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Abstract

Complex fault patterns, i.e. faults which exhibit a diverse range of strikes, may develop under conditions where a regional tectonic stress field
is weak or absent (e.g. polygonal faults). The present paper considers a complex system of synsedimentary faults in the Umbria-Marche
Apennines (Italy), geometrically similar to polygonal fault systems, developed during an early Jurassic extensional episode. This particular fault
pattern differs from many extensional fault systems as it lacks structures that are developed with a classical bimodal conjugate ‘‘Andersonian’’
geometry. A conceptual and mechanical model is proposed to explain the development and evolution of the complex fault pattern in which it is
proposed that faulting is primarily controlled by the development of volumetric instability in Triassic Evaporites due to dehydration processes
(anhydritisation) during burial. The lithological architecture of the Triassic Evaporites, comprising interbedded Ca-sulphate layers and dolo-
stones, played a fundamental role in controlling the deformation processes. Cyclic fluid overpressure build-up/release and the coexistence of
brittle and brittle-ductile flow processes led to horizontal isotropic and non-plane extensional strain fields within the dehydrating rock mass,
which favoured the development of complex deformation patterns. The mechanical model proposed shows that the studied fault pattern devel-
oped under a stress field consistent with almost homogeneous stress intensities within the horizontal plane. The data presented show that local
strain fields and transient fluid pressure conditions have been dominant over weak regional extensional tectonics. The findings are relevant to
many other areas where complex faulting patternsdincluding polygonal faultsdoccur in association with evaporite or clay-rich sedimentary
sequences.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Complex fault patterns, i.e. faults which exhibit a diverse
range of strikes, differ significantly from simple conjugate
Andersonian fault patterns (plane strain), and can develop dur-
ing a single deformation event in response to: (a) local and/or re-
gional imposed 3-D strain (e.g. the quadrimodal/orthorhombic
fault patterns described in Reches, 1978, 1983; Reches and
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Dieterich, 1983; Krantz, 1988; De Paola et al., 2005a,b,in
press; and multiple fault patterns in Nieto-Samaniego and
Alaniz-Alvarez, 1997), (b) local stress concentration and reor-
ientation during fracture interaction (e.g. Healy et al., 2006),
(c) gravity sliding collapse (Higgs and McClay, 1993; Clausen
et al., 1999), (d) density inversion (Henriet et al., 1991;
Watterson et al., 2000), (e) syneresis (Cartwright and Dewhurst,
1998; Dewhurst et al., 1999), (f) gravitational loading (Goulty,
2002; Goulty and Swarbrick, 2005), and (g) hydrofracturing
and faulting induced by fluid overpressures (Cartwright,
1994). The latter groups of faults (deg) are commonly referred
to as ‘‘polygonal faults’’ and they differ from the other groups
of complex fault patterns because of their development under
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a weak or absent regional tectonic stress field. Polygonal faults
have been observed predominantly in fine-grained sediments
(>70% clay content), although the lithologies involved vary
from smectite-rich clay to chalk (see a review in Cartwright
et al., 2003).

In this paper we investigate whether complex fault
patterns, geometrically similar to polygonal fault systems,
may develop in response to instability (hydrofracturing and
brittleeductile faulting under high fluid pressure conditions)
driven by dehydration reactions of gypsum-bearing rocks
during burial. These processes can overwhelm weak regional
tectonic strain fields. As an illustrative case study, we describe
a complex synsedimentary fault pattern that developed during
an early Jurassic extensional episode which is exposed in the
Umbria-Marche Apennines of Italy.

2. Geological setting

Three main tectonic phases have affected the Umbria-Marche
Apennines since the early Jurassic: (i) Jurassic extension caused
the dismembering of the regional carbonate platform (shallow
water limestones of the Calcare Massiccio Fm.) and produced
the bathymetric differentiation of depositional environments
in deep pelagic basins (fault hanging-walls, Fig. 1a,b) and rela-
tively shallow water structural highs (fault foot-walls, Fig. 1a,b);
(ii) late Mioceneeearly Pliocene shortening generated the
Umbria-Marche thrust and fold belt (e.g. Barchi et al., 1998a);
(iii) late PlioceneeQuaternary extension drove the formation
of intramontane continental basins and is responsible for the
present-day seismogenic activity in the area (Lavecchia et al.,
1994; Barchi et al., 1998b; Decandia et al., 1998).

Seismic reflection profiles crossing the Northern Apennines
integrated with borehole data (Barchi et al., 1998b; Collettini
and Barchi, 2002; Mirabella et al., 2004) show that the Trias-
sic Evaporite sequences (i.e. Burano Fm., Martinis and Pieri,
1964) are up to 1.5e2 km thick and are interposed between
the PermianeTriassic phyllitic basement and the Mesoe
Cenozoic carbonate multilayer (Barchi et al., 1998b). The
mechanical behaviour of the Triassic Evaporites during the
Jurassic extension event is still uncertain. In particular, two
main roles have been inferred for this unit depending on the
particular model proposed to explain the Jurassic fault pattern:
(1) a ‘‘passive role’’ in which the evaporitic units acted as the
detachment horizon for the networks of bimodal and/or quad-
rimodal (e.g. ‘‘chocolate tablet’’ fault patterns of Ramsay and
Huber, 1983), high angle listric faults in the carbonate units
above (Bally et al., 1986; Alvarez, 1989, 1990); (2) an ‘‘active
role’’ as diapiric movements and mobilisation by ductile flow
of the evaporites triggered faulting and tectonic instability in
the carbonate units above (Colacicchi et al., 1970; Santantonio,
1994). Mixed models have been also proposed between these
two end-members (e.g. Cooper and Burbi, 1986).

Since the Hettangian/Sinemurian, extensional fault activity
dismembered the regional carbonate platform of the Calcare
Massiccio formation into several relatively small blocks, with
areal extents of only a few km2, bordered by synsedimentary
normal faults (Fig. 1a,b; Colacicchi et al., 1970). The
differential tectonic subsidence between fault-bounded pelagic
carbonate platforms and basins controlled the deposition of
thin (up to few tens of metres) and thick (up to 500e600 m)
Hettangian/SinemurianeTithonian sedimentary pelagic se-
quences, respectively (Fig. 1). There is general agreement that
the Jurassic extensional event had a peak of activity during the
Hettangian/SinemurianePliensbachian and that post-Pliensba-
chian faulting, during the Jurassic, had only minor effects on
the Jurassic synsedimentary fault pattern. This is confirmed by
the rapid development of erosional margins as a direct expres-
sion of local tectonics during the Hettangian/Sinemuriane
Pliensbachian and by the abundant evidence for syn-tectonic
activity (i.e. slumps, rock-falls, turbiditic sediments) recorded
within the thick sequences of basinal limestones of the Corniola
Formation (Hettangian/SinemurianePliensbachian, Fig. 1c)
(Passeri, 1971; Bice and Stewart, 1985; Santantonio, 1994;
Carminati and Santantonio, 2005). This implies that most of
the fault offset (throw) was reached within approximately less
than 10 Ma and that it largely determined the submarine relief
(Fig. 1b). The exposed normal fault planes underwent strong
erosion (paleoescarpments in Santantonio, 1994; Carminati
and Santantonio, 2005), which may have caused local disruption
and irregular fault geometries (e.g. local spurs and embayment),
with only minor changes in fault trend when viewed at a regional
scale. The submarine rift topography, mostly produced during
the Hettangian/SinemurianePliensbachian, became completely
buried in the early Cretaceous, during the deposition of the
pelagic limestones of the Maiolica formation (Fig. 1c), when
the Jurassic event had already terminated, suggesting underfill-
ing of the hanging-wall pelagic basins (i.e. fault displacement
rate > sedimentation rate during the Jurassic event). This allows
us to estimate that the decompacted thickness of basinal sections
(from the Hettangian/Sinemurian to the early Cretaceous) corre-
sponds approximately to the Jurassic throw which therefore
generally did not exceed 500e700 m (Fig. 1b, Santantonio,
1994; Carminati and Santantonio, 2005). Tectonic extension
during the early Jurassic has been documented across the entire
Italian peninsula, from Southern Alps to Sicily (Ziegler, 1988).
However, in the study area, the amount of Jurassic extension
(Hettangian/SinemurianePliensbachian) is considered to be rel-
atively minor and is associated with little regional subsidence
(Santantonio, 1994).This accords with the limited fault throws
and topographic relief in this area compared to other sectors of
the Western Thetis paleogeographic domain (see Santantonio
et al., 1994 and references therein). In particular, the presence
of some regional NeS trending normal fault lineaments (e.g.
margin of the Sabina Plateau in figure 1 of Santantonio et al.,
1994), suggests that the regional stress field may have been char-
acterised by some EeW weak extension (present day geographic
coordinates).

3. The Jurassic fault pattern

The Jurassic fault pattern is exposed in the Umbria-Marche
Apennines within the core of regional anticlines, developed
during the upper Miocene-lower Pliocene shortening event,
where the oldest rocks of the carbonate multilayer crop out
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Fig. 1. (a) Field example of a Jurassic synsedimentary fault (location shown in Fig. 2) and associated synsedimentary facies in the hangingwall (basinal sequence)

and footwall (condensed sequence), respectively. (b) Schematic representation of the early Jurassic differentiated pelagic environments during the early stages of

synsedimentary faulting in the Hettangian/Sinemurian (modified after Santantonio, 1994). (c) Schematic relationship between the earliest syn- (carbonate platform

sequence), syn- (condensed and basinal pelagic sequence) and post-Jurassic facies (pelagic sequence).
(Fig. 2a,b). Fault-bounded blocks are in general smaller or
have a similar size to the dimensions of the fold cores, allow-
ing for full exposure of most of the mapped fault segments
(Fig. 2a,b). There is no exposure at the surface of the Jurassic
fault pattern within the regional synclines interposed between
the major anticlines, where the youngest, post-Jurassic, de-
posits of the carbonate multilayer and the syn-orogenic turbi-
ditic sediments of the foreland basins crop out. The curved
shape of the Umbria-Marche Apennines is evident from the
orientation of the regional anticlines which change from
NW-trending in the northern sectors to SW-trending in the
southern sectors (Fig. 2a). This affects the orientation of the
regional anticline cores and consequently, the exposure of
the Jurassic fault patterns (Fig. 2a).

The Jurassic stratigraphic sequences lying between the top of
the shallow water limestones of the Calcare Massiccio forma-
tion (Hettaangian/Sinemurian) and the bottom of the pelagic
limestones of the Maiolica formation (Tithonian), have been
digitised at the regional scale using all the available geological
maps (Fig. 2). The condensed (top of the ‘‘pelagic carbonate
platforms’’), basin margin (slope and backstepping margins)
and complete sequences (basinal areas) have been discriminated
based on surface exposures (plan view in geological maps) and
their thickness has been measured from geological cross sec-
tions obtained from the available geological maps. Finally, the
exposed Jurassic faults have been digitised (Fig. 2), characteris-
ing each fault segment in terms of attitude, length and throw (i.e.
vertical displacement), measured on the basis of the thickness
change in the Jurassic sedimentary sequence across the faults
(‘‘stratigraphic throw’’ of compacted sediments). It should be
noted that some of the faults reported in Fig. 2a represent pale-
oescarpments (e.g. Santantonio, 1994; Carminati and Santantonio,
2005) developed as the result of erosion processes acting on the
underlying synsedimentary Jurassic fault. The displacement
(stratigraphic throw) of each individual fault typically lies
within a constant range of values between about 300 and
500 m, regardless of the fault orientation. This implies that all
the structures measured are hierarchically similar.

The analysis of the Jurassic fault pattern shows a prominent
scattered orientation (Figs. 2 and 3), which may have been
only slightly accentuated, but not controlled by local irregular-
ities in some mapped paleoescarpments of underlying Jurassic
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Fig. 2. (a) Structural map of the Umbria-Marche Apennines showing the Jurassic fault pattern (sampled at the cores of the regional anticlines), the thickness and the

distribution of the Jurassic basinal facies distinguished in complete, basin margin and condensed. The box (top left) shows the location of b. (b) Enlarged portion of

the map showing details about the geometry of the Jurassic fault pattern and associated basinal facies.
normal faults. No ‘‘true’’ preferential orientations are observed
for the sampled Jurassic faults. The ‘‘apparent’’ NW-trending
maximum observed on the rose diagram of Fig. 3a, where the
fault lengths are plotted, can be explained as being due to the
conditions of exposure of the Jurassic fault pattern, which are
confined to the cores of the regional anticlines. In fact, most of
the Jurassic faults crop out in the northern sectors of the
Umbria-Marche Apennines where the major anticlines trend
generally NW, generating a bias in the dataset since faults
with orientations parallel to the regional folds are exposed
with the maximum length. On the other hand, the rose diagram
plotted for the number of faults shows no prominent maxima
(Fig. 3b) in accord with the observation of a scattered fault
pattern. We observe the same scattered orientation for the fault
pattern when plotting Jurassic faults within small areas charac-
terised by constant regional fold trend. This evidence shows
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that the geometry of the Jurassic fault pattern is unlikely to re-
sult from rotations that could have occurred during the late
Mioceneeearly Pliocene evolution of the thrust and fold belt.

The studied fault pattern presents some anomalous aspects
compared to classic extensional faults since its development
and evolution is significantly different from that expected in
a classic bimodal conjugate ‘‘Andersonian’’ fault system
(plane strain) (Fig. 3). In fact, the direction of maximum

Fig. 3. Rose diagrams of the strike of the Jurassic normal faults mapped in

Fig. 2 and plotted as faults length in km (a) and as faults number (b). The data-

set shows a largely scattered orientation (see text for details).
extension, orthogonal to the faults, does not cluster with any
specific horizontal trend.

4. The geological cycle and history of the
Triassic Evaporites dehydration

The Triassic Evaporites formation is a thick sequence, up to
2e2.5 km, composed of decimetric- to decametre scale inter-
beds of gypsum-anhydrites and dolostones (Fig. 4). Anhydrites
were originally deposited as gypsum during the Upper Trias-
sic, in a shallow water environment (Ciarapica and Passeri,
1976; Lugli, 2001). The diagenetic history of the Triassic
Evaporites is related to the tectonic conditions during the evo-
lution of the area (Fig. 5). During burial, the gypsum layers be-
come unstable when the increasing pressure and temperature
cross the dehydration phase boundary (Fig. 6a), and the
gypsum dehydration reaction begins (CaSO4 $ 2H2O(gypsum) /
CaSO4(anhydrites) þ 2H2O; e.g. Murray, 1964). The gypsum de-
hydration reaction has a positive Clapeyron slope (Fig. 6a), i.e.
the volume of the fluid produced (DVfluid ¼ þ37%) is greater
than the porosity created by the volume reduction of solids
after the dehydration is completed (DVsolid ¼ �30%). Jowett
et al. (1993) demonstrated that the burial depth of the onset
of the gypsum dehydration reaction is controlled by the ther-
mal conductivity of the overlying sediments (lithology) and
by the basal heat flow (tectonic environment). The conditions
for the beginning of the gypsum dehydration reaction within
the Triassic Evaporites should be satisfied at a depth of
approximately 700 m (Jowett et al., 1993) if it is assumed
that: (a) the mean conductivity of the overlying rocks is
0.0081 cal s�1 cm�1 K�1, i.e. an average value between
gypsum (0.0030 cal s�1 cm�1 K�1) and dolomite (0.0132
cal s�1 cm�1 K�1); and (b) the basal heat flow corresponds to
Fig. 4. Triassic Evaporites in the field made of interbedded gypsum and dolostones layers from the metre- (a) to the decimetre-scale (b).
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the transition between the rift environment during the Triassic
(HFU ¼ 2.0) and the stable passive margin environment dur-
ing the late Jurassic (HFU ¼ 1.5). Importantly, however, if
the dehydration reaction occurs under undrained conditions,
i.e. fluids cannot easily escape the system causing a pressure
increase, the dehydration process slows down or arrests
(Miller et al., 2003). Drained conditions during dehydration,
on the other hand, favour the progression of the reaction. At
the same time, the kinetics of the gypsum dehydration reaction
in a natural system is not well understood. The former un-
known factors prevent us from exactly estimating the timing
of the onset of the dehydration reaction within the Triassic
Evaporites. However, it is reasonable to suggest that when
the overlying platform carbonates of the Calcare Massiccio
formation reached the critical thickness of about 700 m, dur-
ing the Hettangian/Sinemurian (Fig. 5), the conditions for
the dehydration reaction were satisfied within the entire vol-
ume of the Triassic Evaporites. It is interesting to note that
the age of the Jurassic extensional event, responsible for the
dismembering of the Calcare Massiccio platform during the

Fig. 5. Geologic cycle of the Triassic Evaporites in the Umbria-Marche

Apennines (adapted and modified after Murray, 1964; Lugli, 2001). The Triassic

Evaporites have been deposited as alternating gypsum and dolostones in the

Upper Triassic within a shallow water environment (Ciarapica and Passeri,

1976). During burial, the dehydration process occurred within the entire volume

of the Triassic Evaporites in the Hettangian/Sinemurian, when the Calcare

Massiccio reached 600e700 m thickness. This coincides with the onset of the

Jurassic extension episode which dismembered the overlying carbonate plat-

form of the Calcare Massiccio. With further burial, the dehydration process

must have been completed by the Late CretaceouseEarly Tertiary when

more than 2 km of pelagic carbonate rocks were deposited on the top of the

evaporites. Gypsum hydration occurs at shallow depths (<1 km), following

post-orogenic exhumation and PlioceneeQuaternary extension.
Hettangian/Sinemurian, coincides with the establishment of
such conditions within the entire volume of the Triassic Evap-
orites (Fig. 5).

Subsequently, the dehydrated evaporitic rocks have been
affected by a complex deformation history since the Early Mio-
cene time when shortening initiated in the westernmost sectors of
the Umbria-Marche Apennines (Barchi et al., 1998a). The cur-
rent diagenetic process affecting this formation is gypsum hydra-
tion which is controlled by regional uplift and erosion and
exhumation driven by PlioceneeQuaternary extension (Fig. 5).
The gypsum hydration occurs at shallow depths (<1 km), as
shown by the field observation that most of the Ca-sulphate at
the surface is gypsum, and by XRD analyses of cores from bore-
holes drilled in the Umbria-Marche Apennines which reveal al-
most pure anhydrite (>95%) below about 1 km depth.

5. Conceptual model

Our conceptual model suggests that Jurassic extension has
been strongly influenced by the dehydration of Triassic Evapo-
rites. Laboratory experiments have shown that the expulsion of
water during dehydration occurs during three temporally dis-
tinct stages (Olgaard et al., 1995; Ko et al., 1997; Miller
et al., 2003; Milsch and Scholz, 2005). (1) Fluids initially pro-
duced are trapped in isolated, randomly distributed pore net-
works. This process occurs under undrained conditions within
the dehydrating rock mass and results in the development of
fluid overpressures (DVfluid ¼ þ37%, DVsolid ¼ �30%). (2)
The subsequent development of a connected pore network
causes the fluid pressure drop to hydrostatic conditions. During
this stage, the maximum water expulsion rate is recorded. (3)
Completion of the dehydration reaction results in progressively
decreasing water expulsion rates and lower fluid pressures,
eventually below hydrostatic levels.

The Triassic Evaporites are affected by different lithologi-
cally-controlled deformation processes which are contempora-
neous with a weak regional extensional strain field. During
burial (increasing pressure and temperature), gypsum dehy-
dration reactivation begins beyond the dehydration phase
boundary (Fig. 6a, point B). At this stage, increased pressure
(Fig. 6a, point C) can stop the reaction until further thermal en-
ergy is input into the system (further burial) or decreased pres-
sure (Fig. 6a, point D) can drive the state of the rock further into
the anhydrous phase stable field. In the initial phases of dehy-
dration (Fig. 6a, point B), increasing fluid pressures, especially
in areas adjacent to gypsum-dolostones interfaces, causes me-
chanical weakening (strength reduction and embrittlement) and
promotes hydrofracturing and faulting within the dolostone
layers (Fig. 6b, stage 1). Brittle deformation within the dolo-
stone rocks causes an increase in crack porosity and permeabil-
ity, favouring local fluid pressure reductions, thus driving the
state of the gypsum-bearing rocks further into the stability field
of the anhydrous assemblage (Fig. 6a, point D, e.g. Miller et al.,
2003). Fracture opening and slip along faults within the dolo-
stones allow large volumes of fluids to be drained from the de-
hydrating gypsum layers, through interconnected fracture
networks running through pathways of cataclastic fault rocks
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Fig. 6. (a) During burial (increase pressure and temperature), gypsum dehydration reactivation begins beyond the dehydration phase boundary (B). At this stage

a pressure increase (C) can stop the reaction until further thermal energy is input into the system (further burial) or a pressure decrease (D) can drive the state of the

rock further into the anhydrous phase stable field. (b) The gypsum dehydration reaction increases fluid pressures, trapped at the gypsumedolostones interface,

promoting hydrofracturing and faulting within dolostone rocks. The permeability increases within the dolostone layers and causes fluid discharge. (c) Negative

volume change, following fluid expulsion within the dehydrated rocks, causes vertical thinning and isotropic horizontal extension (see text for details). (d) The

superposition of brittle (cyclic fracture opening and slip along faults within the dolostones) and ductile (flowage and boudinage within the gypsumeanhydrite

rocks) deformation processes favour fault-linkage and upward propagation of the fault system within the Triassic Evaporites. (e) Field example of the interplay

between brittle (faulting and fracturing, dark dolostones) and ductile (flowage and boudinage, grey-white gypsum) deformation processes occurring within extend-

ing Triassic Evaporites. Note the development of throughgoing normal faults cutting both lithologies.
(Fig. 6b). Fluid drainage results in volume contraction of the
dehydrating rocks that is accommodated by vertical thinning
and horizontal isotropic extension (Fig. 6c, stage 2). Horizontal
isotropic extension, counteracting the horizontal shortening,
should prevent the space compatibility problems arising from
volume reduction during dehydration (Fig. 6c; e.g. Cartwright,
1994; Cartwright et al., 2003). This state of non-plane strain is
accommodated within the composite gypsumedolostones se-
quence by mixed deformation processes: flow and boudinage
within the ductile gypsum-bearing rocks, and brittle hydrofrac-
turing and faulting within the dolomitic rocks (Fig. 6d,e). Re-
peated fault reactivation, under transiently increasing fluid
pressure conditions, favours fault-linkage and upward propaga-
tion of the fault system within the Triassic Evaporites and into
the overlying carbonates of the Calcare Massiccio formation
(Fig. 6d, stage 3). With further reaction, the increase in porosity
and permeability makes drainage more efficient and the pulse
of excess pore pressure decreases rapidly (e.g. Olgaard et al.,
1995; Ko et al., 1997).

The nature of the described deformation processes predicts
the development of a local strain field characterised by isotro-
pic horizontal strain and stress (i.e. s2zs3).

6. Mechanical model

A 3-D frictional fault reactivation model can be used to in-
fer the state of stress active during the Jurassic time, and the
results can then be compared with the orientation of the ob-
served natural fault patterns.
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In extending crust the maximum principal effective stress,
s01 ¼ ðs1 � PfÞ, is typically vertical and equal to

s01 ¼ rgz� Pf ð1Þ

where r ¼ 2750 kg/m3 is the average density (Triassic Evapo-
rites plus Calcare Massiccio), g is the acceleration due to grav-
ity, z ¼ 2000 m is the crustal depth and Pf is the pore fluid
pressure. The crustal depth of 2 km corresponds to the thick-
ness of the Calcare Massicio fm, w700 m, plus half of the
thickness of the Triassic Evaporites, w1300 m which should
be well within the dehydrating volume of rocks during the
Jurassic time.

The level of fluid pressure in the crust can be expressed by
the pore fluid factor l that is

l¼ Pf=rgz ð2Þ
A l ¼ 0.4 corresponds to hydrostatic fluid pressure, whilst
0.4 < l < 1.0 corresponds to supra-hydrostatic fluid pressure
and l ¼ 1.0 is the lithostatic fluid pressure level.

Once we fix the initial differential stress condition

s3 ¼ 0:7s1 ð3Þ

which is well within the stable field of the evaporitic rocks for
pore fluid pressures below the hydrostatic level l � 0:4 (see
Mohr circle in Fig. 7aec), we can use the stress shape factor
f ¼ ðs2 � s3Þ=ðs1 � s3Þ (Angelier, 1984), to relate the hor-
izontal intermediate principal stress s2, to the maximum and
minimum principal stresses following the equation

s2 ¼ fðs1 �s3Þ þs3 ð4Þ

The stress shape factor, 4, is a useful parameter to estimate the
ratio of the horizontal stress axes: when f ¼ 0 then s2 ¼ s3,
implying an isotropic horizontal stress field, whilst when
Fig. 7. Slip tendency stereoplot for different values of the pore fluid factor l and the stress shape factor, 4, plotted against contouring of the Jurassic fault pattern

(aen). Maximum differential stress represented with Mohr circles for fixed l values (right column). Boundary conditions of the model (top left).
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f ¼ 1, then s2 ¼ s1, implying that the stress field within the
horizontal plane is strongly anisotropic (e.g. Morris et al.,
1996; Ramsay and Lisle, 2000 p. 802).

Starting from the stress condition mentioned above, we in-
troduce a 3-D fault reactivation analysis governed by the
Amonton’s law:

t¼ mss
0
n ð5Þ

where t and s0n ¼ ðsn � PfÞ are, respectively, the shear and
effective normal stresses acting on the plane of weakness
and ms is the sliding friction coefficient (Byerlee, 1978). Ac-
cording to this law, frictional stability is determined by the
ratio of shear stress to normal stress acting on the plane of
weakness. If we define the slip tendency Ts (Morris et al.,
1996; Lisle and Srivastava, 2004; Collettini and Trippetta,
2007) as

Ts ¼ t=s0n ð6Þ

then the following relation

Ts � ms ð7Þ

fixes the condition for frictional instability for each given
plane of weakness.

For the given values of the principal stresses s1, s2, and s3,
the shear and normal stresses acting on any given plane of the
3-D space depend on the orientation of the planes (Jaeger and
Cook, 1979) thus:

s0n ¼ s01n2þs02m2 þs03l2 ð8Þ

t¼
h�

s2
1n2þs2

2m2þs2
3l2
�
�s0n2

i1=2

ð9Þ

where n, m and l are the direction cosines of the plane’s nor-
mal with respect to the principal stress axes s1 (vertical in the
extending crust) s2 and s3 respectively.

Slip tendency results can be calculated by solving Eqs. (8)
and (9) for the planes in a 3-D space and by substituting the
values obtained in Eq. (7) (e.g. Morris et al., 1996; Lisle
and Srivastava, 2004; Streit and Hillis, 2004). Contours of Ts

can be effectively plotted on equal area stereonets, allowing
those fault plane orientations that lie within the frictional in-
stability fields to be visualised directly, i.e. the fault planes
for which Ts is higher than the assumed fault friction coeffi-
cient ms (in Fig. 7 this condition is satisfied for poles to fault
planes that plot within the white areas).

For the initial boundary conditions (Eqs. 1e4), the orienta-
tion of the planes that satisfy the condition for frictional reacti-
vation is mainly dependent on the orientation of the stress tensor,
the friction coefficient ms, the fluid pressure Pf and the stress
shape ratio 4 ¼ (s2 � s3)/(s1 � s3). The orientation of the
stress field during the Jurassic time is not known in detail, but
on the basis of the previous regional considerations, can be ap-
proximately inferred to be characterised by a vertical s1, a NeS
trending s2 and an EeW trending s3 (cf. Fig. 7). We adopted
a sliding friction coefficient of ms ¼ 0.85 (Milsch and Scholz,
2005), which represents a reasonable value for most of the
rock types when normal stress sn < 200 MPa (Byerlee, 1978).
We assumed for the mapped Jurassic faults a dip range of
60� � 10� (Fig. 7) which is in accord with field observations
(e.g. Santantonio, 1994; Carminati and Santantonio, 2005). It
is reasonable to assume that the same dip range applies to the
faults within the evaporites since experimental data have shown
that faults formed within dolostones and dehydrating gypsum,
under low confining pressure, have a dip of about 60� (Olgaard
et al., 1995; Austin et al., 2005; Milsch and Scholz, 2005).

Starting from the aforementioned boundary conditions we
use slip tendency stereoplots, plotted for different values of
fluid pressure (l) to evaluate the stress shape factor 4 that
best fits our dataset (Fig. 7). Note that for a fixed s1=s3 ratio,
the crustal depth, z, does not affect the results of our model-
ling. For all of the values of l tested, only supra-hydrostatic
pore fluid pressures (l > 0.4) give a good fit to our dataset
(Fig. 7). For l ¼ 0.4 (Fig. 7aec), no values of 4 can explain
the development of the faults observed in our dataset, whilst
for l values in the range 0.67e0.7 a good fit is obtained for
f � 1 and for l ¼ 0:85 a good fit is obtained for f � 0:5
(Fig. 8m). However, for l > 0.7, fault reactivation can be
achieved only under the tensile fluid pressure condition, i.e.
s’3 < 0 or Pf > s3 (see Mohr circles in Fig. 7). The tensile
fluid pressure condition is difficult to maintain and increases
of fluid pressure when l > 0.7 would be dissipated by: (i) hy-
drofracturing when Pf > s3 þ T (Secor, 1965; Sibson, 2000),
where T is the rock tensile strength; (ii) high fault zone perme-
ability related to the load-weakening behaviour for normal
faulting induced by the decrease of the mean stress (Sibson,
1993) and (iii) the dehydration process generates decreasing
values of pore fluid pressure with time (Olgaard et al., 1995;
Ko et al., 1997; Miller et al., 2003; Milsch and Scholz, 2005).
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In summary, the mechanical analysis accounts well for the
Jurassic faulting pattern under suprahydrostatic fluid pressure
and low values of the stress shape factor, a condition that is con-
sistent with the conceptual model predicting an isotropic hori-
zontal state of stress during the Jurassic dehydration episode.

7. Discussion

The mechanical analysis discussed above has been devel-
oped for a fixed value of the differential stress, and variable
values of pore fluid pressures. This situation applies well to
the initial stages of deformation during the Jurassic event,
when an increase in pore fluid pressure likely occurs with no
changes in the differential stress. However, once faulting con-
tinues during the dehydration process, the differential stress
tends to increase in response to the reduction of the principal
horizontal stress axes (Fig. 6). The solid line on Fig. 8 repre-
sents the values of the pore fluid pressure (l) and the differen-
tial stress (s1 � s3) required to derive the slip tendency
stereoplot for f ¼ 0:1 (Fig. 8). For low values of the differen-
tial stress (initial conditions), fault reactivation occurs for high
values of l, suggesting that the triggering faulting mechanism
is related to trapped fluid pressures induced by gypsum dehy-
dration. For low values of l, faulting is induced by increases in
differential stress following fluid discharge and the associated
vertical thinning and isotropic horizontal extension.

The evolution of the deformation is likely to be compli-
cated and controlled by many local factors and overlapping
processes. In particular, factors which may affect and limit lo-
cally the increase in pore fluid pressure include the amount of
dehydration (Olgaard et al., 1995; Ko et al., 1997), and the
fault healing rate and restrengthening (Tenthorey et al.,
2003). Other factors may locally affect the decrease in hori-
zontal stresses and change their orientation, such as the
amount of fluid discharge and volume change (Cartwright,
1994). Finally the interplay between brittle (faulting and hy-
drofracturing) and ductile (flowage and boudinage) processes
may also influence the structural evolution (Miller et al.,
2003). It is evident how, at the local scale, faulting is con-
trolled by the interaction of many parameters which tend to
evolve both in space and time during the deformation event.
This can result into the development of a fault pattern which
tends toward isotropy within the deforming volume of rock,
reflecting the influence of local and heterogeneously distrib-
uted strain fields over regional, weak strain fields.

Isotropic stress fields within the horizontal plane, similar to
the one inferred and discussed in this paper, have been re-
ported from the Danish Central Graben in the North Sea
(e.g. Bell, 1996a,b; Ask, 1997). Here wellbore breakout data
from the sedimentary cover are extremely scattered and con-
trast with more uniform stress fields observed further to the
north in the Norwegian Sea, where breakouts display
a NWeSE orientation, consistent with Atlantic mid-ocean
ridge push (Ask, 1997). These data have been interpreted by
the aforementioned authors as evidence that the state of stress
in the sedimentary cover is influenced by a local stress rather
than by platewide stress transmissions. Notably, this area is
dominated by diapirism of Zechstein rock salts which may
trigger flow-induced ductile deformation processes and pore
fluid pressure perturbations (Bell, 1996a,b).

8. Conclusions

We have reconstructed the Jurassic fault pattern of the
Umbria-Marche Apennines by discriminating condensed (struc-
tural highs) and complete (deeper basins) pelagic sequences.
The geometry of the studied Jurassic fault pattern is complex
due to the scattered orientation of the faults and the high degree
of fragmentation of the fault-bounded blocks. Compared to fault
systems active within many other extensional environments, the
studied fault pattern does not posses a bimodal conjugate
‘‘Andersonian’’ geometry.

We propose a conceptual and mechanical model for the
early Jurassic extensional episode in which deformation is in-
duced by the superposition of a stress field developed due to
the dehydration of Triassic Evaporites (anhydritisation) during
burial, over a weak regional stress field characterised by minor
amounts of EeW extension and little to no regional subsi-
dence. The lithological architecture of the Triassic Evaporites,
comprising interbedded layers of gypsum and dolostones, had
a fundamental role in controlling the deformation processes
and driving the evolution of the fault pattern. In particular,
during the initial stage of gypsum dehydration, cyclic fluid
overpressure build-up and release triggered hydrofracturing
and fluid-assisted faulting within the dolostone layers. Fractur-
ing favoured fluid discharge, leading to drops in pressure and
further dehydration reactions. Volume changes induced by
dehydration reaction and fluid escape caused a non-plane
strain within the evaporites with horizontal isotropic extension
and vertical thinning. Coupled brittle and brittle-ductile (duc-
tile flow) deformation processes within the Triassic Evaporites
favoured the onset of strain heterogeneities and cyclic fluid
overpressures, which were locally driving deformation
processes.

Our mechanical model reconstructed the stress field associ-
ated with the Jurassic deformation pattern as consistent with
an almost isotropic stress distribution within the horizontal
plane (f � 0:1) and suprahydrostatic fluid pressures (l �
0:7). The results of our mechanical modelling explain well
the observed fault patterns and can account for the complexity
of the deformation processes which overlap both in space and
time during the dehydration phase. The data presented show
that local and isotropic strain fields, superimposed on
a weak regional extension, have strongly controlled the devel-
opment and evolution of the Jurassic fault pattern.

The model presented here and the case study discussed
have significant implications for structural geological studies
of faulting in many sedimentary basins around the world
from the sub-seismic to regional scales. They are particularly
relevant to our understanding of the nature and evolution of
fracture interconnectivity and the prediction of fluid flow in
hydrocarbon reservoirs in settings where lithologically-con-
trolled brittle faulting and ductile flow occur under transient
high fluid pressure conditions, e.g. in basins where there are
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significant thicknesses of evaporites and/or argillaceous clasitc
sediments. Our findings also suggest that structures geometri-
cally similar to so-called polygonal faults can also develop in
evaporites.
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Bollettino della Società Geologica Italiana 108, 23e39.

Alvarez, W., 1990. Pattern of extensional faulting in pelagic carbonates of the

Umbria-Marche Apennines of central Italy. Geology 18, 407e410.

Angelier, J., 1984. Tectonic analysis of fault slip data sets. Journal of Geophys-

ical Research 89 (B7), 5835e5848.

Ask, M.V.S., 1997. In situ stress from breakouts in the Danish sector of the

North Sea. Marine and Petroleum Geology 14 (3), 231e243.

Austin, N.J., Kennedy, L.A., Logan, J.M., Rodway, R., 2005. Textural controls

on the brittle deformation of dolomite: the transition from brittle faulting

to cataclastic flow. In: Gapais, D., Brun, J.P., Cobbold, P.R. (Eds.), Deforma-

tion Mechanisms, Rheology and Tectonics: From Minerals to the Litho-

sphere. Special Publications 243. Geological Society of London, pp. 51e66.

Bally, A., Burbi, L., Cooper, C., Ghelardoni, R., 1986. Balanced sections and

seismic reflection profiles across the Central Apennines. Memorie della
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Geologica Italiana 52, 528e538.

Bell, J.S., 1996a. Petro Geoscience.1. In situ stresses in sedimentary rocks.1.

Measurement techniques. Geoscience Canada 23 (2), 85e100.

Bell, J.S., 1996b. Petro Geoscience 2. In situ stresses in sedimentary rocks.2.

Applications of stress measurements. Geoscience Canada 23 (3),

135e153.

Bice, D.M., Stewart, K.J., 1985. Ancient erosional grooves on exhumed bypass

margins of carbonate platforms: Examples from the Apennines. Geology

13, 565e568.

Byerlee, J.D., 1978. Friction of rocks. Pure and Applied Geophysics 116,

615e626.

Carminati, E., Santantonio, M., 2005. Control of differential compaction on

the geometry of sediments onlapping paleoescarpments: Insights from field

geology (Central Apennines, Italy) and numerical modeling. Geology 33,

353e356.

Cartwright, J.A., 1994. Episodic basin-wide fluid expulsion from geopressured

shale sequences in the North Sea basin. Geology 22, 447e450.

Cartwright, J.A., Dewhurst, D.N., 1998. Layer-bound compaction faults in

fine-grained sediments. Geological Society of America Bulletin 110,

1242e1257.
Cartwright, J., James, D., Bolton, A., 2003. The genesis of polygonal fault sys-

tems. In: van Rensbergen, P., Hillis, R., Maltman, A.-J., Morley, C.-K.

(Eds.), Subsurface Sediment Mobilization. Special Publications 216.

Geological Society of London, pp. 223e243. a review.

Ciarapica, G., Passeri, L., 1976. Deformazione da fluidificazione ed evolu-

zione diagenetica della formazione evaporitica di Burano. Bollettino della
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