodated in this area exceeded 1800 m. Even the Reigraxius back-thrust
(13 in Figure 3) crosscut the Sardic folds, involving the Campo Pisano and Cabitza fms
in the hinge of the Malacalzetta Synform and the Nebida and Gonnesa fms in the hinge
of the Cuccuru Contu Antiform (Figures 3 and 6). The displacement evaluated reaches
1200 m in the Campo Pisano and Cabitza fms and a few hundred meters in the Nebida and
Gonnesa fms. Interestingly, the Reigraxius back-thrust accumulated a higher displacement
in the younger than in the older succession. This occurrence is not unique and typifies
other back-thrusts, and it will be discussed in the Section 5.2.
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Figure 7. (a) Diagram showing the variation in the steepness of the back-thrust according to the
distance from the nappe front (n = 34). The red band indicates the mean steepness of the fore-thrust
according to [6]. The red dashed line indicates the mean steepness value of back-thrusts from this
study; (b) diagram showing the relationship between the steepness and the displacement of the
back-thrust (n = 16); (c) diagram showing the relationship between the length and the displacement
of the back-thrust (n = 16).

4.2. Relationships between Inherited Folds and Three-Dimensional Geometry of Back-Thrusts

The primary Variscan structural feature in the study area is the type I interference
pattern between the later N-trending and the earlier E-trending folds (namely, the Sardic
folds that only affect the Cambrian-Lower Ordovician succession) (Figure 1b). E-verging
back-thrusts crosscut both the hinges and limbs of these map-scale folds (Figures 3 and 4),
but their development looks particularly influenced by the E-trending Sardic folds. Inter-
estingly enough, depending on which part of the Sardic folds is affected, limb or hinge,
the back-thrusts are characterized by a variation in dip direction, steepness and shape, i.e.,
concave upward or downward (Figure 8) considered as a change in dip along their general
strike, thus resembling synforms or antiforms with roughly E-trending axis (Figure 6),
not to be confused with the change in steepness along the dip of ramp and flat geometry.
In the follows we will use the terms concave and avoid as much as possible the term an-
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tiform and synform because we interpret these shapes as acquired during the back-thrust
emplacement and not as the result of a shortening.

Figure 8. Geological cross-sections in the western domain of the study area showing the Malacalzetta tectonic sliver
bounded by back-thrusts 1B and 2. Location in Figure 3. Note that the sudden change in thickness of some formations
crossing the back-thrusts is related to the change of bedding attitudes.

Considering the relationships between back-thrusts and the plunging direction of the
E-trending folds hinges, two structural domains delimited by the axial trace of a N-trending
Variscan antiform (Figure 6) can be identified at a large scale: a western domain where
the hinges of Sardic folds plunge to the west and an eastern domain where the hinges
plunge to the east. Therefore, in the western domain, a 1st-order distinctive feature is that
the hinges of the Sardic folds and the back-thrusts dip in the same direction, roughly to
the west, whereas in the eastern domain they have opposite dip directions: the hinges
dip to the east and the back-thrusts dip to the west. In both domains, the limbs of the
Sardic folds reach a sub-vertical attitude, perpendicular to the strike of the back-thrusts.
These two domains can be further subdivided in 2nd order domains related into 2nd order
N-trending axial planes.

The back-thrusts are concave downward (Figure 9a), assuming the shape of an an-
tiform, where perpendicular, sub-vertical limbs are cut across. The geometry of these
antiforms show evident relationships with the attitude of the strata since the axial surface
is parallel to the sub-vertical limbs and the hinge line plunges to the west (Figure 9a). Three
examples in the study area are explicative of these geometric relationships: two can be
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observed along the Arenas back-thrust (1 in Figure 6), which takes a concave downward
shape where it crosscuts the northern and southern limbs of the Malacalzetta Synform, near
Baueddu and San Benedetto mines, respectively; the third along the Reigraxius back-thrust
(13 in Figure 6) where it cuts across the northern limb of the Malacalzetta Synform near the
Reigraxius mine.

Figure 9. Simplified schema showing (a) the concave downward (i.e., antiformal) shape of the
back-thrust 1C that cuts across a sub-vertical limb and (b) the concave upward (i.e., synformal) shape
of the back-thrust 2 that cuts across the hinge zone of a synform that dips in the same direction.
Thin red arrow line indicates the local dip direction of the back-thrust. Location in Figure 3. The 3D
models are performed with Move Suite by Petroleum Experts (Petex) Ltd. (Pokfulam, Hong Kong).

The back-thrusts are concave upward (Figure 9b), assuming the shape of a synform,
where they crosscut the hinge zone of Sardic synform that dips in the same direction. In this
case, the geometry of the back-thrust is modeled laying above the overthrusted synform,
reproducing the same geometry, namely, parallel axial surfaces and same axes plunging
direction. The main example in the study area is given by the Malacalzetta back-thrust (2 in
Figure 6) that cuts across the hinge zone of the Malacalzetta Synform (Figure 9b). Here,
the Malacalzetta back-thrust assumes the shape of an open synform with a sub-horizontal
hinge zone gently plunging to the west, with the axis less steep than that of the Sardic fold.
Approaching the limbs of the Sardic fold, the Malacalzetta back-thrust becomes steeper,
and then it is shaped concave downward as described above. Another example can be
observed where the Reigraxius back-thrust (13 in Figure 6) affects the Malacalzetta Synform
(Figure 6). In this case, the concave-upward shape assumed by the Reigraxius back-thrust
is close and its axis is steeper than the Sardic fold axis. Note that the Reigraxius back-thrust
and the Sardic synform dip in the same direction, despite being located in the eastern
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structural domain, which is where, on a large scale, the axes of the Sardic folds dip to the
east, because of the effect of a second-order N-trending Variscan fold.

The back-thrusts surface is planar where the back-thrusts crosscut the hinge zone of
inherited synforms that dip in the opposite direction of the back-thrust or the hinge zone of
inherited antiforms regardless of the hinge plunging direction. Examples in the study area
are the Campu Spina back-thrust (11 in Figure 4), which cuts across the E-ward plunging
hinge of the Malacalzetta Synform; the Reigraxius back-thrust that cuts across the E-ward
plunging hinge of the Cuccuru Contu Antiform; the Arenas back-thrust that cut across
the W-ward plunging hinge of the Cuccuru Contu Antiform (Figure 3). In these cases, the
back-thrusts do not show important variations in dip direction or steepness.

The inherited E-trending synforms also seem able to influence the location and size
of tectonic slivers (Figure 8) as can be inferred from the tectonic sliver bounded by the
Arenas and Malacalzetta back-thrusts, which, respectively, act as roof and sole thrusts. The
extent of the sliver equals the distance between two adjacent inflection points of the older
Sardic synform, from which the thickness of the sliver progressively increases reaching the
maximum in the hinge zone of the fold. The branch lines between the roof and sole thrusts
develop near the sub-vertical limbs of the inherited synform. The tectonic sliver extends
for 2 km between the limbs of the Malacalzetta Synform and reached a thickness of about
300 m in the hinge zone (Figures 6 and 8).

4.3. Fold Related to the Back-Thrust Emplacement

The main tectonic foliation in the study area is a cleavage (S1) related to the N-
trending folds developed during the early stage of the II Variscan phase, coeval with the
emplacement of the nappe zone over the external zone and predating the onset of back-
thrusting. Just below the Arburese thrust the S1 dips to the E [63], whereas moving away
from the nappe front it progressively assumes a vertical attitude and then steeply dips to the
W [61]. However, this general attitude of the cleavage is not preserved everywhere in the
footwall of back-thrusts. N-trending folds and S1 are sometimes deformed by asymmetric
folds with axial plane and axis with different attitude, depending on the original attitude of
the bedding, giving rise to a change in the strike direction and steepness of S1. For example,
in the footwall of the Arenas back-thrust, the northern limb of the Cuccuru Contu Antiform,
N-trending Variscan folds on the scale of 100s meters that affect the Nebida Fm., with
well-developed S1, are refolded by folds with a WNW-plunging axis and a SW-dipping
axial plane (Figure 10). A similar setting has been detected in the footwall of the Mt. Acqua
back-thrust, where it overthrusts the Mt. Argentu Fm. East of the study area, close to the
nappe front, in the San Marco Valley, Funedda, 2009 [63] described widespread asymmetric
folds overturned to the east that deform S1 in the Upper Ordovician succession.
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Figure 10. Geological sketch map of a small area in the northern limb of Cuccuru Contu Antiform
(location in Figure 3): the N-trending folds of the II Variscan tectonic phase are locally deformed by
folds with a steep, west-plunging axis and SW-dipping axial surface, possibly related to a top-to-the-
east tectonic transport.

5. Discussion

Fore-thrusts are the typical structures that characterize fold-and-thrust belts. Back-
thrusts can also occur as a consequence of different mechanisms, although they are less
common than fore-thrusts [90,92–95]. Among these, the most widely accepted in collisional
orogens are the following: critical taper wedge dynamics [10,96], stress accumulation on
fore-thrust ramps [56,97], passive roof duplex [98–100], double-verging subduction [101],
pop-up mechanism [102,103], variation in the weakness of the main detachment [104,105],
buttressing that hinders fore-thrusting propagation [106,107], and reactivation of pre-
existing faults [108,109]. All these models imply a concurrence of fore-thrusts and back-
thrusts in the characterization of the structural style of the fold-and-thrust belts. In the
Sardinia Variscides, back-thrusts are widespread in the external zone but not in the nappe
zone; possibly it depends on the different structural level in which they developed: the
external zone was deformed at the brittle-ductile transition, whereas the nappe zone
in a ductile regime, and the thrusts between the different tectonic units [70] are thick
ductile shear zones [71] developed together with the isoclinal, reclined folds, without a
buttressing effect. Interestingly, in the area of the Variscan fold-and-thrust belt of SW
Sardinia—closest to the leading edge of the nappe front—back-thrusts occur extensively
without a close linkage with fore-thrust or basal detachment (Figures 3 and 4), nor a deep
buttressing effect, e.g., a granitoids intrusion or pre-existing normal faults that controlled
thrust ramps [110,111] can be invoked. This peculiarity, together with variations in thrust
geometries and amount of displacement, is hardly explainable by the analog and theoretical
models proposed up to now in others fold-and-thrust belts, among them here we cited
just some examples. In the Apennines chain, back-thrusting is common and generally
associated to pop-up structures caused by the hampering of the layers forward displace-
ment, not always related to the passive-roof duplexing; e.g., the Gran Sasso Range, [112]
and Maiella [113]. In the Sicilian–Maghrebian fold-and-thrust belt, according to [114], a
large hinterland verging displacement was allowed by a buttressing related to an irregular
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shape of the continental margin or to anomalous thick sedimentary sequences. Addition-
ally, in the Southern-Central Andes (e.g., [115,116], the buttressing is produced by the
impeding of foreland verging displacement caused by progressive fault-related folding. In
the Cantabrian zone [117,118], which for its Variscan age, structural level, and lithology
involved is very similar with the study area, the development of fore- and back-thrusting
was not influenced by pre-existing folding but mainly by the mechanical anisotropy in
the stratigraphy [119]. Furthermore, in the Cantabrian zone a change of structural style
parallel to the fold-and-thrust belt, is reported, although not related to the occurrence of
inherited folds [117].

In the following paragraphs, the role of pre-existing structures will be discussed, along
with the supposed occurrence of inherited normal faults, that facilitated and influenced
extensive back-thrusting development.

5.1. Influence of Inherited Dome-and-Basin Interference Pattern on Back-Thrust Development

When the Cambro-Devonian succession of SW Sardinia was involved in the Variscan
fold-and-thrust belt, it underwent a top-to-the-E tectonic transport (II Variscan phase: [63,70])
that gave rise to a dome-and-basin interference pattern originated by the superposition of
the N-trending folds on the older E-trending folds, followed by fore-thrusting and, finally,
back-thrusting [63]. The domes-and-basins pattern, coupled with the rheology of the rocks
that constitute the stratigraphic succession, played a role in the back-thrusts localization,
preventing the classical ramp and flat geometries that develops when thrusting affects a
layer cake stratigraphic succession and the genesis of the related fault-bend folds. The
lithologies are weaker in the upper part of the succession, so that the core of domes, made
up of sandstones and limestones, is more competent than the core of the basins, mainly
made up of fine sandstones and shales. Thus, the dome structures had a buttressing effect
inhibiting the foreland-ward propagation of the deformation, whereas the basin structures
did not. As a consequence, the domes (e.g., Arenaria Dome in Figure 1b) favored the
development of hinterland-verging structures whereas the basins (e.g., Iglesias Synform
in Figure 1b) favored the development of foreland-verging structures. Therefore, unlike
previous description (see Alsop et al., 2017 [120], for an extensive summary), where the
buttressing is related to the accumulation of deformation in front of fore-thrust, in the
study area the buttressing pre-existed. This hypothesis is corroborated by the widespread
back-thrust development between the first-order dome-structure, with a half-wavelength
of about 12 km, and the nappe front (Figure 6). Therefore, from the study area arise that
structural inheritance can give rise to a lateral variation of the style of fold-and-thrust
belt at the upper structural levels. Additionally, in the weakest upper Ordovician succes-
sion, where no back-thrust occurred, the shortening toward the hinterland is generally
accommodated by back-folds [63].

5.2. Influence of Inherited Normal Faults on Back-Thrust Development

As proposed by several Authors, including Malz et al., 2016 [109], back-thrusting
may have also been facilitated by the occurrence of pre-existing normal faults. However,
the occurrence of a pre-Variscan faulting event in the future Variscan external zone has
been supposed by indirect observations [121], as well as their reactivation invoked [62],
but they have never been detected in the field. According to Bechstadt and Boni [74], an
extensional event was supposed to have occurred at the end of early Cambrian, causing the
drowning and segmentation of the carbonate platform, which was successively covered
by the marine marly and terrigenous sediments of the Campo Pisano and Cabitza fms
during the middle Cambrian [74]. Further evidence of the activity of early Cambrian faults
is the occurrence of Pb–Zn sulfide ores hosted exclusively in the lower Cambrian carbonate
succession [122], based on the consideration that the process leading to this kind of ore
bodies requires extensional tectonics to drive mineralizing fluids along normal faults [123].
Pb–Zn sulfides ores are aligned along some back-thrusts, for example, the back-thrusts near
Genna Aragosta (5, 6, and 7) and the Reigraxius back-thrusts (13). The restoration of back-
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thrusts provided the best support for this hypothesis. In some back-thrusts (e.g., 7, 11 and
12), the displacement in the Nebida and Gonnesa fms is not reverse despite the collected
kinematic indicators (Figure 11). The 3D restoration (Figure 12) along the tectonic transport
direction of back-thrusts highlights that the displacement accumulated in the Cabitza Fm.
is higher than that in the underlying Gonnesa and Nebida fms (Table 1). In a few cases,
despite the reverse slip being indicated by the displaced contact of the Cabitza Fm. and by
the kinematic indicators, the younger Gonnesa Fm. in the hanging wall lies above the older
Nebida Fm. located in the footwall (e.g., 7, 11). Thus, while the first case could have been
interpreted as a decrease in displacement approaching the tip of the back-thrust within the
Gonnesa and Nebida fms, the second case highlights that a normal slip movement occurred
before the deposition of the Cabitza Fm. For example, the southern limb of the Malacalzetta
Synform is affected by three back-thrusts (5, 6, and 7 in Figure 3) that reactivated early
Cambrian normal faults. In this example, it is possible to appreciate, on the map, the true
variation in the thickness of the Gonnesa Fm., which in the hanging wall is some hundred
meters thicker than in the footwall of the back-thrusts no. 7 (Figure 11). This suggests that
erosion processes were activated in the footwall of the normal faults, reducing the thickness
of the upper part of the Gonnesa Fm. before it was sealed by the Campo Pisano and
Cabitza fms. In summary, the normal displacement accumulated in early Cambrian times
has sometimes been completely recovered and inverted during back-thrusting, sometimes
did not.

Figure 11. Contour and cutoff lines of back-thrust 7 showing a reverse offset that affects the base of the Campo Pisano Fm.
and a residual normal offset in the Gonnesa Fm. (GON). Note that the GON2 is thicker in the hanging wall block of the
back-thrust than in the footwall block.

The slip directions of the early Cambrian normal faults and Variscan back-thrusts are
not always parallel and opposite as expected in a typical case of inversion tectonics. This
is because, after the early Cambrian extensional tectonics, the pre-Sardic unconformity
succession underwent the folding event in the Middle Ordovician times [79]. According
to the Sardic N-S shortening, the early Cambrian normal faults should have been rotated
too. In the described example, in the southern limb of the Malacalzetta Synform, the
back-thrust reactivated a fault plane that was rotated about 90◦ together with the pre-
Sardic formations (Figure 13). Once the pre-Sardic succession—and the back-thrusts within
it—are restored to the early Cambrian attitude, through a rotation of 90◦ around an E-W
horizontal axis, the resulting steepness of the fault planes ranges between 60–70◦ (for
example, see stereographic projections in Figure 13). These values are consistent with
normal slip kinematics. Therefore, the occurrence of inherited normal faults accounts for
back-thrusts more than 70◦ steep.
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Figure 12. The 3D restoration of back-thrust 7. (a) Deformed state; (b) restored state. (c,d) are the
Allan diagram of the deformed and restored states, respectively. The fault surfaces and the cutoff
lines are extended just to show the final step of the restoration. Note that after the restoration of the
reverse displacement of the base of CPI the amount of normal offset of the base of GON2 increases.
Analysis performed with Move Suite by Petroleum Experts (Petex) Ltd. (Academic license).

Considering this evidence, a pre-existing early Cambrian normal fault may have
facilitated the onset of back-thrusts, where the orientation of the structures was favorable.
Furthermore, the inherited normal fault, once restored on its original orientation, had a
very different dip direction compared to the nowadays back-thrust, this could of some
interest in possible attempt of paleogeographic reconstruction.

5.3. Influence of Bedding Attitude on Shear Strength

The geometry of the back-thrusts strictly highlights relationships between the attitude
of the bedding and the plunging direction of the E-trending folds located in the footwall
of the back-thrusts. The change of the shape of the fault plane from concave-upward to
concave-downward, similar to synforms and antiforms, is particularly clear in the back-
thrusts that accumulated the highest displacements. The lack of corresponding synforms
and antiforms in the overthrusted succession and that none of the back-thrusts shows
evidence of subsequent deformation means that their concave up/down shape is the
primary geometry of the fault when it formed.

The spatial relationships between the back-thrusts and the E-W-trending folds in their
footwall vary according to whether the fold is crosscut on limbs or hinges. Thus, three
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endmembers of spatial relationships between back-thrusts and overthrusted folds can be
defined: (1) strike of sub-vertical bedding perpendicular to the strike of the back-thrust;
(2) strike of the bedding parallel to the strike of the back-thrust in the same dip direction;
and (3) strike of the bedding parallel to the strike of the back-thrust but with opposite dip
direction. In the study area, the first case occurs when the back-thrusts cut across the limbs
of the E-trending folds; the second and the third when the back-thrusts cut across the hinge
zones of the E-trending folds, with different axes plunging because of the interference with
N-trending folds (Figure 6).

Figure 13. Scheme highlighting that after restoration of reverse displacement affecting the contact between Campo Pisano
and Gonnesa fms (blue surface), a normal displacement between Gonnesa and Nebida fms (green surface) should be
admitted. Stereographic projections (equal area, lower hemisphere) are related to thrust (in red) and bedding (in blue) in the
present-day attitude (on the left) and after the restoration of the Sardic phase through the rotation around a horizontal axis
trending E-W.

Possibly, according to their attitude, the strata may be or not favorably oriented to be
exploited by the fault, facilitating or not the back-thrusting slip. This is because during
the progression of the shear, the back-thrust may or not intersects mechanical anisotropies,
undergoing a lower or higher shear strength. When the strata are vertical and strike
perpendicular to the back-thrust, no mechanical anisotropies are exploited by back-thrust,
implying a higher shear strength (Figure 14a); then, the back-thrust is bent around the
vertical limb, giving rise to a concave-downward shape of the fault plane (Figure 9a).

Figure 14. Diagrams showing the relationships between (a) bedding dip and shear strength; (b) displacement and folds
sectors; (c) bedding dip and displacement; (d) back-thrusts dip and folds sector. Generalized trends are inferred from the
system Malacalzetta Synform-Arenas back-thrust.
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When the bedding dips in the same direction as the back-thrusts, the weakness of
the strata at the boundary decreases the shear strength because the back-thrust grows,
intersecting the bedding with an attitude favorable to the slip propagation. When this
situation happens in a synform hinge zone, the back-thrust assumes a concave-upward
shape (Figure 9b). On the contrary, when the hinge plunges opposite to the dip direction of
the back-thrust or in the case of the back-thrust crosscutting the hinge zone of an antiform,
the fault surface is planar, and it seems that no deformation is induced in the fault plane.

The variation in the shear strength encountered by a back-thrust along its strike
according to the evidence above implies that for the same applied stress the displacement
increases from the limbs to the hinge zone of the cross-cut overthrusted folds in the footwall
(Figure 14b) and decreases towards the upright bedding (Figure 14c). Furthermore, the
back-thrusts dip decreases from the limb to the hinge (Figure 14d). In the study area, these
relationships can be observed in the Malacalzetta Synform: the displacement accumulated
close to the limbs is roughly 1300 m, whereas in the hinge zone it exceeds 1800 m. In
this case, a tectonic sliver takes place between the limbs of the Malacalzetta Synform,
most probably to accommodate the different displacement amounts of the back-thrust
moving from the limbs to the hinge. We were not able to measure the strength values but
admitting that maximum displacement is inversely proportional to shear strength, we can
state that its variation, due to the inherited attitude of the bedding, has a major control
in the shape assumed by the back-thrusts. In turn, the alternating concave-downward
and concave-upward (i.e., antiformal and synformal) shapes of the fault plane and the
potential development of tectonic slivers should reflect different amounts of shortening
accommodated by back-thrusts. Although field observation and geological concepts
seem to corroborate this relationship between shear strength and bedding attitude, a
mathematical analysis needs, and we cannot rule out the role of other factors.

5.4. Ductile Deformation in the Footwall of Back-Thrusts

In the study area, there is evidence of a ductile deformation that can be directly re-
lated to a horizontal shortening direction consistent with the top-to-the-E back-thrusts
emplacement. In fact, in the footwall of the back-thrusts N-trending folds and S1 cleavage
related to the II Variscan Phase are deformed by folds: if the bedding is subvertical and
parallel to the back-thrust tectonic transport direction (e.g., Figure 10), the back-thrust
related folds are vertical, with axis steeply plunging toward the west; if the bedding is
sub-horizontal (as in the case reported in [63]) the back-thrust related folds are horizontal
inclined, with axial plane dipping to the west. These folds have been detected in restricted
areas in the footwall of the back-thrusts that accumulated the highest displacement, sug-
gesting that their development is connected to the amount of shortening accommodated.
However, considering that the folding of the N-trending folds and S1 cleavage does not
occur everywhere in the footwall of such back-thrusts, other parameters than the amount
of deformation should be taken into account, including the shear strength described in
the previous paragraph. This suggests that the lower shortening amount accommodated
by the Arenas back-thrust in this area could be compensated by ductile deformation in
the footwall, similar to the process that occurs if a thrust sheet moves over a steep oblique
ramp [124]. Moreover, in the study area, this hypothesis is supported by the lack of folds
affecting the Variscan cleavage in the hinge zone of the Malacalzetta Synform, where the
higher displacement due to the lower shear strength does not require other structures to
accommodate the shortening.

The Variscan S1 cleavage is also folded in the footwall of the Mt. Acqua back-thrust
(Figure 3) and, further E-ward, beneath the Arburese thrust [63]. In this case, the develop-
ment of the folds induced by back-thrusting seems strictly related to the weakness of the
stratigraphic succession involved, in this area mainly made up of low-competency shales,
favoring a ductile deformation response to the shortening.

Therefore, the superposition of these late folds on the previous two perpendicular
folding systems gives rise, particularly in the Upper Ordovician stratigraphic succession,
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to an extremely complex structure that characterizes the triangle zone delimited by the Mt.
Acqua back-thrust and the Arburese thrust (Figure 1c).

Such structural complexity does not characterize triangle zones in fold-and-thrust
belts developed from layer cake stratigraphic succession, not even if thrust-related folds
are induced within the triangle zone or pre-existing normal faults give rise to unusual ge-
ometry [119,125], because no previous folds are involved in the deformation, as essentially
occur in the triangle zone of SW Sardinia.

6. Conclusions

The structural style of the fold-and-thrust belts can be strongly influenced by the
structural inheritance of the involved basement other than the mechanical properties of
a layer cake stratigraphic succession. Inversion tectonics is one of the most known and
studied process in orogenic fold-and-thrust belts, due to the re-activation of inherited
normal faults controlling the geometry and kinematics of the structures that are developing.
For instance, the location of fore- and back-thrusts, linkages between structures, fold
wavelength, and, generally, the dynamics of the shortening accommodation.

In the study area there are evidence that pre-existing normal faults may be reactivated
even if they have been rotated by a previous folding event. According to the azimuth,
plunge, and magnitude of the rotation axis, the fault plane may assume an orientation and
steepness favorable to be activated as a thrust or reverse fault but with a slip direction
completely different, also up to 90◦.

This paper proposed that, in addition to inherited normal faults, inherited folds can
also control the development and final structural setting of thrusts in fold-and-thrust belts.
In summary, the following conclusion can be drawn:

• The buttressing that triggered back-thrusting can be related to pre-existing folding,
the domes, and basins pattern in this case study. Areas with dome structure can be
characterized by the extensive development of back-thrusts instead of fore-thrusts.
Therefore, a lateral variation in the deformational style can be related to this struc-
tural inheritance.

• The non-layer cake stratigraphic setting derived from the inherited folds causes
variation of the along strike geometry of thrusts. As a consequence, during the
progressive thrust growth, the fault plane may assume alternating concave-upward or
concave-downward shapes (i.e., synformal or antiformal) depending on which part of
the folds the thrust is cutting across in the footwall.

• Structural analysis highlights that concurrent effect of the attitude of bedding and me-
chanical properties of the folded lithostratigraphic units could influence the amount of
shortening that the thrusts can accommodate. This occurrence, together with the along-
strike geometry variation, seems point out a variation of shear strength related to the
structural inheritance, which should be corroborated with a mathematical approach.

• Finally, the back-thrusts that accumulate the highest displacement may induce a
ductile deformation in the footwall that may result in a complicated inner structure of
triangle zones.
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