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ABSTRACT

Field data from an orogenic foreland and an orogenic belt

(the Mesozoic rocks of southern England and the Umbria-

Marche Apennines of Italy respectively) indicate the follow-

ing. Firstly, stress evolution during the tectonic cycle,

between maximum compressive stress (r1) being vertical dur-

ing extension and least compressive stress (r3) being vertical

during contraction, can involve phases when the intermediate

compressive stress (r2) is vertical, promoting strike-slip defor-

mation. Secondly, variations in the relative magnitudes of the

stress axes are caused by variations in overburden and tec-

tonic forces. Thirdly, overpressure can develop because of

compaction during burial, and, as overburden is reduced dur-

ing uplift and erosion, the vertical stress (rV) reduces but

fluid pressure (Pf) remains approximately constant. Brittle

deformation, including transient strike-slip faults, reverse-

reactivated normal faults and normal-reactivated thrusts, is

preferentially developed in overpressured areas because high

Pf promotes faulting.

Terra Nova, 00: 1–10, 2016

Introduction

Interpretations of stress orientations,
fluid pressures (Pf) and deformation
chronologies are keys to most struc-
tural analyses. Here, we link the
changes in the magnitudes of stress
axes with related changes in Pf to
understand a common phase of
strike-slip deformation between peri-
ods of regional extension and regio-
nal contraction. Many regions show
both extensional and contractional
events, with structures reactivating or
overprinting each other during tec-
tonic inversion (e.g. Butler et al.,
2006). Positive inversion is the change
from extension to contraction (e.g.
Williams et al., 1989), while negative
inversion is the change from contrac-
tion to extension (e.g. Lake and Kar-
ner, 1987). Inversion implies a stress
evolution in which there is inter-
change between r3 being vertical to
cause vertical thickening, and r1

being vertical to cause vertical thin-
ning.
Strike-slip faults develop in a vari-

ety of tectonic systems when r2 = rV

and have been reported to form dur-
ing the transition from orogenesis to

orogenic collapse (e.g. Dewey, 1969;
Lavecchia and Pialli, 1981) and after
basin development but ahead of sub-
sequent contractional events (e.g.
Vandycke, 2002). Angelier et al.
(1985) define stress permutation as
switches between the principal stress
axes, with either r1 and r2 swapping
over, or r2 and r3 swapping over.
Stress permutation has been
described in different tectonic
regimes, including contractional
(Tranos, 2013), strike-slip (Van
Noten et al., 2013), extensional (Sue
et al., 2014), rifts (Plateaux et al.,
2012), passive margins (Mazabraud
et al., 2013) and shield volcanoes
(Chaput et al., 2014). We show that
changes between vertical r1 and ver-
tical r3 typically involve a phase in
which r2 = rV, which tends to cause
strike-slip faulting.
High Pf is common in sedimentary

basins (e.g. Swarbrick et al., 2002),
and overpressure refers to the condi-
tion in which Pf is greater than the
hydrostatic pressure of an equivalent
free column of water (e.g. Bowers,
2002; figs 4 and 5; Sibson, 2004;
fig. 1). Maintenance of high Pf typi-
cally requires a seal lithology. Hub-
bert and Rubey (1959) show that
thrust sheets slide on layers of over-
pressured fluids that reduce friction.
Overpressure can develop as sedi-
ments are compacted during burial,
as thermal expansion occurs and as

hydrocarbons are generated (e.g.
Cobbold et al., 2004; Lahann and
Swarbrick, 2011). Overpressure can
also develop during uplift and ero-
sion events, as overburden is reduced
but Pf is maintained (e.g. Dor�e and
Jensen, 1996; Corcoran and Dor�e,
2002).
The aim of this paper was to show

that the interplay between stress per-
mutations and overpressure, gener-
ated during subsidence and uplift,
helps explain the processes acting
during inversion, especially the devel-
opment of strike-slip faults between
extensional and contractional events.
The example of structures in south-
ern England is used because the area
was affected by Alpine contraction
but did not experience significant
crustal shortening and thickening, so
the inversion structures are well-pre-
served. Examples from the Apenni-
nes of Italy are presented to show
that these phases of strike-slip fault-
ing can be recognised in orogenic
belts.

Mesozoic rocks of southern
England

Structures in the Liassic limestones
and shales between Lilstock and East
Quantoxhead, Somerset (Fig. 1),
demonstrate Mesozoic basin develop-
ment and Tertiary (Alpine) basin
inversion (e.g. Dart et al., 1995).
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Several palaeostress orientation anal-
yses of the Bristol Channel Basin
have been published (e.g. Peacock
and Sanderson, 1992; Dart et al.,
1995; Nem�cok et al., 1995; Glen
et al., 2005). The deformation history
is as follows:

1 Normal faults striking ~095° and
related E–W-striking calcite veins
and gentle folds (Figs 1b, 2a, and
3a) were caused by ~N–S extension
during Mesozoic development of
the Bristol Channel Basin (e.g.
Nem�cok et al., 1995). The normal

faults have displacements of up to
hundreds of metres (Whittaker and
Green, 1983). The Liassic lime-
stones and shales in Somerset are
unlikely to have been buried to a
depth of <2 km, based on the
thicknesses of the overlying
sequence in the region.

2 Evidence for sinistral shear fol-
lowed by dextral reactivation of
some 095°–striking normal faults
(Peacock and Sanderson, 1999)
includes the steepening of beds in
relay ramps (Fig. 2b) and shear

around some normal faults
(Fig. 3b). This suggests r1 was ori-
entated ~NW–SE. Hibsch et al.
(1995) describe Upper Jurassic to
Early Cretaceous E–W to WNW–
ESE transtension elsewhere in
England, while Vandycke and
Bergerat (2001) describe strike-slip
faulting, with r1 orientated NNE–
SSW to N–S, in the Cretaceous
Chalk of the Isle of Wight.

3 The Tertiary deformation that pro-
duced the Alpine Mountains fur-
ther south and southeast in
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Fig. 1 (a) Map of southern England, showing the major structures (based on Petroleum Exploration Society of Great Britain,
2000). The location of the Somerset field area (51.1797°N, 3.2158°W) is shown. (b) Stereogram for normal faults. Unstriated
fault planes are plotted as poles (filled circles), while striated fault planes are plotted as great circles with slip indicators also
plotted (in red). r1 plunges 80° towards 218°, r2 plunges 4° towards 105° and r3 plunges 9° towards 015°. (c) Stereogram for
thrusts and reverse-reactivated faults. Unstriated fault planes are plotted as poles (filled circles), while striated fault planes are
plotted as great circles with slip indicators also plotted (in red). r1 plunges 12° towards 198°, r2 plunges 5° towards 107° and
r3 plunges 77° towards 356°. (d) Stereogram for strike-slip faults. Poles to dextral faults are filled circles, and poles to sinistral
faults are unfilled circles. The two great circles shown for the strike-slip are the mean orientations for each set. Veins are plot-
ted as unfilled squares. r1 plunges 4° towards 180°, r2 plunges 85° towards 317° and r3 plunges 3° towards 090°.
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Fig. 2 Aerial photographs of the beach in Somerset, with the inferred stress directions during formation of the structures
shown. (a) Normal fault displacing Triassic marls against Liassic limestones and shales. (b) Relay ramp between stepping nor-
mal faults, reactivated as a sinistral strike-slip fault, causing steepening of the relay ramp. (c) The East Quantoxhead Fault,
which shows evidence for reverse-reactivation (e.g. Peacock and Sanderson, 1999). (d) Strike-slip faults displacing reverse-reac-
tivated normal faults. (e) Photograph taken from a height of ~4 m, showing joints on a Liassic limestone bedding plane. The
master joints strike ~ NW–SE.
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Fig. 3 Structures in the Liassic rocks on the Somerset coast, with veins and joints being evidence for Pf > rh during each defor-
mation phase. (a) E–W-striking calcite veins, with one showing some vertical displacement (i.e. the initiation of normal fault-
ing). (b) E–W-striking sinistral pull-aparts, within 1 m of the reactivated normal fault zone shown in Fig. 2(b), east of
Lilstock. (c) Bed-parallel calcite vein in shale, indicating overpressure during inversion. (d) A sinistral strike-slip fault with
smaller dextral faults in the wall rocks. N–S-striking calcite veins occur along and around the faults. (e) Joints that curve into,
and therefore post-date, a sinistral strike-slip fault.
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Europe is commonly marked in
southern England by the inversion
of Mesozoic and older structures
(e.g. Underhill and Patterson,
1998) (Fig. 1). N–S contraction is
illustrated by N–S-striking calcite
veins, E–W-striking thrusts, E–W-
striking folds (including crenula-
tion cleavage) and inversion of
some 095°-striking normal faults
(Fig. 1c; Peacock and Sanderson,
1999). Contraction did not involve
a significant increase in overbur-
den, for example, by thrust stack-
ing.

4 The reverse-reactivated normal
faults are cut by strike-slip faults
conjugate about ~010� and with
displacements of up to hundreds
of metres (e.g. Whittaker, 1972;
Dart et al., 1995; Figs. 1a,d and
2d). The inversion did not
involve significant crustal thicken-
ing, so the transition between
r3 = rV and r2 = rV may have
been caused by a decrease in rh,
possibly related to the Palaeogene
opening of the Atlantic Ocean.

5 The post-faulting joints (Figs 2e
and 3e; Peacock, 2001) may repre-
sent the reduction of Alpine stres-
ses (Rawnsley et al., 1998).

Evidence for Pf > r3 during each
event includes calcite veins and joints
(Fig. 3).

The Umbria-Marche Apennines

The Umbria-Marche range is an
arcuate mountain belt in the outer
zones of the Northern Apennines,
Italy (Fig. 4a). The sequence of
Mesozoic–Tertiary marine sediments
was deposited mainly under pelagic
conditions on the passive margin of
the Adria continental microplate.
Analysis was carried out over a
~450 km2 area in the Nera River val-
ley (Fig. 4b). The region is domi-
nated by Upper Messinian thrusts
and folds (Calamita et al., 1994).
Thrusting occurred at depths of
2–3 km under non-metamorphic con-
ditions (Rusciadelli et al., 2005; Tesei
et al., 2013). Fold–thrust structures
are overprinted by late-orogenic,

Upper Miocene–Lower Pliocene
conjugate strike-slip faults and by
post-orogenic, Upper Pliocene–Qua-
ternary normal faults. Pre-orogenic
fault systems are, however, recog-
nised (Decandia and Giannini, 1977;
Decandia, 1982; Barchi, 1991; Tavar-
nelli, 1996; Tavarnelli and Peacock,
1999; Scisciani et al., 2001), thus
making it possible to determine the
deformation history of the region
(Tavarnelli, 1999; Pace et al., 2016).
Five phases of deformation are iden-
tified:

1 Syn-sedimentary normal faults
developed during Late Triassic
continental rifting and subsequent
opening of the Tethys Ocean dur-
ing the Jurassic, when the Adria
continental margin drifted away
from Europe (e.g. Alvarez, 1990).
Extension also occurred in
Umbria-Marche during the Late
Cretaceous–Early Tertiary (Decan-
dia, 1982). Some extension contin-
ued up to the Late Tertiary,
immediately prior to the onset of
orogenesis (Tavarnelli and Pea-
cock, 1999; Scisciani et al., 2001).
Mesozoic and early Tertiary exten-
sion is marked by both normal
faults and sub-vertical veins, with
bed-parallel stylolites also com-
mon. These structures indicate that
r1 > Pf > r3 (Fig. 5a).

2 A hitherto unrecognised episode
of strike-slip fault development
occurred between pre-orogenic
extension and orogenic contrac-
tion. Satolli et al. (2014) consider
these strike-slip faults to be
related to transpression and strain
partitioning along oblique thrust
ramps. A set of conjugate strike-
slip faults occurs east of the Nera
River, where post-orogenic exten-
sion was mild, making it possible
to reconstruct the fold-and-thrust
geometry in detail and hence to
characterise pre-orogenic struc-
tures. The oldest recognised struc-
tures, as described above, are
NNW–SSE-trending normal faults
(Figs 4b and 6a). These structures
are overprinted by conjugate
strike-slip faults. The main faults
are exposed for ~10 km between
Polino and Monteleone di Spoleto
(Fig. 4b) and have dextral kine-
matics with a mean 041° slip
direction (Fig. 6b). Conjugate
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normal faults
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* Measurement stations and sites where the structural overprinting
relationships were determined through 1:5.000 scale mapping.
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Fig. 4 (a) Tectonic map of the Northern Apennines, showing the location of the
Umbria-Marche Range. (b) Structural map of the area SE of Spoleto (location in
Fig. 4a), based on field mapping carried out at a scale of 1:25000.
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faults occur between Polino and
Villa Ciavatta, with a mean 079°
sinistral slip direction (Figs 4b
and 6b). Other strike-slip faults in
this conjugate system occur
between Monte Solenne and Mon-
teleone di Spoleto, north-east of
Rivodutri and south of Ferentillo
(Fig. 4b). Most of these strike-slip
faults are overprinted and trun-
cated by the gently W-dipping
surface of the Monte Coscerno-
Rivodutri thrust. The strike-slip
faults therefore developed between
pre-orogenic extension and oro-
genic thrusting (Fig. 5b).

3 The sedimentary sequence was
detached from its basement along
Upper Triassic evaporites during the
Late Tertiary and was thickened by
thrusting and folding (e.g.

Tavarnelli, 1997). The mean dip
direction of the thrusts is towards
WSW, with slickensides and shear
fibres indicating hangingwall
transport toward 069° (Fig. 6c).
Thrust-related anticlines have a
mean plunge of 18° towards 348°
(Fig. 6c), indicating r1 was
orientated ~069°. Thrusting and bed-
parallel veins indicate Pf >
r3 = rV (e.g. Hubbert and Rubey,
1959; Fig. 5c).

4 Thrusts and folds are overprinted
by late-orogenic SW–NE-trending
strike-slip faults (Decandia and
Giannini, 1977; Decandia, 1982;
Barchi, 1991), which produce a
10 m high scarp near Schioppo
(Fig. 7a) that extends for >12 km
between Belvedere and the Nera
River south of Tassinare (Fig. 4b).

Other strike-slip faults occur near
Spoleto and Grotti (Fig. 4b). Slick-
ensides and shear fabrics along
these faults consistently indicate
dextral slip (Fig. 7b,c) with a mean
037° slip direction (Fig. 6d). A sub-
ordinate set of conjugate WSW–
ENE-trending sinistral faults occurs
(Fig. 4b), with a mean slip direction
of 087°. These faults indicate
r2 = rV and that r1 was orien-
tated ~061° (Fig. 5d), and reveal a
phase of stress perturbation (e.g.
Decandia and Giannini, 1977;
Lavecchia and Pialli, 1981; Mar-
shak et al., 1982; Calamita et al.,
1987; Alfonsi et al., 1990; Barchi,
1991).

5 Late-orogenic conjugate strike-slip
faults are truncated by mainly
SW-dipping post-orogenic normal
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σ2
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Fig. 5 The evolution of a stress system from basin development, through orogenesis, to post-orogenic extension. (a) Extension,
with r1 vertical, creating normal faults. Pf ≥ r3. (b) An increase in horizontal stresses causes rV to become r2, leading to the
development of strike-slip faults. (c) Contractional deformation, with thrusts and folds developed as rV becomes r3. (d) Fold-
ing and thrusting cause an increase in overburden and a swap in the orientations of r3 and r2, with strike-slip faults develop-
ing. If r1 is at a high angle to the strike of the orogenic belt, then symmetrical conjugate strike-slip faults develop. There will
be a tendency for a spatial and temporal partitioning of strain. (e) Orogenic collapse, with r1 vertical, caused either by crustal
thickening or by a reduction of horizontal stresses at the end of orogenesis.
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faults (Fig. 4b). The change from
contraction to extension from the
Miocene led to the opening of the
Tyrrhenian Sea in the innermost
part of the mountain belt, that is,
the westernmost orogenic pro-
vinces (Dewey et al., 1989). Post-
orogenic extension progressively
migrated eastwards, so thrusts and
related folds in the Umbria-
Marche region, along with late-
orogenic strike-slip faults, were
overprinted by normal faults from
the Early Pliocene (Lavecchia
et al., 1994; Calamita et al., 2000).
Slickensides on these post-orogenic
normal faults indicate a mean 049°

extension direction with a local
transtensional component
(Figs. 5e, 6e and 7d). Most post-
orogenic normal faults cropping
out southeast of Spoleto (Fig. 4b)
are consistent in orientation and
kinematics with the normal faults
that were responsible for the seis-
mic events of: (i) Colfiorito (1997)
to the north (Calamita et al.,
2000); (ii) L’Aquila (2009) to the
southeast (Boncio et al., 2012);
and (iii) Amatrice (2016) to the
east (Abbott and Scheiermeier,
2016) 2. These post-orogenic normal
faults may therefore still be tecton-
ically active.

Model for the evolution of stress
axes and fluid pressure

The examples presented here illus-
trate a more general relationship and
evolution of stresses, Pf and defor-
mation during burial and uplift
(Fig. 8). Normal faults will tend to
develop if r1 = rV, with vertical
veins forming if Pf > rh (Fig. 8a).
As overburden decreases or the hori-
zontal stresses increase, rV = r2,
leading to the development of strike-
slip faults (Fig. 8b). As overburden
decreases or the horizontal (tectonic)
stresses increase further, rV = r3,
tending to produce overpressure,

N = 32

- Dextral fault
- Sinistral fault
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strike-slip faults(b)

- Pole to
  fault

N = 108- Striae

Pre-orogenic
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- Bedding N = 402

- Striae on
  thrust

Syn-orogenic folds
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Fig. 6 Orientations of structures (equal-area projection, lower hemisphere) in the area to the SE of Spoleto. (a) Pre-orogenic
normal faults. The mean extension direction is 081°. (b) Conjugate pre-orogenic strike-slip faults. The mean direction of con-
traction is 062°. (c) Orogenic contractional structures. The mean fold plunge is 18° towards 348°. The mean shortening direc-
tion is 069°. (d) Conjugate late-orogenic strike-slip faults. The mean direction of contraction is 061°. (e) Post-orogenic normal
faults. The mean direction of extension is 049°.
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inversion and thrust faults (Fig. 8c).
An increase in the horizontal stresses
during inversion events can reduce
porosity and therefore increase Pf

(Turner and Williams, 2004). This
sequence can occur in the opposite
direction as rV increases, from thrust
faults, through strike-slip faults, to
normal faults (Fig. 8d–f). A phase of
strike-slip faulting would tend to
occur during inversion unless r1 and
r3 swap over at the same value as
r2, that is, if stresses are isotropic.
The evolution of stress axes and

overpressure during progressive
deformation is related to variations
in the vertical and/or horizontal

stresses, that is, variations in over-
burden and/or tectonic forces (e.g.
Lavecchia and Pialli, 1981). rV will
tend to decrease during crustal thin-
ning or uplift and erosion, and
increase during crustal thickening.
For example, Harland and Bayly
(1958) describe an ‘orogenic sequence
of regimes’, with the increase in over-
burden and the relaxation of tectonic
stresses after orogenesis causing
strike-slip and eventually normal
faulting.
Whilst Pf does not influence the

relative magnitudes of the stress axes,
the sequences of deformation illus-
trated in Fig. 8 will be promoted if

Pf is high enough to allow faulting
to occur (e.g. Turner and Williams,
2004). Strike-slip faulting and inver-
sion are less likely in unsealed units,
where hydrostatic Pf is maintained.
Inversion may therefore be partly
related to the presence of sealing
units and overpressure, which may
explain the patchy development of
Alpine inversion in the southern UK,
where inversion structures are
observed in areas with potential seal
units (Fig. 1a).

Conclusions

The Mesozoic rocks of southern
England are in the foreland to the
Alpine deformation, whilst the Apen-
nines of Umbria-Marche in Italy are
part of an orogenic belt. Both areas,
however, share the following fea-
tures:

1 They demonstrate a deformation
sequence from Mesozoic basin
development (r1 vertical), to
strike-slip deformation (r2 verti-
cal), to Alpine contraction (r3 ver-
tical), to strike-slip deformation
(r2 vertical) and back to regional
extension. The change between r1

being vertical during regional
extension and r3 being vertical
during regional contraction there-
fore involved a phase in which r2

was vertical, causing strike-slip
faulting.

2 This deformation was promoted
by high Pf, as indicated by the
presence of veins.

3 Variations of stress axes occurred
because of changes in overburden
and/or tectonic forces. Reduction
in overburden during uplift and
erosion events probably caused
overpressure to develop beneath
sealing units, tending to promote
the development of inversion struc-
tures (horizontal veins, thrusts and
reverse-reactivated normal faults).
Inversion structures may therefore
be controlled by the presence of an
effective seal unit, helping explain
the patchy development of Alpine
inversion structures in NW Eur-
ope.

These field examples, from differ-
ent tectonic settings, suggest such
behaviour is common in areas that
have undergone single as well as
multiple inversion.

Fig. 7 Field examples of faults with different kinematic characters along the
Valnerina Fault Zone near Schioppo (see location in Fig. 4b), illustrating the
transition from late-orogenic strike-slip to post-orogenic extension. (a) The SW–
NE-trending late-orogenic strike-slip Valnerina Fault produces a c. 10 m high
scarp juxtaposing Jurassic limestones in the hangingwall with Oligocene marls in
the footwall. (b) S/C fabrics developed within Oligocene marls in the footwall of
the Valnerina Fault as seen from above. The intersection of the pressure solution
cleavage (S) and shear surfaces (C) indicates dextral kinematics. (c) Slickensides
and calcite fibres along the SW–NE-trending late-orogenic Valnerina Fault.
Mechanical slickensides indicate a general strike-slip displacement, while steps in
the calcite fibres indicate dextral kinematics. (d) Detail of Fig. 7a, showing a post-
orogenic normal-fault surface that offsets the late-orogenic Valnerina strike-slip
Fault with general dip-slip kinematics.
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Fig. 8 Schematic block diagrams and Mohr diagrams for stresses, fluid pressures and faulting. (a–c) Uplift and erosion (posi-
tive inversion) causes a decrease in overburden, but fluid pressure remains approximately constant beneath a sealing unit. (a)
Normal faulting, with rV = r1. (b) The decrease in overburden and increase in horizontal stress causes rV = r2, promoting
strike-slip faulting. (c) A further decrease in overburden and increase in horizontal stress causes rV = r3, promoting thrust
faulting. (d–f) Subsidence and sedimentation (negative inversion) causes an increase in overburden and in fluid pressure. (d)
Thrust faulting, with rV = r3. (e) The increase in overburden causes rV = r2, promoting strike-slip faulting. (f) A further
increase in overburden causes rV = r1, promoting normal faulting.
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