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Aesthetically appealing thrust systems and related large-scale anticlines, in both active and fossil foreland fold-and-
thrust belts, and the economic potential associated with them, have captured the interest of structural geologists for
many decades. As a consequence, a large amount of data on sub-seismic deformation patterns from thrust-related an-
ticlines is available in the literature. We provide a review of deformation pattern templates from field data in foreland
fold-and-thrust-belts and show that the most frequent trends of sub-seismic syn-orogenic deformation structures
hosted in km-scale thrust-related folds frequently andparadoxically indicate a syn-thrusting strike-slip stressfield con-
figuration, with a near-vertical σ2 and a sub-horizontal σ3, rather than a contractional onewhere the latter is expected
to be the vertical principal axis of the stress ellipsoid. This apparent inconsistency between sub-seismic syn-orogenic
deformation structures and stress field orientation is here named “theσ2 paradox”. Field data support a possible expla-
nation of the paradox, provided by the major role played by inherited early-orogenic extensional deformation struc-
tures on thrust fault nucleation. Nucleation of major thrusts and their propagation is facilitated and driven by the
positive inversion and linkage of the early-orogenic sub-seismic extensional inheritance developed in the foreland
basin. This process eventually leads to the development of large reverse fault zones and can occur both in contractional
and strike-slip stress field configurations.

© 2014 Elsevier B.V. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
2. Deformation structure patterns in foreland fold-and-thrust belts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

2.1. Foreland-flexuring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
2.2. Along-foredeep stretching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
2.3. Layer parallel shortening (LPS). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
2.4. Folding-related deformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

2.4.1. Bending- and flexural slip-related deformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
2.4.2. Syn-folding layer parallel shortening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
2.4.3. Deformation ahead of the upward propagating fault tip and footwall syncline stretching . . . . . . . . . . . . . . . . . . . . . 92

2.5. Fold tightening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
2.6. Gravity driven extensional deformation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
2.7. Role of structural inheritance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
2.8. Paleostress regimes from striated faults in fold-thrust belts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

3. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4. Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

Acknowledgments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
o di Scienze della Terra, dell'Ambiente e delle Risorse Università degli Studi di Napoli Federico II Largo SanMarcellino 10, 80138
338.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.earscirev.2014.11.013&domain=pdf
http://dx.doi.org/10.1016/j.earscirev.2014.11.013
mailto:stefano.tavani@unina.it
Unlabelled image
http://dx.doi.org/10.1016/j.earscirev.2014.11.013
Unlabelled image
http://www.sciencedirect.com/science/journal/00128252
www.elsevier.com/locate/earscirev


83S. Tavani et al. / Earth-Science Reviews 141 (2015) 82–104
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
1. Introduction

Many of the most prolific hydrocarbon systems in the world are
hosted in foreland fold-and-thrust belts, where oil migration and accu-
mulation are controlled by deformation structure networks. The use of
deformation pattern templates for supporting predictions in reservoirs
has significantly contributed to an impressive number of structural
studies in foreland fold-and-thrust belts and in the adjacent foreland
basin systems (DeCelles and Giles, 1996) since the late 60s (Stearns,
1968; Stearns and Friedman, 1972; McQuillan, 1974; Engelder and
Geiser, 1980; Geiser and Sansone, 1981; Hancock, 1985; Marshak and
Engelder, 1985; Price and Cosgrove, 1990; Srivastava and Engelder,
1990; Gray and Mitra, 1993; Mitra et al., 1984; Protzman and Mitra,
1990; Ferrill and Groshong, 1993; Lemiszki et al., 1994; Holl and
Anastasio, 1995; Railsback and Andrews, 1995; Thorbjornsen and
Dunne, 1997; Fischer and Jackson, 1999; Lacombe et al., 1999; Storti
and Salvini, 2001; Silliphant et al., 2002; Graham et al., 2003; Sans
et al., 2003; Bellahsen et al., 2006a; Wennberg et al., 2006; Lacombe
et al., 2006, 2011; Tavani et al., 2006a; Lash and Engelder, 2007;
Stephenson et al., 2007; Ahmadhadi et al., 2007, 2008; Amrouch et al.,
2010a; Evans, 2010; Savage et al., 2010; Casini et al., 2011; Shackleton
et al., 2011; Tavani et al., 2011a, 2011b; Beaudoin et al., 2012; Keating
et al., 2012; Tavani et al., 2012a; Awdal et al., 2013; Carminati et al.,
2013, among others). A common observation in the great majority of
this kind of study is the occurrence, in cylindrical folds, of a deformation
pattern characterised by (i) contractional and extensional deformation
structures trending parallel to the fold axis (longitudinal structures),
(ii) extensional deformation structures trending perpendicular to the
fold axis direction, and (iii) conjugate strike-slip faults trending at
high angle to the fold axis direction (e.g. Hancock, 1985; Cooper,
1992). The latter two are defined as transversal structures (e.g. Storti
and Salvini, 1996) (Fig. 1).

The Andersonian theory of faulting (Anderson, 1951) predicts for oro-
genic systems a contractional stress ellipsoid with a vertical minimum
principal axis σ3. This assumption has enjoyed widespread adoption in
analytical (e.g. Elliott, 1976; Chapple, 1978; Davis et al., 1983; Dahlen
et al., 1984; Fletcher, 1989) and numerical models (e.g. Koons, 1995;
Beaumont et al., 1996; Simpson, 2011; Ruh et al., 2012) of thrust wedge
dynamics and kinematics. Field-based structural geology and
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Fig. 1. Geometry of deformation structures commonly observed in thrust-related
anticlines.
deformation microstructure analysis (e.g. calcite twins, Lacombe, 2010),
document that the principal axis σ3 has been mostly sub-horizontal
over large areas, both before and during thrusting (e.g. Lacombe et al.,
2012). This observation that σ3 rather than σ2 is horizontal in fold and
thrust belts, implies stresses associated with strike-slip rather than com-
pression, and is referred to here as the σ2 paradox. In the following sec-
tions, we provide a review of the typical structural assemblages that
occur in the different sectors of foreland fold-and-thrust belts and fore-
land basin systems, with the twofold purpose of: (1) discussing how
inherited extensional structures developed during foreland flexure/
foredeep formation can provide properly oriented discontinuities facili-
tating the nucleation of large thrusts, even when σ3 instead of σ2 lies on
fault surfaces; (2) placing constraints on the stress field evolution before
and during thrusting, showing and discussing a robust explanation of
the σ2 paradox. Available data, in fact, suggest for two early-orogenic ex-
tensional stress field configurations characterised bymutually perpendic-
ular layer-parallel stretching directions, respectively (Fig. 2). This
deformation predates layer parallel shortening (LPS), which very fre-
quently occurs in a strike-slip stress field configuration. Subsequent
thrusting and fold amplification may imply a severe time-space depen-
dent reorganisation of the stressfield that, in themajority of the structural
positions within folds, can continue to be characterised by a sub-
horizontal σ3.

2. Deformation structure patterns in foreland fold-and-thrust belts

Despite its apparent simplicity (Fig. 1), the deformation pattern re-
corded in fold-and-thrust-belts typically results from a long-lasting
pathway that can be schematically simplified in six major stages
(Fig. 2): (i) foreland flexuring, taking place in the peripheral bulge and
in the outermost region of the foredeep; (ii) along-strike stretching, oc-
curring in the foredeep; (iii) layer-parallel shortening, whichmay occur
both in the innermost region of the foredeep and at the toe of thrust
wedges; (iv) syn-folding deformation sensu-stricto, occurring during
the growth of thrust-related anticlines; (v) late stage fold tightening;
and (vi) gravity-driven extensional deformation.

2.1. Foreland-flexuring

Convergent plate margins are characterised by the development of
extensional deformation structures such as joints, veins and dilation
bands, oriented parallel to the belt-foreland basin system (Fig. 3A).
These structures, which form the older syn-orogenic assemblage, are as-
sociated with the flexure of the downgoing lithosphere. Flexuring
causes outer-arc extension in the peripheral bulge and in the outermost
sector of the foredeep (Turcotte and Schubert, 1982; Bradley and Kidd,
1991; Doglioni, 1995; Langhi et al., 2011). The minimum principal axis
of the stress ellipsoidσ3 lies on the bedding surfaces and strikes perpen-
dicular to the foredeep trend. The effective minimum principal axis of
the stress ellipsoid can attain negative values in the shallow sub-
surface, whilst the effective minimum stress can attain negative values
also at depth. Development of longitudinal extensional faults with rath-
er constant, high cutoff angles during this stage, indicates that the over-
burden favours a stress field with a positive and sub-vertical σ1.
Perpendicularity between bedding and σ1 in the entire peripheral
bulge area ensures that slip along bedding-parallel anisotropies is
inhibited. The σ2 principal axis of the stress ellipsoid strikes orthogonal
to the σ1–σ3 plane, that is sub-horizontal and parallel to the peripheral
bulge trend. Foreland flexure-related deformation structures are in-
creasingly documented in both exposed foreland areas and within the
adjacent fold-and-thrust belt frontal regions (Calamita and Deiana,
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Fig. 2. 3D scheme showing the architecture of a foreland fold-and-thrust belt and the typical structural assemblages developing during thefive syn-orogenic deformation stages described
in this work.
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1980; Scisciani et al., 2001; Billi and Salvini, 2003; Mazzoli et al., 2005;
Lash and Engelder, 2007; Casini et al., 2011; Beaudoin et al., 2012;
Quintà and Tavani, 2012; Tavani et al., 2012a). Foreland flexure-
related extensional faults are frequently imaged in seismic cross-
sections across foreland areas (Fig. 3B) (e.g. Lorenzo et al., 1998;
Matenco andBertotti, 2000; Ranero et al., 2003). During this early defor-
mation stage, longitudinal jointing, veining, and extensional faulting
may occur at different locations, depending on factors including syn-
orogenic sediment thickness, as well as curvature and elastic thickness
of the lithosphere. Jointing is expected in the maximum curvature
area and at the shallower structural levels, as there the fibre-stress can
allow for negative values of σ3 (stage 1.1 in Fig. 3A). The presence of
fluids can widen the lateral and vertical extent of the areawhere the ef-
fective minimum stress equals the tensile strength of the intact rock
(stage 1.2 in Fig. 3A). As the thickness of syn-orogenic sediments in-
creases towards the belt, themaximum principal axis of the stress ellip-
soid σ1 increases as well, favouring extensional faulting in a
hinterlandward position with respect to the maximum curvature area
(stage 1.3 in Fig. 3A). Transversal extensional deformation structures,
oriented perpendicular to the longitudinal ones, can also form during
flexuring (e.g. Destro, 1995; Quintà and Tavani, 2012). They include
cross-joints (e.g. Gross, 1993) associated with stress release (requiring
negative values of σ2; Bai et al., 2002), and release faults accommodat-
ing hanging wall fault-parallel stretching induced by the lateral de-
crease of fault displacement (Destro, 1995; Medwedeff and Krantz,
2002) (Fig. 4). Joints, veins, and dilation bands developed during fore-
landflexuring are oriented perpendicular to bedding,whilst extensional
faults have constant cutoff angles. Diagnostic features of these deforma-
tion structures, allowing one to recognise themwhen the hosting layers
are incorporated into fold-and-thrust belts, include: (1) constant strike
over large areas, since these structures respond to a lithospheric scale
process; (2) the preservation of their angular relationships with bed-
ding at different bedding dip values; (3) the crosscutting/abutting rela-
tionships with respect to shortening-related structures; (4) the lack,
within the same mechanical unit, of significant frequency variability in
the different structural positions across thrust-related folds. The last
point is particularly important, since: (i) foreland flexuring-related de-
formation structures may undergo syn-folding reactivation, which
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Fig. 3. A) Foreland flexuring extensional deformation stage associatedwith outer arc extension in the peripheral bulge. This process leads to the development of longitudinal (i.e. oriented
parallel to the forebulge–foredeep–belt system) extensional structures that, according to their type, can occur at different locations and depths. Possibly, transverse structures can develop
as secondary features. B) Seismic section across the Duero Foreland Basin (Northern Spain), striking perpendicular to the trend of the foredeep and showing foreland flexuring related
longitudinal extensional faults.

Fig. 4.Deformationmechanisms allowing the development of transverse extensional structures. On the left, the stress releasemechanism (Bai et al., 2002), where an opening longitudinal
joint acts as a traction-free surface. Along the joints themagnitude of the stress component paralleling the regional stretching direction becomes zero and an area of stress reduction sur-
rounds the joint. There, provided the regional σ2 is negative, a permutation between the regional σ3 and σ2 can occur, with the consequent development of transverse joints. The along
strike stretching mechanism (Destro, 1995) is illustrated on the right. There, during faulting the laterally decreasing displacement along the fault causes fault-parallel lengthening in the
hanging-wall. Such lengthening imposes a local extensional stress oriented perpendicular to the regional σ3. Possibly, the same mechanism can operate in the foot-wall undergoing dif-
ferential uplift.
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modifies their original croscutting relationships; (ii) similar deforma-
tion structures having the same trend and the same constant angular re-
lationshipswith beddingmay develop during thrusting and folding, but
only in some specific sectors of the folds.

2.2. Along-foredeep stretching

Progressive underthrusting of the lower plate lithosphere causes
rock migration from the foreland flexured zone into the monoclinal-
dipping area of the foredeep. Lateral variability and terminations of oro-
genic systems impose along-strike curved profiles to foredeeps (Fig. 5),
which are attained by along-strike stretching. When the across strike
curvature is negligible, this process can cause σ3 to become oriented al-
most parallel to both bedding and foredeep trend (Quintà and Tavani,
2012). The amount of foredeep parallel stretching increases with in-
creasing subsidence in the central region and, in many cases, σ3 can be-
come negative. At this stage, the sedimentary overburden still provides
themaximumacting stress and, consequently,σ2 is oriented perpendic-
ular to the trend of the foredeep. In essence, the transition from foreland
flexure to the along-strike stretched foredeep implies interchange of σ2

and σ3, as the peripheral bulge and the foredeep axial trend are parallel.
Inmany cases, where foreland flexuring has impliedweak deformation,
transverse extensional structures can represent the first syn-orogenic
assemblage. This has been described for example in the Brunei deepwa-
ter fold and thrust belt (Morley et al., 2014), where polygonal faults de-
veloped in an isotropic stress field grade into transverse extensional
faults approaching the fold and thrust belt (Fig. 6A). During along
strike-stretching, joints are expected to develop in the upper portion
of the sedimentary pile (Figs. 4, 6B, C), whilst with increasing depth
and degree of diagenesis, the tensile strength can be overcame only in
the case of fluid-assisted deformation. In such environmental condi-
tions, σ3 attains positive values and the vertical stress (σ1) increases,
thus favouring shear failure. The amount of along-strike foredeep
stretching can increase in the case of curved orogens (e.g. Doglioni,
1995; Zhao and Jacobi, 1997; Whitaker and Engelder, 2006), because
Fig. 5.Along-foredeep stretching deformation stage. It occurs because of a foredeep-parallel leng
can lead to the development of transverse (i.e. striking perpendicular to the forebulge-foredee
locations and depths. Possibly, longitudinal structures can develop as secondary features.
in this case it derives from the sum of cross-sectional and longitudinal
curvature.

2.3. Layer parallel shortening (LPS)

Approaching the fold-and-thrust belt toe, the magnitude of the sub-
horizontal component of the stressfield, oriented parallel to the tectonic
transport direction, increases until it exceeds the magnitude of the sub-
vertical component. This is documented by finite strain data (e.g. Holl
and Anastasio, 1995; Sans et al., 2003), and by the simple observation
that the occurrence of contractional deformation structures increases
towards the thrust wedge toe (e.g. Geiser and Engelder, 1983; Mitra
et al., 1984). The site where the sub-horizontal principal axis of the
stress ellipsoid oriented parallel to the tectonic transport direction be-
comes the maximum stress component, i.e. where the σ1–σ2 switching
occurs, defines the external boundary of the layer-parallel shortening
(LPS) domain (Fig. 7A). This boundary roughly coincides with the pro-
cess zone of the sole thrust, as layer parallel shortening is, in essence,
the mechanism by which the hanging wall accommodates the
forelandward cross-sectional decrease of displacement, whilst the foot-
wall does not deform (Fig. 7B) (e.g. Engelder and Engelder, 1977;
Cooper et al., 1983; Williams and Chapman, 1983; Geiser, 1988; Evans
and Dunne, 1991; Lacombe and Mouthereau, 1999; Koyi et al., 2004).
LPS has been firstly described in North America (Nickelsen, 1966;
Crosby, 1969; Engelder and Engelder, 1977; Allmendinger, 1982) and
it is widely recognised in almost all the fold-and-thrust belts of the
world, including the Appalachians (Engelder and Engelder, 1977;
Geiser and Engelder, 1983; Wiltschko et al., 1985; Evans and Dunne,
1991), the Apennines (e.g. Alvarez et al., 1978; Geiser, 1988;
Tavarnelli, 1997), the Norwegian Caledonides (Morley, 1986a), the Pyr-
enean Orogen (e.g. Averbuch et al., 1992; Rocher et al., 2000; Koyi et al.,
2004; Tavani et al., 2006a; Quintà and Tavani, 2012), the Sevier fold-
and-thrust belt (e.g. Weil and Yonkee, 2012), the Laramide belt
(Amrouch et al., 2010a; Beaudoin et al., 2012), the Zagros (Lacombe
et al., 2006, 2011; Ahmadhadi et al., 2008; Casini et al., 2011; Tavani
thening induced by cross-sectional concave shape acquisition of the foredeep. This process
p-belt system) extensional structures that, according to their type, can occur at different
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the frontal portion of a sector of the Brunei deepwater fold and thrust belt, with black lin-
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areas. B) Orthophoto (INSTITUTO GEOGRÁFICO NACIONAL DE ESPAÑA) from the Ebro
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long joints having well-recognisable plumose structures.
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et al., 2011b), the Himalaya (e.g. Long et al., 2011), the Andes (e.g.
Gonzales and Aydin, 2008; Torres Carbonell et al., 2013), the Anti-
Atlas (e.g. Ismat, 2008), the Variscan orogen of northern Europe (e.g.
Morley, 1986b; Nenna and Aydin, 2011), Taiwan (e.g. Lacombe et al.,
1999, 2003; Chu et al., 2013), and the outer Carpathians (e.g. Mastella
and Konon, 2002).

In sedimentary sequences, layer parallel shortening, formerly de-
fined also as “lateral compaction” (e.g. Nickelsen, 1966), is accommo-
dated by means of different deformation mechanisms in different
materials and triggers development of deformation structures at both
the meso- and micro-scale, so that it is recorded also by AMS in clay-
rich sediments (e.g. Roure et al., 2005; Aubourg et al., 2010; Robion
et al., 2012). For example, poorly consolidated granular sediments in
the shallower structural levels of foreland fold-and-thrust beltsmay un-
dergo micro-fracturing and pore-collapse accommodating compaction
and volume loss (Fig. 7C) (Mollema and Antonellini, 1996), leading to
preferred grain orientation (e.g., Amrouch et al., 2010b). Similarly, de-
velopment of pressure solution cleavage in limestones may involve an
initial pure compaction framework, which is achieved by synchronous
calcite removal along stylolites and precipitation in the neighbouring
pores (Fig. 7C) (e.g. Renard et al., 1997; Amrouch et al., 2010b). At this
stage, shortening mainly occurs at the expense of porosity, and cases
where up to 60-75% of the horizontal shortening is accommodated by
consolidation and porosity loss are documented (e.g. Moore et al.,
2011).When pore space reduction becomes less effective, further short-
ening requires bi- or triaxial strain. In limestone, pressure solution can
continue to operate only if a significant volume of unsaturated water
can circulate within the system (e.g. Engelder and Marshak, 1985),
and/or calcite is precipitated in newly created spaces, which are typical-
ly provided by fractures oriented at about 90° from the pressure solu-
tion cleavage surfaces (Fig. 7D) (Fletcher and Pollard, 1981). The latter
case results in a cleavage-perpendicular elongation. Consequently, pres-
sure solution cleavage–vein pairs can be regarded as equivalents of con-
jugate fault systems, as both imply shortening along one direction and
elongation perpendicular to it. In lithologies where dissolution is effec-
tive, pressure solution cleavage–vein systems can accommodate rela-
tively large strain values (e.g. De Paor et al., 1991). The amount of
shortening associated with them is typically higher than 5%–10% (e.g.
Engelder and Engelder, 1977; Alvarez et al., 1978; Hudleston and
Holst, 1984; Ferrill and Dunne, 1989; Protzman and Mitra, 1990; Holl
and Anastasio, 1995; Evans et al., 2003). Pressure-solution cleavage–
vein pairs oriented at a high angle to bedding are widely documented
in carbonate rocks exposed both in foreland areas (Railsback and
Andrews, 1995) and adjacent fold-and-thrust belts (e.g. Engelder and
Geiser, 1980; Mitra and Adolph Yonkee, 1985; Tavarnelli, 1997; Evans
and Elmore, 2006; Casini et al., 2011; Tavani et al., 2012b; Weil and
Yonkee, 2012). When rocks are less prone to dissolution, stylolite-vein
pairs are replaced by conjugate strike-slip faults at a high angle to bed-
ding (Fig. 7E) (e.g. Stearns, 1968; Crosby, 1969; Marshak et al., 1982;
Hancock, 1985; Price and Cosgrove, 1990; Cooper, 1992; Erslev and
Rogers, 1993; Erslev, 2001; De Paola et al., 2006; Lacombe et al., 2006;
Tavani et al., 2006a; Ismat, 2008; Amrouch et al., 2010a; Weil and
Yonkee, 2012). The geometry of both strike-slip faults and pressure-
solution cleavage-vein assemblages indicates a near bedding-
perpendicular σ2 and this means that shortening along the tectonic
transport direction is accompanied by elongation along the strike of
the thrust belt-foreland basin system. The expected “compressive
Andersonian stress scenario” would have implied bedding-parallel
veins that, however, are rarely documented in foreland fold-and-
thrust belts (e.g. Séjourné et al., 2005). More abundant are subsidiary
folds and thrusts accommodating bedding perpendicular elongation
(Fig. 7F) (e.g. Lacombe et al., 1999; Weil and Yonkee, 2012).

Crucial for addressing the σ2 paradox is the assessment of the rela-
tive abundance of meso-scale reverse faults versus strike-slip faults,
pressure-solution cleavages and veins. This under the assumption that
strain accommodated by each type of structure has the same order of
magnitude. The datasets that we collected in thrust-related anticlines
of many fold-and-thrust belts provide the relative abundance of meso-
scale deformation structures within the same mechanical units, over
representative large areas and show that reverse faults in carbonate
rocks represent less than ~7%of the total LPS pattern; ~10% is represent-
ed by strike-slip faults, whilst pressure solution cleavage (computed
only when in associationwith bedding perpendicular joints/veins) con-
stitutes more than ~80% (Tavani et al., 2006a, 2008, 2011a, 2011b,
2012a, 2012b) (Fig. 8). It follows that deformation structures indicating
bedding perpendicularσ2 are about 15 timesmore abundant than those
associated with bedding parallel σ2. Such a value is expected to be
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Fig. 7. Layer parallel shortening (LPS) stage. (A) Cross-sectional sector of the foreland fold-and-thrust belt where LPS occurs. (B) Scheme showing how the layer-parallel shortening essentially
occurs to accommodate forelanward decreasing displacement along a layer-parallel decollement. (C)Micro-scale mechanisms accommodating LPS in granular materials during the first stages
of LPS, both implying volume and porosity reduction. Meso-scale deformation patterns developed during LPS, implying either layer-parallel (D, E) or layer-perpendicular (F) elongation.
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significantly lower in non-carbonate layers, where the occurrence of
pressure solution cleavage is negligible. Amrouch et al. (2011) point-
ed out that during layer-parallel shortening in the Sheep Mountain
Anticline (Wyoming, U.S.A.), the σ2 principal axis of the stress ellip-
soid was oriented near vertical, whilst it attained a sub-horizontal
orientation during incipient folding and coeval development of re-
verse faults only close to the upward propagating thrust. Although
opposite cases are documented (e.g. Averbuch et al., 1992; Fischer
and Christensen, 2004; Neely and Erslev, 2009), the conclusion that
reverse faults are generally a minor component of the LPS pattern,
is supported by many published data. As an example, data in
Crosby (1969) include only pressure-solution cleavage, veins and
strike-slip faults. In the milestone paper of Geiser and Engelder
(1983), pressure-solution cleavage and veins are abundantly de-
scribed, whilst there is no mention of reverse faults. Evans and
Elmore (2006) describe the LPS pattern by means of mutually or-
thogonal, bedding perpendicular pressure solution cleavages and
veins. Finally, Chu et al. (2013) report that strike-slip faults are
more abundant than thrust faults in Taiwan.
2.4. Folding-related deformation

Development and progressive modification of thrust-related folds de-
termines the onset of up to six additional foldingmechanisms that locally
modify the regional stress field (Fig. 2): (a) bending-related tangential
longitudinal strain, (b) flexural-slip, (c) syn-folding LPS, (d) deformation
ahead of the upward propagating fault tip, (e) footwall syncline
stretching, (f) gravity-driven extensional deformation.
2.4.1. Bending- and flexural slip-related deformation
Bending-related tangential longitudinal strain (e.g. Ramsay, 1967;

Twiss and Moores, 1992; Lisle, 1994; Bobillo-Ares et al., 2000; Fischer
and Wilkerson, 2000) is probably the most widely applied folding
mechanism to explain deformation patterns in exposed thrust-related
anticlines, and to make predictions in folds from reflection seismic
data. The sedimentary pile is assumed to behave as a bending beam
(hereinafter named the mechanical layer) undergoing tangential longi-
tudinal strain. A neutral surface divides two areas undergoing layer-
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Fig. 8. Abundance, in carbonate strata of six reservoir-scale thrust-related anticlines, of structures developed during layer parallel shortening and associated with layer-parallel or layer
perpendicular elongation. See text for details.
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parallel outer-arc extension and inner-arc shortening along the direc-
tion perpendicular to the maximum curvature (Ramsay, 1967). The
neutral surface commonly migrates during fold amplification (e.g.
Ramsay, 1967; Frehner, 2011), causing the mutual overprinting of ex-
tensional and contractional domains through time.Within anymechan-
ical layer, the local amount of strain scales with the distance from the
neutral surface and is inversely proportional to the curvature's radius
computed along the neutral surface itself (Fig. 9A). The total amount
of tangential–longitudinal strain reduces when the bending material is
modelled as a pile of mechanical layers separated by frictionless sur-
faces (Fig. 9B) (e.g. Fischer and Jackson, 1999; Hudleston and Treagus,
2010). This is because layers behave independently and the strainwith-
in each bed depends on the distance from its local neutral surface. Re-
ducing the thickness of the layers implies a reduction of the
maximum strain (Fig. 9). The graph in Fig. 9C also shows that in parallel
folds involving well-layered strata with low-friction bedding surfaces,
the maximum amounts of both extension and contraction occur in the
inner sector of the fold, where the curvature radius is smaller. Of the
two parameters that concur to determine the amount of tangential
A B

Fig. 9. Tangential–longitudinal strain associatedwith bending of a beam (A) and of a pile of beam
and outer arcs), radius of curvature, and thickness of the beam. Red and blue indicate amount o
the centre of curvature formodels A and B, showing howoccurrence of layer-parallel discontinu
in this figure legend, the reader is referred to the web version of this article.)
longitudinal strain, the curvature radius mainly relates with the large-
scale thrust-fault architecture, whilst the thickness of the mechanical
layer is essentially determined by the density of bedding-parallel slip
surfaces and/or layers deformed by bedding-parallel simple shear (i.e.
flexural slip and flexural flow, respectively; Donath and Parker, 1964;
Ramsay, 1967; Chapple and Spang, 1974; Tanner, 1989). Thus, a well-
layered sedimentary succession made of thin strata separated by low
friction bedding surfaces will be weakly affected by tangential longitu-
dinal strain. Conversely, in amassive carbonate unit made of poorly lay-
ered and thick strata, flexural-slip will be either inhibited or confined in
someweaker layers. This causes the increase of the average thickness of
the mechanical layers and, consequently, the amount of tangential-
longitudinal strain. Indeed, in reservoir-scale thrust-related folds, sev-
eral examples exist indicating fracturing and necking in tight and/or
narrow fold hinge zones (e.g. Amrouch et al., 2010a; Bazalgette et al.,
2010) where the layer thickness is only one or two orders of magnitude
smaller than the curvature radius. Conversely, for more smoothed ge-
ometries where the curvature's radius exceeds hundreds or thousands
of metres, the generally invoked fit between fracture density and
C

s having an equivalent thickness (B),with formulas relatingmaximumstrain (in the inner
f shortening and elongation, respectively. (C) Amount of strain ad different distances from
ities reduces themaximumamount of strain. (For interpretation of the references to colour
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curvature is mostly an assumption rather than an observation. In fact,
the existence of a relationship between curvature and strain is com-
monly documented in outcrop-scale folds (e.g. Maerten and Maerten,
2006) whilst it is documented for km-scale folds mostly in thick units
(e.g. Evans and Elmore, 2006).

Curvature evolution and the associated deformation templates,
are generally related to two main fold kinematics: fixed-hinge (e.g.
De Sitter, 1956) and active hinge-folding (e.g. Suppe, 1983). In the
first case (Fig. 10), folding is ensured by almost rigid limb rotation
about fixed axial surfaces, across which negligible material migra-
tion occurs (e.g. De Sitter, 1956). Tangential–longitudinal strain
and associated deformation occur in the hinge areas, with flexural
slip being confined to the rotating limbs (Ramsay, 1974; Anastasio
et al., 1997; Fischer and Jackson, 1999). The deformation pattern
evolution during fixed-hinge folding is schematically illustrated in
Fig. 10. During the early stages of folding, when the anticline has a
gentle geometry and a large curvature radius, curvature-related de-
formation occurs in the thicker competent layers, whilst very small
amount of flexural slip/flow occurs in weaker units. Increasing short-
ening implies limb rotation and progressive fold tightening.
Bending-related strain continues to operate in the stiffer and thicker
layers and progressively starts to affect also layers deforming by flex-
ural slip. Contextually, the amount of bedding-parallel shear pro-
gressively increases.
Fig. 10. Progressive evolution of the deformation pattern in a multilayer deformed by fixed-hi
whilst flexural-slip and flexural-flow related deformation occurs in the limbs of the fold.
Active or migrating hinge folding implies the migration of material
through axial zones separating roughly homogeneously dipping rock
panels (Fig. 11) (e.g. Suppe, 1983). Within the axial zone, bending of
the migrating material causes deformation until it enters the adjacent
constant dip domain, where the deformed material is passively carried
out during further translation. Accordingly, the distribution of axial sur-
faces within folds growing by active-hinge folding is predicted to con-
trol the time-space evolution of deformation and, in particular, it
would determine fold partitioning into different deformation domains
(Sanderson, 1982; Evans and Dunne, 1991; Storti and Salvini, 1996;
Salvini and Storti, 2001). The deformation pattern within active axial
zones is similar to that expectedwithin fixed axial surfaces,with the ad-
dition of flexural slip. Despite few field cases (Srivastava and Engelder,
1990; Maillot and Koyi, 2006), unequivocal evidence for the migration
of material across active axial surfaces is rare because it is generally ex-
pected to produce only flexural slip-related deformation. This because,
for km-scale thrust related anticlines, the radius of curvature in active
axial surfaces is drastically higher that in fixed ones and, with few pos-
sible exceptions, the migration of material across active axial surfaces is
expected to produce mostly bedding-parallel shear, whilst tangential
longitudinal strain would be inhibited. This was, for example, docu-
mented in the hanging-wall ramp of the Pine Mountain Thrust by
Wiltschko et al. (1985), who concluded that the acquisition of dip of
the rocks on the ramp was primarily accomplished by bedding-plane
nge folding, where tangential–longitudinal strain accumulates in the fixed hinge regions,
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Fig. 11. Progressive evolution of the deformation pattern in a multilayer deformed by ac-
tive-hinge folding, where tangential–longitudinal strain and flexural slip/flowoccurwhen
hanging-wall material migrates across a fixed (and active) axial surface.

Fig. 12. Stress channelisation in well layered materials. Bedding surfaces is assumed to
have both cohesion and friction significantly smaller than those of the beds. A stress com-
ponent is assumed to be oriented parallel to the section, and the problem is addressed in
2D. Remote 2D maximum and minimum stress components are oriented horizontal and
vertical, respectively, and their values are indicated in the Mohr–Coulomb diagram.
Small circles indicate the state of stress of the bedding surfaces at different bedding dip
values. Yellow circles indicates a sub-critical state of stress whilst after certain amount
of dip, the bedding surfaces are in a supra-critical state, indicated by orange circles. To
avoid continuous shearing and preserving at the same time the magnitude of the remote
stress field components, the local stress has to reorient and, in particular, the maximum
stress component must reduce its angle with respect to bedding. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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slip on the slip surfaces which experienced a shear stress of b 100 bars
[10Mpa]. Bending strains in units between slip surfaces were too small
to alter the pattern of layer-parallel shortening preserved in the New-
man Limestone. Accordingly, the occurrence of significant tangential–
longitudinal strain supports fixed hinge folding.

2.4.2. Syn-folding layer parallel shortening
Wiltschko et al. (1985), still referring to the Pine Mountain Thrust

area, also wrote that the calcite twinning results and observations on
filled joints and slip surfaces in outcrop indicate that individual beds in
the Newman Limestone acted more or less independently, with slip be-
tween layers allowing nearly layer-parallel shortening. The association
between slip along bed surfaces and layer-parallel shortening in tilted
strata during folding, relates with the fact that nearly frictionless, low co-
hesion interlayers support shear stresses that are much lower than those
that are necessary to trigger intrabed shear. As a consequence, the stress
tensor re-orients in the proximity of slipping surfaces (e.g. Ohlmacher
and Aydin, 1997), in order to keep two of the principal axes parallel to
bedding and the third one perpendicular to it (Fig. 12). Stress re-
orientation during flexural slip folding has been invoked to explain the
following field observations in the Northern Apennines (Tavani et al.,
2012a): (1) pressure solution cleavage across the mountain front anti-
cline reduces its frequency from the limbs towards the crest; (2) pressure
solution cleavage surfaces are at high angles to bedding but not exactly
bedding-perpendicular and, when bedding dip is restored to horizontal,
the cleavage shows small deviations from the vertical that are opposite
in the two limbs and are consistentwith a top-to-the-hinge shear compo-
nent (Fig. 13); and (3) the strike of pressure solution cleavage, both in its
present orientation and after bedding dip removal, is slightly oblique to
the trend of the anticline and is perpendicular to the tectonic transport di-
rection provided by abundant S–C structures exposed along the underly-
ing thrust. Observations 1 and 2 point to a syn-folding origin for the
cleavage, whilst the third feature rules out any significant role of tangen-
tial longitudinal strain in cleavage development because the cleavage it-
self is not parallel to the strike of the fold axial surface. These
observations indicate bedding-parallel stress channelling during folding,
with themaximum stress orienting parallel to the regional shortening di-
rection in map view and rotating in a vertical plane to maintain a low
angle to bedding (Tavani et al., 2012a). Extensional deformation struc-
tures oriented perpendicular to both cleavage and bedding occur in
many thrust-related anticlines developed in carbonate multilayers
(Tavani et al., 2006a, 2008, 2011a, 2012a), indicating thatσ3was oriented
parallel to bedding and perpendicular to the tectonic transport direction.
This stress configuration can be relatedwith the occurrence of syn-folding
along-strike stretching during fold lateral propagation and arching (e.g.
Dietrich, 1989; Price and Cosgrove, 1990). When transport direction and
fold axis are mutually perpendicular, it is not possible to discriminate
the role of the along-fold stretching from that of the regional layer-
parallel and shortening-perpendicular stress component. The few exam-
ples where field data show that the shortening direction is oblique to
the strike of the anticlines indicate that the orientation of transverse
syn-folding extensional deformation structures is mostly controlled by
the regional stress field (Tavani et al., 2011a, 2012a). Accordingly, we
can deduce that at least in the available case studies, the minimum prin-
cipal axis of the stress ellipsoid σ3 was, “regionally” sub-horizontal and
oriented at low angle to the thrust during fold growth.

The mechanism of flexural slip can operate up to a certain value of
bedding dip, typically less than about 60° (e.g. De Sitter, 1956;
Ramsay, 1974; Gutiérrez-Alonso and Gross, 1999), and afterwards
folds almost lock. This implies that the process of bedding-parallel stress
channelling becomes progressively less efficient during limb rotation
until it stops when slip along bedding surfaces terminates. At this
stage, the cause of stress channelling is removed and the maximum
principal axis of the stressfield re-attains its regional, sub-horizontal, at-
titude also within the fold, as later discussed in the fold tightening sec-
tion. The value of bedding dip atwhich stress channelling along bedding
stops, largely depends on the frictional properties of the folded multi-
layer and can be derived from the angular relationships between syn-
folding deformation structures and bedding dip. As an example, in the
well-layered Umbria-Marche carbonate sedimentary pile of the North-
ern Apennines (Italy), we found that the angle between pressure solu-
tion cleavage and bedding remains constant after bedding dip values
of about 30° that, accordingly, provides the upper limit for an effective
stress channelisation (Tavani et al., 2012a).
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Fig. 13. (A) Variability of the angle between pressure solution cleavage and bedding surface at different bedding dip values across themountain front anticline of the Northern Apennines
(after Tavani et al., 2012a), with (B) photo showing an example of cleavages oriented obliquely to the bedding. The figure indicates how pressure solution cleavage tends to have opposite
deviations from the bedding-perpendicular direction in the two limbs of the fold. This support a syn-folding origin and indicates stress channelisation, which stops at about 30°, as indi-
cated by the rather constant angular relationships between cleavage and bedding after this bedding dip value.
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2.4.3. Deformation ahead of the upward propagating fault tip and footwall
syncline stretching

Folding ahead of propagating thrust ramps, i.e. fault-propagation
folding, is probably the most common macro-scale mechanism to ac-
commodate fault displacement in foreland fold-and-thrust belts (e.g.
Dahlstrom, 1969; Faill, 1973; Elliott, 1976; Chapman and Williams,
1984; Suppe and Medwedeff, 1984). During fault-propagation folding,
the multilayer is partitioned in faulted and unfaulted strata and, whilst
in the former shortening can be entirely accommodated by slip along
the thrust fault, unfaulted stratamay require additional strain to accom-
modate shortening (Williams and Chapman, 1983). In the simplest
model configuration, flexural slip and line-length preservation are im-
posed, with the above-mentioned additional deformation in the
unfaulted layers being totally ensured by folding (Suppe and
Medwedeff, 1990). This leads to user-friendly geometrical construction
that, however, largely fails to reproduce well-constrained fault-
propagation anticlines, as evidenced by the inconsistency between ex-
pected and observed inter-limb angles (e.g. Mitra, 1990) and by the oc-
currence of unnatural growth strata patterns consisting of several
growth-triangles (e.g. Storti and Poblet, 1997). Several alternative solu-
tions have been proposed to reproduce more natural fault-fold evolu-
tions, all of them requiring internal strain of layers (Jamison, 1987;
Chester and Chester, 1990; Mitra, 1990; Suppe and Medwedeff, 1990;
Wickham, 1995; Tavani et al., 2006b). Among them, trishear fault prop-
agation folding is increasingly applied. This mechanism, proposed by
Erslev (1991) and later implemented by other authors (e.g. Hardy and
Ford, 1997; Allmendinger, 1998; Mitra and Mount, 1998; Zehnder and
Allmendinger, 2000; Cardozo et al., 2011), assumes that a triangular
zone emanates from the upward propagating fault tip. Typically, layers
within the triangular shear zone firstly undergo shortening and
thickening, both progressively reducing with increasing fault
throw and tilting of bedding, until the onset of layer-parallel
stretching and thinning occurs. Although the trishear model is
able to successfully reproduce the geometry and growth strata pat-
tern of many natural folds, it basically neglects the role of layer-
parallel anisotropies during folding. Such an extreme simplification
may represent a valid assumption for many types of rock rheology,
including those of poorly layered rocks and of both natural and nu-
merical sandboxes, but it cannot be assumed as a general rule. In
fact, the difficulty of applying trishear to the well-layered portions
of folded packages has been pointed out, among others, by its in-
ventor (Erslev and Mayborn, 1997). In contrast to trishear, double
edge fault propagation folding (Tavani et al., 2006b) assumes a
strong influence of layering during fold growth. In essence, this
folding mechanism reproduces the triangular deformation zone of
the trishear but it assumes that, within the deformation zone ema-
nating from the fault tip, layer thickness is preserved and deforma-
tion entirely occurs by syn-folding layer-parallel shortening. This is
itself an end-member behaviour, able to describe the deformation
of well-layered materials, which can bear significant cross-
sectional area loss during LPS. These two models, i.e. trishear and
double-edge fault-propagation folding, apply to different mechani-
cal stratigraphies, so that they are expected to operate together
when alternating types of rheology exist. Importantly, both models
predict that, in order to reproduce the natural shape of fault-
propagation anticlines, additional strain is required ahead of the
propagating fault tip. In agreement with this, perturbation of the
stress and strain patterns ahead of the upward propagating fault
tip is expected. Indeed, this kind of stress and strain perturbation
has been documented in many km-scale fault propagation anti-
clines (e.g. Bellahsen et al., 2006b; Tavani et al., 2006a; Amrouch
et al., 2010a; Beaudoin et al., 2012), essentially in agreement with
the fact that almost layer-parallel shortening is imposed during
the early stages of fault propagation, accompanied by either
along-strike or vertical elongation.

Although in different ways, both in trishear and double-edge fault
propagation folding the development of a footwall syncline may occur.
A given layer, which has firstly experienced shortening, with ap-
proaching the fault tip becomes part of the footwall syncline and expe-
riences layer-parallel stretching and thinning. This can be particularly
intense in the footwall syncline of trishear fault propagation anticlines
(e.g. Mitra and Miller, 2013), as documented by extensional structures
accommodating layer-parallel stretching in the synclinal areas underly-
ing the main thrust ramp (e.g. Gutiérrez-Alonso and Gross, 1999;
McQuarrie and Davis, 2002).

2.5. Fold tightening

A fold grows until limb rotation and strata curvature cannot accom-
modate shortening anymore. At that stage, which reflects a kind of
“locking” of the fold, the rock mass still undergoes shortening, but the
contraction that initiated the fold is now oriented at a high angle to bed-
ding. This leads to a late stage of fold tightening during which strata are
not tilted anymore and shortening is accommodated by deformation
structures that cut across the strata irrespective of bedding dip. They
are typically fore-thrusts and back-thrusts occurring respectively in
the forelimbs and backlimbs of folds (e.g. Gutiérrez-Alonso and Gross,
1999; Tavani et al., 2008), bedding-parallel pressure solution cleavages
offsetting pre- to syn-folding deformation structures (e.g. Tavarnelli,
1997), or conjugate strike-slip faults recording a sub-horizontal
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maximumprincipal axis of the stress ellipsoid (e.g. Allmendinger, 1982;
Tavani et al., 2008; Amrouch et al., 2010a, 2011; Casini et al., 2011;
Lacombe et al., 2011; Beaudoin et al., 2012). It is worth noting that, in
many cases, thrusts occurring during fold tightening are formed by
strands of reactivated inherited syn-orogenic deformation structures
(e.g. Tavani et al., 2008; Petracchini et al., 2012), which link to form a
larger fault.

2.6. Gravity driven extensional deformation

During thrusting and folding in the foredeep and foreland basin of
thrust-fold belts, the dip of the regional monocline and the associated
subsidence rate determine either a positive or a negative fold total uplift
(Doglioni and Prosser, 1997; Doglioni et al., 1999). Positive uplift can
trigger gravity-driven deformation that mostly affects the shallower
portions of fold limbs (e.g. Morley, 2007; Laird and Morley, 2011) or
strongly plunging periclinal areas (Guillaume et al., 2008), where longi-
tudinal and transverse extensional faults develop, respectively. Whilst
such well-developed extensional faults are predominantly a deepwater
fold feature, there are also few examples of extensional faults affecting
anticlines in continental settings, triggered by gravity (e.g. Tavani
et al., 2014).

2.7. Role of structural inheritance

Structural inheritance can make difficult the unequivocal identifica-
tion of the relative chronology among deformation structures because
crosscutting and abutting relationships can be significantly altered dur-
ing multiple reactivations. Moreover, both field investigations
(Bergbauer and Pollard, 2004) and geomechanical models (Guiton
et al., 2003a,b; Sassi et al., 2012) suggest that re-activation of pre-
folding deformation structures, whatever their origin, may inhibit the
development of classical folding-related deformation patterns.

In the frontal region of orogenic systems, underthrusting of the
lower plate causes translation of rock containing transverse joints,
formed during along-strike stretching, into the LPS domain. There,
they can provide properly oriented mechanical discontinuities able to
favour precipitation of calcite removed by pressure solution. According-
ly, itmay be argued that veins nearly perpendicular to both bedding and
pressure solution cleavages, could actually result from inherited joint
re-opening perpendicularly to σ2 rather than new tensile extensional
fracturing. This inference, however, is partly confuted by the
A

D

Fig. 14. Examples of possible relationships between LPS pattern and behaviours of inherited
reactivated and LPS occurs with a near verticalσ2. C) Few faults induce buttressing and LPS occu
in the surrounding material. Few faults are positively inverted or reactivated as pressure soluti
observation that pressure solution cleavages and transverse veins fre-
quently displaymutual cross-cutting relationships, indicating their syn-
chronous development. This evidence indicates that, although many
transverse veins associated with pressure solution cleavages could
have been inherited from the previous along-foredeep stretching or
foreland-flexuring stages, their re-opening occurs in a stress field
where σ3 remains sub-horizontal.

When the shortening direction is roughly perpendicular to the trend
of the foredeep/peripheral bulge system, σ1 strikes perpendicular to
foreland-flexure-related longitudinal extensional deformation struc-
tures when they enter the LPS domain, thus ruling out any possible
strike-slip reactivation. Inherited longitudinal joints can be reactivated
as pressure solution surfaces (Railsback and Andrews, 1995). Depend-
ing on their strength (Sibson, 1985, 1995), longitudinal faults can:
(i) be not reactivated, (ii) induce buttressing, (iii) be positively inverted,
or (iv) exhibit mixed behaviours (e.g. Coward et al., 1989; Glen et al.,
2005) (Fig. 14). Poor LPS-related deformation occurring in a strike-slip
stress field configuration, with no positive inversion of foreland-
flexure extensional faults, is described in the Khaviz anticline of the
Zagros (e.g. Wennberg et al., 2006). Buttressing against foreland-
flexure-related extensional faults is documented when they cut across
several layers or approach a basin scale size (e.g. Scisciani et al., 2002).
Buttressing can also produce overprinting of fault surfaces by pressure
solution, and creation of slickolites (Tavani et al., 2012a). Three scenar-
ios may be envisaged for positive fault inversion (Fig. 14): (1) it occurs
whilst LPS produces little or no deformation structures; it occurs whilst
LPS produces significant deformation structures associated with either
sub-vertical σ2 (2) or σ3 (3). The first case has been described in the
Boltaña anticline of the Spanish Pyrenees (Tavani et al., 2012b), where
only few of the abundant foreland-flexure extensional longitudinal
faults have been positively inverted and compressional deformation
structures rarely occur. Case 2 is that of the Northern Apennines
where, with few local exceptions, layer parallel shortening has occurred
in a strike-slip stress field configuration (Tavani et al., 2008, 2012a). In
that area, foreland-flexure extensional faults are described (Tavarnelli
and Peacock, 1999) and few of them have been inverted (Tavani et al.,
2012a). The same has been documented in the foreland area ahead of
the Cantabrian domain of the Pyrenean Orogen (Quintà and Tavani,
2012), where positive inversion of foreland flexure extensional faults
occurred both in the presence of pressure solution cleavages/strike-
slip faults (i.e. case 2) and in the absence of any compressive/strike-
slip structure (case 1).
B C

E F

longitudinal extensional faults. A) Pre-LPS extensional fault pattern. B) Faults are not
rs with a near verticalσ2. D) Few faults are positively inverted, whilst no fracturing occurs
on cleavage, and LPS occurs with a near vertical σ2 (E) or near vertical σ3 (F).
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Thrusting and onset of previously described syn-folding deforma-
tion implies that early-orogenic structures, including those developed
during pre- to early-folding LPS, are tilted together with layers and
can undergo reactivation, typically by positive inversion of inherited
longitudinal extensional deformation structures and by further com-
pression or shearing of deformation structures developed during the
LPS stage. Syn-folding tangential longitudinal strain induces outer-arc
extension and inner arc compression, and this can imply: (1) extension-
al reactivation of inherited longitudinal extensional structures; (2) ex-
tensional reactivation of inherited compressional structures developed
during LPS (i.e. longitudinal reverse faults and longitudinal pressure so-
lution cleavages); (3) contractional/strike-slip reactivation of inherited
contractional/strike-slip structures developed during LPS; and (4) posi-
tive inversion of inherited longitudinal extensional structures. Similarly,
during fold tightening and footwall syncline stretching, inherited longi-
tudinal structures become favourably oriented with respect to the ac-
tive stress field, allowing for their reactivation. In essence, field
evidence indicates that during folding the inherited longitudinal com-
pressional and extensional structures may undergo both extensional
and compressional reactivation (e.g. Graham et al., 2003; Bellahsen
et al., 2006a; Amrouch et al., 2010a; Beaudoin et al., 2012; Tavani
et al., 2012b), whilst conjugate strike-slip faults can undergo only
strike-slip reactivation, with the syn-folding reactivation of pre-
folding structures inhibiting the development of syn-folding sensu
strictu deformation structures.

Occurrence of pre-orogenic deformation structures can further mod-
ify, andmakemore complex, the deformation patterns illustrated above.
The simplest case is one in which inheritance includes deformation
structures oriented approximately parallel and/or perpendicular to the
trend of the foredeep-belt system. In this case, inherited structures can
be reactivated with an extensional kinematics during foreland flexuring
and/or along foredeep stretching. During the pre-folding and the syn-
folding LPS stages, the reactivation scenarios illustrated for the early oro-
genic extensional deformation structures also apply to these pre-
orogenic inherited ones. An example is provided by the Bristol Channel
(e.g. Dart et al., 1995; Nemčok et al., 1995; Kelly et al., 1999), where
pre-orogenic inherited faults are almost perpendicular to the shortening
direction and buttressing and positive inversion is accompanied by the
development of reverse and, mostly, strike-slip faults. Another example
involving pre-orogenic extensional structures oriented almost perpen-
dicular to the shortening direction is the Cotiella extensional rollover in
the Pyrenees (Tavani et al., in press). There, the dense network of
inherited extensional faults and joints has been tilted during basin inver-
sion and only very few faults show evidence of positive inversion. More
complex are all those frameworks in which structural inheritance is
oblique to the convergence direction, as a wide range of scenarios span-
ning from oblique inversion to fully strike-slip reactivation can occur. As
an example, in the Sant Corneli-Boixòls oblique inversion anticline of the
Spanish Pyrenees, pre-orogenic extensional faults are widespread and
strike at about 45° to the shortening direction. Positive inversion of the
basin-boundary buried fault zone caused strike-slip reactivation of
inherited deformation structures, synchronously with the development
of transverse veins and joints, and rare pressure solution cleavages.
This pattern indicates that fault inversion was accompanied by a
“weak” LPS, occurring in a strike-slip stress field configuration (Tavani
et al., 2011a). A similar oblique framework is observed in the outer por-
tion of the western Pyrenean Orogen, in the Cantabrian Mountains
(Quintà and Tavani, 2012). Widespread extensional features developed
during foreland flexuring and along-foredeep stretching are preserved
in this area and strike perpendicular and parallel to the shortening direc-
tion, respectively. These early-orogenic deformation structures tend to
rotate when approaching pre-existing fractures and their angle to the
shortening direction becomes about 20–30°, instead of 45°. This behav-
iour indicates that structural inheritance can locally influence the orien-
tation of a newly developed stress field (Bergbauer and Pollard, 2004).
On the other hand, the inherited deformation pattern appears to have
no effect on the stress field orientation during the subsequent LPS
stage, when it underwent strike-slip reactivation (Quintà and Tavani,
2012). In the same region, but in an innermost position within the belt,
two mutually orthogonal sets of pre-orogenic extensional faults and
joints form an angle of about 20–30° and 60–70° with the shortening di-
rection, respectively. Theywere re-activated as extensional features dur-
ing foreland flexuring and along-foredeep stretching, and as strike-slip
faults during shortening, and prevented development of newly formed
deformation structures (Tavani and Muñoz, 2012).

Structural inheritance can occur only at specific levels of sequences
undergoing contraction (typically the lower part and/or the basement),
favouring vertical decoupling of stress and strain patterns (e.g. Keating
et al., 2012). Furthermore, thrust development by re-activation and
linkage of obliquely striking pre-orogenic deformation structures can
induce local stress and strain patterns only in the folded areas surround-
ing the reactivated structures (e.g. Ahmadhadi et al., 2008; Carminati
et al., 2013). Analogously, whatever their origin, salients, recesses, and
oblique-lateral ramps, can induce local progressive rotations of both
stress field and inherited early-orogenic to early folding deformation
structures, so that complex but local reactivation patterns are expected
in these areas.

2.8. Paleostress regimes from striated faults in fold-thrust belts

Whatever technique is used (e.g. Célérier et al., 2012) to invert fault
slip data, and despite the still ongoing debate on whether these
methods actually provides information on either stress or strain, or
even strain rates (e.g., Twiss andUnruh, 1998; Lacombe, 2012), awealth
of paleostress reconstructions have been carried out worldwide in var-
ious tectonic settings over the last decades, providing results that are
consistent with the orientations of related stylolites and joints (e.g.
Sperner and Zweigel, 2010; Lacombe, 2012).

The compilation of Lisle et al. (2006) shows a steeply plunging prin-
cipal axis of the paleostress fields obtained inmost reconstructions, thus
validating the classical hypothesis of Andersonian stress regimes. As
stated before, in weakly deformed forelands Andersonian faulting is
supported by widespread near vertical jointing, a condition that is
most likely if one of the principal axes of the stress ellipsoid is vertical.
On the other hand, in fold-thrust belts, where deformation intensity is
much higher, even though the far-field stress is of Andersonian type,
numerical models show an increased complexity caused by the evolu-
tion of flexural-slip folding ofmultilayerswith variablemechanical stra-
tigraphy (e.g. Sanz et al., 2008). In particular, stress field inversion
supporting the inference of a principal axis of the stress ellipsoid per-
pendicular to bedding and the other two lying on the bedding surfaces,
yield Andersonian environmental conditions only after unfolding,
which in turn implicitly leads to consider them as pre- or early-folding.

Although this view has provided in most cases reliable first-order
geodynamic interpretations, the well-known occurrence of bedding-
parallel stress channelling (e.g. Mandl, 2000) implies possible devia-
tions from Andersonian conditions, at least at the scale of thrust-
related folds. Such an ambiguity is not easy to resolve, as indicated by
the case of NW Taiwan, where analysis of striated small-scale thrust
faults and bedding parallel slip surfaces, both in their current orienta-
tions as well as after bedding restoration to the horizontal (unfolding),
always provided a sub-horizontal σ1 (Lacombe et al., 2003).

Regardless of the relative timing of faulting and folding, it is interest-
ing to note that paleostress inversion techniques commonly provide a
near bedding-parallel σ1 paired with a variability of the orientation of
σ2 andσ3. In the Taiwan case,σ2 is commonly vertical, therefore indicat-
ing a strike-slip stress field configuration during thrust emplacement in
regions where the trend of the mountain front relative to the regional
compression is oblique and/ or in regions undergoing incipient lateral
extrusion like SW Taiwan. In contrast, near vertical σ3 is obtained in re-
gions where pre-orogenic extensional basins are inverted (Mouthereau
et al., 2002).
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Another evidence for switching between the minor and intermedi-
ate axes of the stress ellipsoid within orogenic systems is provided by
the Bighorn basin within the Laramide belt in western USA, as docu-
mented in multiple works (e.g., Varga, 1993; Erslev and Koenig, 2009;
Neely and Erslev, 2009; Amrouch et al., 2010a; Beaudoin et al., 2012;
Weil et al., 2014). At the regional scale, the fault pattern includes conju-
gate dip-slip reverse faults at acute angles to bedding, which accommo-
datedminor LPS and vertical thickening, and conjugate strike-slip faults
at high angles to bedding that accommodated minor LPS and belt-
parallel extension, both systems indicating an early LPS, prior to and
synchronous with initial arch development. Estimated stress ratios are
generally low, indicating similar magnitudes of σ2 and σ3. At the scale
of individual structures, more detailed analyses document also late- to
post-folding fault arrays that still support the occurrence of both com-
pressional and strike-slip stress field configurations (Amrouch et al.,
2010a; Beaudoin et al., 2012). In the Fars province of the Zagros belt
(Iran), paleostress reconstructions using striated faults reveal the pres-
ence of both compressional and strike-slip stress field configurations in
response to the Neogene and still ongoing collision of the Arabian and
Eurasian plates. This coexistence accounts for the kinematics of the
major faults and for the combination of strike-slip and thrust-type
focal mechanisms of earthquakes whatever their magnitudes and focal
depths, andwhether they occur in the sedimentary cover or in the base-
ment (Lacombe et al., 2006). The inversion of fault-slip data also reveals
low stress ellipsoid shape ratios (being defined as [σ2−σ3]/[σ1−σ3]),
which suggests that σ2/σ3 permutations allow for the coexistence of
compressional and strike-slip regime with a nearly constant sub-
horizontal σ1. Very similar results were obtained by using microstruc-
tures such as calcite twins (Lacombe et al., 2007).

In the Jura region of the Alps (eastern France–Switzerland), the
stress field evolution induced by the Miocene compression was studied
in detail by Homberg et al. (1999, 2002). The authors show that, before
folding, there was a strike-slip stress field configuration with a fan-
shaped distribution of σ1 trajectories related to the indentation of the
future Jura domain by its hinterland. In contrast, during and after the
main folding phase, the stress configuration remained of strike-slip
type in the flat-lying and weakly deformed parts of the external Jura
(“Jura des Plateaux”), whilst in the internal part of the belt (“Folded
Jura”) and near to major thrusts of the external Jura, a replacement by
a compressional or transpressional stress configuration occurred.

From this brief description above we note the widespread occur-
rence, and even prevalence, of strike-slip stress configurations within
thrust-fold belts and their forelands, away from major thrust systems.

3. Discussion

Following from field evidence presented in the previous sections, we
now attempt to reconstruct the stress field evolution for a given volume
of a fully lithified carbonate-dominated sedimentary succession, from
the foreland flexuring stage to thrust fault nucleation and fold amplifi-
cation (Fig. 15). For this purpose, we use the equations of linear elastic-
ity linking stress and strain in isotropic and homogeneous materials
(e.g. Turcotte and Schubert, 1982; Price and Cosgrove, 1990), which
are illustrated in Fig. 16A. In the pre-orogenic stress field configuration,
the overburden load is the only significant acting force and, accordingly,
σ1 is vertical, i.e. parallel to the Z axis of our coordinate frame (i.e.
Fig. 15A, time T0). No significant lateral rock expansion is allowed
along X and Y directions and, assuming that inelastic deformation is
negligible at this stage, it follows from equations 1 to 4 in Fig. 16A that
sub-horizontal σ2 and σ3 have the same magnitude. The onset of tan-
gential–longitudinal strain due to foreland flexuring (Fig. 15A, time
T1) and, possibly, slab pull (e.g. Conrad and Lithgow-Bertelloni, 2002),
causes the reduction of σx (equation 3 in Fig. 16A), which becomes
the minimum stress and may attain negative values. During this stage
the magnitude of σz remains approximately unaltered, whilst that of
σy slightly reduces (less than that of σx) due to the influence of the
negative σx (equation 4 Fig. 16A). Accordingly, during this stage σz

andσy are the principal axesσ1 andσ2 of the stress ellipsoid, respective-
ly. The onset of inelastic deformation, mostly consisting of longitudinal
jointing, veining and faulting, can alter the relationships between the in-
crement of εx and the variation of σx and σy, possibly inhibiting the de-
crease of the latter. At this stage, permutations between σy (σ2) and σx

(σ3) are allowed only at the local scale because of joint-associated stress
release (Hancock, 1985; Bai et al., 2002) and/or release faulting (Destro,
1995). Approaching the compressive deformation front (time T2 in
Fig. 15A) the elastic portion of the previously acquired negative εx is
progressively removed and σx tends to increase, possibly recovering
its pre-orogenic value when the contribution of slab pull was negligible.
Contextually, the vertical load (σz) increases because of sedimentation
and infill of the foreland basin. The considered rock volume then enters
into the layer-parallel shortening domain, where X-directed shortening
(i.e. positive εx) causes an increase ofσx, whichfirstly becomes the prin-
cipal axis σ2 at stage T3, and then σ1 at stage T4. If along-strike
stretching occurs between the foreland flexuring stage and the LPS
stage, a negative stress component is added along the Y-axis, and the
switching between σ2 and σ3, with the latter possibly becoming nega-
tive, occurs before the material starts to undergo LPS. Accordingly, at
time T4 (Fig. 15A) the stress field configuration is strike-slip as σz is
greater thanσy. The site (i.e., X-position)where this permutation occurs
depends on the vertical load, and on the depth.

Now let us consider what happens after T4 by using two end-
member behaviours, involving elastic and inelastic deformation path-
ways (e.g. Guiton et al., 2003a). In the first case, shortening and stress
building up along the X-direction imply expansion along the Y-
direction that, as the material is laterally confined (or as soon as lateral
expansion exceeds along-foredeep stretching), causes the increase of σy

(equation 4 of Fig. 16A) until interchange betweenσy andσz occurs, and
σy becomes the intermediate principal axis of the stress ellipsoid σ2,
whilst σz becomes σ3 (T5 in Fig. 15A). The position within the orogenic
system where this permutation occurs depends on εx, the vertical load,
and the elastic properties of the rocks (i.e. Young'smodulus and Poisson
ratio) (equation 4 of Fig. 16A). Quite similar is the path followed in the
second case, where permanent deformation occurs. In fact, after time T4
(Fig. 15A) the increase of εx leads to strike-slip faulting and, particularly
in carbonate layers, development of pressure solution cleavage and re-
lated veins. Both types of inelastic deformation cause: (1) energy dissi-
pation, which has the effect of reducing the ratio between stress and
strain increment along the X-direction; (2) expansion of material
along the Y direction (Fig. 16B), which produces an increase of σy

until it equalsσz at time T5. Further increase ofσy during inelastic defor-
mation is ensured by the occurrence of previously developed strike-slip
faults and transverse joints. In fact, there is a transitional areawhere, al-
though the stress configuration is compressive, reactivation of strike-
slip faults containing σz (i.e. σ3) is more favourable with respect to the
development of new reverse faults containing σy (i.e. σ2) (Fig. 16B).
Similarly, the occurrence of bedding-perpendicular, low cohesion joints
can favour the re-opening of the transverse set, oriented perpendicular
to σy (i.e. σ2) instead of the formation and subsequent mineral infilling
of bedding-parallel joints. According to the field evidence from several
thrust-related anticlines that the compressive stress configuration has
never been reached, we suggest that major thrusting can occur either
somewhere in between T4 and T5 or slightly after T5, i.e. both in
strike-slip and compressive stress configurations. This is, for example,
consistent with earthquake data from the Zagros, where coeval reverse
and strike-slip faulting is documented at depth (e.g. Hessami et al.,
2001).

Let us now consider the effect of folding-related deformation mecha-
nisms on the two possible states of stress, i.e. compressive and strike-slip
(Fig. 15B). In thrust-related anticlines oriented approximately perpendic-
ular to the regional transport direction, inner-arc compression, fold tight-
ening and compression ahead of the propagating fault tip, imply the local
increase of σx and σy both during elastic and inelastic deformation. If the
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Fig. 15. Summary of the typical stress evolution during foreland fold and thrust belt development, before (A) and during (B) thrusting.
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state of stress is of strike-slip type, the mechanisms discussed above can
locally turn it into a compressive state, due to the effect that an increase
of εx exerts on σy. Possibly, axis-parallel stretching generated by develop-
ment of folds with curved hinge lines, can operate against the permuta-
tion between σ2 and σ3. If the state of stress is of compressive type,
inner-arc compression, fold tightening and compression ahead of the
propagating fault tip simply imply an increase of the maximum acting
stress. If along-fold stretching occurs, the state of stress can become
strike-slip. In the case of syn-folding LPS (Fig. 15B), minor modifications
can occur, as the overall magnitude of σx changes slightly during folding.
In the case of hinge-perpendicular stretching associated with outer-arc
extension in a strike-slip regional stress field configuration, reduction of
εx causes the reduction of σx until this stress component switches to σ2

and σz becomes σ1 (Fig. 15B). Transversal extensional faults, joints, and
veins, oriented perpendicular to the fold strike, may develop at this
stage. A further decrease of εx leads σx to eventually become smaller
thanσy, which becomes the intermediate principal axis of the stress ellip-
soid σ2, whilst σx becomes σ3. Longitudinal extensional deformation
structures can form at this stage. When the starting stress configuration
is compressive, according to equations 3 and 4 (Fig. 15A) the reduction
of εx causes a decrease of bothσx andσy, with the latter becoming smaller
than the vertical load sooner than the former. As a consequence, the re-
duction of εx turns the stress state into a strike-slip configuration and
for further decreases of εx the stress field evolution follows that described
above. However, this is valid only if no permanent deformation has oc-
curred before hinge-perpendicular extension and the stress–strain rela-
tionships are entirely determined by elastic laws, which is a very crude
oversimplification. The opposite end-member framework is one in
which X-directed shortening has beenmostly accommodated by inelastic
deformation and the increase of σy has beenmostly achieved by the inhi-
bition of Y-directed expansion produced by strike-slip faulting and pres-
sure solution cleavage-vein development (Fig. 16B). In this case, the
reduction of σy requires the reactivation, with opposite senses of motion,
of strike-slip faults, a field case that has not yet been reported, indicating
that the reduction in themagnitude of σy during hinge-perpendicular ex-
tension almost entirely relies on the elastic part of the system, which is
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Fig. 16. Mechanisms of stress build-up. A) Equations 1 and 2 provide the elastic stress–
strain relationships for amaterial confined along the Y-direction (i.e. εy= 0), where incre-
ment of εx causes the increment of both σx and σy. Combining equations 1 and 2 provides
equations 3 and 4,where stress components are the explicit parameters. B) Inelastic stress
build-up. In a strike-slip stress configuration, X-directed shortening achieved by strike-slip
faults in a laterally confined material implies increase of σy. This mechanism continues to
operate also when the stress configuration becomes compressive, as when minimum and
intermediate stress components have close values the re-activation of strike-slip faults can
be more favourable than development of new reverse faults.
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not thedominant one. Accordingly,whenσy greatly exceedsσz hinge per-
pendicular stretching can cause the interchange between σ1 and σ2, with
σx becoming σ2 and σy becoming σ1, without being preceded by an early
permutation between σy and σz. Reverse faults and pressure solution
cleavages accommodating along-strike compression, possibly accompa-
nied by the development of sub-horizontal veins, could form at this
stage, particularly in the case of fluid-assisted deformation. A further de-
crease of σx would lead it to become the minimum principal axis of the
stress ellipsoidσ3, whilstσz becomesσ2. Accordingly, strike-slip faults ac-
commodating along-strike shorteningwould form. It isworthmentioning
that, despite their mechanical feasibility, the along-strike compressional
deformation structures predicted above are not common in thrust-
related folds (e.g. Price and Cosgrove, 1990). This may relate to: (1) the
axial parallel principal axis of the stress ellipsoid has always magnitudes
that do not allow extensional and shear failure; however pressure solu-
tion cleavage development should develop in carbonate rocks and this
makes option 1 quite unlikely; (2) fold axial stretching always ensures
an early switching between the minimum and the intermediate stress
axes, a possibility that is not favoured in the cylindrical or sub-
cylindrical portions of folds, where axial stretching is expected to be neg-
ligible; (3) the stress field configuration is never of compressive type, or
(4) it is of compressive type but inelastic deformation during stress
build up is negligible and the decrease of εx during hinge-perpendicular
stretching rapidly drives the stress configuration to a strike-slip type. Op-
tions 2, 3 and 4 appear to be more reasonable. This means that the onset
of thrusting can occur in a compressional stressfield configurationwhere,
at the scale of the fold, the difference between theminimumand interme-
diate principal axes of the stress ellipsoid should be sufficiently small to
allow either the “elastic” discharge of εx or the along-fold stretching to
cause a decrease of σy down to its rapid permutation with σz.

Following the discussion above, it may be suggested that, during
thrusting, the hanging wall material experiences a near subcritical
state of stress that can have either a strike-slip or compressional config-
uration but, in the latter case, the difference between the magnitude of
the minimum and intermediate principal axes of the stress ellipsoid is
likely to be small. The key to understand how a thrust fault can nucleate
in a strike-slip stress configuration is the state of stress during the LPS
stage. Consider a layered material undergoing X-directed layer-
parallel shortening above a sub-horizontal layer parallel décollement
(Fig. 17A). The amount of X-directed shortening at the right edge of
the model (x = 0) is D and remains constant along the vertical direc-
tion. At a certain position (x = L), the displacement along the
décollement has been entirely accommodated by both reversible and ir-
reversible deformation. Accordingly, the integral of the strain along the
X direction, computed between 0 and L, must be equal to D in all the
layers (equation 5 of Fig. 17B). It is intuitive that for the same strati-
graphic level (i.e. at a constant depth) the amount of X-directed strain
must reduce forelandward (equation 6 of Fig. 17B), as supported by
field observations (e.g. Holl and Anastasio, 1995; Sans et al., 2003).
Moreover, to avoid hinterland-ward layer-parallel shear, which is infre-
quently reported in foreland areas, the sum of strain accumulated at a
given x coordinate (x1) must increase or remain constant as depth in-
creases (equation 7 of Fig. 17B). In agreement with equations 5 to 7,
the vertical profile of εx = 0 can have and hinterland-ward concave
shape, imposing that themaximum εx in the inner side of themultilayer
can increase downward (Fig. 17C). If we assume that in the outer sector
of themodel andwith the exception of the uppermost unlithified strat-
igraphic layers, inelastic deformation does not take place, imposing
σx = σz in equation 3 allows one to derive εxs (equation 8 in Fig. 17B),
i.e. the strain value at which a strike-slip stress configuration starts to
be active. The hinterlandward increasing value of εx (Fig. 17C) and the
dependence of εxs on the elastic parameters of the rocks, impose that
the transition from extensional to strike-slip stress configurations can
have a saw-tooth shape and hinterland-ward dipping cross-sectional
profile (Fig. 17D). A similar behaviour cannot be inferred for the transi-
tion between strike-slip and compressional stress field configurations.
In this case, in fact, it must be remarked that: (1) in the inner sector of
the model, strain can increase downward (Fig. 17C); (2) in the strike-
slip sector, irreversible deformation occurs, thus preventing the possi-
bility to apply linear elasticity. The combined effect of these processes
can lead to a foreland-dipping boundary between strike-slip and dip-
slip stress configuration domains (Fig. 17D). Also in this case a saw-
tooth shape is expected, being produced by the alternance of different
mechanical units. In essence, and depending on themechanical proper-
ties of the layers, it is possible to predict the presence of a compressional
stress field configuration for some layers at depth, overlain by a wide
volume dominated by a mostly strike-slip stress configuration. In addi-
tion, layer-parallel decollements may have a variable dip controlled by
the foreland regional monocline (e.g. Mariotti and Doglioni, 2000),
which causes along-dip variations in the vertical load and thus influ-
ences the position of εxs and, possibly, causes the widening of the area
where the strike-slip configuration occurs. Eventually, strike-slip and
compressive stress configurations can occur in layers with differentme-
chanical properties but located at the same place (i.e. X and Z coordi-
nates). An example of this lithologically-controlled switch between
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Fig. 17. Cross-sectional configuration of stress and strain during the layer parallel shortening stage. A) Geometry of the hanging wall and coordinates system. B) Equations relating X-ori-
ented strain (εx) to X and Z coordinates. Equation 5 results from the observation that the sum of X-directed strains must equal the total displacement (D). Equation 6 results from the
observation that the amount of strain decreases away from the site where shortening is applied. Equation 7 results from the observation that, for a fixed X-coordinate, the sum of strain
must increase downward to prevent hinterlandward shear. Equation 8 provides the value of strain (named εxs) at whichσx equalsσz. Strain (C) and stress (D) distribution consistent with
equations from 5 to 7. E) Reverse reactivation of an inherited longitudinal fault in a strike-slip stress configuration.
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strike-slip and compressive stress field configurations during LPS occurs
in the Scaglia Formation of the Northern Apennines, which consists of
well layered limestones and marls with interbedded chert layers. In
the latter, shortening is mainly accommodated by reverse faults, whilst
shortening in the carbonate beds immediately above and below is ac-
commodated by pressure solution cleavages (Alvarez et al., 1976);
which are associated with bedding-perpendicular veins. Such a frame-
work, where the shortening direction is the same in the different beds,
indicates a strike-slip stress configuration in the limestone, which
caused permanent deformation preventing the transition to a compres-
sive stressfield configuration. On the other hand, a compressional stress
field configuration occurred in the chert, where nopermanent deforma-
tion occurred before compressive failure. At a larger scale, this scenario
is consistent with the observation that reverse fault nucleation tends to
occur in stiff layers (e.g. Eisenstadt and De Paor, 1987; Chester et al.,
1991). There, high values of the Young modulus imply the onset of a
compressive stress field whilst the stress configuration in the surround-
ing layers is still strike-slip (equation 8 of Fig. 17B). After thrust ramp
nucleation and propagation (upward and, in some cases, downward to
link with the basal decollement level; e.g. Williams and Chapman,
1983; Eisenstadt and De Paor, 1987; Ellis and Dunlap, 1988; Morley,
1994; McConnell et al., 1997; Storti et al., 1997), the increase of dis-
placement applied to the edge of themodel (i.e. D in Fig. 17A) no longer
implies an increase of stress in the faulted layers because it is mostly
accommodated by slip along the fault. Conversely, the unfaulted layers
experience increasing strain, which is essentially the reason for the
syn-folding layer-parallel shortening documented in the previous sec-
tions. It is worth noting that, as the displacement applied to the edge
of themodel increases, the amount of syn-folding strain in the unfaulted
layers increases through time until the thrust ramp cuts through them
(e.g. Tavani et al., 2006b). Such a strain increase has to occur specifically
ahead of the propagating fault tip. This area is in fact the process zone of
the fault,where fracturing is expected to occur in order to accommodate
the relative displacement between hangingwall and footwall in the lack
of a localised fault zone (e.g. Cowie and Scholz, 1992), as predicted in
trishear fault propagation folding (e.g. Erslev, 1991; Allmendinger,
1998).

We have shown that a thrust ramp can nucleate in a strike-slip
stress field configuration, where local compressional stress condi-
tions may exist because of combined depth and lithological effects.
This vertical transition from strike-slip to compression at depth
has been documented for example in an active thrust-related anti-
cline of the Apennines, where transition from strike-slip to exten-
sion in the uppermost levels also occurs (Carminati et al., 2010).
Our observations also fit leak-off tests performed in wells of active
thrust-belts, which frequently indicate that the horizontal stress
can be the minimum stress component (e.g. Couzens-Schultz and
Chan, 2010).
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Fig. 18. A) Scheme showing thrust nucleation and propagation in a previously fractured rock volume. Stress perturbation at the fault tip, with extensional and compressional quadrants
(B) and trajectories of the regional maximum and intermediate stress axes (C) indicated. D) Linkage of inverted faults throughout a layer-parallel decollement or a newly formed faults in
the extensional stepover. E) Upward propagation of an inverted fault along a layer parallel decollement or a newly formed reverse fault. F) Breakthrough in the foot-wall of a positively
inverted fault, with geometry after hanging wall translation above an upper decollement.
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When the role of inherited deformation structures is taken into ac-
count, a compressive stress configuration may be not required for trig-
gering thrusting, as supported by previously described field examples
showing that inversion tectonics mostly occurs with weak contraction-
al/strike slip deformation. Generally, stress and fluid conditions may fa-
vour the reactivation of inherited low-cohesion and low-friction faults
instead of the development of new ones (e.g. Sibson, 1985, 1995). This
process includes the possibility of reactivating surfaces that do not con-
tain the intermediate principal stress axis (e.g. Blenkinsop, 2008). This is
illustrated in Fig. 17E, where it is shown that, in a strike-slip stress field
configuration, progressive stress build up can lead to the reactivation of
an inherited normal fault containing the minimum principal stress axis
(σ3). Accordingly, and due to the positive influence exerted by inherited
and precursory fractures in favouring the nucleation and propagation of
faults (e.g. Kimet al., 2003; Crider andPeacock, 2004; Shiner et al., 2004;
Healy et al., 2006; Nenna and Aydin, 2011), the occurrence of longitudi-
nal inheritance can favour thrust fault nucleation (Fig. 18A). Strain ori-
ented parallel to the slip direction, which occurs at the tip of positively
inverted faults or in the overstep area between them, produces local
perturbations of the stress field (e.g. Pollard and Segall, 1987). This
causes: (i) the development of dilational and contractional areas
emanating from the tip of the fault (Fig. 18B), and (ii) the rotation
of the maximum stress axis that can attain a favourable angle with
respect to layers, allowing slip along bedding surfaces (Fig. 18C). In
the case of fault inversionwithin the framework of a strike-slip stress
field configuration, process (i) can cause the local permutation be-
tween minimum and intermediate principal axes of the stress ellip-
soid in the dilational areas, favouring the onset of a compressional
stress field around the fault tip and, consequently, the propagation
of the fault through an about 30° dipping, newly formed segment.
On the other hand, positive inversion of widespread inherited defor-
mation structures can occur in a strike-slip stress field configuration
by process (ii). Linkage (Fig. 18D) and/or propagation (Fig. 18E) of
positively inverted faults may be provided either by low-friction
bedding surfaces or newly formed fault strands which develop due
to the establishment of a local compressional stress field configura-
tion. It is worth noting that, after folding of the strata ahead of the
upward propagating thrust ramp begins, and depending on the
amount of tilting, any kind of longitudinal structure (i.e. faults,
joints, pressure solution cleavage) can attain a favourable orienta-
tion for shear re-activation. Essentially, progressive folding further
facilitates ramp propagation by linkage of a progressively better
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oriented dense network of deformation structures. Development of
a thrust requires that many inherited extensional faults are totally
or partially inverted, the latter being possibly preserved in the
folded hanging wall (Fig. 18F). This is the case of the southern por-
tion of the Northern Apennines (Fig. 19), where N–S striking Jurassic
extensional faults are exposed in the hanging wall of N–S striking
Miocene to Pliocene thrust-related anticlines (e.g. Pierantoni et al.,
2013), and transported forced folds record the early inversion of
these faults, which has occurred in a strike-slip stress field configu-
ration (Tavani et al., 2012a).

To summarize, thrust nucleation and propagation can be facilitated
by the occurrence and reactivation of inherited pre- and/or early-
orogenic deformation structures, whose reactivation prevents large
stress accumulation in the thrust sheets before and during thrusting
and folding. The positive inversion of these inherited deformation pat-
terns, in fact, may occur in a strike slip stress field configuration as it re-
quires stress magnitudes lower than those necessary to develop a new
thrust. In this case, the hanging wall is dominated by pre-folding struc-
tural assemblages, whichmay undergo reactivation andmodification of
the original crosscutting and abutting relationships during LPS and fold-
ing stages. Conversely, when pre- and/or early-orogenic structures are
not widespread or are not systematically reactivated, larger stress accu-
mulations are required to form thrust faults, so that the stress field can
easily reach a compressive configuration and, contextually, LPS and syn-
folding patterns are expected to develop in the poorly fractured
multilayer.

4. Conclusions

We have shown that deformation patterns characterising foreland
thrust and fold belts indicate that thrusting occurs both in strike-slip
and reverse faulting stress field configurations, i.e. with a near vertical
attitude of the intermediate and minimum principal axis of the stress
ellipsoid, respectively. To address the problemof how thrusts can nucle-
ate in a strike-slip stress field configuration, we emphasize the funda-
mental role played by pre- and early-orogenic structural inheritance
on the nucleation and propagation of thrust surfaces. Pre-existing longi-
tudinal deformation structures can lead to the development of large
thrusts and reverse faults even in a fully strike-slip stress field configu-
ration. Depth and rheology can favour local compressional stress config-
uration in the fault process zone, facilitating fault tip migration. During
the long-lasting deformation history of particles migrating from the
foreland into the thrust-and-fold belt, different deformation stages trig-
gered by different stress field configurations occur and imply repeated
stress-switching events between the principal axes of the stress ellip-
soid, which are fundamentally influenced by structural inheritance.
Since the transmission of orogenic stress and stress build-up through
the cover and the faulted basement of forelands is likely heterogeneous
and complex, the role of deformation structures unrelated to cover fold-
ing but linked to far-field orogenic stresses and foreland flexure has to
be carefully considered to build more realistic conceptual models of
folding-related fracture pattern evolution. Shearing and reopening of
pre-existing vein/fracture sets appear to be a very important mecha-
nism to control the brittle deformation pattern within fault-related
cover folds.
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