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The Foiana Fault Zone (FFZ) is amajor sinistral transpressive fault zone exhumed from b2 kmdepth in the Italian
Southern Alps. The fault zone crosscuts thick sequences of sedimentary dolostones and shows increasing cumu-
lative throw (0.3–1.8 km) moving from south to north along fault strike. The FFZ consists of variably fractured
and fragmented dolostones locally cut by small-displacement (b0.5 m) faults containing discrete, highly-
reflective (so-called “mirror-like”) slip surfaces. The mirror-like slip surfaces are typically embedded within
fine-grained cataclasite layers up to a few centimeters thick. Preservation of bedding planes in the fragmented
dolostones indicates a lack of significant shear strain. Instead, the fragmented dolostones are affected by in-situ
shattering from the centimeter down to the micrometer scale, resembling pulverized rocks in crystalline lithol-
ogies. Detailed field and aerial structural mapping reveals significant changes in the structure of the FFZ along
strike. In particular, the fault zone exhibits large variations in thickness (from c. 100 m in the north to
more than 300 m in the south) and changes in mean fault orientation and fault kinematics (from dominant
oblique- and strike-slip in the north to dip-slip reverse in the south), togetherwith the reactivation of preexisting
anisotropies (i.e. bedding). Overall, the structure of the FFZ, when considered together with possible variable ex-
humation levels along strike, compares favorably to the predicted damage distribution in three-dimensional
earthquake rupture simulations on strike-slip faults, as well as to the characteristics of active seismic sources
hosted in carbonate rocks as illuminated by recent seismological studies.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Many seismically active regions onEarth, including theMediterranean
area, the Himalayan–Tethyan mountain chain and the Canadian Rockies,
contain thick sequences (up to 4–10 km) of sedimentary carbonates
(mainly limestones and dolostones) in the brittle upper crust. Fault
zones hosted in carbonates represent significant seismogenic sources
and their investigation in terms of fault zone structure and fault-related
deformation processes is fundamental to improving our knowledge of
earthquake mechanics.

The seismogenic behavior of faults is strongly influenced by fault
zone structure and fault rock constitutive properties (Scholz, 2002). In
the last few years, increasingly high-resolution seismological tech-
niques (e.g. high-precision hypocenter relocations, tomography based
on different seismic observables) have yielded new constraints on the
geometry and velocity structure of active seismogenic fault zones
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down to length scales of b100 m (Chiaraluce et al., 2011; Di Stefano
et al., 2011; Nemser and Cowan, 2009; Thurber, 2013; Valoroso et al.,
2013). Further information on the coseismic off-fault damage distribu-
tion can be retrieved from 3D numerical simulations of seismic ruptures
(e.g. Ma and Andrews, 2010). Fault-drilling projects allow direct
measurements of active seismogenic sources through a combination
of in-situ geophysics (strain rate, pore pressure, etc.) and sampling of
fault rocks (e.g. Alpine fault drilling project, Sutherland et al., 2012;
Chelungpu fault drilling project, Boullier et al., 2009; San Andreas
Fault Observatory at Depth, Zoback et al., 2011;Wenchuan fault drilling
project, Li et al., 2012; J-FAST fault drilling project, Brodsky et al., 2013).
Nevertheless, the investigated rock volumes in drilling projects are too
small to furnish a three-dimensional characterization of fault zone
internal structure. The study of well-exposed, exhumed fault zones,
based on field structural mapping and fault rock characterization,
remains one of the best ways to describe both the geometry of faults
(e.g. fault surface roughness) and the spatial distribution and physical
(i.e. mechanical and transport) properties of fault rocks at scales rele-
vant to seismic rupture dynamics.

Simplifiedmodels of the structure of fault zones depict a fault core in
which most fault displacement is accommodated, surrounded by a
damage zone that passes laterally in to relatively undeformed host
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Fig. 1. Geological map of the study area located in the inner sector of the eastern Southern Alps (Val di Non area, northern Italy), simplified after published geological maps of the area
(Tavola Fondo, Avanzini et al., 2001; Foglio Appiano, Bosellini et al., 2007; Jurassic was not included in the legend since it is very condensed or lacking within this area). The main fault
in the area is the NNE–SSW-trending sinistral transpressive North Giudicarie Line (NGL, yellow line in the figure) which together with the Meran–Mauls Line (MML) is part of the
Periadriatic Lineament (see the inset in the top left corner of the figure). The Periadriatic Lineament separates the north-vergent Alpine chain to the west (Alps s.s., different green
tones in the inset refer to principal structural domains) from the Southern Alps domain to the east (blue in the inset). Other regional-scale faults (red lines in the figure) are the
Trento–Cles Line (TCL) and Foiana Fault Zone (FFZ) within the Southalpine domain, and Rumo Line (RL), Peio Line (PL), Passeier Line (PAL) within the Austroalpine domain. The NNE–
SSW-trending sinistral transpressive Foiana Fault Zone is the object of this study. Three main segments of the FFZ can be identifiedmoving from north to south basing on changes of av-
erage fault zone strike and geology of the host rocks (seemain text for details). The cumulative vertical throw across the FFZ reduces from 1.6–1.8 km in the northern sector to 0.3–0.5 km
in the southern sector where a restraining fault bend occurs. The restraining bend represents the southern termination of the FFZwhere it fades into a fault-propagation anticline (see the
geological sections A–B and the main text for further explanations).
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rocks (Antonellini and Aydin, 1994; Caine et al., 1996; Chester et al.,
1993; Childs et al., 2009). The fault core typically consists of tabular or
lens-shaped volumes of fault rocks (e.g. cataclasites, ultracataclasites,
fault breccias, and gouges; Sibson, 1977, 2003) delimited by localized
slip zones and slip surfaces. The damage zone is up to hundreds of
meters thick and consists of secondary faults, fractures and veins that
may increase in frequency towards the fault core (Billi et al., 2003;
Cowie and Scholz, 1992; Mitchell and Faulkner, 2009). Although the
“fault core-damage zone” model has found wide applicability, certain
seismogenic faults are not adequately described using such a model.
In particular, some exhumed seismogenic fault zones hosted in crystal-
line (e.g. the Gole Larghe Fault Zone exhumed from 8–10 km, Di Toro
and Pennacchioni, 2005; Smith et al., 2013; the Fort Foster Brittle
Zone, Swanson, 1988) and carbonate sedimentary rocks (e.g. the
Borcola Pass Fault Zone exhumed from b2 km; Fondriest et al., 2012)
lack well-defined single or multiple fault cores (Caine et al., 1996;
Faulkner et al., 2010); instead, displacement is distributed amongst
complex networks of minor faults and fractures (Di Toro et al., 2012).
These fault zones are typically highly segmented and contain tens to
hundreds of sub-parallel fault strands linked to one another by
networks of minor faults and fractures. Such a high degree of structural
complexity is often due to reactivation of preexisting anisotropies and
lithological variations in the host rocks.
In this paper we describe the macro- to micro-scale internal struc-
ture of the Foiana Fault Zone (FFZ), a major (~30 km long) sinistral
transpressive fault zone cutting Permo-Triassic igneous and sedimenta-
ry rocks – the latter including thick sequences of sedimentary
dolostones – in the Italian Southern Alps. The FFZ was exhumed from
b2 km depth and consists mainly of intensely fragmented dolostones
lacking evidence of significant shear strain (i.e. in-situ shattered
dolostones), similar to pulverized rocks described from fault zones in
crystalline lithologies. Detailed field and aerial structural mapping con-
ducted along severalwell-exposed sections of the fault zone allowed for
the recognition of significant changes in the structure of the FFZ along
strike. On the basis of experimental and microstructural observations
we suggest that the structure of the FFZ preserves the effects of ancient
earthquake ruptures that propagated at shallow crustal depths. If this is
correct, the structure of the FFZ as deduced from field observations can
be comparedwith predictions of three-dimensional earthquake rupture
simulations and with the structure of active seismogenic sources
retrieved by seismological techniques.

2. Tectonic setting of the study area

The eastern Southern Alps of Italy are a SSW-vergent fold and thrust
belt extending for ~200 km along the average transport direction from
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the Periadriatic Lineament to the upper Venetian Plain,where the active
frontal thrusts are buried under Quaternary alluvial deposits (Fig. 1).
The Periadriatic (or Insubric) Lineament is the most important tectonic
boundary in the Alps, separating the Alpine collisional wedge to the
north (a stack of Europe-vergent nappes dominated by Cretaceous to
Oligocene alpine metamorphism and ductile deformation) from the
backthrust belt of the Southern Alps to the south (dominated by brittle
tectonics involving the Variscan crystalline basement and the overlying
volcanic and sedimentary cover of Permian to Paleogene in age)
(Castellarin et al., 1992, 2006). The Periadriatic Lineament consists of
several segments with differing kinematics and geodynamic histories.
In the eastern sector of the chain the main segments are the E–W
striking Tonale and Pusteria Lines, and the NNE–SSW striking North
Giudicarie Line (Fig. 1).

The North Giudicarie Line is usually interpreted as a left-lateral
transpressive fault of middle-late Miocene age (Laubscher, 1971,
1988, 1996; Ratschbacher et al., 1991). In its southern sector (Fig. 1)
the North Giudicarie Line consists of a large-scale reverse fault that
places medium to high-grade basement rocks of the Austroalpine
domain in the hanging wall on Mesozoic sedimentary cover rocks of
the Southern Alps in the footwall (Prosser, 1998, 2000; Santini and
Martin, 1988; Werling, 1992). In this area the strike-slip deformation
component is largely partitioned in to the footwall of the North
Giudicarie Line, within the Southern Alps domain, along N–S to NNE–
SSW oriented regional scale faults such as the Trento–Cles Line and
the Foiana Fault Zone (Foiana Line auctorum: Dal Piaz, 1942; Van
Hilten, 1960; Cadrobbi, 1965; Prosser, 1998, 2000). The Foiana Fault
Zone is particularly well exposed in several areas and is the focus of
this study (Fig. 1).
3. The Foiana Fault Zone (FFZ)

3.1. Geology and regional-scale geometry of the FFZ

The Foiana Fault Zone (FFZ) is a sinistral transpressive fault zone
that strikes sub-parallel to the North Giudicarie Line at a distance of c.
4–5 km to the east (i.e. within the Southern Alps domain). The FFZ is
exposed for ~30 km from the western Val di Non area to the Adige
valley near the village of Lana (northern Italy) (Fig. 1). If, as some
authors suggest (Cadrobbi, 1965; Van Hilten, 1960), the FFZ is linked
to the north with the North Giudicarie Line and to the south with the
Trento–Cles Line, a maximum fault zone length of ~45 km can be
estimated. The average strike of the FFZ is NNE–SSW with dip angles
in the range 45°–80° west, increasing from south to north along fault
strike.

In detail, three main segments of the FFZ can be distinguished
based on changes in average fault zone strike and dominant
host rock lithologies (Figs. 1, 2): 1) in its northern sector (length
~11 km, north of the Palade Pass) the FFZ strikes NNE–SSW, dips c.
80° to the west and puts in contact Variscan basement and Permian
intrusions to the west against Permian to lower Triassic cover rocks
(mainly sandstones and marls) to the east (Bosellini et al., 2007).
The northern sector is arranged in two en-echelon left-stepping
segments with a lateral separation of ~600m; 2) in the central sector
(length ~10 km; from Salobbi to Palade Pass) the FFZ strikes N–S,
dips 50°–70° to the west and places Permian vulcanites in the hang-
ing wall on middle to upper Triassic dolostones in the footwall; 3) in
the southern sector (exposed length ~ 4 km; from Cloz to Salobbi)
the FFZ strikes NE–SW and dips 45°–60° northwest. This highlights
a prominent fault bend between the central and southern sectors.
In the southern sector the fault zone cuts through middle to upper
Triassic dolostones. Further to the south the fault zone is interpreted
to lie in the core of a southeast-verging fault-propagation anticline lead-
ing to local overturning of the Triassic–Paleogene cover sequence
(Fig. 1) (Bosellini et al., 2007).
3.2. Kinematics and cumulative displacements along the FFZ

Regional-scale geological studies at the beginning of the twentieth
century variably interpreted the Foiana Fault Zone as a thrust fault
(Dietzel, 1960; Schwinner, 1915; Spitz, 1919) rather than a left-lateral
strike-slip fault (De Sitter, 1956; Trevisan, 1939). More recent field-
based structural investigations (Bosellini et al., 2007; Cadrobbi, 1965;
Prosser, 1998; Van Hilten, 1960) all consider the Foiana Fault Zone as
a sinistral transpressive fault with kinematics strongly related to
the North Giudicarie Line. In particular, kinematic data collected by
Prosser (2000) suggest that NNE–SSW to N–S oriented fault strands,
characterizing the central and northern sectors of the FFZ (Figs. 1,2), ac-
commodated left-lateral transpressive to pure strike-slip movements.
NE–SW oriented fault strands such as the southern sector of the FFZ
(Figs. 1,2) accommodated nearly pure dip-slip reverse movements
and were active as restraining fault bends. This kinematic framework
is consistent with an overall SSE directed shortening direction, recorded
in the fault rock fabric of the North Giudicarie Line (Prosser, 1998) and
associatedwith themain thrusting episode in the Southern Alps (i.e. the
“Valsugana phase”, Castellarin et al., 1992) of middle-late Miocene age
(about 13 Ma (Serravallian), by apatite fission track data Zattin et al.,
1997).

Cumulative displacements along the Foiana Fault Zone can only be
roughly estimated from published geological maps (e.g. Foglio Appiano,
Bosellini et al., 2007) and restored geological sections (Prosser, 1998).
The estimated cumulative strike–slip component along the FFZ is
4–5.5 km in the northern sector and 1.5–2 km in the central sector,
progressively reducing to zero at the buried tip of the fault zone in the
southern sector. In a similar manner, the cumulative vertical throw re-
duces along strike from 1.6–1.8 km in the central and northern sectors
to 0.3–0.5 km in the southern sector. In the south, compressive defor-
mation is interpreted to be transferred to a regional-scale decollement
hosted within evaporitic rocks of early-middle Triassic age, resulting
in a total shortening of ~5.5 km (Prosser, 1998) (Fig. 1).

Based on these observations, the NE–SW striking southern sector of
the FFZ represents the southern termination of the fault zone.Moreover,
as will be discussed in Section 7.3.2, the southern sector of the FFZ
potentially represents a fault zone section exhumed from shallower
depths in comparison to the central and northern sectors.

3.3. Pattern of tectonic lineaments associated to the FFZ

A remote sensed structural analysis was performed to characterize
the regional-scale pattern of tectonic lineaments in the area around
the FFZ (analyzed zone: 2–6 km wide, c. 30 km long, Fig. 2a). Linea-
ments were mapped using orthorectified aerial photographs (spatial
resolution of 0.5 m), hillshaded LiDAR-based digital elevation models
(spatial resolution of 1–2.5 m) and recent geological maps (Avanzini
et al., 2001; Bosellini et al., 2007). The majority of the mapped linea-
ments are faults and fractures (i.e. bedding and foliation surfaces were
excluded). The average strike of the lineaments within a distance of
1 km from the trace of the FFZ was calculated using the “linear direc-
tional mean (ldm)” function in ArcGIS 10 and represented on rose
diagrams (Fig. 2a,b).

The main trace of the FFZ was not continuously recognizable from
hillshaded images and aerial photographs, therefore it was largely
inferred from published geological maps. Most of the lineaments strike
NNE–SSW (N 0°–30° E) with a maximum frequency at N 20° E, which is
the average strike of the FFZ. Another well-developed set of lineaments
strikes NNW–SSE (N 20°W). Such a pattern is consistentwith the dom-
inant left-lateral transpressive kinematics of the FFZ (see Fig. 2b,c).

The orientation of lineaments around the FFZ is strongly affected by
changes in the strike of the FFZ moving from south to north. In the
southern sector of the fault zone, approaching the fault bend, the linea-
ments aremorewidely scattered in strike, although a dominant NE–SW
striking set is still recognizable (Fig. 2d). In the north, the lineaments are



Fig. 2.Remote sensing analysis. (a)Map of tectonic lineaments around the FFZ. The base of
the map is a hillshaded LiDAR digital elevation model (spatial resolution of 1–2.5 m). The
thick red line represents the trace of the main tectonic contact of the FFZ as interpreted
from aerial images and published geological maps while other lineaments are yellow
lines. (b) Rose diagram of the strike of the mapped lineaments within a distance of 1 km
from the fault. (c) Scheme of Riedel-type secondary faults/fractures with respect to a
NNE–SSW striking left-lateral strike–slip main fault. NNE–SSW trending lineaments in
Fig. 2b represent Y-type Riedel faults/fractures, while NNW–SSE trending lineaments in
Fig. 2b strike consistently with R-type Riedel faults/fractures. (d,e) Details of the pattern
of tectonic lineaments in the southern and central sectors of the FFZ (see insets in
Fig. 2a for location) and rose diagrams of the strike of the mapped lineaments. The strike
of the lineaments are more scattered in the southern sector (Fig. 2d) with respect to the
central sector (Fig. 2e). The NW–SE trending lineaments in Fig. 2d (relative maximum in
the rose diagram) strike consistently with small tear faults reported in published geolog-
ical maps (Avanzini et al., 2001; Bosellini et al., 2007).
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strongly clustered in a NNE–SSW direction sub-parallel to the strike of
the FFZ (Fig. 2e).

3.4. Studied outcrops

The northern sector of the Foiana Fault Zone (north of the Palade
Pass) is largely hidden under Quaternary glacial deposits (Fig. 1). Defor-
mation related to the fault is observed only within lower Triassic cover
rocks (marly limestones and siltstones of the Werfen Formation) in the
footwall where they are folded and cut by small thrusts dipping to the
south (Fig. 1).

The central and southern sectors of the Foiana Fault Zone (south of
the Palade Pass) contain several excellent exposures where the fault
zone cuts through middle to upper Triassic dolostones of the Mendola
Formation and Dolomia Principale (Figs. 1,3). Since fault rocks in these
areas consist of heavily fragmented dolostones that are easily eroded,
the fault zone typically outcrops within gullies or areas of badlands
(Fig. 3).

The internal structure (i.e., geometry, thickness, fault kinematics,
fault rock types and spatial distributions) of the FFZwas studied in detail
at three outcrops (outcrops A–C)where the fault cuts through dolomitic
host rocks. The studied outcrops are distributed along a strike length of
c. 6 km and are, from south to north (Fig. 3):

1) Outcrop A (1100–1250 m a.s.l., N 46°26′–E 11°05′), located to the
west of the village of Carnalez, is within the NE–SW striking south-
ern sector of the fault zone. Here the FFZ is exposed within several
large gullies over an area of ~0.5 km2 on the eastern flank of the
Ozol mountain ridge. The fault zone outcrops within the footwall
block of the main tectonic contact of the FFZ (minimum across-
strike distance of the main tectonic contact in this area c. 200 m)
in correspondence to the overturned forelimb of a fault propagation
anticline (Fig. 3c).

2) Outcrop B (1150m a.s.l., N 46°27′-E 11°05′) is located to the west of
the village of Salobbi, within the N–S striking central fault zone
sector. Here, the fault zone outcrops within an area of badlands
topography ~0.05 km2. The northern part of this outcrop is particu-
larly well-exposed along vertical walls artificially excavated for road
construction. The outcrop lies within the footwall block of the main
tectonic contact of the FFZ (minimum across-strike distance of the
main tectonic contact in this area c. 250 m).

3) Outcrop C (1350 m a.s.l., N 46°28′-E 11°06′) is located south of the
Dòs de la Cièura, again within the N–S striking central sector. Here
the fault zone is exposed in a ~40 m long section perpendicular to
fault strike and over ~150 m parallel to fault strike. Again, the
exposed fault zone lieswithin the footwall block of themain tectonic
contact of the FFZ (minimum across-strike distance of the main
tectonic contact in this area c. 50 m), which here consists of a high
angle sinistral transpressive fault (Fig. 3c).

3.5. Host rocks

In the studied outcrops, the FFZ is hosted within sedimentary
dolostones belonging to two lithostratigraphic units (Fig. 3b): (i) the
Mendola Formation and (ii) the Dolomia Principale (Tavola Fondo,
Avanzini et al., 2001; Foglio Appiano, Bosellini et al., 2007).

TheMendola Formation (age:mid Triassic; thickness: 230–450m) is
organized in two members which are partially heteropic: (i) the
peritidal member (i.e. Sciliar Formation in Foglio Appiano Bosellini
et al., 2007) and (ii) the subtidal member (i.e. Contrin Formation in
Foglio Appiano Bosellini et al., 2007). The peritidal member (thickness:
150–300 m) consists of light-gray dolostones with cycles up to 0.6–1 m
thick characterized by stromatolitic laminations and planar trails of
fenestrae (Fig. 4). The subtidal member (thickness: 80–150m) consists
of dolostones rich in calcareous algae with beds up to 1 m thick. The
presence of pods of reddish marly dolostones and up to tens of
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centimeters thick horizons of dark-gray marly dolostones and reddish
shales is reported within both members (Bosellini et al., 2007). The
studied exposures of the FFZ involve mainly the peritidal member of
the Mendola Formation.

The Dolomia Principale (age: late Triassic; thickness: 230–250 m)
consists of light-gray massive dolostones with fenestrae and stromato-
litic laminations organized in intervals up to few meters thick. The
upper portion of the two litostratigraphic units is characterized by
brownish to reddish clay-rich interlayers up to a few centimeters thick
and isolated paleokarst and paleosoil deposits with similar mineralogy
(dolomite, kaolinite, anatase; from powder X-Ray Diffraction, XRD,
analyses).

At the regional scale, and outside the FFZ, the Mendola Formation
and the Dolomia Principale are locally separated by an unconformity
surface or bymiddle to upper Triassic litostratigraphic units (i.e. Basaltic
Vulcanites and Travenanzes Formation; see Bosellini et al. (2007) for
further information) (Fig. 3). Within the FFZ the contact between the
Mendola Formation and the Dolomia Principale is everywhere repre-
sented by faults (Fig. 3).

4. Principal structural features of the Foiana Fault Zone

In this section the main structural elements (e.g. preexisting anisot-
ropies, fragmented dolostones, faults) recognizable at the mesoscale
within the FFZ are described.

4.1. Preexisting anisotropies

The undeformed dolomitic host rocks are rarely exposed in proxim-
ity to outcrops of the FFZ. Observations were collected 2–3 km to the
east of the FFZ (yellow stars in Fig. 3) where the dolostones are charac-
terized by a relatively low fracture density, assumed to represent the
background deformation level (Fig. 4). The dolomitic host rocks are
affected by subvertical joints with variable strike orientations (small
relative maximum of WNW–ESE striking joints) and spacing (only
locally down to tens of centimeters). The other preexisting anisotropies
are represented by bedding surfaces and marly dolostone interbeds.
Significantly, no clear evidence of veining or pressure solution was
recognized in the host rocks.

4.2. Fractured and fragmented dolostones

The studied sections of the FFZ (outcrops A–C, Fig. 3) cut through
dolostones mainly belonging to the Mendola Formation (peritidal
member), with the Dolomia Principale outcropping only in the lower
portion of outcrop A over ~60 m perpendicular to the strike of the FFZ.
Other small outcrops (1–3 m in length) of the Dolomia Principale
were found within the FFZ just to the east of the Dòs de la Cièura (out-
crop C, Fig. 3).

In the studied outcrops (A–C) the FFZ typically consists of large vol-
umes (up to hundreds of meters in thickness; see Section 5 for details)
of intensely fractured and fragmented dolostones cropping out within
badlands areas or along partially eroded cliffs (Fig. 5a). Fragmented
dolostones are defined as those affected by pervasive extensional
fracturing resulting in the formation of rock fragments from a few
centimeters down to a few millimeters in size (Fig. 5). It is observed
that larger fragments are typically delimited by three to five fracture
sets and often show a prismatic shape (Fig. 5c,d). Most of the fractures
are open (Fig. 5c,d), while sealed fractures and veins were only sporad-
ically observed.

The smaller (milimetric scale) rock fragments are angular and result
from a dense network of extensional fractures (average fracture spacing
b1 cm) (Fig. 5e). These highly fragmented dolostones are strongly
affected by water and frost weathering that often produces a loose and
thick (up to several centimeters) cover of regolith over the outcrops.
One of the most remarkable characteristics of the fragmented
dolostones within the FFZ is the absence of significant shear strain.
This is documented by the preservation of primary sedimentary
features in the host rocks, such as bedding surfaces, marly dolostone
horizons and stromatolitic laminations, even in the most highly
fragmented areas (Fig. 5b).

4.3. Discrete faults and fine-grained cataclasites

The fragmented dolostones are locally cut by networks of discrete
faults containing fine-grained layers of cataclasite and ultracataclasite
(following the classification scheme of Sibson, 1977) up to a few
centimeters thick (usually b 5 cm; Fig. 6). The cataclasites are lighter
in color and more cohesive compared to the surrounding fragmented
dolostones (Fig. 6b,c), and contain a maximum clast size of a few milli-
meters. The discrete faults can be divided in two types: (i) polished fault
surfaces that, under natural light, have a specular “mirror-like” finish
(Fig. 6; Fondriest et al., 2013), and (ii) minor faults with rough, poorly
polished, surfaces cutting marly horizons and often characterized by
an enrichment of clay minerals (Fig. 7).

4.3.1. Mirror-like faults
A majority of faults cutting through fragmented dolostones are

characterized by polished, mirror-like surfaces. Many of these faults
are lined by brownish flames of iron oxides and hydroxides (hematite
and goethite; XRD analyses, Fondriest et al., 2013) that define elongate
fault striae (Fig. 6b). The mirror-like reflectance of these faults suggests
that they are very smooth at length scales approaching the wavelength
of visible light. According to the Rayleigh roughness criterion, a surface
reflects light specularly if the root mean square (RMS) of surface rough-
ness is smaller than 100 nm at wavelength λ = 550 nm (an average
value for visible light) (Beckmann and Spizzichino, 1963; Siman-Tov
et al., 2013). Nevertheless, at length scales larger than 1 mm, the
mirror-like faults often show: (a) slip surfaces (slickensides) with
fault striae and surface grooves with amplitudes of up to a fewmillime-
ters, and (b) curviplanar fault traces (i.e. intersection between fault and
outcrop surface) (Fig. 6a,c).

The traces of the mirror-like faults through the fragmented
dolostones typically show lateral continuity in the range 1–20 m,
and measured displacements are in the range of 0.04–0.5 m (see
Section 7.2 for details). Therefore, the mirror-like faults are relatively
small structures with estimated total lengths on the order of a few
hundred meters or less.

4.3.2. Minor faults cutting marly dolostones
Minor faults cutting paleosol or paleokarst deposits in the Mendola

Formation are associated with clay-rich gouge layers up to a few-
centimeters thick that have a yellowish to reddish color (XRPDmineral-
ogy of the gouge: dolomite, kaolinite, anatase ± hematite). The clay-
rich gouges are smeared along the minor fault surfaces and in some
cases also along secondary fault branches. The gouge layers are
surrounded by fragmented dolostones (Fig. 7a). In some cases, minor
fault surfaces lined by thin (less than 1 mm) reddish layers (Fig. 7b)
enriched in clays, are not obviously connected to paleosol or paleokarst
horizons. These faults have lateral continuity of up to several tens of
centimeters and a rough, pitted surface finish. They are tentatively
interpreted as fault surfaces affected by weathering or exploited as
pressure-solution surfaces.

5. Along-strike changes in the structure of the Foiana Fault Zone

To understand along-strike changes in the structure of the FFZ,
detailed structural mapping was performed at the three outcrops
described in Section 3.4 (Fig. 3). Structural features that were evaluated
include the total fault zone thickness, the spatial distribution and



Fig. 3. Aerial view of the central and southern sectors of the FFZ, south of the Palade Pass. (a) The studied outcrops (A, B and C) are outlined in yellow. All three outcrops are located in the
footwall with respect to themain trace of the FFZ. Thewhite arrow (σ1) represents themiddle-lateMiocene (Serravallian)maximum compressive axis associatedwith themain thrusting
episode of the Southern Alps and responsible for faulting along the FFZ.White symbols and numbers represent the attitude of the bedding at the regional scale around the FFZ. Around the
northern and southern sector of the FFZ the bedding is generally dipping toWSWwith dip angles of 20°–50°. In the southern sector of the FFZ the bedding is affected by the presence of the
anticline and is overturned in the footwall block. (b) The geology of the area is superimposed on Fig. 3a, using the same legend as in Fig. 1 with Quaternary deposits left uncolored. The
studied outcrops of the FFZ are in sedimentary dolostones belonging to the Mendola Formation and the Dolomia Principale. (c) Geological cross sections of the three studied outcrops.
Bedding is represented with dashed black lines. Traces of the cross sections are reported in Fig. 3b as white dashed lines.
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relative abundance of fault rocks (Fig. 8), and fault orientations and
dominant kinematics.

5.1. Methodology

Mapping of the FFZ was performed along profiles oriented parallel
and perpendicular to the average strike of the FFZ at each of the three
outcrops. Profiles were constructed in areas where parts of the fault
zone are completely exposed along small natural rock walls or artificial
road cuts. The typical structural dataset collected along a profile includ-
ed: orientations of bedding, joints, faults; data on fracture spacing and
fault kinematics; and systematic sampling of fault rocks. Observations
made along the profiles were extended to larger areas by detailed
field mapping. In the case of outcrop A (Fig. 9), which contains large
exposures of the FFZ within badlands and eroded gullies, the fault
zone was mapped in detail within an area of ~0.06 km2 (Fig. 9).
Mapping of the fault zone in this area was performed using a high-
resolution (1pixel ~ 16 cm2) geo-referencedphotomosaic as a basemap,
obtained by surveying the outcrop with an unmanned aerial vehicle
Fig. 4. Host rocks of the FFZ. (a) Sedimentary dolostones of the Mendola Formation (peritidal m
in Fig. 3). The dolostones are relatively undeformed but some subvertical joints can be noticed.
n=56) and bedding (poles to planes and great circles; black dots and lines, n=6)measuredw
Fig. 3b). (b) Detail of a typical section of the Mendola Formation (peritidal member) with stro
(UAV1). Structural measurements were taken at stations evenly distrib-
uted across the outcrop and located using a handheld GPS (accuracy
typically +/−2 m). Information such as the GPS position of the struc-
tural stations, exposures of the various fault rocks and traces of faults
were transferred and digitized (using ArcGIS software) on to the aerial
photomosaic of the outcrop.

In all three studied outcrops, a “master” fault that may have accom-
modated a large amount of displacement was not recognized; in partic-
ular the main tectonic contact of the FFZ is always hidden under the
Quaternary cover. The faults measured in the field are all meso-scale
structures characterized by a lateral continuity of less than a few tens
of meters.

(1) The aerial survey with the unmanned aerial vehicle (UAV) was
performed by Chartagena Srl on 23rd October 2011. A CANON
EOS 550D camera was mounted on the UAV. 330 photographs
were taken at altitudes in the range 1220–1320 m. 13 GPS
control points (differential GPS) were used to orthorectify the
photographs and aid in the construction of the photomosaic.
ember) outcropping ~3 km to the east of the FFZ (the location of the outcrop is reported
Stereoplots in the upper left corner show orientations of joints (poles to planes; blue dots,
ithin bothMendola Formation andDolomia Principale at different locations (yellow stars in
matolitic laminations and planar trails of fenestrae.



Fig. 5. Fragmented dolostoneswithin the FFZ. (a) The FFZ exposed in large areas of badlands at outcropA. (b) Fragmented dolostones of theMendola Formation at outcrop A. Darkermarly
dolostone intercalations that define bedding are preserved despite the intense fragmentation. (c) Detail of the fragmented dolostones. The rock is affected by extensional fractures
delimiting prismatic rock fragments ranging from a few centimeters down to a few millimeters in size. (d–e) Details of fragmented dolostones: saw-cuts of fault rock samples collected
after consolidation with epoxy resin in the field. Rock fragments range from a few centimeters to a fewmillimeters in size, have angular shape and do not show evidence of shear defor-
mation (e.g., fractured clasts retain their original shape and individual pieces fit together like a jigsaw puzzle).
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5.2. Fault rock classification scheme

Fractured and fragmented dolostones within the FFZ were distin-
guished in the field using a scheme based on fracture spacing and the
average size of rock fragments (Fig. 8):

1) Fractured dolostones are affected by two or three sets of joints.
Based on the average spacing of the joint sets two subdivisions
were recognized (Fig. 8):

– Moderately fractured dolostones: average joint spacing (s) larger
than 1 m;

– Intensely fractured dolostones: average joint spacing (s) between
0.1 m and 1 m;

2) Fragmented dolostones are affected by three to five joint sets having
the effect of isolating individual prismatic rock fragments. Based
on the average size of the rock fragments two subdivisions were
recognized (Fig. 8):

– Poorly fragmented dolostones, with average rock fragment sizes
(d) larger than 3 cm; the maximum rock fragment size is b10 cm;

– Highly fragmented dolostones, with average rock fragment sizes
(d) between 0.1 cm and 3 cm; this type of fault rock often outcrops
within small gullies and is crosscut by the discrete faults described
in Section 4.3.

Fractured and fragmented dolostones developed both in the
Mendola Formation and in the Dolomia Principale and displayed
comparable damage (i.e. fracture pattern, size and shape of the rock
fragments) within the two lithostratigraphic units.
5.3. Outcrop A

Outcrop A is located to the west of the village of Carnalez in the NE–
SW striking southern sector of the FFZ.With respect to themain trace of
the FFZ identified on aerial photographs and published geological maps,
outcrop A is in the footwall and is representative of deformation occur-
ring within a restraining bend close to the southern tip of the fault zone
(Fig. 3).

Fig. 9 shows a structural map and two cross sections of outcrop A.
Fault rocks are typically well exposed along ridges isolated by the effect
of water runoff. ENE to NE trending valleys and incisions, easily recog-
nizable on the aerial image, developed parallel to the main set of faults
(marked as red lines in Fig. 9a).

The first-order fault set strikes ENE–WSW to NE–SW (from N45° to
N75°) with dip angles in the range 40°–80° NNW to NW (Fig. 9e,f). The
dominant fault kinematics, based on measurements of fault surface lin-
eations and grooves (Fig. 9g) and the observation of offset structural
markers (e.g. marly horizons), are dip-slip reverse with a slight left-
lateral component (Fig. 9g). The orientation of this fault set is similar
to that of the preserved sedimentary beddingwhich is vertical to locally
overturned in this area (Figs. 9h,10). Many of the faults within this
outcrop developed along and sub-parallel to the bedding surfaces.

The exposed fault zone at outcrop A is more than 300 m thick
(Figs. 9,10b) and is dominated by poorly and highly fragmented
dolostones (i.e., yellow and orange areas in Fig. 9a). Isolated layers
and pods of both moderately and intensely fractured dolostones up to
a few meters thick (i.e., dark and light green areas in Fig. 9a) occur to-
wards the NW and SE margins of the outcrop. Two cross sections
(Fig. 9b,c) running almost perpendicular to the mean strike of the
dominant fault set show the presence of 10–40 m thick bands of



Fig. 6. Small mirror-like faults developed in the fragmented dolostones. (a) Network of faults with mirror-like slip surfaces cutting through fragmented dolostones. (b) Detail of a mirror-
like slip surface characterized by the presence of elongate brownish flames of iron oxide and hydroxides (hematite and goethite from XRPD analyses). (c) Mirror-like faults containing
layers of whitish cataclasite up to few centimeters thick.
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highly-fragmented dolostones alternating with up to 10 m thick bands
and lenses of poorly-fragmented dolostones. The boundaries between
highly-fragmented and poorly-fragmented dolostones are mainly
discrete faults, suggesting a fault zone structure characterized by alter-
nating sub-parallel fault rock bands with different intensities of
fragmentation. Measurements of fault rock thickness along the two
cross sections (A,B; Fig. 9d) indicate that the FFZ at outcrop A mainly
consists of highly-fragmented dolostones.

The orientation of the fracture sets was measured within fractured
and poorly-fragmented dolostones. Three to five sets of joints were rec-
ognized (Fig. 9i). The three most frequent joint sets are (i) NNW–SSE
striking subvertical joints, (ii) ENE–WSW to NE–SW striking subvertical
joints, and (iii) ENE–WSW to NE–SW striking joints broadly parallel to
the main fault set (i.e., dip angles 40°–80°).

5.4. Outcrop B

Outcrop B is located in the N–S striking central sector of the FFZ, c.
2 km to the north of the bend between the central and southern sectors
(Fig. 3). The fault zone crops outwithin ~N–S oriented roadcuts ~120m
in length. The orientation of the roadcuts, approximately parallel to the
mean strike of the FFZ in this area, was not suitable to map the spatial
arrangement of fault rockswithin the fault zone. However, the presence
of recently cut vertical rock walls up to 6 m high with almost no debris
offered clear exposures of the fault networks within the FFZ (Fig. 11a).
The fault zone here consists of poorly to highly fragmented dolostones.
Although the total thickness of the FFZ could not be measured, the
Fig. 7.Minor faults cutting marly dolostones in the FFZ. (a) Fault cutting a paleosoil horizon. Th
dolomite, kaolinite, anatase ± hematite). Some of the gouge is also smeared along secondary
dolostones. The surface is rough and pitted, and may be affected by dissolution processes.
distribution of badlands topography in the area and the orientation of
the main fault sets at this outcrop (see below) suggest a total thickness
of b200 m.

Measured faults show more dispersed attitudes (Fig. 11a,d–f) com-
pared to outcrop A, but a first-order conjugate set is recognized with
faults striking ENE–WSWand dippingmoderately to steeply (dip angles
40°–85°) NW or SE (Fig. 11d). The dominant kinematics of this fault set
is dip-slip with reverse throws in the range of 0.04–0.5 m determined
from offset structural markers (bedding surfaces and horizons of
marly dolostone, e.g. Fig. 11c,f). Less frequent (second-order) fault sets
strike ~E–W and ~N–S (in this case the low frequency is likely due to
orientation of the studied section). Bedding in this area dipsmoderately
to the west with dip angles of 40°–50° (Fig. 11g). The dominant set of
faults does not exploit the preexisting bedding as observed at outcrop
A. No clear cross-cutting relationships were observed between the
first-order and second-order fault sets. Many of the faults at this
outcrop, belonging both to the first-order fault set and to the second-
order sets, are characterized by mirror-like slip surfaces (Fig. 11b).

5.5. Outcrop C

Outcrop C is located at Dòs de la Cièura, a 2 km long ridge character-
ized by the presence of regularly spaced, sub-parallel NNE–SSW
trending lineaments, interpreted as strands of the FFZ (see Fig. 3). The
main trace of the FFZ runs to the west of Dòs de la Cièura, along a valley
filled by alluvial deposits (Fig. 3). The FFZ in this area dips regionally to
the west at an angle of ~ 70° (see Appiano geological map) and puts in
e fault is associated with a reddish clay-rich gouge layer (XRPD mineralogy of the gouge:
fractures. (b) Surface enriched in iron oxides–hydroxides and clays within fragmented



Fig. 8.Examples of the fault rock classification scheme adopted tomap the internal damage structure of the FFZ. s, average fracture spacing in fractureddolostones; d, average fragment size
in fragmented dolostones. The different fault rock classes are described in the main text. Each class is associated to a different color which is used to map the fault rocks in Figs. 9 and 10.
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contact Permian volcanics in thehangingwall against Triassic dolostones
of the Mendola Formation in the footwall (Fig. 3). Cumulative verti-
cal throw in this sector of the FFZ is 1.6–1.8 km (vertical separation
calculated from Appiano geological map, Bosellini et al., 2007). The
studied outcrops comprise various sections of the FFZ footwall
block located within the Mendola Fm. over ~40 m distance perpen-
dicular to the mean fault strike and ~150 m distance parallel to the
mean fault strike.

Fig. 12a shows a profile of the FFZ along a natural cross section per-
pendicular to the regional fault strike. Outcrop C is dominated by
poorly-fragmented dolostones with some lenses or layers of highly
fragmented dolostones up to tens of centimeters thick (Fig. 12a). The
poorly- and highly-fragmented dolostones are separated by discrete
sub-vertical, NNE–SSW striking faults (Fig. 12a). The exposed fault
zone has a total thickness of N40 m (yellow areas in Fig. 12a) and is
separated from the main trace of the FFZ by ~50 m of no exposure, so
the estimated total thickness of the FFZ in this area is around 100 m
(see aerial photograph in Fig. 13a).

The first-order set of faults (red in Fig. 12a) strikes NNE–SSW (dip
angles N75°), is quite clustered in orientation (strikes vary within a
range of 15°) and locally has a regular spacing of 2–3 m (Fig. 12a). The
first-order fault set is broadly parallel to the series of lineaments (lateral
continuity up to fewkilometers) recognized from remote sensing on the
Dòs de la Cièura ridge. A further two second-order (less frequent) fault
sets are recognized, one ~E–W striking sub-vertical and another
~WNW–ESE striking and dipping 50°–60° to the SW (Fig. 12). Some of
the secondary faults have polished and mirror-like slip surfaces. Fault
striae of the second-order fault sets indicate oblique- to pure strike-
slip kinematics (Fig. 12d) but the sense of shear was not determined
due to the lack of clear kinematic indicators.

Approaching the main trace of the FFZ, bedding in the dolostones is
progressively rotated towards parallelism with the FFZ (i.e., rotation in
strike from N 205° to N 290° and in dip angles from 50° to 80°, see
Fig. 13a). Bedding surfaces are often reactivated by broadly N–S striking
faults with sinistral transpressive kinematics and characterized by
polished to mirror-like slip surfaces (Fig. 13b). The kinematic data
available for the NNE–SSWstrikingfirst-order set of faults suggest sinis-
tral oblique- to strike-slip kinematics.

Fractures were measured within poorly-fragmented dolostones.
Three to five sets of fractures were recognized (Fig. 12e). The three
most frequent joint sets are (i) NNE–SSW striking subvertical joints
(parallel to the main fault set), (ii) E–W striking subvertical joints, and
(iii) WNW–ESE striking joints dipping steeply to the south (dip angles
50°–60°).

5.6. Summary

In the studied outcrops, deformation related to the FFZ is character-
ized by wide zones of fractured or fragmented dolostones. Preexisting
structures including bedding surfaces are frequently reactivated by
faults, many of which are characterized by polished, mirror-like slip
surfaces. There are notable differences in the internal structure of the
FFZ moving along fault strike from south (outcrop A) to north (outcrop
C). The main differences are (Table 1):

1) The total thickness of the FFZ decreases from south to north. This is
consistent with regional geological maps (Bosellini et al., 2007)
that mark the poorly-exposed area between outcrops A and B as a
“cataclastic zone” up to several hundred meters wide.

2) The proportion of highly fragmented dolostones with respect to
poorly fragmented dolostones decreases moving from south to
north.

3) The joint sets affecting the fragmented dolostones do not show
any clear crosscutting/abutting relationships with each other or
with bedding surfaces. In addition, no evidence of reactivation of
the joint sets as shear fractures, even for fault-parallel joints, was
documented.

4) Faults in outcrop A and outcrop B have a relatively wide range of
orientations, and a clear distinction between first-order and
second-order faults is often difficult. In outcrop C fault orientations
are more clustered and a clear separation between first-order and
second-order fault sets occurs.



Fig. 9. Fault zone structure at outcropA. (a) Structuralmap of outcrop A covering an area of 0.06 km2 (the location of the outcrop along the FFZ is shown in the inset). The aerial image used
as a base is a high-resolution (1 pixel ~16 cm2) geo-referenced photomosaic obtained by surveying the outcrop with an unmanned aerial vehicle (UAV). Outcropping fault rocks are rep-
resented with the same colors defined in the legend of Fig. 8. Fault traces are represented as red lines (red triangles are only onmain fault strands but almost all the faults have dominant
dip–slip reverse kinematics, see Fig. 9 g), anduncolored areas are covered by surfacedebris. Black lines labeled asA andB are the traces of the two cross sections shown inparts b and c. Also
shown on themap are the locations of two photographs shown in Fig. 10a and b. (b,c) Cross sections oriented approximately perpendicular to the average strike of the FFZ. The fault zone
consists of sub-parallel bands of both poorly and highly fragmented dolostones separated by discrete faults. Light yellow and light orange areas in the cross sections indicate the inferred
presence of poorly fragmented and highly fragmented dolostones below the debris cover. (d) Histogram of total fault rock thicknessmeasured along sections A and B. The FFZ at outcropA
consists mainly of highly fragmented dolostones. (e) Rose diagram of the strike of faults measured at outcrop A. The main fault set strikes ENE–WSW with a scattering in strike of ~30°
(from N45° to N75°). (f) Stereoplot of poles to faults. The faults are quite scattered in dip angles in the range 40°–85°. (g) Stereoplot of faults (great circles) and fault lineations (black
dots). (h) Stereoplot of poles to bedding. Bedding is sub-parallel to the main set of faults. (i) Stereoplot of poles to joints (all stereographic projections in the figure are equal area,
lower hemisphere).
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5) Faults in the south (outcrops A and B) are dominantly dip-slip re-
verse faults whereas in the north (outcrop C) strike-slip to oblique-
slip faults become much more common.

6. Microstructure of the fine-grained layers adjacent to mirror-like
faults

Oriented samples (n = 70) of polished and mirror-like discrete
faults and associated cataclasite/ultracataclasite layers were systemati-
cally collected during mapping of the FFZ. Since a majority of the faults
cut through highly friable rocks (i.e., poorly to highly fragmented
dolostones, see Figs. 9–12) the samples were initially preserved with
medium-viscosity epoxy resin in the field. From these, some samples
(N = 42) were further consolidated with low-viscosity epoxy resin at
the Department of Geosciences in Padova and cut to produce polished
thin sections oriented perpendicular to the fault surface and parallel to
the lineation.Microstructural investigationwas carried out using optical
microscopy (OM, Department of Geosciences, Padova) and scanning
electronmicroscopy using both a thermionic emitter (SEM, Department
of Geosciences, Padova) and field emitter (FE-SEM, INGV, Rome).
Several thin sections were observed under optical microscopy
cathodoluminescence (OM–CL, Department of Geosciences, Padova)
to reveal further details of the microstructure of the dolostones and
veins. Themineralogical composition of the dolostoneswas determined
by semi-quantitative X-ray powder diffraction (XRPD, Department of
Geosciences, Padova).

Fragmented dolostones surrounding the cataclasites are affected
by an extensional fracture pattern with no preferential orientation
(Fig. 14a,g). Only in some cases Riedel-type fractures accommodat-
ing small shear displacements (up to few millimeters) are observed
(Fig. 14a).

The cataclasites cut by polished and mirror-like slip surfaces are
typically a few millimeters to a few centimeters (usually b5 cm) thick
and sometimes have wedge-like or irregular shapes (Figs. 6, 14a). The
cataclasites (XRPD mineralogy: 100% dolomite) have a maximum clast
size of a few millimeters, significantly smaller than the maximum
dimension of the rock fragments in the surrounding fragmented
dolostones (i.e., up to few centimeters). Clasts within the cataclasites



Fig. 10. Photographs of outcrop A. (a) Photograph of the eastern flank of outcrop A.
Bedding is schematically represented by black dashed lines and faults by red dashed
lines. Bedding is sub-vertical to overturned and lies sub-parallel to the main set of faults.
(b) Photograph of the eastern part outcrop A. The exposed fault zone is composed largely
of fragmented (and very friable) dolostones and exceeds 300 m in width.
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are typically sub-angular and are surrounded, at the optical microscope
scale, by dark brown to black matrix materials, containing dolostone
clasts b10 μm in size (Fig. 14a–d). The most striking characteristic of
the cataclasites is the absence of significant shear strain even at
distances of only a few tens to hundreds of micrometers from the
mirror-like fault surfaces. Many of the cataclasites contain a number of
peculiar microstructures:

1) “exploded clasts” affected by radial fracture patterns;. in these types
of clast, each individual fragment lies adjacent to its counterpart
indicating no significant shearing (see OM images) (Fig. 14b–c);

2) pervasive and variably oriented extensional fracturing and splitting
of clasts down to the micrometer scale (Fig. 14d);

3) the presence of elongate chains of split clasts (possibly resulting
from the development of force chains in the cataclasites) oriented
at 60°–80° to the fault surfaces (Fig. 14e);

4) relatively large (N100 μm) dolostone clasts that are sharply truncat-
ed by the mirror-like slip surfaces (e.g. see Fig. 16), suggesting
extreme shear strain localization along the slip surfaces.

Thematrix of the cataclasites contains sub-micrometer sized bridges
of dolomite cement along grain boundaries and in pore spaces (Fig. 14f).
In some cases, moving toward the mirror-like fault surfaces, a general
decrease of porosity is observed (e.g. matrix in Fig. 14f), with the
development of fabrics suggesting compaction processes (e.g., rounded
clasts that seem to derive by matrix compaction, indentation structures).
Similar microstructures are frequently reported in both natural and
experimentally deformed porous granular rocks (Cilona et al., 2012;
Tondi et al., 2006).
7. Discussion

7.1. In situ-shattered dolostones within the FFZ

The occurrence of large exposures of fragmented dolostones along
the FFZ was initially reported in regional-scale studies of the 1960s
(e.g. Cadrobbi, 1965; Van Hilten, 1960). Van Hilten (1960) interpreted
the intense fragmentation of the dolostones at the southern termination
of the FFZ as the result of a large gravitational collapse (i.e. rockslide)
originating on the slopes of the Ozol Mountain to the west. He termed
the fragmented dolostones within this rockslide “megabreccias”
(Italian: “megabrecce”). Cadrobbi (1965) mapped several bodies of
fragmented dolostones along the FFZ and interpreted them as fault
rocks. He named such fault rocks “cataclastic dolostones” (Italian:
dolomie cataclastiche) and pointed out that primary sedimentary
features in the dolostones, such as bedding surfaces, were surprisingly
well preserved in the fault rocks despite fragmentation.

In this study, field and microstructural observations within the FFZ
show that themain fault rocks are fractured and fragmented dolostones
(accounting for almost the entire volume of the exposed FFZ; Figs. 9,11)
associatedwithfine-grained layers of cataclasite that are cut bypolished
(and is some cases mirror-like) slip surfaces. Fragmentation resulted
from pervasive fracturing, producing individual prismatic rock frag-
ments ranging in size from a fewmillimeters to a few centimeters. Frac-
tures within the fragmented dolostones are dominated by one set lying
sub-parallel to the main set of faults, and one set almost perpendicular
to the main set of faults. This fracture pattern was documented in
both the southern and central sectors of the FFZ, which have different
mean orientations (Figs. 9, 12), suggesting that the fracturing process
was fault-related. Moreover, the relatively more intact dolostones out-
cropping several hundreds of meters west of the fault zone (i.e., host
rock; see Fig. 4) are affected by joint sets with different orientation. A
second observation in support of the fault-related origin is that at out-
crop A, characterized by overturned dolostone beds (cross section in
Fig. 2), the fracture pattern within the fragmented dolostones is not
controlled by buckling. Given the box-type anticlinal fold with NW–SE
shortening direction, buckling and overturning of the Mendola Forma-
tion. would result in the formation of ENE–WSW striking sub-
horizontal joints, but this fracture set is absent in the area (Fig. 15).

One of themost important characteristics of the FFZ is the lack of sig-
nificant shear strain within the fragmented dolostones and cataclasites,
suggested by:

1) the preservation of primary sedimentary features at themacro-scale
(e.g. intercalations of marly dolostones parallel to the bedding and
stromatolitic laminations) even in the most intensely fragmented
areas of the fault zone;

2) the nature of fracturing at the micro-scale (exploded clasts with
radial fractures; chains of split clasts), which produced densely
fractured clasts that nevertheless retain their original shapes and
contain individual pieces that fit together like a jigsaw puzzle.

The lack of significant shear strain at both the macro- and micro-
scales in the FFZ is a characteristic of so-called “pulverized fault zone
rocks”, widely interpreted as the product of dynamic, high-strain rate
deformation related to earthquake rupture propagation along large
faults (Doan and Gary, 2009; Dor et al., 2006a, 2006b; Yuan et al.,
2011). Pulverized fault rocks are unique fault rocks in that they
(i) appear to have been shattered in-situ, (ii) have a very fine grain
size (i.e. ≤1 mm on average) due to intense fracturing, and (iii) do not
display evidence of significant shear strain. To date, pulverized rocks
have been identified along major (i.e., hundreds to thousands kilome-
ters long) strike-slip faults mainly within crystalline (i.e., igneous or
metamorphic) host rocks (e.g., Brune, 2001; Dor et al., 2006a, 2006b,
2009;Mitchell et al., 2011;Wilson et al., 2005). Pulverized rocks typical-
ly preserve primary features of the local host rocks (e.g. grain bound-
aries in crystalline rocks, foliation surfaces in metamorphic rocks) but



Fig. 11. Fault zone structure at outcrop B. (a) Typical exposure of the FFZ within outcrop B along a road cut. The fault zone consists of fragmented dolostones cut by a dense network of
discrete faults. Many of these faults are characterized by light-reflective (mirror-like) slip surfaces. Stereoplot in the upper right corner shows orientation of mirror-like slip surfaces
(great circles) and surface lineations (black dots). Slip surfaces have predominantly ENE–WSW strikes, dip-angles of 40°–85°, and reverse dip–slip movements (determined from offset
markers as in part c). Inset in theupper left corner shows the location of outcrop B along the FFZ. (b) Photographof amirror-like slip surface under natural light. (c)Mirror-like fault cutting
a marly dolostone horizon with a reverse separation of approximately 5 cm. (d) Rose diagram of the strike of faults measured at outcrop B. The faults are quite scattered in strike with a
maximum frequency ENE–WSW-trending (from N60° to N75°). (e) Stereoplot of poles to faults. Dip angles range from 40°–85°. (f) Stereoplot of faults (great circles) and fault lineations
(black dots). (g) Stereoplot of poles to bedding. The bedding is crosscut (i.e., not reactivated as in outcrop A) by themain set of faults. (All stereographic projections in the figure are equal
area, lower hemisphere).
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are easily reduced to a powder upon removal from the outcrops. In
addition, in the most well studied example of pulverized rocks along
the Mojave section of the San Andreas fault, the distribution of damage
with respect to the main fault trace was found to be strongly asymmet-
ric (Dor et al., 2006a,b). To our knowledge, the only report of pulverized
Fig. 12. Fault zone structure at outcrop C. (a) Structural profile of outcrop C running approximate
in the aerial image on the right). Outcropping fault rocks are represented by the colors defined i
White segments at the base of the outcrop represent the length and orientation of the scan lin
strikes are clustered in two main directions: NNE–SSW and ~E–W. The NNE–SSW direction i
direction is a secondary set of faults. (c) Stereoplot of poles to faults. The faults show only high
dots are measured fault lineations, red dots are representative of left-lateral strike–slip kinema
the field (a slight dip–slip component cannot not excluded). (e) Stereoplot of poles to joints. (f)
C mainly consists of poorly fragmented dolostones. (All stereographic projections in the figure
rocks within carbonate host rocks is from Agosta and Aydin (2006)
along the Venere Fault (Central Apennines, Italy). The pulverized
rocks in this example were found within a c. 1 m thick band adjacent
to the fault core, and consist of finely comminuted (maximum rock
fragment size ~ 1 cm) limestones with well-preserved sedimentary
ly perpendicular to the strike of the FFZ (the location of the outcrop along the FFZ is shown
n Fig. 8, fault traces are represented as red lines, and uncolored areas are covered by debris.
es along which structural data were collected. (b) Rose diagram of the strike of faults. The
s the main set of faults that lie sub-parallel to the main trace of the FFZ, while the ~E–W
dip angles N 75°. (d) Stereoplot of faults (great circles) and fault lineations (dots). Black
tics of the NNE–SSW oriented fault set, which is inferred from geometric relationships in
Histogram of fault rock thicknessmeasured along the profile in Fig. 13a. The FFZ at outcrop
are equal area, lower hemisphere).



Fig. 13. Outcrop C. (a) Aerial view of the Dòs de la Cièura area. The thick red line represents the trace of the master fault of the FFZ. The thin red lines represent the stack of NNE–SSW-
trending lineaments affecting the Dòs de la Cièura. White symbols and numbers refer to the attitude of the bedding which is rotated both in strike and dip angles approaching themaster
fault of the FFZ. (b)Detail of the beddingdragged along themaster fault of the FFZ in the footwall block (the locationwhere the photograph is taken is reported in Fig. 13a). According to the
Foglio Appiano (Bosellini et al., 2007), the bedding is locally overturned in a tight syncline within the footwall of the FFZ. This could also be the case with the folded bedding shown in
Fig. 13b, although no information regarding younging direction was collected to support this interpretation.
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layering. The pulverized limestones along the Venere Fault show a
larger average grain size with respect to the pulverized rocks found in
crystalline host rocks.

Several authors have suggested that pulverized fault zone rocks are
of seismic origin based on both theoretical and experimental arguments
(Ben-Zion and Shi, 2005; Doan and Gary, 2009; Mitchell et al., 2011;
Yuan et al., 2011). Brune (2001) suggested that sliding on a non-
planar fault during earthquakes at seismogenic depths generates
intense variations in normal stress sufficient to fracture the local wall
rocks. According to this model, successive earthquake ruptures result
in repeated fracturing of the rock mass without significant shear. Ben-
Zion and Shi (2005) simulated extensive off-fault plastic yielding
(equivalent to fracturing) by modeling the propagation of dynamic
ruptures along faults separating media with different elastic properties
(i.e. bi-material interfaces). The ruptures propagating along such inter-
faces (i.e., “wrinkle-like pulses”)were associatedwith strong extension-
al loading within the medium characterized by the higher shear wave
velocity (i.e., the stiffer medium). Based on their models, the repeated
occurrence of ruptures propagating from depth and with the same
directivity is expected to produce strongly asymmetric rock damage
approaching the ground surface.

From an experimental point of view, Doan and Gary (2009) and
Yuan et al. (2011) used Split Hopkinson Pressure Bar tests to investigate
high strain rate deformation in granites. They demonstrated that granite
pulverization occurred at very high strain rates (N150 s−1) even at
small finite strains. Similar experiments performed on Carrara marble
(Doan and Billi, 2011) and sedimentary dolostones (Fondriest, 2014,
PhD thesis) produced pulverized rocks with coarser fragment sizes.
Table 1
Summary of along-strike changes in FFZ structure.

FFZ Outcrop A

Fault zone thickness N300 m
Fault rock proportion Highly fragmented ≫ poorly fragmented
Average FFZ strike NE–SW
Strike of the first-order fault set ENE–WSW to NE–SW
Dominant fault kinematics Dip-slip reverse
Bedding reactivation Yes, by the main fault set
Mirror-like faults Yes
Such extremely high strain rates leading to rock pulverization may
be associated with strong stress perturbations transiently produced
within the host rocks by the passage of earthquake ruptures along
a fault.

Rock pulverization is expected to occur up to a maximum depth
of c. 3–4 km where confining pressures are sufficiently low that
they can be dynamically exceeded by off-fault stress perturbations
induced by rupture propagation and the intense radiated seismic
field. The restriction of pulverized rocks to relatively shallow
depths is confirmed by both field studies of natural pulverized
rocks (Dor et al., 2009) and experimental observations (Yuan
et al., 2011).

The exposed FFZ is estimated to be exhumed from a depth of b2 km,
considering the thickness of the pre-Miocene sedimentary overburden
in the area and the increasing cumulative vertical throw along fault
strike moving from south to north (Bosellini et al., 2007). Based on
this and the evidence for in-situ shattering of the dolostones, we inter-
pret both the fragmented dolostones and the fine-grained cataclasites
within the FFZ, both of which lack significant shear strains, as fault
rocks produced during the propagation of ancient earthquake ruptures.
In particular, the fine-grained cataclasites associated with mirror-like
faults show microstructural characteristics comparable to those of
pulverized rocks described in crystalline protoliths. The fragmented
dolostones, which show larger average rock fragment sizes (i.e. ~1 cm
on average) with respect to pulverized rocks (i.e. ≤1 mm on average),
are tentatively interpreted as the product of seismic damage (i.e.
seismic fracturing) at larger distances (i.e. up to tens of meters) from
the thoroughgoing fault surfaces.
Outcrop B Outcrop C

N200 m ~100 m
Poorly fragmented ≫ highly fragmented

N–S N–S
ENE–WSW to NE–SW, scattered NNE–SSW
Dip-slip reverse Left-lateral oblique- to strike-slip
Yes, by a secondary fault set Yes, by the main fault set
Yes Yes



Fig. 14.Microstructures of fragmented dolostones and cataclasites adjacent tomirror-like faults. (a) High-resolution thin section scan (plane polarized light) of the fault rocks adjacent to a
mirror-like slip surface. Just below themirror-like slip surface an up to 2 cm thick fine-grained cataclasite (delimited at the base by the white dashed line) is recognizable. The cataclasite
consists of dolostone clasts up to fewmillimeters in size within a much finer-grained matrix. The fault rock below is a fragmented dolostone dominated by extensional fracturing. Some
Riedel-shear fractures with small (fewmillimeters) offsets are recognizable. Images b–f show characteristicmicrostructureswithin the fine-grained cataclasite layer. (b–c) The cataclasite
is dominated by extensional fracturing inproximity to themirror-like slip surfaces. This is demonstrated by thepresenceof exploded clasts,millimeters to hundreds ofmicrometers in size,
often affected by radial fractures (b: optical photomicrograph in plane polarized light; c: backscatter electron SEM image). (d) Pervasive extensional fracturing within thematrix down to
micrometer scale. (e) Chains of split clasts at a high angle to the slip surface (the slip surface is parallel to the upper border of the image). (f) Detail of thematrix next to themirror-like slip
surface. The clasts are rounded and indented against one another suggesting compaction processes. The pores within the clasts are partially filled by sub-micrometer bridges of dolomite
cement. (g) Fragmented dolostones are affected by an extensional fracture patterns with no preferential orientation. (d to g: back scatter SEM images).
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7.2. Mirror-like slip surfaces and seismic faulting within the FFZ

Mirror-like slip surfaces are widespreadwithin the FFZ, especially in
its southern sector (outcrop B). Here, they are well exposed and can be
seen to displacemarly horizonswith small (0.04–0.5m) reverse offsets.
A dedicated experimental study was performed by Fondriest et al.
(2013) to understand the origin of the mirror-like slip surfaces. Here
we provide only a brief summary of the main results of this study.
Low- to high-velocity rotary shear experiments were performed
on dolostone gouges at deformation conditions approaching those



Fig. 15. Expected patterns of minor fractures and faults associated with the development
of a box-type asymmetric fold (verticalization and overturning of the eastern fold limb) in
a rigid competent unit, after Price and Cosgrove (1966). (a) Sketch of the fold and expect-
ed fracture patterns modified from Price and Cosgrove (1966). Gray lines represent bed-
ding surfaces, red lines represent faults and blue lines represent joints. The dashed line
is the fold axis. (b) Stereographic projection of the predicted fractures and faults in the
two fold limbs (modified from Price and Cosgrove, 1966). Ellipses schematically represent
the location of poles to the different structures. Full ellipses refer to the eastern fold limb
while empty ellipses refer to the western fold limb. Color legend: gray (bedding), red
(faults), blue (joints). Note that NW–SE striking subvertical joints develop in both fold
limbs. (c–e) Comparison of the expected fault and fracture pattern with the structural
data collected within the Foiana Fault Zone (outcrop A), where a regional-scale anticline
with overturningofmiddle-upper Triassic dolostone occurs. Thedata have to be compared
with those of the eastern limb of the box-type theoretical fold. (c) Stereoplot of poles to
bedding at outcrop A. (d) Stereoplot of poles to faults at outcrop A. (e) Stereoplot
of poles to joints at outcrop A. All of the measured joint sets are sub-vertical, and a sub-
horizontal joint set is lacking (see the main text for further details and data interpreta-
tions). (All stereographic projections in the figure are equal area, lower hemisphere).
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estimated for themirror-like slip surfaceswithin the FFZ: normal stress-
es up to 26 MPa, displacements in the range 0.02–3.5 m and slip veloc-
ities ranging from sub-seismic to seismic in the interval 0.0001–
1.13 m/s (a representative seismic slip velocity derived from inversion
of seismological data is c. 1 m/s; Heaton et al., 1990). Mechanical data
coupled with surface roughness measurements (using White Light in-
terferometry) and microstructural observations of the experimentally-
deformed gouges indicate that mirror-like slip surfaces (obeying the
Rayleigh roughness criterion) (i) form only at seismic slip velocities
(N0.1 m/s) at the applied normal stresses, (ii) are related to strong dy-
namic weakening (i.e. drop of both shear stress and friction coefficient)
and thermal decomposition of the dolostones (to form e.g. magnesian
calcite and periclase+CO2), and (iii) are associatedwith extreme strain
localization within the gouge layers (most shear strain accommodated
along the slip surfaces and within an adjacent slip zone up to 20 μm
thick) (Fig. 16). At these experimental conditions the frictional power
density (shear stress × slip velocity at any moment during the experi-
ments) that dissipated in the gouge layers was comparable to that
estimated for natural earthquakes (1–10 MW/m2; Sibson, 1980).

Mirror-like slip surfaces within the FFZ have surface roughness and
microstructural characteristics that compare favorably to the experi-
mental mirror-like slip surfaces (Fondriest et al., 2013) (Fig. 16). In
particular, both natural and experimentally deformed gouges show
evidence of extreme shear strain localization along the mirror-like slip
surfaces and an absence of significant shear strain within the adjacent
gouge layers. Additionally, both natural and experimental mirror-
like slip surfaces are associated with truncation of relatively large
dolostone clasts embedded within the surrounding gouge layers, a
peculiar microstructure produced only at seismic slip velocities (in
the experiments) and indicative of extreme shear strain localization
(Fig. 16e,f). Collectively, the experimental data and microstructural
observations indicate that small-displacement mirror-like slip surfaces
in dolostone gouges of the FFZ were most likely produced by extreme
frictional power dissipation during seismic slip and therefore represent
markers of seismic faulting. Future work could assess whether this
conclusion is applicable to other lithologies and for larger displacement
faults. For example, mirror-like slip surfaces have previously been
observed to form in high-velocity experiments performed on calcite
and siderite gouges (Han et al., 2007b; Smith et al., 2013) and have
also been described in the field within relatively large-displacement
(N10s meters) fault zones in limestone (Siman-Tov et al., 2013). How-
ever, well-polished fault surfaces were also produced in calcite gouges
sheared at sub-seismic slip rates (Verberne et al., 2013a, 2013b). One
of the main microstructural differences between mirror-like fault
surfaces produced at seismic and sub-seismic slip rates seems to be
the lack, in the latter, of sharply truncated clasts (Verberne, personal
communication to Giulio Di Toro).

7.3. Origins of structural complexity in the FFZ

Detailed aerial and field structural mapping of the FFZ highlighted
significant changes in the along-strike structure of the fault zone,
summarized in Table 1. Overall, the FFZ becomes wider and more
structurally “complex” approaching the southern fault termination
where the dominant fault kinematics are dip-slip reverse, as opposed
to left-lateral oblique- to strike-slip in the narrower northern segment.

Bedding surfaces within the dolostones are frequently exploited by
small-displacement mirror-like faults. The exploitation of preexisting
anisotropies such as bedding surfaces, veins, pressure solution seams
and joints is common in fault zones that cut carbonates (e.g., Graham
et al., 2003; Agosta and Aydin, 2006; Gasser and Mancktelow, 2010;
Hausegger et al., 2010; Cardello, 2013). At the southern termination of
the FFZ, individual faults exploit overturned bedding surfaces on the
eastern limb of a fault propagation anticline across the full thickness of
the exposed fault zone (~300 m, Figs. 9a,10b). Instead, towards the
north, at the Dòs de la Ciéura, individual faults exploit bedding surfaces
that are progressively rotated in to parallelismwith themaster fault, but
over an across-strike distance of only a few meters (Fig. 13b).

In the following two sections we discuss models that may account
for the observed changes in along-strike fault zone structure. The first
possibility is related to the regional change in fault orientation observed
to take place between the southern and central fault zone sectors, and
the second is based on predictions of the damage patterns expected
during dynamic rupture along strike slip faults.

7.3.1. Effect of static stress field and regional scale fault geometry
The orientation of the FFZ changes at the regional scale, which may

have a strong influence on fault zone structure and kinematics. With
respect to the NNW–SSE-striking principal compressive stress axis
(σ1) during faulting (Fig. 3; Valsugana deformation phase; Castellarin
et al., 1992), the southern sector of the FFZ (outcrop A) strikes at
relatively high angles and represents a restraining bend (Fig. 17a,b).
This is consistent with the southern sector being dominated by dip-
slip reverse kinematics. Instead, towards the north, at the Dòs de la
Cièura (outcrop C) the FFZ strikes N–S to NNW–SSE, at lower angles to
the principal compressive stress axis (Fig. 17a,b). Here, the fault zone
has an important oblique- to strike-slip component (Fig. 3). Such
regional-scale changes in the orientation of the FFZ with respect to the
principal compressive stress axis can also account for the along strike
variations in fault zone thickness, becoming wider at the southern
restraining bend where almost pure compression is accommodated
(Fig. 17b). Thickening of the fault-related damage zone in proximity to
a fault tip is a commonly observed phenomenon predicted in several
models of fault zone growth (e.g., Kim and Sanderson, 2004, for a re-
view). Also, the occurrence of a pop-up structure exposing the Dolomia
Principale to the east of outcrop A (see Figs. 1, 3c)may contribute to the



Fig. 16. Summary of mirror-like faults in nature and experiments (modified from Fondriest et al., 2013). (a) Photograph of a mirror-like slip surface from the FFZ under natural light.
(b) Photograph of a mirror-like slip surface produced in a high-velocity rotary shear friction experiment (experiment s431: normal stress = 17.3 MPa, maximum slip velocity =
1.13 m/s, displacement = 0.4 m). (c) Digital elevation model of a natural mirror-like slip surface derived from white light interferometry over an area of 200 × 300 μm2 (square in
Fig. 16a). Mean roughness amplitude is ~2 μm. Arrow shows slip direction. (d) White light interferometry digital elevation model of mirror-like slip surface from experiment s431
(area 200 × 300 μm2; square in Fig. 16b). Mean roughness amplitude was ~4 μm. Arrow shows slip direction. (e) Scanning electron microscope image (backscatteredmode) of dolomite
gouge and large dolomite clast cut bymirror-like slip surface (parallel to surface undulations; x–y in Fig. 16a). Deformation is localized in a compact and ultrafine-grained layer adjacent to
the slip surface. (f) Scanning electron microscope image (backscattered mode) of the slip zone just below the experimental mirror-like slip surface (section x–y in Fig. 16b). A large
dolostone clast is truncated by a mirror-like slip surface that is surrounded by a compact and ultrafine-grained layer b20 μm thick.
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thickness increase of the FFZ in its southern portion. In addition, the
wide scatter in fault orientations at outcrop B (Fig. 11), which is located
close to the fault bend, could be explained as the result of stress concen-
tration at a geometrical asperity along the FFZ.
7.3.2. Off-fault dynamic effects of earthquake ruptures
As previously discussed, the association of fragmented dolostones

and mirror-like fault surfaces is interpreted to record the propagation
of ancient seismic ruptures along the FFZ. Below, we compare the struc-
ture of the FFZ (i.e., an exhumed seismogenic fault zone in dolostones)
to (i) the results of earthquake rupture simulations along strike-slip
faults, and (ii) the structure of active seismogenic sources hosted in
carbonate rocks as revealed by modern seismological techniques.

Ma and Andrews (2010) performed three-dimensional finite
element simulations of dynamic ruptures along a strike-slip fault within
a homogeneous elastic medium. The medium (i.e. host rocks) was
allowed to deform in-elastically following a Drucker–Prager yield crite-
rion (i.e., shear fracturing in 3D) due to stress perturbations associated
with the passage of the rupture tip and seismic wave fronts. This
model predicts (Fig. 17c) (i) an off-fault damage distribution with a
“flower-like” shape, consisting of a relatively broad damage zone near
the surface that rapidly narrows with depth (increasing confining
pressure), and (ii) the formation of secondary structures with scattered
orientations and kinematics (reverse to normal) nearer to the surface,
giving way to sub-parallel structures with dominant strike-slip kine-
matics at depth.

Two lines of evidence suggest that the exhumation depth of the FFZ
outcrops – within the footwall block of the fault zone – can slightly
increase from c. 1 km in the south (outcrop A) to c. 1.6 km in
the north (outcrop C) (as a maximum estimate): 1) at outcrop A
(1100–1250 m a.s.l.) the upper part of the Mendola Formation is
outcropping while at outcrop C (1350 m a.s.l.) the base of the Mendola
Formation (limit with lower Triassic sedimentary covers) is outcrop-
ping (see Fig. 3c; Avanzini et al., 2001; Bosellini et al., 2007; 2) the thick-
ness of the pre-Miocene sedimentary overburden (i.e., from the top of
the Mendola Formation to the top of the Eocenic Ponte Pià Formation)
in the area is c. 1 km (Bosellini et al., 2007). Assuming this northward
increase in exhumation depth (which might be accompanied to the
significant increase of the cumulative vertical throw) together with
documented changes in fault zone thickness and dominant kinematics
(Table 1), the structure of the FFZ is qualitatively comparable to the
theoretical results of Ma and Andrews (2010) (Fig. 17a–c).

In the last few years, increasingly high-resolution seismological tech-
niques (e.g., high-precision hypocenters relocation, seismic tomography)
have yielded new constraints on the geometry of active seismogenic fault
zones at depth (Bressan et al., 2009; Chiaraluce et al., 2011; Di Stefano
et al., 2011; Valoroso et al., 2013). For example, Valoroso et al. (2013)
investigated the anatomy of the normal fault system cutting carbonate
host rocks (limestones and dolostones) that hosted the 2009 L'Aquila



Fig. 17. Interpretations of the internal structure of the Foiana Fault Zone: fault geometry vs. dynamic rupture effect. (a) Aerial view of NNE–SSW striking FFZ. Numbers in yellow indicate
the estimated exhumation depth (from geological maps and cross section reconstructions) in the central and southern segments of the FFZ footwall block. (b) Variations in fault zone
thickness along fault strike. Where mapped in the field, fault rocks (i.e., in-situ shattered dolostones) are schematically represented in blue, numbers indicate fault zone thickness values
derived from field mapping. Variations in fault zone thickness are interpreted to relate to the effects of (i) fault geometry with respect to the regional scale static stress field (“static
model”), and (ii) earthquake ruptures propagating from north to south along fault strike (“dynamic model”). (c) Three-dimensional dynamic rupture model for a left-lateral strike–slip
fault (adapted from Ma and Andrews, 2010). The blue area represents the coseismic damage zone produced around the fault (thick red line) by an earthquake rupture propagating
from north to south. A–B is a vertical section across the coseismic damage zone in a direction perpendicular to fault strike. The damage zone is predicted to have a flower-like shape
with a broad damage zone near the surface that rapidly narrows at depth. Assuming that deeper portions of the FFZ are exposed further to the north, the structure of the FFZ compares
favorablywith the damage pattern predicted by this dynamic rupture simulation. (d) Conceptualmodel of the internal structure of the FFZ from south (Section 1) to north (Section 2). The
fault zone consists of fractured and fragmented fault rocks (blue in the figure) exposed in the footwall of the main trace of the FFZ. Faults are represented as red lines, bedding as dashed
black lines. In the southern sector the bedding is overturned and exploited by small dip–slip reverse faults. In the northern sector themain set of faults is oblique– to strike–slip and exploit
the bedding only in proximity to themaster fault.Many of the faults showmirror-like slip surfaces that are interpreted to record past episodes of seismic slip. Given the estimated length of
the mirror-like faults (a few hundred meters at most) they may record ancient low-magnitude earthquake ruptures associated to fore- and aftershock activity within the FFZ.
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foreshock – mainshock (Mw = 6.1) – aftershock sequence. Their study
was based on the high-precision double-difference (±10 m formal
error) relocation of ~64,000 earthquakes (both foreshocks and after-
shocks) spanning a timeframe of more than one year. This substantial
dataset possessed a magnitude of completeness of 0.7 (more than 1
unit lower than other state-of-the-art earthquake catalogs), allowing
fine details of the fault zone structure to be reconstructed at a resolution
(meters to tens of meters) comparable to that employed by field geolo-
gists studying exhumed fault zones. One of the main results arising
from the work of Valoroso et al. (2013) was the definition of a “seismo-
logical damage zone” (SDZ), defined for each fault strand as the total
width enclosing 95% of the relocated aftershocks. The SDZ in their study
showed marked variations along fault strike, ranging from ~0.3 km
width in relatively planar areas of the fault zone (e.g. the area where
the mainshock nucleated) to ~1.5 km width toward the southern tip of
the fault zone, where rupture directivity was reported.Moreover, toward
the fault tips, increasing fault zone complexity was also reported, includ-
ing (i) multiple antithetic and synthetic fault segments tens of meters
long in both the hangingwall and the footwall, (ii) fault bends and jogs
at different scales, (iii) intersections between principal faults and second-
ary fault splays, and (iv) more complexity in fault kinematics based on
nodal plane solutions (Valoroso et al., 2014). The fault system activated
during the L'Aquila seismic sequence is not comparable in terms of
dominant kinematics (i.e., normal dip-slip) to the exhumed FFZ
(i.e., left-lateral transpressive on average). Nevertheless, the study of
Valoroso et al. (2013, 2014) offers an important insight in to the geomet-
rical complexity of fault zones in carbonate host rocks, and many of the
general characteristics of the L'Aquila seismic sequence (increasing
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damage zone width towards fault tip; increasing complexity of fault
plane solutions at fault tips) compare favorably to the structural features
recognized within the exhumed FFZ.

The FFZ consists of large volumes of fragmented dolostones cut by
mirror-like faults (see Section 3), the latter being traceable in the field
for strike lengths of no more than c. 20 m. The FFZ is exposed for
~30 km along strike and thus may have hosted earthquake ruptures
up to Mw = 6.5 (based on empirical length-magnitude scaling relation-
ships; e.g., Wells and Coppersmith, 1994). Assuming total lengths of
b300 m for individual mirror-like faults, the latter may have hosted
earthquake ruptures up to Mw = 2–3, associated with average
coseismic slips of a few centimeters at most (Wells and Coppersmith,
1994). One can thus speculate that the exposed FFZmight record the cu-
mulative history of many large seismic ruptures and their associated
foreshock and aftershock sequences (Fig. 17d).

8. Conclusions

The Foiana Fault Zone (FFZ) is a~30 km long NNE–SSW-trending si-
nistral transpressive fault zone exhumed fromdepths of b2 km that cuts
Triassic dolostones in the Italian Southern Alps. Cumulative vertical
throw increases from 0.3–0.5 km in the south, where a NE–SW-striking
restraining fault bend occurs, to 1.6–1.8 km in the north.

The FFZ consists largely of fragmented dolostones that did not
accommodate significant (at the meso- and often at the micro-scale)
shear strains. Networks of small-displacement (b0.5 m) faults locally
cut the fragmented dolostones, often reactivating bedding surfaces.
The faults contain fine-grained layers of cataclasite up to a few centime-
ters thick associated with discrete and through-going mirror-like slip
surfaces. Microstructural observations of the fine-grained layers indi-
cate: (i) a lack of significant shear strain, even at a few micrometers
distance from the mirror-like fault surfaces, (ii) pervasive fracturing,
(iii) exploded clasts with radial fracture patterns, and (iv) chains of
split clasts oriented at high angles (60–80°) to the fault surfaces. Similar
macro- and micro-structural features have been reported in pulverized
fault zone rocks, widely interpreted as a shallow-level (b3–4 km)
product of earthquake ruptures propagating along large faults. We
interpret the fragmented dolostones and fine-grained cataclasites in
the FFZ to record the passage of ancient earthquake ruptures. This
conclusion is supported by the results of rotary shear experiments
performed on dolostone gouges, which demonstrated that small-
displacement mirror-like faults similar to those recognized within the
FFZ form only at deformation conditions approaching the seismic
range (see Fondriest et al., 2013).

Moving from south to north along fault strike, (i) the thickness of the
FFZ decreases from more than 300 m to ~100 m, (ii) the variability in
the attitudes of faults (including mirror-like examples) decreases
(i.e., fault attitudes are more dispersed to the south with respect to
the north), and (iii) fault kinematics change from dominant dip–slip
reverse to include a significant left-lateral oblique– to strike–slip
component. These changes in fault zone structure may reflect a number
of factors, including 1) regional-scale variations in fault strike (i.e., the
presence of a restraining bend in the southern sector), 2) co-seismic
fracturing that is predicted in 3D seismic rupture simulations to occupy
a wider zone at shallow crustal levels, and 3) increasing fracture
damage accumulated during seismic sequences in the area around the
southern fault tip.
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