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Abstract

We studied the mechanisms and intensity of deformation across a large, active, basin-bounding normal fault zone in Mesozoic platform car-
bonates. Based on the modes, orientation, crosscutting and abutting relationships of various structural elements preserved within the fault zone
and in the surrounding host rocks, we propose a conceptual model of normal fault growth under an extensional tectonic regime that follows an
earlier contractional regime. Normal faults initiated by shearing of the pre-existing elements, predominantly pressure solution seams inherited
from the contractional regime, formation and subsequent shearing of new seams and joints/veins, and localization of pods of fragmented car-
bonates within the individual mechanical layers. With ongoing deformation and emersion from depth, two sets of conjugate normal faults de-
veloped within the fault zone through the fragmented pods. The end result is normal fault zone with a maximum of 600 m of throw that includes
deformed basinal sediments in the hanging wall, and up to 1-m thick fault core and 100-m thick damage zone in the footwall. The fault core is
made up of matrix-supported and cement-supported fault rocks and major slip surfaces. The damage zone consists of small faults and fragmented
carbonates; the intensity of deformation generally increases towards the fault core.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Fault zones have two compartments: core and damage
zones (Chester et al., 1993; Antonellini and Aydin, 1994;
Caine et al., 1996). The fault core includes fault rocks that de-
velop around the major slip surfaces due to comminution, dis-
solution/precipitation, mineral reactions, and other mechanical
and chemical processes that destroy the fabric of the host rock
(Sibson, 1977; Chester and Logan, 1986). The damage zone
flanks the fault core and consists of a wider zone of fractures
and smaller faults that do not completely obliterate the host
rock fabric (Cowie and Scholz, 1992). Both core and damage
zones are surrounded by the host rock, which has a background
value of deformation intensity. Characterization of both
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deformation mechanisms and structural elements that charac-
terize the fault zones is crucial to understanding the processes
of fault growth (Martel et al., 1988; Davatzes and Aydin, 2003;
Myers and Aydin, 2004) and fault architecture and permeabil-
ity (Caine et al., 1996; Aydin, 2000).

Faulting in carbonate rocks involves the sequential forma-
tion and shearing of joints, veins, and/or pressure solution
seams (Alvarez et al., 1978; Marshak et al., 1982; Peacock
and Sanderson, 1995; Kelly et al., 1998; Salvini et al.,
1999). Three main deformation mechanisms along faults in
carbonates have been documented in some detail. Strike-slip
faulting in the dolomitic rocks of the Sella Group, in northern
Italy, was initiated by echelon joints that were later sheared
producing cross joints, which broke up the joint-bounded
bridges and eventually formed throughgoing slip surfaces
and fault breccia (Mollema and Antonellini, 1999). In another
case, normal faults within the platform carbonates at the front
of the Maiella thrust sheet in central Italy developed entirely
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by a pressure solution-based mechanism (Graham et al.,
2003). There, normal faults started with the shearing of the
pre-existing bed-parallel and bed-perpendicular pressure solu-
tion seams, producing oblique pressure solution seams in their
contractional quadrants. The interaction of these tail seams
with the pre-existing bed-perpendicular seams fragmented
the carbonate host rocks into isolated blocks that localized
within adjacent mechanical layers. As deformation continued,
the isolated blocks were eventually linked together by
throughgoing breccia and slip surfaces. The third main mech-
anism was proposed for strike-slip faults in the shallow water,
basinal carbonates of Somerset, UK (Willemse et al., 1997),
involving both of the fundamental failure modes described
above for the first, opening mode, and second, closing mode,
mechanisms. Strike-slip faulting began with echelon veins
that localized pressure solution within the vein-bounded
bridges or at the contractional quadrants of the sheared veins.
The bridges, or thin rock slabs, progressively rotated as defor-
mation progressed, resulting in the shearing of the pressure so-
lution seams, and the ongoing formation and shearing of the
next generations of pressure solution seams and joints.

The Venere normal fault zone, which bound the southeast-
ern side of the Fucino Basin in central Italy, provides an excel-
lent opportunity to examine the sequence of a series of
complex deformation mechanisms and the resulting fault ar-
chitecture in platform carbonates. We document the develop-
ment of a minimum of 10 km long normal fault in Mesozoic
carbonates under an extensional regime that followed an ear-
lier contractional regime. Agosta et al (in press) documented
the higher values of both porosity and permeability of the frag-
mented carbonates, and their different pore structure, of the
damage zones bounding the southeastern side of the Fucino
basin relative to both host and fault rocks. Here, we identify
the modes of fracturing and quantify the intensity and distribu-
tion of the deformation across the carbonate footwall of the
Venere fault zone. This was accomplished by laboratory anal-
yses of rock samples collected in the field, scanline measure-
ments, characterization of the deformation background of the
Mesozoic platform carbonates, and detailed mapping of the
structural elements along the walls of quarries that entirely ex-
pose the Venere fault footwall for examination in three dimen-
sions. Based on the pattern, distribution, crosscutting and
abutting relationships of several sets of pressure solution
seams, joints, veins, and cataclastic shear bands, we propose
a conceptual model of normal fault growth and discuss our
data in terms of carbonate deformation during ongoing normal
faulting and exhumation from depth.

2. Methodology

Geological and fault maps (1:10,000 scale) were con-
structed from topographic and ortho-rectified aerial photo-
graphs to characterize the extensional relay area bounded by
the Celano-Pescina-Parasano and Venere-Sperone fault sys-
tems (Fig. 1a). The internal fault strands and structural ele-
ments of the Venere fault zone were similarly mapped at
1:2000 and 1:5000 scale. Detailed documentation of the
modes, distribution, crosscutting and abutting relationships
Fig. 1. (a) Simplified tectonic map of the Abruzzo region, central Italy (after Vezzani and Ghisetti, 1998). (b) NEeSW orientated, AeA0 simplified geological

section across the southeastern portion of the Abruzzo region (see dashed line in a). (c) Trace of the normal fault scarps present in the Fucino area. The two pub-

lished focal mechanisms of the 1915 Avezzano Earthquake are given in the inset. The rectangle outlines the relay ramp area bounded by the CPP and VS fault

systems. See refs Gasparini et al., 1985 and Basili and Valensise, 1991.
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of the faults and fractures present in the damage zone of the
Venere fault footwall was made using ground photo mosaics,
string line mapping, and by taping acetate sheets to the out-
crops. This methodology allowed us to determine the relative
ages of the structures and their role in the growth of the normal
fault zone. The attitude of the planar elements presented in this
paper is given according to the down-plunge direction (Twiss
and Moores, 1992).

The intensity of deformation within the damage zone was
quantified by scanline measurements of the fractures along
the less deformed outcrops of an active quarry, and by conven-
tional sieving-and-weighting of representative materials
(Krumbein and Pettijohn, 1938). Rock samples were collected
after removing 10e15 cm of weathered outcrop material, dis-
aggregated in a non-destructive ultrasonic device, and sieved
through nine sieves with standard mesh apertures ranging
from 16.0 to 0.063 mm. The dry residue in each sieve was
weighted in a precision balance with a resolution of 0.01 g.
The number of equivalent spherical grains for each size class
was determined by dividing the weight of the residue in each
sieve by the weight of a sphere of 2670 kg/m�3, the density of
platform carbonates, and radius equal to half the mesh aperture
of the next larger sieve (Storti et al., 2003). The residue in the
sieve with the largest mesh aperture, 16.0 mm, was not consid-
ered to avoid any possible bias of the distribution towards
coarser grains. Seven class sizes were therefore represented
in the grain size distribution plots.

3. Geological setting and eastern boundary faults
of the Fucino Basin

The Fucino Basin is in the Peri-Adriatic outer belt of the
Apennines in central Italy, which has been termed as Central
Apennines Downfaulted Area (CADA, Ghisetti and Vezzani,
1999). The CADA is characterized by NW trending normal
faults that crosscut the contractional edifice of the Apennine
fold and thrust belt (Bigi et al., 1992). These normal faults
have been active since the Late Pliocene/Early Pleistocene
(Bosi and Messina, 1991) during regional uplift and gravita-
tional collapse (Ghisetti and Vezzani, 1999). The regional up-
lift rates calculated for the outermost portions of CADA, the
Maiella Mountain, vary between 1.4 and 2.5 mm/yr since
3.5 and 1.6 Ma, respectively (Ghisetti and Vezzani, 1999).
The largest normal faults of CADA flank continental basins
(Fig. 1a and b). One of these, the Fucino Basin, is rhomb-
shaped, w30 km wide, and is filled with Late Pliocene-
Holocene fluvio-lacustrine sediments (Bosi et al., 1995;
Cavinato et al., 2002). The Fucino Basin is now floored by
a flat plain due to the draining of what was once a natural
lake, first by the ancient Romans (w50 AD) and again by
the Torlonia Prince in 1875 (Giraudi, 1989).

The Fucino Basin is a half-graben bounded on the eastern
side by two major structural lineaments (Fig. 1a): the Ce-
lano-Pescina-Parasano fault system (CPP), on the northeast,
which is also known as the Marsicana Highway fault (Galadini
and Galli, 1999); and the Venere-Sperone fault system (VS) on
the southeast, also known as the Serrone (Piccardi et al., 1999;
Cavinato et al., 2002) or San Benedetto-Gioia dei Marsi fault
(Galadini and Galli, 1999). These two structural lineaments
juxtapose the Quaternary basinal sediments against the Upper
Jurassic-Lower Cretaceous massive platform carbonates of the
Lazio-Abruzzi tectonic unit. The Mesozoic carbonates, about
1200 m thick, are boundstones with less than 1% porosity
(Agosta et al., in press) unconformably overlain by hundreds
of meters thick Middle Miocene carbonate grainstones and
Messinian flysch (Vezzani and Ghisetti, 1998).

Active tectonics have created many geomorphic features,
such as triangular facets and fault scarps, present along the
mountain fronts and in the adjacent Fucino basinal sediments,
respectively (Fig. 1c). The CPP and VS fault systems ruptured
during the Avezzano earthquake of 1915 (Ms ¼ 7.0, Boschi
et al., 1997), producing ground cracks 0.3e1 m wide and fault
scarps up to 1 m high in the continental sediments (Oddone,
1915). The rupture also exposed continuous, steep, ribbon-
shaped scarplets in light-colored platform carbonates under
the slope debris and basin-filling sediments (the ‘nastro di fa-
glia’ of Bosi, 1975). The focal mechanism solutions of the
earthquake recorded during this seismic event are consistent
with oblique extension with a sub-horizontal T-axis oriented
either EeW or NNEeSSE (inset of Fig. 1c), whereas trench
investigations indicated pure normal faulting (Micchetti
et al., 1996). Overall, an average throw slip rate of 0.4 to
1.0 mm/year and a minor right-lateral component have been
documented in the Fucino area by the analysis of widespread
fault scarps (Piccardi et al., 1999).

The CPP and VS fault systems form a kilometric exten-
sional relay ramp dissected by several shorter, NW-striking
normal faults sub-parallel to the major segments (Fig. 2).
These shorter normal faults flank NW oriented, narrow, struc-
tural depressions in which Lower Pliocene conglomerates and
Holocene lacustrine sediments and/or Messinian flysch have
been preserved. Based on the offsets of the Miocene carbonate
grainstones, the average throw across the relay ramp is about
400 m. Within this area, there are also normal faults that strike
ENEeWSW, which localize at the edges of the relay ramp,
and NeS that are bounded by the NW striking faults.

4. Venere Fault Zone

The Venere normal fault zone is more than 10 km long, has
a maximum of 600 m of throw (Cavinato et al., 2002), and
penetrates the Apenninic belt down to about one third of the
30e35 km thick crust (Ghisetti and Vezzani, 1999 and refer-
ences therein). The northwestern termination of the fault
zone occurs within the basinal sediments; the exact location
of this fault tip is not clearly shown. On the contrary, the
southeastern tip of the fault veers to the east by w40 � before
ending within the carbonates. In the southeast, north of the
town of Gioia dei Marsi, the Venere fault zone forms an under-
lap zone with the Sperone fault zone (Fig. 2). This underlap
zone is crosscut by three WNW-trending normal faults that
are well defined by clear geomorphic expressions. The
south-central part of the Venere fault zone (marked by the rect-
angle in Fig. 2) can be seen in detail in five quarries located
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Fig. 2. Geological map of the relay ramp area bounded by the CPP and VS fault systems (cf. Fig. 1c). The footwall of the Venere fault is excavated by five quarries.

The cross marks the location of the Santilli Quarry.
along the fault zone. We examined all five quarries for the
presence and continuity of the fault components, but focused
on the active Santilli Quarry, located at the w13.1 km marker
on road SS83, for detailed documentation (Fig. 3a).

In the hanging wall of the Venere fault zone, the Quaternary
sediments dip either SW, towards the basin, or NE, towards
Serrone Mountain, depending on segmentation, relative geom-
etry, and the amount of slip of the fault panels at depth (Cart-
wright et al., 1995; Gawthorpe et al., 2003). Within the fault
zone, the sediments and cemented slope scree of the hanging
wall drape over, and are partly offset by, small faults with
up to 16 cm of throw along the study outcrops. Locally, centi-
meter-thick slices of these sediments have been accreted into
the footwall.

The footwall of the Venere fault zone is tilted towards the
SW, as opposed to the consistent dip direction of the Mesozoic
platform carbonates exposed throughout the Serrone Mountain,
which is to the NE (Fig. 3a and b). The transition from the tilted
footwall to the host rock with only a background amount of de-
formation is accommodated by a dip-slip fault that forms a dis-
tinctive scarp. The dip angle of the bedding in the platform
carbonates within the fault zone varies from 20 � SW to 65 �

SW, and is generally steeper nearer the hanging wall (Fig. 3b).

4.1. Fault core

Based on the continuous juxtaposition of the Quaternary
sediments against the Mesozoic carbonates, we identified the
first-order fault strand within the Venere fault zone (seen as
the black and white double line in Fig. 3a). This major strand
is composed of a fault core up to 1 m thick, which is laterally
continuous along the study south-central portion of the fault
zone and bounds the damage zone of the footwall (Fig. 3a).
Based on the thickness of the fault core we estimate an offset
of a few hundred meters along the first-order fault strand. The
carbonate fault damage zone of the hanging wall, and possibly
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Fig. 3. (a) Aerial distribution of the structural domains in the footwall of the south-central portion of the Venere fault zone (see Fig. 2 for location). The trace of the

first-order fault strand (black and white double line) and second-order fault strand (white line) is also shown; the former is characterized by an offset of a few

hundred meters, the latter of a several tens of meters. The locations of seven vertical walls studied in the Santilli Quarry (#1 to 7) are shown in the inset.

(b) Simplified geological section AeA0 across the Venere fault zone (see Fig. 3a for location, with first-order and second-order fault strands identified). In this

section we show an asymmetrical distribution of the fault domains across the fault core. Since the extent of the fault zone in the hanging wall is generally greater

than in the footwall (Berg and Skar, 2005 and references therein), we assume that both intensely fractured and pulverized domains of the Venere hanging wall

buried underneath the continental basins are about 2 times thicker than those of the footwall.
part of the core of the first-order strand, are covered by the
Quaternary sediments (Fig. 3b).

The fault core of the first-order fault strand, which forms
the core of the Venere fault zone, is composed of both matrix-
and cement-supported fault rocks with polished and striated
slip surfaces (Fig. 4). These slip surfaces define a strike range
of N100e150E (resulting in a northwesterly trend), and a dip
range of 40 � to 65 � S. The striations and orientations of the
slickenfibers, where present, are consistent with a predomi-
nantly normal slip, with minor left- or right-lateral slip compo-
nents, depending on the local orientations of the surfaces. The
lateral components of slip are more common along the
surfaces oriented N100e110E (dextral) and N140e150E
(sinistral). Agosta et al (in press) defined the physical and hy-
draulic properties of rock samples taken from several different
fault zones along the southeastern side of the Fucino Basin.

The fault rocks are made up of a stiff pore frame, which
means they contain sub-spherical pores, and are characterized
by low porosity and low permeability values. Matrix-supported
fault rocks (uncemented fault rocks) are comprised of angular
to sub-rounded survivor clasts of calcite and rare dolomite, em-
bedded in a fine calcite matrix (Fig. 4b). The size of these clasts
generally decreases nearer the slip surfaces of the fault core. At
microscale, pressure solution seams and rare veins crosscut the
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Fig. 4. (a) Cross-sectional view of the fault core of the Venere fault zone juxtaposing the continental sediments of the hanging wall against the deformed carbonates

of the footwall. The fault core consists of major slip surfaces and both matrix- and cement-supported fault rocks that are referred as (b) uncemented and (c) ce-

mented fault rocks, respectively. The locations of the two hand-samples shown in b and c are marked in a. (d) Photomicrographs of three thin-sections of the

cemented fault rock under polarized light, the location of which is shown in c. The cemented fault rock is made up of survivor clasts with sub-rounded shape

embedded in calcite cement and fine-grained matrix, and crosscut by veins that are oriented sub-parallel to the slip surfaces.
matrix-supported fault rock without forming any significant
textural anisotropy with respect to seismic velocities. Conse-
quently, these structures do not show any preferential orienta-
tion. Cement-supported fault rocks (cemented fault rocks)
form a w1 cm thick zone localized along the major slip sur-
faces of the fault core. These cemented rocks are made up of
subrounded survivor clasts of calcite and rare dolomite, embed-
ded in low-Mg calcite cements and some fine-grained calcite
matrix (Fig. 4c). The low-Mg calcite cements precipitated ei-
ther within micro veins (cf. Fig. 4d) or as meniscus cement
from meteoric fluids that mixed with the local groundwater
and/or soil before entering the faults (Ghisetti et al., 2001;
Agosta and Kirschner, 2003). The micro veins within cemented
fault rocks occur mainly sub-parallel to the slip surfaces of the
fault core (Fig. 4d), and form a distinctive textural anisotropy
relative to seismic velocities.

4.2. Damage zone

The exposed damage zone of the Venere fault zone is char-
acterized by a higher intensity of deformation relative to the
Mesozoic platform carbonate host rocks outside of the fault
zone. The prominent structural features of the damage zone
are the second-order fault strands, which bound slivers of plat-
form carbonate rocks having different deformation intensity
and dip angles (Fig. 3a and b). The average thickness of these
slivers ranges from 2 to 60 m. The second-order fault strands
are sub-parallel to the first-order strand, dip towards the SW,
and are on the order of a few to several hundred meters long
in the south-central part of the Venere fault zone. We identified
four second-order fault strands along the section AeA0

(Fig. 3a), which are either entirely confined within the plat-
form carbonates or form a boundary with the Quaternary ter-
races that are sometimes present on the downthrown sides of
the faults (Fig. 3b). These second-order faults are comprised
of cemented and uncemented protoclasts (sensu Sibson,
1977) several centimeters thick, and a damage zone a few me-
ters thick. The extent of the damage zone associated to these
second-order fault strands is difficult to map, due to the frag-
mented nature of the surrounding carbonate rocks. Based on
this structural development, we estimate a throw on the order
of several tens of meters across each of these faults. Striated
slip surfaces observed within the second-order fault strands
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show predominantly normal slip with minor lateral compo-
nents, similar to those of the first-order strand.

The third-order faults are those found within the slivers
bounded by the second-order faults. These faults, which are
characterized by an offset range on the order of a few centime-
ters to several meters, were mapped along the nearly orthogo-
nal walls of the Santilli Quarry. The quarry’s walls are
numbered from 1 to 4 (perpendicular to the first-order fault
strand, Fig. 5aed), and from 5 to 7 (parallel to the first-order
fault strand, Fig. 6aec). The third-order faults have undulating
geometry, strike sub-parallel to the first- and second-order
fault strands, and dip primarily both southwesterly, towards
the basin (synthetic), and northeasterly, towards the Serrone
Mountain (antithetic). The internal structure of the third-order
faults is made up of fragmented and brecciated carbonate
rocks and, sporadically, millimeters to centimeters thick com-
minuted fault rocks. Many different types of fractures are pres-
ent within the blocks of carbonates bounded by the third-order
fault strands. The nature, distribution, crosscutting and abut-
ting relationships of these fractures will be later described in
detail.

Except for few isolated, less-deformed, platform carbonate
bodies, the damage zone is deformed to such a degree that the
rock it contains may be classified as highly fractured and frag-
mented, although the bedding is still discernible. The degree
of deformation intensity within the damage zone of the fault
footwall generally increases towards the fault core. Based on
this trend, as measured by fracture spacing and grain-size dis-
tribution, three domains can be distinguished: (i) pulverized,
nearest the fault core, (ii) intensely fractured, and (iii) moder-
ately fractured platform carbonates, farthest from the fault
core. Each of these individual domains has a different thick-
ness and lateral distribution (Fig. 3a and b), and shows the
original sedimentary features (e.g., bedding) of the Mesozoic
carbonates. In the most deformed domain, bedding is pre-
served within blocks surrounded by fine-grained, pulverized
carbonates.

We performed two sets of scanlines along the outcrops #2
and #3 (see inset of Fig. 3a) of the moderately fractured plat-
form carbonate domain outcropping in the Santilli Quarry.
Both sets are comprised of two 5 m long horizontal scanlines
oriented EeW and NeS, respectively, and one vertical scan-
line about 2 m long. The data of these two sets of measure-
ments, which represents all fractures (i.e., pressure solution
seams, joints, veins, and sheared elements) present along
each scanline, are shown in Fig. 7a (outcrop #2) and Fig. 7b
(#3). The mean spacing along the two vertical scanlines varies
between 5.6 and 10 mm, the mode is between 5.0 and 8.0 mm.
The mean spacing along the four horizontal scanlines (two ori-
ented NeS and two EeW) varies between 7.8 and 10.6 mm,
the mode ranges between 5.0 and 16.0 mm.

In order to quantify the deformation intensity of both pul-
verized and intensely fractured carbonates domains, we ana-
lyzed the grain size distribution of representative samples
collected 2 m (sample 10, pulverized domain, outcrop #1),
5 m (sample 20, intensely fractured domain, outcrop #1),
and 10 m (sample 30, intensely fractured domain, outcrop
#2) away from the slip surfaces of the fault core. These two
domains of the damage zone are characterized by highly frag-
mented rocks that contain blocks of less-deformed carbonate
rocks several centimeters wide. Collecting the samples, we
tried to avoid these less-deformed blocks of carbonates. The
numbers of equivalent spherical grains of samples 10, 20,
and 30, shown respectively in Fig. 7c, d, and e, were plotted
against the corresponding class size on log-log graphs (Billi,
2005). The data follow linear trends in the 0.063e8 mm size
ranges, indicating a fractal distribution; the best-fit line was
calculated using the following power-law relationship:

NðSÞ ¼ S�D ð1Þ

where N(S ) is the number of particles less than size S, and D is
the fractal number, determined by the slope of the best-fit line
(Blenkinsop, 1991).

The results of our analyses indicate that sample 10 is char-
acterized by a D number of 2.95, sample 20 of 2.29, and sam-
ple 30 of 2.23. These D values correlate well with the ratios
between the weights of grains smaller than 0.063 mm
(W<0.063) and the total weights of the samples (Wtot). For
D ¼ 2.95 (sample 10) the W<0.063/Wtot percentage is 6.92%,
whereas for D ¼ 2.23 and 2.2 (samples 20 and 30) W<0.063/
Wtot varies between 1.07% and 1.25%, respectively. The D
numbers appear therefore to decrease proportionally to the dis-
tance from the slip surfaces of the fault core, reflecting the de-
gree of fragmentation of the platform carbonates within the
damage zone.

5. Fundamental fracture modes

Fractures are discontinuities in rocks formed by two paral-
lel surfaces that meet at a fracture front, where the relative dis-
placement of originally adjacent points across the surfaces is
small relative to fractures length (Pollard and Aydin, 1988
and references therein). Based on the orientation of the dis-
placement vector relative to the fracture front, fractures are
classified as mode I (opening mode), mode II (sliding
mode), mode III (tearing mode), and anti-mode I (closing
mode). Studying the fractures present in platform carbonates,
both outside and within the Venere damage zone, we consid-
ered both sliding and tearing mode fractures as shearing frac-
tures because the orientation of the propagation front was
unknown for most cases. We focused on the mode, pattern,
crosscutting and abutting relationships of all fundamental frac-
tures modes to distinguish three different structural assem-
blages made up of elements that formed during a specific
deformation event: (i) overburden of the Mesozoic platform
carbonates, (ii) thrust tectonics due to OligoceneePliocene
contraction of the Apenninic fold and thrust belt, and (iii) ex-
tensional tectonics due to Late PlioceneeEarly Pleistocene to
present day normal faulting. The first two assemblages form
the background structures of the Mesozoic platform carbon-
ates, the elements assigned to the third assemblage character-
ize later deformation due to the activity of the Venere fault.
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Fig. 5. Sections of the nearly vertical walls of the Santilli Quarry that are oriented orthogonal to the first-order fault strand. The trace of the second fault strands

(white thick mark), and third order fault strands with more than 5 cm offset (white mark) are shown. The bedding is denoted with a black mark. (a) Outcrop #1,

(b) outcrop #2, (c) outcrop #3, (d) outcrop #4.
5.1. Background elements of Mesozoic
platform carbonates

Inspection of the structural elements present in the Mesozoic
platform carbonates revealed four sets of pervasive pressure
solution seams (Fig. 8). These elements consist of one set of
bed-parallel pressure solution seams, labeled PS1, two sets of
orthogonal, bed-perpendicular pressure solutions seams, PS2a
and PS2b, and one set of pressure solution seams oblique to
bedding, PS3. The bed-parallel PS1 seams have columnar
form, spacing on the order of a few centimeters to tens of cen-
timeters, length of several meters, and show evidence of shear.
These bed-parallel seams determine the mechanical layering of
the otherwise massive platform carbonates. The two bed-
perpendicular sets, PS2a and PS2b, are confined within the
PS1-bounded mechanical layers. Sets PS2a and PS2b have
both columnar and wavy forms, centimeter spacing, commonly
contain millimeters-thick clayish residue material, and do not
show any evidence of shear. Sets PS2a and PS2b strike mainly
WNW and ENE, respectively, but their orientations vary within
the relay ramp area, dependent on the attitude of the bedding.
The PS3 elements are up to several centimeters long and
comprised of millimeters-thick clayish residue material. This
oblique seams abut both bed-parallel and bed-normal sets, but
mainly localize at the tips of the sheared PS1 elements. Bed-
parallel, bed-perpendicular, and oblique joints and veins are
rare in the Mesozoic carbonate host rocks found outside of
the fault zones. On the contrary, both joints and veins occur
locally within the Venere fault zone, as it will be documented
below.

5.2. Structural elements in the damage zone of the
Venere Fault Zone

We first present the structural elements of the moderately and
intensely fractured carbonates domains: pressure solution seams
and sheared pressure solution seams (PS), and joints, veins, and
sheared joints/veins (JV). Then, we assess their role in the evo-
lution of faults with offset ranging from a few centimeters to sev-
eral tens of centimeters, and document the cataclastic shear
bands (CSB) present in the pulverized carbonates domain.

5.2.1. Pressure solution seams (PS)
Based on both orientation, with respect to bedding, and

crosscutting/abutting relationships, we identified three more
sets of pressure solution seams, PS4a, PS4b, and PS5, in addi-
tion to the four sets described above (cf. Fig. 8). These three
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Fig. 5 (continued )
sets are all oblique to the bedding and related to sheared pre-
existing structural elements. The length, thickness, spacing,
down-plunge direction, dip-angle, and shape of all sets of
seams present within the Venere fault footwall are listed in Ta-
ble 1. Some of these properties, such as orientation, are also
shown in the supporting maps.

The bed-parallel pressure solution seams, PS1, are pervasive
in the damage zone and are the first structural elements that
formed in the carbonates; all the other elements that are not par-
allel to bedding truncate against PS1 (Fig. 9) unless they are
sheared (e.g., Fig. 10). Often, the PS1 are themselves sheared,
showing apparent normal offset within the fault zone (Figs. 9
and 10). Sets PS2a and PS2b are both oriented bed-perpendic-
ular, crosscut each other (Fig. 11), and abut PS1 (see, for
example, PS2a in Fig. 9). These bed-perpendicular sets are
commonly sheared, showing apparent reverse offset (see, for
example, PS2a, Fig. 10) and apparent normal-sinistral offset
(PS2b, Fig. 11). The PS3 elements are localized around the con-
tractional quadrants and geometric complexities of sheared PS1
bed-parallel seams (Fig. 9). The PS4a and PS4b sets are con-
centrated at the tips of, and abut, the sheared elements PS2a
(Figs. 10 and 12) and PS2b (Fig. 11), respectively. The PS5
set localizes at the contractional quadrants of the sheared
PS4a set, which shows apparent reverse offset (Fig. 12).

5.2.2. Joints and veins (JV)
Based on crosscutting and abutting relationships, we iden-

tified seven sets of opening mode fractures, labeled JV1, JV2a,
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Fig. 6. Sections of the nearly vertical walls of the Santilli Quarry that are oriented parallel to the first-order fault strand. The trace of the third order fault strands

with more than 5 cm offset is shown with a white mark, the bedding is denoted with a black mark. (a) Outcrop #5, (b) outcrop #6, (c) outcrop #7.
JV2b, JV3a, JV3b, JV4, and JV5. The veins are filled with cal-
cite and/or chlorite, while the joints contain no infilling mate-
rial. The length, thickness, spacing, down-plunge direction,
dip-angle, and infilling material of each of these sets are re-
ported in Table 2.

The oldest opening mode fractures are the bed-parallel
veins JV1, which are present only at few outcrops in the study
area (Figs. 9 and 10). Two sets of bed-perpendicular veins,
JV2a and JV2b, crosscut each other and are confined within
the PS1-bounded mechanical layers (Figs. 9 and 10). Sets
JV2a and JV2b have mutually crosscutting relationships with
PS2a and PS2b (e.g., JV2a and PS2b in Fig. 11); both show
apparent normal offset (Figs. 13 and 14). The remaining
four sets of joints and veins (JV3a, JV3b, JV4, and JV5) are
oriented oblique to the bedding. The joints and veins JV3a
and JV3b are localized around the tips of, and terminate
against, the two bed-perpendicular sets, JV2a (Fig. 13) and
JV2b (Fig. 14), respectively. The JV4 elements abut against,
and are localized at the tips of, the sheared PS1 seams (Figs.
9 and 13). Additional sets of joints that formed after the
JV3a, JV3b, and JV4 sets are present within the damage
zone. However, these joints are difficult to identify due to their
short lengths, lack of infilling material, and obliteration by
fragmentation. JV5 is one such later set identifiable within
the pulverized carbonate rocks (Fig. 15).

5.2.3. Transition from the fundamental elements to faults
The aforementioned fundamental elements play an impor-

tant role in the development of faults with offsets of a few cen-
timeters to several meters in the damage zone. The internal
architecture of a fault with an offset of about 5 cm
(Fig. 16a) is made up of short, PS1-bounded, slip surfaces
that parallel primarily the JV2a and PS2a elements and border
isolated pods of fragmented rocks (Fig. 16b). The architecture
of a nearby fault with more than 20 cm offset (Fig. 16c) is
shown in the detailed map of Fig. 16d. This fault is made up
of two throughgoing slip surfaces, which cut across many me-
chanical layers and bound a zone of fragmented and brecciated
rocks several centimeters wide.

Two sets of faults with larger displacements, on the order of
several tens of centimeters, are identified, one synthetic and
one antithetic to the fault core of the first-order fault strand
(Fig. 17aec). The abutting and crosscutting relationships of
these two sets of faults to the surrounding structural elements
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are consistent with the hierarchical formation of tail joints, as
well as the dilation of pre-existing elements, at the extensional
quadrants of sheared parent structures. This relationship be-
tween slip surfaces and tail joints is no longer visible in the
intensely fractured carbonates. In this domain of the damage
zone, the slip surfaces show reddish alteration, bound millime-
ters to centimeters thick, fine-grained, comminuted fault rocks,
and are surrounded by highly fragmented carbonate rocks
(Fig. 18a and b).

5.2.4. Cataclastic shear bands (CSB)
A system of cataclastic shear bands is present within the

pulverized platform carbonates domain of the damage zone
in the Santilli Quarry (Fig. 15a and b). These bands are tabular

Fig. 8. Background deformation of the Mesozoic platform carbonates outside

of the major normal fault zones at the Santuario di Venere (full name: San-

tuario Madonna del Buon Consiglio, Venere town), whose location is shown

in Fig. 2. This deformation consists of four sets of pressure solution seams.

One set is bed-parallel, PS1, two are bed-perpendicular, PS2a and PS2b, and

one is oblique to bedding, PS3. The PS1 are the oldest elements against which

both PS2a and PS2b abut. The oblique PS3 set also terminate against the bed-

parallel seams, consistent with their formation due to shearing, with reverse

sense, of the PS1 seams.
in shape with a thickness of 1 to 15 cm, and show normal off-
sets. The thicker shear bands are made up of several thinner
individual elements that coalesced together. Visual inspection
indicates that these tabular bands are comprised of much
smaller, fragmented grains than the surrounding pulverized
carbonate rocks.

The cataclastic shear bands occur in three major sets of dif-
ferent thicknesses and attitudes (Table 3). The shear bands in
set CSB1 are sub-parallel to the slip surfaces of the fault core,
and localize at the edges of the pulverized domain. Both den-
sity and thickness of the CSB1 bands increase nearer the fault
core. The shear band zone adjacent to the fault core merges
into the mechanically derived fault rock, forming a continuous
transition from the damage zone to the fault rocks of the core.
The two other sets (CSB2 and CSB3) are confined between the
CSB1 shear bands and are oriented obliquely to the CSB1 el-
ements. Generally, the CSB2 shear bands offset the CSB3 set
with normal sense of up to a few centimeters. Both the CSB2
and CSB3 shear bands are normally offset by a few centime-
ters by the sheared joints JV5.

6. Discussion

The complexity of the platform carbonate rock deforma-
tion, involving multiple generations of dissolution and brittle
fracturing under various loading conditions, has presented
two major challenges to our study. First, the identification of
the modes and multiple sets of fundamental structural ele-
ments within the Venere fault footwall was difficult due to
the highly fragmented nature of the damage zone. Second,
the characterization of the tectonic environment in which the
various elements formed was problematical. In this regard,
we were required to base our interpretation not only on the
mode, kinematic, orientation, and abutting relationships docu-
mented in the field, but also on the results of previous works
done in similar rocks.

6.1. Background deformation

The background elements developed prior to normal fault-
ing during burial diagenesis and thrust tectonics. We consider
the overburden assemblage made up of bed-parallel pressure
solution seams, PS1, and rare bed-parallel veins, JV1
(Fig. 19a). The PS1 set formed pervasively within the platform
Table 1

Length, thickness, spacing, down-plunge direction, dip-angle, and shape of the different sets of pressure solution seams and sheared pressure solution seams present

in the damage zone of the footwall of the Venere fault zone

Set Length (L) Thickness (D) Spacing (S ) Down-plunge

direction (a)

Dip-angle (b) Shape

PS1a 1 < L < 100 s 0.1 < D < 1 0.1 < S < 50 188 < a < 065 20 < b < 65 Columnar

PS2a 1 < L < 20 0.05 < D < 0.5 0.1 < S < 8 020 < a < 035 15 < b < 45 Wavy and columnar

PS2b 1 < L < 10 0.05 < D < 0.3 0.1 < S < 5 250 < a < 265 70 < b < 75 Wavy and columnar

PS3 0.2 < L < 7 D < 0.2 S < 2 200 < a < 055 05 < b < 40 Wavy, not columnar

PS4a L < 5 D < 0.1 S < 1 005 < a < 015 60 < b < 75 Wavy, not columnar

PS4b L < 1 D < 0.1 S < 1 235 < a < 240 40 < b < 45 Wavy, not columnar

PS5 L < 0.5 D < 0.1 S < 1 035 < a < 040 38 < b < 41 Wavy, not columnar
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Fig. 9. (a) Photograph of a portion of outcrop #4 (see Fig. 5d for location). (b) Low-hemisphere projection of the structural elements that are presented in c. The

hammer is for scale. The oldest structural elements are the bed-parallel pressure solution seams, PS1, which bound the bed-perpendicular veins, JV2, and the

pressure solution seams, PS2a. The PS1 with larger trace lengths show apparent normal slip forming tail joints and veins, JV4, and pressure solution seams,

PS3. Note that the JV4 set abut against the PS3 seams, indicating that JV4 are the youngest set. Millimeter-thick veins sub-parallel to the bedding, JV1, are

also present.
carbonates at overburden pressures probably >25 MPa
(>1 km, Ghisetti and Vezzani, 1999) throughout the region,
forming mechanical layers whose lengths are much greater
than their thicknesses. The small and sporadic veins JV1,
which predate all bed-perpendicular and oblique fractures,
may also have developed during burial diagenesis. Alterna-
tively, the JV1 set may have formed during early horizontal
contraction, perhaps due to high fluid pressures that overcame
the vertical loading (Hubbert and Rubey, 1959; Srivastava and
Engelder, 1990). The bed-orthogonal veins JV2a, which are
confined within the PS1-bounded mechanical layers, may
also have developed during burial diagenesis in response to
overburden stress and unequal horizontal principal stresses
(dashed lines in Fig. 19a).
Fig. 10. (a) Photograph of a portion of outcrop #4 (see Fig. 5d for location). (b) Low-hemisphere projection of the structural elements that are reported in c. The

pencil is for scale. The sheared bed-parallel pressure solution seams, PS1, offset w0.3 mm a bed-perpendicular vein, JV2a (thick blue lines), and produced that tail

pressure solution seams PS3. Apparent reverse slip of the bed-perpendicular pressure solution, PS2a, offset the PS1 of about 1 cm, and determined the formation of

tail pressure solution seams PS4a at their contractional tips. Millimeter-thick veins that sub-parallel the bedding, JV1, are also present.



1458 F. Agosta, A. Aydin / Journal of Structural Geology 28 (2006) 1445e1467
Fig. 11. (a) Photograph of a portion of outcrop #7 (Fig. 6c). (b) Low-hemisphere projection of the structural elements that are reported in c (pencil for scale).

Mutual crosscutting relationships are shown between the bed-perpendicular pressure solution seams PS2a and PS2b and between the PS2b set and the bed-per-

pendicular veins JV2a. Shearing of the PS2b seams produced tail pressure solution seams, PS4b, which localized at the tips and around geometric complexities of

the PS2b elements.
The thrust structural assemblage includes the bed-perpen-
dicular elements, PS2a, PS2b, JV2a, and JV2b, which formed
during early thrusting when the beds were flat (pre-tilting,
Fig. 19b), and the oblique seams PS3 that developed later on
when the beds were inclined (syn-tilting, Fig. 19c). Previous
works have reported the association between bed-parallel pres-
sure solution seams and bed-perpendicular veins (Nelson,
1981), and between bed-parallel and bed-perpendicular pres-
sure solution seams (Graham et al., 2003, in press). In this
study we document mutually abutting relationships between
bed-perpendicular pressure solution seams, PS2a and PS2b,
and veins, JV2a and JV2b (cf. Fig. 11). A similar paired rela-
tionship was previously reported by Arthaud and Mattauer
(1970) and Groshong (1988), which indicates that pressure so-
lution seams and joints/veins are, more or less, contemporane-
ous. However, as noted above, it is possible that some of the
JV2a veins might have formed during burial diagenesis.

The mutual abutting relationship between bed-perpendicu-
lar seams (resulting from closing mode failures occurring per-
pendicular to the greatest principal stress, Fletcher and
Fig. 12. (a) Photograph of a portion of outcrop #2 (see Fig. 5b for location). (b) Low-hemisphere projection of the structural elements that are presented in c. The

pencil is for scale. Shearing of the bed-perpendicular pressure solution seams PS2a with apparent reverse sense produced the tail pressure solution seams PS4a. The

PS4a set, which localize at the contractional tips, and around geometric complexities, of the sheared PS2a elements, was in turn sheared with apparent reverse sense

to form a new set of tail pressure solution seams, PS5.
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Table 2

Length, thickness, spacing, down-plunge direction, dip-angle, and infilling of the different sets of joints and veins and sheared joints/veins present in the in the

damage zone of the footwall of the Venere fault zone

Set Length (L) Thickness (D) Spacing (S ) Down-plunge

direction (a)

Dip-angle (b) Infilling (when present)

JV1 3 < L < 10 0.1 < D < 0.7 0.1 < S < 10 190 < a < 210 30 < b < 45 Calcite

JV2a 0.5 < L < 9 0.01 < D < 0.6 0.1 < S < 8 015 < a < 035 35 < b < 45 Calcite and chlorite

JV2b 0.2 < L < 11 0.01 < D < 0.3 0.1 < S < 5 260 < a < 315 65 < b < 80 Calcite and chlorite

JV3a L < 4 D < 0.05 S < 0.5 050 < a < 060 60 < b < 70 Calcite

JV3b L < 5 D < 0.03 S < 0.5 125 < a < 130 60 < b < 65 Calcite

JV4 0.1 < L < 12 D < 0.05 S < 1 190 < a < 350 45 < b < 70 Calcite

JV5 L < 0.5 D < 0.01 S < 2 030 < a < 040 70 < b < 85
Pollard, 1981), and joints/veins (resulting from opening mode
failures occurring perpendicular to the least principal stress,
Pollard and Aydin, 1988), indicate the systematic reversal in
the greatest and least principal stresses. In order to explain
this switch of the stress axes, we invoke a mechanism of stress
relaxation and reloading analogous to that proposed for the
formation of orthogonal opening mode fractures by Bai et al
(2002). The orthogonal PS2a and JV2b might have developed
under a greatest principal stress axis oriented wEeW and an
axis of least principal stress oriented wNeS; at local scale,
the switching of these two axes due to relaxation and reloading
was probably responsible for the formation of both PS2b and
JV2a sets.

The oblique pressure solution seams of set PS3 abut against
both sheared bed-parallel and sheared bed-perpendicular struc-
tural elements (Fig. 9). These relationships are consistent with
their formation as tail pressure solution seams of pre-existing
elements that were subjected to shearing in accordance with
the local EeNE transport direction of the thrust sheets (Vez-
zani and Ghisetti, 1998). The shearing responsible for the ob-
lique pressure solution seams might have been due to
progressive rotation of either the carbonate beds or the princi-
pal stresses. The conceptual model in Fig. 19c shows the for-
mer case. Graham et al (2003) came to a similar conclusion to
explain the formation of oblique pressure solution seams in the
platform carbonates of the Maiella thrust sheet, in central Italy.
The orientation, distribution, and abutting relationships of
joints and veins JV4 oblique to the bedding (dashed lines in
Fig. 19c) suggest that these opening mode fractures may
have also formed during the later stages of thrust tectonics,
but only after the PS3 set (cf. the abutting relationship shown
in Fig. 9). Another scenario for the formation of the joints and
veins JV4, related to normal faulting, will be presented in the
next section.

6.2. Deformation due to normal faulting

We propose a conceptual model of normal fault growth in
platform carbonate rocks characterized by the deformation
background discussed above. This model involves four differ-
ent stages of deformation that occurred during regional uplift
and exhumation from depths of 1 to 2 km. The first stage of
Fig. 13. (a) Photograph of a portion of outcrop #3 (see Fig. 5c for location). (b) Low-hemisphere projection of the structural elements that are reported in c. The

hammer is for scale. The top of a dark bed, marked by two pencils, is offset w2 cm by the bed-perpendicular veins JV2a. Apparent normal slip of the JV2a el-

ements produced tail joints/veins, JV3a, at their extensional quadrants. The tail opening mode fractures JV4 of the normally sheared bed-parallel pressure solution

seams, PS1, are also shown in the figure.
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Fig. 14. (a) Photograph of a portion of outcrop #6 (see Fig. 6b for location). (b) Low-hemisphere projection of the structural elements that are presented in c. The

hammer is for scale. Shearing along bed-perpendicular veins JV2b with apparent normal sense formed tail joints and veins, JV3b, in their extensional quadrants.

The bed-perpendicular, PS2b, and oblique, PS3, pressure solution seams and the oblique joints and veins JV4 are bounded by the bed-parallel pressure solution

seams, PS1.
incipient normal faulting (Fig. 20a) took place by shearing of
the pre-existing, primarily bed-perpendicular, elements under
a vertical greatest principal stress axis, such as that presumed
to be the driving force for the extension of CADA (Ghisetti
and Vezzani, 1999). This produced tail pressure solution seams
in the contractional quadrants (PS4a and PS4b, cf. Figs.
10e12) and joints/veins in the extensional quadrants (JV3a
and JV3b, cf. Figs. 13 and 14) of the sheared seams and
joints/veins. This relationship between a sheared fracture and
the tails fractures has been extensively documented by Rispoli
(1981), Ohlmacher and Aydin (1995), Willemse et al (1997),
and Kim et al (2004), and modeled by Fletcher and Pollard
(1981) and Petit and Mattauer (1995). The coalescence of
the oblique, normal fault-related, tail fractures with the pre-
existing, bed-perpendicular and oblique elements defined small
pods of fragmented rocks within the individual mechanical
layers. The resulting architecture of the incipient normal faults
was therefore made up of short, discontinuous slip surfaces that
Fig. 15. (a) Photograph of the pulverized carbonates domain that flanks the fault core of the Venere fault zone along outcrop #1 (see Fig. 5a for location). The

pulverized domain is bound by the fault core on the hanging wall side and by a second-order fault strand on the footwall side. (b) Close-up of the pulverized

domain. Three sets of cataclastic shear bands, CSB1 to CSB3, and one set of joints and sheared joints, JV5, crosscut the pulverized carbonates. The CSB1 set

is sub-parallel to the fault core and localizes at the peripheries of the pulverized domain. The CSB2 offset with apparent normal sense the CSB3 set. The JV5

set appears to postdate both CSB2 and CSB3 sets.
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Fig. 16. (a) Photograph of a normal fault with about 5 cm of apparent normal offset marked in Fig. 5c. (b) The fault shown in a consists of discontinuous, strata-

bounded, slip surfaces and isolated pods of fragmented carbonates. The slip surfaces formed along the pre-existing JV2a and PS2a elements. (c) Photograph of

a normal fault with about 20 cm offset marked in Fig. 5c. (d) The fault shown in c is made up of about 30 cm thick fragmented and brecciated carbonates bounded

by throughgoing slip surfaces that cut across the different mechanical layers.
bounded pods of fragmented rocks (cf. Fig. 16b). The offset of
these faults was on the order of a few centimeters.

The development of oblique pressure solution seams and/or
tail joints/veins marks a new stage of fault development in
carbonate rocks, as proposed by Petit and Mattauer (1995),
Willemse at al (1997), and Salvini et al (1999) for strike slip
faults, and by Graham et al (2003, in press) for normal and
thrust faults, respectively. Both closing mode fracturing (a
time-dependent, slow process) and opening mode fracturing
(a dynamic or quasi-dynamic, brittle process) may have oc-
curred more or less at the same time during incipient faulting.
Assuming mass conservation, there are two possibilities to ex-
plain the temporal relationships among slip, opening mode
fracturing, pressure solution, and possible mineral precipita-
tion. One possibility is that joints opened very slowly, compa-
rable to the rates of rock solubility, so that mass transfer could
accommodate slip accumulation, allowing the four mecha-
nisms to occur contemporaneously (fault creep). The second
possibility is that opening mode fracturing and slip occurred
rapidly (seismic faulting), and the open fractures were later
filled during interseismic periods by dissolved carbonate mate-
rial produced by pressure solution. Based on the available
data, neither of these two scenarios can be ruled out.

The second stage of fault growth involved the coalescence
of the isolated pods of fragmented rocks across adjacent me-
chanical beds to form two sets of sub-parallel, NW-striking,
throughgoing normal faults (Fig. 20b). One set of normal
faults dipped towards the SW (synthetic to the major fault,
the first-order fault strand) and one towards the NE (anti-
thetic). We propose that this process occurred by shearing of
the favorably oriented, pre-existing elements, and the
hierarchical formation and subsequent shearing of both tail
pressure solution seams and tail joints/veins. The architecture
of the two sets of normal faults was made up of throughgoing
slip surfaces that cut across many mechanical layers, and
bounded zones of fragmented and brecciated carbonate rocks
(cf. Fig. 16d) and, occasionally, fine-grained fault rocks (cf.
Fig. 18). The offset of these faults was on the order of a few
to several tens of centimeters.

During ongoing deformation and exhumation, the next
stage of normal faulting likely occurred after appreciable tilt-
ing towards the basin of the normal fault zone due to extension
of CADA (Ghisetti and Vezzani, 1999). In our proposed
model, this stage was characterized by the growth of the syn-
thetic normal fault set, which commonly have a larger offset
relative to the antithetic fault set within the Venere damage
zone, and the shearing with normal sense of the bed-parallel
PS1 seams (Fig. 20c). Shearing of the PS1 seams produced
opening mode tail fractures (JV4, cf. Fig. 9). The orientation
of the JV4 set relative to the sheared PS1 seams is also consis-
tent with the kinematics of thrust-related, bed-parallel slip in
combination with the tail pressure solution seams PS3 de-
scribed earlier (cf. Fig. 8). However, based on observations
in outcrops outside of the normal fault zone, which do not
show tail joints/veins associated with the reversely sheared
PS1 seams, we conclude that most of the tail joints and veins
JV4 formed during normal faulting. Shearing of the PS1 ele-
ments with normal sense appears to be enhanced near the fault
core, where the tilting was greater and the angle between bed-
ding and the vertical, greatest principal stress axis smaller.

The fourth and last stage of deformation is thought to be as-
sociated with the emergence of the fault zone from depth,
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Fig. 17. (a) Close-up of a portion of the vertical wall #3 (see Fig. 5c). The two sets of normal faults characterized by up to several tens of centimeters of apparent

throw are synthetic and antithetic to the first-order fault strand, respectively. (b) Close-up of the area marked in a. (c) Map showing the hierarchical formation and

shearing of opening mode fractures as well as the dilation and shearing of the pre-existing structural elements.
growth of the basin in the hanging wall, and the juxtaposition
of fluvial and lacustrine sediments against the deformed plat-
form carbonates of the footwall (Fig. 20d). The present day
fault zone configuration in the footwall is comprised of a fault
core up to 1 m thick, and a damage zone up to 100 m thick
characterized by higher degrees of deformation nearer the
fault core (cf. Fig. 3). This variation in the deformation inten-
sity is well demonstrated by the increasing density of the sec-
ond-order fault strands, and by the presence of pulverized
carbonates adjacent to the fault core. During this last stage
of faulting, the pulverized carbonates domain was first de-
formed by localized cataclastic shear bands, and then by open-
ing mode joints (cf. Fig. 15b). Structures pre-dating these two
mechanisms are not apparent and were likely obliterated.
Based on this observation, and on the greater number of joints
and sheared joints in both pulverized and intensely fractured
carbonate domains, we conclude that the latest deformation
across the damage zone was accomplished primarily by three
main mechanisms: (1) opening mode-based deformation, (2)
shearing and dilation of the pre-existing elements (cf.
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Fig. 18. (a) Close-up of two faults with few tens of centimeters offset that formed within the intensely fractured carbonates domain of the damage zone (see

Fig. 6a). (b) Close-up of the faults shown in a (see dashed rectangle). The internal architecture of this fault consists of centimeters-thick comminuted, uncemented

fault rocks bounded by throughgoing slip surfaces with reddish alteration.
Fig. 17c), and (3) cataclastic deformation of the pulverized
carbonates, as well of the fault rocks of the core. The pressure
solution-based deformation mechanism was either absent or
minimal within the normal fault zone during this time.

Considering the pulverized carbonates domain, it contains
three sets of cataclastic shear bands, CSB1 to CSB3, which
are fundamental structural elements characteristic of granular
clastic rocks with porosity greater than 15% (Aydin, 1978; An-
tonellini et al., 1994), and one set of joints and sheared joints,
JV5, that postdate both CSB2 and CSB3 sets. The presence of
these different structural elements indicates two main changes
in the rheology of the platform carbonates during the latest
stage of faulting in the most deformed domain if the damage
zone. The first change was from a stiff rock, which failed pri-
marily by closing mode fracturing, to a loose, granular rock
that failed by shear banding and cataclastic processes. The
original low-porosity platform carbonates (Agosta et al., in
press) underwent intense deformation at, and adjacent to, the
fault core. Adjacent to the fault core, the deformation pulver-
ized the carbonate rock and increased the porosity with respect
to that of the undeformed platform carbonate rock. This pul-
verized material was then undergone strain hardening and
loss of the secondary porosity during cataclastic deformation,
leading to the formation of new opening mode fractures and
their subsequent shearing. A similar change of failure mode
in sandstones has been previously described by Davatzes and
Aydin (2003) and Aydin et al (2006). The well-developed set
of cataclastic shear bands that occurs adjacent and parallel
to the fault core, CSB1, merges into the fault rock, which sug-
gests a mechanism responsible for the generation of the fine-
grained fault rock in the platform carbonates. It is possible
that the fault rocks perpendicular to the fault core grew by
incorporating the adjacent cataclastic shear bands (cf.
Fig. 15). The addition of fine-grained material into the fault
core in the form of organized, discrete, sub-parallel cataclastic
shear bands, would be therefore a self-organized process,
rather then an abrasion or wearing-based process.

7. Conclusions

The Venere fault has a maximum of 600 m of throw and is
made up of deformed basinal sediments in the hanging wall,
a fault core (up to 1 m thick) and a damage zone (up to
100 m thick) in the footwall. The footwall is tilted toward
the basin relative to the Mesozoic, low-porosity, platform car-
bonate rocks present outside of the fault zone. The amount of
tilting of the fault footwall increases toward the basin. The
fault core is comprised of both matrix-supported and ce-
ment-supported fault rocks, and first-order slip surfaces that
recorded dip-slip and minor strike-slip components. The dam-
age zone of the Venere footwall is crosscut by various second-
and third-order faults of differing lengths, spacing, throw, and
degrees of deformation. The platform carbonates between

Table 3

Thickness, down-plunge direction, and dip-angle of the three sets of cataclastic

shear bands present within the pulverized carbonates domain outcropping

along the vertical wall #1 (cf. inset of Fig. 3a) of the Santilli Quarry

Set Thickness (D) Down-plunge

direction (a)

Dip-angle (b)

CSB1 D < 15 035 < a < 058 57 < b < 85

CSB2 D < 5 015 < a < 041 15 < b < 45

CSB3 D < 5 208 < a < 231 31 < b < 65
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Fig. 19. Idealized block diagrams showing the overburden and thrust structural

assemblages that predate normal faulting. The length of the blocks is of a few

meters. (a) The overburden assemblage includes bed-parallel pressure solution

seams, PS1, and veins, JV1. The bed-perpendicular veins, JV2a, confined

within the PS1-bound mechanical layers may also belong to this structural as-

semblage. (b) The pre-tilting thrust assemblage of the platform carbonates is

comprised of two sets of sub-orthogonal pressure solution seams, PS2a and

PS2b, and, occasionally, veins, JV2a and JV2b. The direction of the greatest

principal stress axis, s1, reported in the block diagram represents the direction

of the maximum compressive regional stress during thrust tectonics inferred

from regional geology (after Vezzani and Ghisetti, 1998). (c) Oblique pressure

solution seams, PS3, at the tips and around geometric complexities of the
adjacent third-order faults are densely crosscut by pressure so-
lution seams, joints/veins, sheared seams, and sheared joints/
veins. The frequency of these structures generally increases
closer to the fault core. Based on the results of our field obser-
vations of the fracture spacing and laboratory analyses of grain
size distribution, we distinguished three different domains in
the damage zone of the fault footwall: (i) pulverized, (ii) in-
tensely fractured, and (iii) moderately fractured carbonates.
The most deformed domain, the pulverized carbonates, flanks
the fault core. The three domains of the damage zone are usu-
ally bounded by second-order faults. The relative thickness of
these domains shows a pronounced lateral variability along the
south-central portion of the Venere fault zone.

Normal faulting in platform carbonates initiated by shearing
of the pre-existing, primarily bed-perpendicular, structural ele-
ments inherited from the earlier thrust tectonics regime. This
process produced oblique tail pressure solution seams and
joints/veins at the contractional and extensional quadrants of
the sheared elements, respectively. Interaction between these
new tail fractures and the pre-existing structural elements
formed isolated pods of fragmented carbonate rocks within
the individual mechanical layers. These isolated pods of frag-
mented rocks then coalesced across the adjacent mechanical
layers to form two sets of conjugate normal faults within the
emerging fault zone. With ongoing deformation, exhumation,
and tilting of the fault footwall toward the basin, opening and
shearing modes deformation became more pronounced within
the fault zone relative to closing mode deformation. The last
stages of faulting were characterized by the juxtaposition of
the basinal sediments of the hanging wall against the deformed
carbonates of the footwall. Cataclastic deformation of the fault
core and adjacent pulverized carbonates, opening-mode frac-
turing, as well as shearing and dilation of the pre-existing struc-
tural elements of the damage zone were the main processes that
occurred during seismic faulting of the Venere fault zone.

Two main rheological and structural changes are tractable
in the pulverized carbonates domain of the damage zone: first,
the original massive, low-porosity, platform carbonates failed
primarily by closing-mode and to a lesser degree by open-
ing-mode fracturing, leading to high fragmentation and pul-
verization of these rocks. Consequently, the deformed
material behaved similar to loose, porous, granular rocks and
failed by shear banding and cataclastic processes. Second,
this highly comminuted and pulverized carbonates then failed
by opening mode fracturing due perhaps to strain hardening by
cataclastic deformation. It appears that this is the first time that
a double transition in the rheology, from a massive rock to
a pulverized high porosity rock, and then to a cohesive, brittle
rock has been documented in platform carbonates. The defor-
mation at the fault core/damage zone transition also suggests
that the fault rocks of the core grew laterally by a self-orga-
nized process that involved the incorporation of the adjacent
cataclastic shear bands oriented sub-parallel to the fault core.

sheared PS1 seams mark the rotation and tilting of the mechanical layers.

The oblique tail joints and veins JV4 could have also formed during this stage

postdating the tail PS3 seams.
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Fig. 20. Idealized block diagrams showing a model for normal fault development in platform carbonates. (a) Meter-long portion of the block diagram shown in

Fig. 19c. Shearing of the pre-existing structured and formation of tail pressure solution seams, PS4a and PS4b, and tail joints and veins, JV3a and JV3b. The

coalescence of these tail fractures with the pre-existing elements formed fragmented zones within the PS1-bounded mechanical layers. (b) Linkage of the frag-

mented zones across adjacent mechanical layers and development of two sets of NW striking normal faults dipping SW and NE, respectively. (c) During ongoing

slip, exhumation, and basinward tilting of the fault zone, normal shearing of the pressure solution seams, PS1, and development of tail joints/veins, JV4. The

synthetic faults are hundreds of meters-long features with several centimeters thick cemented and uncemented fault rocks, slip surfaces coated with calcite,

and a few meters thick damage zone. (d) Block diagram showing the current architecture of the Venere fault zone; the length is not in scale. The last stage of

faulting is characterized by the juxtaposition of the basinal sediments of the hanging wall against the deformed carbonates of the footwall. The fault zone includes

a fault core, with fault rocks and first-order slip surfaces, and a damage zone comprised of three domains with different deformation intensity (cf. Fig. 3a) and

various dip domains (cf. Fig. 3b). The earlier structures are preserved in the relative less-deformed parts of the damage zone (cf. c).
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