
lable at ScienceDirect

Journal of Structural Geology 33 (2011) 644e661
Contents lists avai
Journal of Structural Geology

journal homepage: www.elsevier .com/locate/ jsg
Variation in fracture patterns in damage zones related to strike-slip faults
interfering with pre-existing fractures in sandstone (Calcione area,
southern Tuscany, Italy)

Andrea Brogi*

University of Siena, Department of Earth Sciences, Via Laterina 8, 53100 Siena, Italy
a r t i c l e i n f o

Article history:
Received 26 March 2010
Received in revised form
3 December 2010
Accepted 13 December 2010
Available online 21 December 2010

Keywords:
Strike-slip faults
Scaling relation
Fracture pattern
Fault linkage
Kinematics analyses
* Tel.: þ39 0577 233971; fax: þ39 0577 233938.
E-mail address: brogiandrea@unisi.it.

0191-8141/$ e see front matter � 2010 Elsevier Ltd.
doi:10.1016/j.jsg.2010.12.008
a b s t r a c t

This paper deals with the effects of pre-existing fractures on the development of damage zones related to
meter and decameter strike-slip faults, which affected Late Oligocene-Early Miocene sandstone in the
Calcione area, southern Tuscany (Italy). Strike-slip faults dissected rock masses locally affected by
pervasive, pre-existing fractures related to previous deformational events. Two different domains were
identified: rock masses affected and unaffected (or relatively unaffected) by pre-existing fractures. Strike-
slip faults affecting the two domains made it possible to compare the different configurations of fracture
patterns related to isolated or interacting fault segments. New data is provided on scaling relations
between: i) fault length and the length of related fractures; ii) mean step length and width for over-
stepping fault segments; iii) angular values at the intersection of the fault plane and related fractures.
Scaling relations obeyed a positive power law for faults dissecting sandstone unaffected by pre-existing
fractures. On the contrary, no scaling relations were recognized for faults dissecting sandstone affected
by pre-existing fractures. The development of strike-slip faults on rock masses affected by pre-existing
fractures can simulate splays apparently related to faulting. Three main points were categorized for
detecting deceptive cases. There is a real chance of a deceptive fracture pattern if: i) the angular values at
the intersection of the fault and its fractures (mode I opening fracture) exceed 50� in the wall damage
zone; ii) the scaling relation between fault length and maximum fracture length does not fit a power law;
iii) fractures acted as shear fractures. The resulting framework provides additional data for under-
standing the development and architecture of strike-slip faults.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Strike-slip faults accommodating horizontal displacements in
response to plate movements are common structures in the Earth’s
crust (Sylvester, 1988). Their occurrence reflects the complex
settings and histories of horizontal slip restricted to intraplates (e.g.
transcurrent faults) or extended to plate margins (e.g. transform
faults). Strike-slip faults can develop at different scales (Storti et al.,
2003) and play a fundamental role in the rise of magma and volcanic
eruption (Ventura et al., 1999; Adiyaman and Chorowicz, 2002;
Garcìa-Palomo et al., 2004; Acocella and Funiciello, 2005; Storti
et al., 2006; Tibaldi et al., 2008; Brogi et al., 2010), basin develop-
ment (Aydin and Nur, 1982; Mann et al., 1983; Biddle and Christie-
Blick, 1985; Woodcock, 1986; Cakir et al., 1998), earthquake
All rights reserved.
activity (Segall and Pollard, 1983; Sibson, 1985, 1986; Harris et al.,
1991; Albarello et al., 2005; Corti et al., 2005; Delacou et al., 2005;
Drukpa et al., 2006; Rodgers and Little, 2006; Catchings et al.,
2009; Abou Elenean et al., 2010), fluid migration and consequent
formation of ore deposits (Wibberley and Shimamoto, 2003;
Cembrano et al., 2005; Bellot, 2008), oil and gas traps (Aydin,
2000; Odling et al., 2004; Lazar et al., 2006; Dong et al., 2008),
and so on. Strike-slip faults and related fracture networks are
therefore widely studied for insights into fault zone geometry,
dynamics and evolution. During tectonic investigations, recon-
structing the kinematics of strike-slip faults is fundamental to obtain
constraints of the structural setting and tectonic evolution of
a region. Recognizing kinematic indicators on the main slip surfaces
is crucial, but in some cases unfeasible. However, critical information
can be obtained from minor structures developing in the fault core
(Billi et al., 2003; Berg and Skar, 2005; Agosta and Aydin, 2006;
Brogi, 2008; Bastesen et al., 2009; Molli et al., 2009) and damage
zones (Riedel, 1929; Hancock, 1985; Petit, 1987). Several authors
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Fig. 1. a) Geological sketch-map of the northern and central Apennines (southern Tuscany, northern Latium and northern Tyrrhenian Sea) and location of the study area;
b) geological map of the eastern side of the Siena Basin and Rapolano Terme regionwhere the Calcione area is located. The main structural elements are also indicated and discussed
in the text. Modified after Carmignani and Lazzarotto (2004).
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(Martel et al., 1988; Mollema and Antonellini, 1999; Kim et al., 2003,
2004;Myers and Aydin, 2004; Flodin and Aydin, 2004; de Joisseneau
and Aydin, 2007, 2009) have described splays forming a dense and
well-connected damage zone around strike-slip faults. Splays may
enhance fault zone permeability with great impact on fluid flow
along fault zones and could have a strong influence on the evolution
of the fault zones (McGrath and Davison, 1995; Davatzes and Aydin,
2003; Devatzes et al., 2003; Martel et al., 1988; Kelly et al., 1998;
Myers and Aydin, 2004; Flodin and Aydin, 2004a; Kim et al.,
2004). Splay arrangements in plain view provide precious informa-
tion on strike-slip fault kinematics. In particular, their lateral sense of
movement can be reconstructed on the basis of (Martel, 1990;
Peacock and Sanderson, 1991, 1995; Cooke, 1997; Willemse and
Pollard, 1998; Kim et al., 2003, 2004; Myers and Aydin, 2004; de
Joisseneau and Aydin, 2007): i) angular relationships between the
main fault plane and the fractures formed in the damage zone; ii) the
geometrical setting of fractures developing at tip zones; iii) the
attitude ofminor structures in linkage zones between twomain fault
segments.

Although the geometrical relationships between the fault plane
and related fractures provide unambiguous information for
deducing the lateral sense of movement, Flodin and Aydin (2004)
documented several cases of strike-slip faults in sandstone that
could be misinterpreted. They stressed that care should be taken in
interpreting their kinematics only on the basis of fault-fracture
angular relationships. Indeed, the configuration of pre-existing
structures can influence fault growth, as well as the geometric
pattern of related fractures. Misinterpretation of the fracture



Fig. 2. a) Geological map of the Calcione area. The structural stations of the left-lateral oblique and strike-slip faults belonging to the Calcione fault zone are also reported.
b) Stereographic diagrams (lower hemisphere, Schmidt diagram) showing faults and striae from the structural stations reported in the figure a.
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network around faultsmay lead to incorrect evaluation of strike-slip
lateral sense of movement, invalidating a structural reconstruction.

This paper is concerned with the effects of pre-existing frac-
tures on the growth of strike-slip faults and related damage
zones. The architectural features of several strike-slip fault zones
affecting Late Oligocene-Early Miocene sandstone exposed in
central Italy (Northern Apennines, Calcione area, Fig. 1), combined
with field studies and published data sets for other faults around
the world, were analyzed. The resulting framework provides
additional data for insights into the development and architecture
of strike-slip faults, also focusing on muddled fractures that may
lead to incorrect kinematic reconstructions.
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2. Geological outline

The Calcione area is located in the inner Northern Apennines
(southern Tuscany), close to the Rapolano Terme low-enthalpy
geothermal region (Fig. 1b). The Late Triassic-Early Miocene Tuscan
Nappe succession, unconformably overlaid by Pliocene marine
sediments and Pleistocene continental deposits, broadly crops out
(Brogi, 2004). The Tuscan Nappe is the deepest non-metamorphic
tectonic unit of the Northern Apennines, stacked during the Late
Oligocene-Early Miocene (Carmignani et al., 2001).

Since the Early-Middle Miocene, the inner Northern Apennines
has been affected by extensional tectonics (Carmignani et al., 1994;
Brogi et al., 2005 and references therein) which produced thinning
of the continental crust and lithosphere (20e24 km and 30e50 km,
respectively) and development of widespread structural depres-
sions filled by continental and marine sediments (Martini and
Sagri, 1993; Brogi and Liotta, 2008). Extension was accompanied
by magmatism (Serri et al., 1993; Peccerillo et al., 2001) which led
to emplacement of magmatic intrusions at depth (Dini et al., 2002,
2005, 2008; Rossetti et al., 2008) and volcanic eruptions. Thewhole
inner Northern Apennines is now characterized by a geothermal
anomaly estimated to have an average heat-flow of 150 mW/m2,
reaching 1000 mW/m2 in the LarderelloeTravale geothermal area
(Della Vedova et al., 2001).

The Calcione area is located in the eastern side of a broad
Neogene structural depression, known as the Siena-Radicofani
Basin (Martini and Sagri, 1993) (Fig. 1b). This structural depression
was filled by Neogene and Quaternary marine to continental
sediments (Bossio et al., 1993; Liotta, 1996; Bonini and Sani, 2002;
Aldinucci et al., 2007). A regional Pliocene normal fault, known as
the Rapolano Fault (Costantini et al., 1982), NNW-SSE striking and
west-dipping, separates the Pliocene sediments filling the Siena-
Radicofani Basin from the Tuscan Nappe Mesozoic carbonate and
siliceous formations (Fig. 1b). Widespread geothermal manifesta-
tions, such as thermal springs (39 �C), travertine deposits and gas
vents (mainly CO2, H2S, Etiope et al., 2005) are structurally
controlled. They are distributed along the traces of Pleistocene
faults (Brogi, 2008; Brogi and Capezzuoli, 2009) and the Rapolano
Fault (Cipriani et al., 1972; Minissale et al., 2002), mainly where the
latter was dissected by near-orthogonal Middle-Late Pleistocene
transtensional faults (Brogi, 2004; Brogi et al., 2009).

3. The study area

The faults analyzed are minor structures belonging to a major
SW-NE striking left-lateral strike-slip fault system, Pleistocene in
age, related to the development of the Sentino Basin (Fig. 1b). This
basin consists of a Late Pliocene-Pleistocene structural depression
developed in a linkage zone between two main left-lateral trans-
tensional faults (Brogi et al., 2002): the Calcione fault and the
Violante fault (Fig. 1b). On the basis of mapping considerations, the
Calcione and Violante faults produced a horizontal offset of a few
hundred meters. They dissected two regional east-verging over-
turned anticlines (Fig. 1b) that strike NNW-SSE (Aqué and Brogi,
2002; Brogi et al., 2002). These folds developed during the Early-
Middle Miocene and characterize the whole Rapolano-Monte
Cetona ridge (Losacco and Del Giudice, 1958; Passerini, 1964;
Lazzarotto, 1973). Strike-slip faults kinematics were defined by
structural analyses of key outcrops, mainly in the Violante fault
zone (Brogi et al., 2009). This fault dissected Late Triassic-Jurassic
carbonate rocks, producing large-volume hydrothermal fluid
circulation. Fluid flow across the fault zone gave rise to hydro-
thermal alteration and travertine deposition coeval with the latest
stage of fault activity, related to the Late Pleistocene (Brogi et al.,
2009).
TheCalcione fault zone affected theLateOligocene-EarlyMiocene
Tuscan Nappe turbiditic succession (Macigno Fm, Cornamusini,
2002), composed of quartz-feldspar-micaceous sandstone with
interbedded siltite beds. In the study area, the Calcione fault zone
consists of a wide, SW-NE striking, brittle shear zone characterized
by fault segments organized in en-échelon geometrical configura-
tion (Fig. 2). Minor strike-slip to oblique-normal faults, WSW-ENE
and W-E trending, are associated with the main fault segments
shown in Fig. 2b, and are particularly exposed along the south-
western shore of Lake Calcione (Fig. 2).

The turbiditic succession recorded a polyphase tectonic history
(Elter and Sandrelli, 1994; Bonini, 1999) during Tertiary structural
evolution of the inner Northern Apennines (Carmignani et al., 1994;
Liotta et al., 1998). The Pleistocene strike-slip faults superimposed
on previously deformed rock masses, locally characterized by
intense deformation, are described in the next section.

3.1. Nomenclature and methodology

Inorder todescribe thegeometryandarchitectureof theanalyzed
faults and related minor structures, the nomenclature proposed by
Peacock et al. (2000) was used. According to this nomenclature, the
term fracture includes all planar or semi-planar discontinuities
affecting rock masses: i) joints (Pollard and Aydin,1988; Pollard and
Segall, 1987); ii) deformation bands (Aydin, 1978); iii) slip surfaces
(Aydin and Johnson, 1978, 1983) including faults.

The faults are exposed for tens of meters along the raised lake-
shore and its surroundings (Fig. 2). The rest of the area is charac-
terized by thick forest, where the faults can only be recognized in
very limited and scattered outcrops, mainly along stream incisions.
Kinematic analysis was performed in structural stations (Fig. 2).

Sixteen minor fault zones related to the major Calcione fault
(Figs. 1 and 2) were considered. Five faults dissected sandstone
affected by pre-existing NW-SE striking fractures (see next
section); eleven faults displaced rock masses where the bedding
was the most pervasive pre-existing structure.

Measurements were taken on the fault zone in order to collect
a data set on: 1) the geometric pattern of the fault zones; 2) the
angular relationships between fractures and fault planes; 3) fault
kinematics.

The geometrical patterns of the fault zones were reconstructed
directly on the outcrops by detailed mapping. Boxes delimited by
metric strings were used to map fault portions. The length and
strike of the box sides were measured and recorded on graph paper
at scale 1:100. All structural elements occurring within a box were
analyzed and measured. If necessary, the box side was reduced to
1 m; all structures within the square meter were redrawn using
photographs. All linear measurements had a precision of about 2%.

The angular relationships between fractures and fault planes
were measured directly on the outcrops where 3D exposures could
also be recognized.

The kinematics of the faults were inferred by analysis of the
indicators recognized on the fault planes. In fact, all fault planes
have sub-horizontal striations indicating dominant strike-slip
movements. Strike and dip values of the fault planes were reported
in stereographic diagrams coupled with the pitch angles of the
striations (Fig. 2).

3.2. Fault/fracture angular relationships versus lateral sense of
movement

It is accepted that fault/fractures angular relationships are
a useful indicator for deducing the lateral sense of movement of
strike-slip faults (Kim et al., 2004 for a review). In particular, this
lateral sense of movement is indicated by the acute angles formed



Fig. 3. Cartoon showing the conceptual scheme reconstructing the lateral sense of movement of a strike-slip fault through the fault/fractures relationships. See the text for more
details.
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at the intersection between R-, R1-, and T-type discontinuities and
the fault plane (Cloos, 1928; Riedel, 1929; Tchalenko, 1970; Bartlett
et al., 1981; Petit, 1987; Wookcock and Schubert, 1994; Davis et al.,
2000) in the xez plane of the finite strain ellipsoid (Fig. 3a). In
several cases, the slip vector can be determined by a geometric
construction: T-, R- and R1-type discontinuities intersect faults
along lines perpendicular to the slip direction (Sibson et al., 1988;
de Ronde et al., 2001; Wilkins et al., 2001; Miller and Wilson,
2004) as illustrated in Fig. 3b. Although this geometric construc-
tion can be considered true in most cases, Blenkinsop (2008)
described anomalous conditions: the geometric construction
shown in Fig. 3b cannot be considered true for: (i) reactivated
faults, (ii) faults in multiple sets, and (iii) Healy theory faults (Healy
et al., 2006). Nevertheless, in nearly every case the slip vector is
indicated by the acute angles formed at the intersection between
R-, R1- and T-type fractures and the fault plane (Fig. 3 aeb), or by
the obtuse angle formed at the intersection between a P-type
Fig. 4. Lithological features of the Late Oligocene-Early Miocene sandstone turbiditic suc
sandstone beds, 2m thick, exposed close to the Calcione lake; b) centimeter fining upward
and crossed nicols light, respectively) of the quartz-feldspar sandstone mainly composed o
fracture and the fault plane. The orientation of the slip vector can be
calculated using stereographic projections (Schmidt diagram, lower
hemisphere) (Fig. 3c): the point defined by the intersection
between the fault plane and fracture great circles enables recon-
struction of strike and dip values of the line defined by the fault/
fracture intersection. Furthermore, strike and dip values of the slip
vector can be calculated at 90� from the fault/fracture intersection
point along the great circle of the fault plane (Fig. 3c).

3.3. Protolith fabric and pre-faulting structures

Protolith consists of alternating beds of arkosic sandstone and
subordinate amounts of siltite (Fig. 4), belonging to the Late
Oligocene-Early Miocene Macigno Fm (Cornamusini, 2002), inter-
preted as a thick foredeep turbiditic succession formed during the
building of the Northern Apennines chain. The sandstone beds have
thicknesses ranging from several centimeters to 3 m. Sandstone
cession (Macigno Fm) exposed in the study area; a) fining upward quartz-feldspar
sandstone beds with interbedded siltites; c) and d) photomicrographs (plane polarized
f quartz, feldspar, white mica, lithics (metamorphic rocks) and fe-oxides.



Fig. 5. Photographs and related line-drawings of rock masses deformed before the strike-slip faults. A) Normal fault with decimeter offset crossed by mode I fractures belonging to
the FS1 Fracture system. B) and C) Fracture network related to FS1 and FS2 fracture systems. See the text for more details.
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beds range from moderately to poorly sorted and contain
a considerable quantity of quartz grains (mono and polycrystalline),
feldspar grains (plagioclase and k-feldspar), white mica and chlo-
rite grains, and crystalline lithics mainly consisting of granitoid and
metamorphic rock fragments (Fig. 4ced). The cement is mainly
argillaceous-phyllosilicatic or composed of quartz, generally
constituting overgrowths on quartz grains. Siltite beds do not
exceed 10 cm in thickness. They show pervasive fissility mainly due
to very abundant phyllosilicate grains.

The most recurrent small-scale structures preceding the strike-
slip faults were normal faults (NFs) with decimeter to meter offsets.
sub-vertical, pervasive and sub-parallel fractures ascribed to two
different main fracture systems (FSs) are also present. Cross-cutting
and abutting relationships between the different structures are
used to define their relative chronology. Fig. 5 illustrates the
geometric relationships between NFs and different FSs as detect-
able on the outcrops. The FSs consist of mode I opening fractures
generally characterized by typical surface morphology, such as
Fig. 6. Sandstone affected by pervasive and sub-vertical fractures related to a deformational
(lower hemisphere, Schmidt diagram) and rose diagram illustrate the geometrical features
hackle marks defining plumose structures (Pollard and Aydin,
1988). In a few cases the fractures were reactivated as shear frac-
tures (see the next paragraph), coherently with the stress fields,
giving rise to strike-slip faults.

FS1 consists of a fracture set composed of sub-parallel and sub-
vertical fractures, locally spaced up to 10 fractures per meter
(Fig. 6). These fractures discontinuously affect thewhole study area.
Fractures are concentrated in wide, discontinuous domains, where
they are the most pervasive surfaces together with the bedding. In
contrast, the bedding, nearly sub-horizontal or gently inclined
toward E and NE, is the main structure characterizing the domains
not affected, or relatively unaffected, by fractures. Domains affected
by FS1 are distributed throughout the whole study area, giving the
Calcione sandstone awidespread structural feature. Fractures strike
N120� to N180� as reported in the stereographic diagrams of Fig. 6.

Normal faults predated FS1 (Fig. 5). The normal faults are char-
acterized by average N130�e140� strike and consist of minor
structures associated with the Early-Middle Pliocene Rapolano
event pre-dating strike-slip faults, see the text for more details. Histograms, stereplots
of the fractures.
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Fault system (Fig. 1b). Minor normal faults in the Calcione area are
characterized by decimeter to meter offsets and therefore cannot
be mapped. Kinematic indicators on the fault planes, consisting of
mechanical striation and rare quartz-fibers coupled with iron-
hydroxides, indicate dominant dip-slip displacement (pitch
ranging from 70� to 90�, Fig. 5).

FS2 fractures gave rise to clustering within rock lithons defined
by FS1 structures (Fig. 5). Their intersection geometries are mainly
Y- and T-type (Hancock, 1985; Pollard and Aydin, 1988). FS1eFS2
abutting relationships suggest a later origin of FS2 with respect to
FS1 structures. Their origin could be related to variations in stresses
around FS1 fractures during their formation, or to progressive
brittle deformation. FS2 fractures range from 5 to 45e50 cm in
length and from N110� to N15� in strike.

4. Strike-slip fault zone geometry and kinematics

Fault zone geometry and the associated fracture pattern show
different features depending on two main facts: i) pre-existing
fractures in the rock masses; ii) angular relationships between
strike-slip faults and pre-existing fractures. Systematic structural
analysis and field measurements of key outcrops mainly enabled
reconstruction of 2D structural geometries.
Fig. 7. Strike-slip fault exposed close to the Calcione lake; a) particular of the northern w
composed of centimeter clasts dispersed within a clayey matrix; c) millimeter tick clayey gou
along the fault plane; f) calcite fibers indicating left-lateral strike-slip kinematics.
4.1. Strike-slip faults in sandstone unaffected by pre-existing
fractures

Strike-slip faults dissecting sandstone unaffected, or relatively
unaffected, by pre-existing fractures are characterized by fault
zones not exceeding 10 m in width. The faults have displacements
exceeding 2 m, even if their exact offset cannot be defined with
precision, due to a lack of clear markers.

According to most authors (Chester and Logan, 1986; Chester
et al., 1993; Caine et al., 1996; Billi et al., 2003) the fault zones
can be partitioned into two main components: the fault core and
the damage zone.

The fault core mainly accommodated the maximum shear
deformation. It consists of a structurally complex and lithologically
heterogeneous cataclastic rock, up to 25 cm wide (Fig. 7a) and is
mainly composed of cemented angular to sub-angular comminuted
quartz grains, embedded in a very fine-grained phyllosilicate-rich
matrix, locally entraining parts of host rocks. Locally, crush breccia
(Sibson, 1977) with clasts ranging from 1 to 3 cm (Fig. 7bed) is the
dominant fault rock. The phyllosilicate-rich matrix consists of Fe-
hydroxides and a mixture of phyllosilicates (largely muscovite and
chlorite), mainly derived from comminution of grains forming the
host rocks (Fig. 8). The limit between fault core and damage zone is
all damage zone and fault core containing the fault plane; b) detail of the fault core
ge; d) crush breccias characterizing a part of the fault core; e) oblique mechanical striae



Fig. 8. Microphotographs (plane polarized light) of sandstone involved in faulting; a) detail of the fault core where comminuted grains gave rise to the phyllosilicate-rich matrix;
b) neoformational calcite attesting fluid migration along the fault zone.
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locally defined by a highly polished and striated (slickenside) slip
surface, occasionally characterized by calcitefiber growth (Fig. 7eef).

The damage zone is composed of a discrete zone of the host rock
containing fractures distributed in variable volumes. En-échelon
fractures characterizing the fault damage zones are called splays,
also known as wing, tail, kink, horsetail and branch cracks, and
consist of dominantly opening-mode (mode I) fractures formed in
response to slip across faults in brittle rocks such as sandstone
(Cruikshank et al., 1991; Myers and Aydin, 2004).

Different features characterize the damage zones depending on
their locationwith respect to the fault plane (McGrath and Davison,
1995; Kim et al., 2003; According to Kim et al. (2004), damage
zones can be divided into three main types: i) wall, ii) linking and
iii) tip damage zones (Fig. 9a).

The wall damage zones (distributed damage zones in Kim et al.,
2003) are narrow zones characterized by en-échelon fractures
showing similar length and spacing (Fig. 10a). The length, spacing
Fig. 9. a) Cartoon showing different linkage patterns between two main left-lateral strike-s
2004). b) Relationships between step width and step length for overstepping strike-slip fault
other authors (Aydin and Nur, 1982; Wesnousky, 1988; Stirling et al., 1996; Sieh and Natawid
and Jackson, 2002; Tatar et al., 2004; Fu and Awata, 2006; Nemer and Meghraoui, 2006; de
understepping strike-slip faults from the Calcione area. (For interpretation of the references
and strike of the fractures were measured for each strike-slip fault.
In general, fractures are concentrated in meter-wide domains
having high deformation density, characterized by 12 fractures per
meter (Fig. 11), separated by intermediate domains where the
density of fractures is lower: 2e3 fractures per meter (Fig. 11). On
the whole, fractures formed at 25e42� to the main fault plane
(Fig. 10a). Some fractures have sigmoidal shape, whereas some of
which evolved into synthetic faults (sheared fractures) showing
associated minor fractures. In several cases, fractures in the wall
damage zones isolated lithons of host rocks, preserving protolith
fabric.

Linking damage zones consist of highly fractured zones con-
necting two segments of strike-slip faults. They developed in
releasing overstep zones or in understepping co-planar fault
segments (Fig. 9a). The releasing overstep zones are characterized
by fractures connecting the two faults segments (Fig. 10b). Frac-
tures are at 30�e50� to the overstepping fault segments andmostly
lip fault segments as recognized in the study area (terminology from Kim et al., 2003,
s from the Calcione area (red triangles) integrated with data published (yellow field) by
jaja, 2000; Le Pichon et al., 2001; Jachens et al., 2002; Maruyama and Lin, 2002; Walker
Joussineau and Aydin, 2009). c) Relationships between step width and step length for
to colour in this figure legend, the reader is referred to the web version of this article).



Fig. 10. Different damage zones geometrical features associated to the strike-slip faults recognized in the study area; a), b) and c) are different cases discussed in the text. The
diagrams illustrate, from the left: stereographic diagram (lower hemisphere, Schmidt diagram) showing the great circle of the fault plane; rose diagram of the fractures in the
damage zone; histogram showing the angular values at the intersection of fault planes and their fractures.
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prove affected by hydrothermal alteration, indicating themajor role
of linkage zones for fluid flow along fault zones. Linking damage
zones between understepping fault segments are characterized by
en-échelon fractures parallel to those formed in the wall damage
zones. They can be comparedwith the antithetic faults described by
Fig. 11. Diagrams illustrating the fractures density for the analyzed faults. Left) Fractures den
fractures. Right) Fracture density measured for the strike-slip faults dissecting sandstones
Kim et al. (2003). The relationships between step width and step
length of overstepping and understepping fault segments were also
investigated for measurable faults. Little datawas obtained andwas
added to that of other places around the world. In the diagrams of
Fig. 9b mean step length and width for overstepping fault segments
sity measured for the strike-slip faults dissecting sandstones unaffected by pre-existing
affected by pre-existing fractures.



Fig. 12. a) Relationships between maximum fracture length and related fault length
from the Calcione area (red triangles and green squares) integrated with data pub-
lished (yellow field) by other authors (de Joisseneau et al., 2007); WPF: data for faults
affecting rock masse not affected by pre-existing fractures; PF: data for faults affecting
rock masse with pre-existing fractures. b) Frequency vs ratio of maximum fracture
length (mfl) to related fault length (fl). c) Relationships between the maximum width
of the (half) damage zone and the fault length. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).
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were plotted on the y and x axis, respectively. The collected data
aligns well with the best fit reported by de Joisseneau and Aydin
(2009) describing a quasi-linear positive power law relationship:

Y ¼ 2.69 � x0.97

with R2 ¼ 0.93.

Mean step length and width for understepping fault segments
are plotted in Fig. 9c. This data, too, is distributed along a positive
power law trend but the equation that defines the power law
cannot be reconstructed due to a shortage of data.

Tip damage zones mainly consist of asymmetric damage zones
characterized by fractures at 35�e50� to the fault plane (Fig. 10c),
classifiable as horsetail splays described by Kim et al. (2004).

Geometrical relationships between faults and their associated
fractures were also investigated for several faults. In fact, eleven
strike-slip left-lateral faults ranging from 2 to 40 m in length are
well exposed, enabling their geometry to be analyzed. Relation-
ships between fault lengths (fl) and the length of their longest
fractures (maximum fracture length-mfl) in damage zones were
considered and compared with data from the literature (e.g. de
Joisseneau et al., 2007). The results are reported in Fig. 12a and
are consistent with the power law defined by de Joisseneau and
Aydin (2007):

mfl ¼ 0.54 � pfl0.95

with R2 ¼ 0.79. The average mfl/fl obtained was 0.403 (Fig. 12b)
indicating that the common value for maximum fracture length of
the damage zone is 40% of the fault length.

The fault plane and related fractures in the damage zones
intersect at 38� (a) on average. This angular value coupled with
maximum fracture length (mfl) made it possible to calculate the
maximum width of the damage zone (WDZmax) through the
following equation:

WDZmax ¼ mfl� sina

The relationships between fault length and the maximumwidth
of their damage zones are reported in Fig. 12c.

Fig. 13A illustrates stereographic diagrams comparing the fault/
fracture intersection and the slickenline for individual faults in order
to reconstruct their angular relations (cf. Blenkinsop, 2008). The
geometrical relations and angular values will be discussed later.
4.2. Strike-slip faults interfering with pre-existing fractures

Strike-slip faults dissecting sandstone affected by pre-existing
fractures are characterized by atypical geometrical patterns. For
example, the length of the faults and the length of their apparent
longest fractures show anomalous relationships with respect to the
scaling relation of rock masses not affected (or relatively unaf-
fected) by pre-existing fractures (Fig. 12a). The fracture network in
fault damage zones may also prove very complicated, as pre-
existing fractures could influence the trajectories of fractures
formed later. In fact, fractures related to faulting form at low angles
to the fault plane and abut or curve into the trace of the pre-existing
fracture (Fig. 14).

Depending on the angular relationships between pre-existing
fractures and the strike-slip faults, different geometrical patterns
were created. Two main cases have been selected: i) strike-slip
faults superimposed on near-orthogonal pre-existing fractures; ii)
strike-slip faults superimposed obliquely on pre-existing fractures.

Figs. 15 and 16 illustrate examples of strike-slip faults super-
imposed on near-orthogonal, dominant pre-existing fractures. Such
faults strike N70�-80� and are superimposed on near-orthogonal
(N140�-150� striking) pre-existing fractures of FS1.

Fig. 15 shows a strike-slip fault characterized by a very thin fault
core composed of amillimeter-thick level of comminuted host rock.
The fault walls are characterized by pre-existing fractures which
consist of parallel and discrete fractures (FS1), with regular spacing
(up to 8 fractures per meter, Fig. 11b) and at high angles (72� on
average) to the fault plane (Fig. 15). Their orientation (N140�-150�)
is consistent with FS1 fractures, as reconstructed in the whole
Calcione area (Figs. 5 and 6). Nevertheless, FS2 fractures giving rise



Fig. 13. Stereographic diagrams (Schmidt diagram, lower hemisphere) showing the slickenline and the fault/fracture intersections for each analyzed fault. The fault/fracture
intersection derives from the interaction of fault plane and fifteen fractures. The angular values have been also reported.

A. Brogi / Journal of Structural Geology 33 (2011) 644e661654
to clustering within rock lithons defined by FS1 structures are also
present. In some cases, FS2 fractures show a parallel trend with
respect to the strike-slip faults.

The kinematics of the fault has been defined by calcite slick-
enfiberswith lunate structures and slickensides on thepolished fault
plane, suggesting left-lateral strike-slip movement (Fig. 15aeb).
Relationshipsbetween fault length (fl) andmaximumfracture length
(mfl) are reported in Fig.12a. These scaling relationshipsdonotfit the
other cases described in the previous paragraph or data from the
literature. This is discussed in the next paragraph.

Fig. 16 illustrates a similar case but highlights differences for the
damage zone fracture network. The fault core is mainly represented
by millimeter-thick gouges derived from comminution of the wall
rock. Millimeter and sub-millimeter calcite veins, composed of
aligned crystal fibers, grew on the slip plane showing a N80� trend
striking. Calcite fiber growth and mechanical striations indicate
a main horizontal displacement with left-lateral movement. The
fault affected fractured sandstone characterized by pre-existing
fractures, mainly N140�e150� striking and consistent with FS1
fractures. As described for the previous case, FS2 fractures also
developed in lithons defined by themain FS1 fractures. FS1 fractures
are regularly spaced (up to 5 fractures per meter) and dissected at
a high angle (75� on average) by the fault. Other shorter fractures
developed at low angles to the fault plane, mainly in the southern
wall at 15e35� to the fault plane. Low angle fractures have en-
échelon distribution and are parallel and discrete with a spacing up
to 15 fractures per meter. The resulting fracture network is asym-
metric: the northern wall is characterized by (pre-existing) frac-
tures at high angles to the fault plane; the southern wall shows
fractures at high and low angles to the fault plane (Fig. 16). The
relationships between fault length (fl) and maximum fracture
length (mfl) is reported in Fig. 12a for the different fracture sets.



Fig. 14. Photographs illustrating a curvilinear fracture developed in a fault damage zone. Its curvilinear plane is due to the interference of the newly-formed fracture with a pre-
existing one (see the text for more details).
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Scaling relationships from low angle fractures fit the cases
described in the previous paragraph and data from the literature,
whereas those from high angle fractures are anomalous (Fig. 12a).

Fig. 17 illustrates the selected case of strike-slip faults super-
imposed obliquely on pre-existing fractures. The fault core consists
of millimeter-thick gouges. Calcite fiber growth coupled with
mechanical striations on the fault plane indicate a main horizontal
displacement with left-lateral movement. Here a left-lateral strike-
slip fault, oriented N110�, dissected sandstonewith pre-existing FS1
and FS2 fractures, striking about N140e150� and N70e120�,
respectively. The fracture pattern in the damage zone is a herring-
bone network (Fig. 17); this geometrical configuration is derived
from superimposition of fractures associated with faulting on pre-
existing fractures. Fractures intersect the main fault plane at low
angles (25e50�) in both fault walls, and are characterized by similar
Fig. 15. Fault/fractures angular relationships simulating a right-lateral movement, opposite
development of fault. Stereographic diagram (lower hemisphere, Schmidt diagram) illustrat
measured in the indicated fault walls. The histograms indicate, from the left: the angular
indicated fault walls; the cumulative angular values measured at the intersection between
spacing and length, despite slightly different intersecting angular
values in the two fault walls (Fig. 17). The relationships between
fault length (fl) and maximum fracture length (mfl) do not fit the
scaling relation of Fig. 12a.

Angular relations between the fault/fracture intersection and
fault slickenlines (cf. Blenkinsop, 2008) are also illustrated in
Fig. 13B and discussed in the next paragraph.

5. Discussion

In the last few decades, much research has been dedicated to the
architecture of strike-slip faults over a wide range of magnitude of
fault displacements. It has been demonstrated that strike-slip faults
of very different sizes in different rocks show comparable geomet-
rical patterns in terms of fracture network and scaling relationships,
with respect to the true kinematics. Fractures intersecting the fault plane predate the
es the great circles of the fractures and related poles; the rose diagrams show fractures
values at the intersection between the fault plane and the fractures occurring in the
the fault plane and the fractures in the fault walls.



Fig. 16. Two fracture sets intersecting the fault plane (see the text for more information); the fractures at low angle to fault plane consist of synthetic fractures developed during
faulting. Fractures at high angles to fault plane consist of pre-existing fractures. The fracture pattern is ambiguous: the fault/fractures intersection simulating a right-lateral
movement is opposite with respect to the true kinematics. The stereographic diagram (lower hemisphere, Schmidt diagram) illustrates poles of the fractures; the rose diagrams
show fractures measured in the indicated fault walls. The diagrams show, from the left: the measured angular values at the intersection between the main fault plane and the main
fractures in the indicated fault walls; the cumulative angular values measured at the intersection between the fault plane and the fractures in the fault walls.

Fig. 17. Herringbone-shape fractures characterizing strike-slip fault damage zones. These fracture pattern derives from two intersecting fracture sets. One fracture set consists of
pre-existing fractures on which neoformational ones, related to faulting, superimposed.
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combining different parameters: i) length of fault segments, ii)
length of fractures (splay) forming damage zones; iii) displacement,
iii) lengthofoverstepping relay zones, iv)widthofoverstepping relay
zones. Negative and positive power law relationships have been
demonstrated between these different geometrical elements: fault
segment length vs fracture length (de Joisseneau and Aydin, 2007),
fracture length vs offset (Wesnousky, 1988; Sieh and Natawidjaja,
2000; Jachens et al., 2002; Walker and Jackson, 2002; Tatar et al.,
2004; Fu and Awata, 2006; Nemer and Meghraoui, 2006; Rovida
and Tibaldi, 2005; de Joisseneau et al., 2007; de Joisseneau and
Aydin, 2009), width of damage zone vs offset, length of fault vs
offset (Cowie and Scholz, 1992); maximum offset vs step width and
maximum offset vs step length (Wesnousky, 1988; Stirling et al.,
1996; Sieh and Natawidjaja, 2000; Le Pichon et al., 2001; Jachens
et al., 2002; Maruyama and Lin, 2002; Walker and Jackson, 2002;
Tatar et al., 2004; Fu and Awata, 2006; Nemer and Meghraoui,
2006; de Joisseneau and Aydin, 2009); step length vs step width
(Aydin andNur,1982;Wesnousky,1988; Stirling et al.,1996; Sieh and
Natawidjaja, 2000; Le Pichon et al., 2001; Jachens et al., 2002;
Maruyama and Lin, 2002; Walker and Jackson, 2002; Tatar et al.,
2004; Nemer and Meghraoui, 2006; Fu and Awata, 2006; de
Joisseneau and Aydin, 2009); maximum fault offset vs steps per km
(Wesnousky,1988; Lawrenceet al.,1992; Stirlinget al.,1996; Sieh and
Natawidjaja, 2000; Langenheim et al., 2001; Le Pichon et al., 2001;
Jachens et al., 2002; Walker and Jackson, 2002; Maruyama and Lin,
2002; Pachell and Evans, 2002; Brankman and Aydin, 2004;
Rhodes et al., 2004; Tatar et al., 2004; Cembrano et al., 2005;
Rovida and Tibaldi, 2005; Nemer and Meghraoui, 2006; Fu and
Awata, 2006; Walker et al., 2006; de Joisseneau and Aydin, 2009).

In the study area, relations between the different geometrical
parameters of faults not interfering with pre-existing fractures
(Figs. 9 and 12) agreed with the scaling relations highlighted by
other workers. In particular, data on the relation between mean
step length and mean step width in overstepping fault segments fit
the positive power law as reconstructed by de Joisseneau and Aydin
(2009) and references therein. The relation between fault length
and maximum fracture length (Fig. 12a) also fit the positive power
law as highlighted in other areas by de Joussineau et al. (2007).
However, no differences in angular values between faults and their
fractures (splay angle in Aydin and Berryman, in press) were
Fig. 18. Cartoon illustrating the conceptual model dealing with the relationships between s
different geometric configurations of fractures. The different cases illustrated in the text ar
recognized for different fault configurations (i.e. isolated fault
segments and interacting fault segments), in contrast with the
observation of de Joisseneau and Aydin (2007) for the Valley of Fire
State Park (Nevada, USA). I observed angular values ranging from
20� to 50� (Fig. 10) for isolated and interacting fault segments
(Fig. 9). In contrast, I observed different angular values in wall and
tip damage zones with means ranging from 20� to 42� and
35�e50�, respectively. Although splay angles depend on different
factors mainly related to the nature of the affected lithotypes
(Fletcher and Pollard, 1981; Hancock, 1985; Willemse and Pollard,
1998; Pollard and Aydin, 1988; Martel, 1990; Cruikshank and
Aydin, 1994; Cooke, 1997; Younes and Engelder, 1999; Mollema
and Antonellini, 1999; Peacock, 2001; Kim et al., 2004), the
different angles in wall and tip damage zones are probably due to
different mechanical responses to deformation.

Irrespective of angular values, it is accepted that fault/fracture
angular relationships are useful indicators for reconstructing the
lateral sense of movement of strike-slip faults (Kim et al., 2004 for
a review). On the other hand, temporal relationships between
fractures and faults have important geological implications for the
kinematics of faults and the tectonic history of a region (Peacock,
2001 and references therein). In fact, various papers describe pre-
existing fractures influencing fault development in terms of
geometrical configuration (Martel et al., 1988; Martel, 1990, 1999;
Peacock and Sanderson, 1992; Myers and Aydin, 2004; Flodin and
Aydin, 2004; Van Der Zee et al., 2008). Myers and Aydin (2004)
and Flodin and Aydin (2004), studying Jurassic sandstones
exposed in the Valley of Fire, State Park (southern Nevada, USA),
recently documented the effect of superimposed strike-slip faults
in rock masses affected by pre-existing fractures. Flodin and Aydin
(2004) documented anomalous splay angles, as new generations of
faults and fractures formed along pre-existing joints (Myers and
Aydin, 2004). Thus, pre-existing or precursor structures such as
joints, veins or solution surfaces and deformation bands can
influence the geometry of splays, explaining certain outstanding
issues of fault zone complexity (Crider and Peacock, 2004 with
references therein). For example, Cruikshank et al. (1991) and
Myers and Aydin (2004) described faults along pre-existing joints
linked by wing cracks in sandstone. Summing up, previous work
demonstrates that pre-existing fractures in rock masses later
trike-slip faults and pre-existing fractures. Intersection at different angles gave rise to
e also indicated.
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affected by strike-slip faults may produce local fault/fracture
angular relationships indicating a lateral sense of movement
opposite to the true one. Some strike-slip faults described for the
Calcione area strengthen Flodin and Aydin’s concept and provide
another example illustrating how pre-existing fractures in sand-
stone can influence the fault growth process, giving rise to anom-
alous fracture/fault angular relationships. Different fracture
patterns developed in damage zones (Figs.14e17) and depended on
intersecting angular values between the pre-existing fractures and
the strike-slip faults (Fig. 18).

Most strike-slip faults developed at high angles to the pre-
existing fractures (Fig. 18). In such cases, pre-existing discrete,
parallel and regularly spaced discontinuities (Figs. 5 and 6) could
inhibit the formation of splay during faulting, leading to anomalous
fracture patterns. Failure to recognize kinematic indicators on the
fault plane may result in deception. For example, the case illus-
trated in Fig. 15 highlights a left-lateral strike-slip fault character-
ized by decimeter offset; the acute angles suggest right-lateral
movement, which is opposite to the true sense of movement, as
indicated by the kinematic indicators on the fault plane. Newly-
formed fractures associated with strike-slip faulting are lacking,
probably due to the embryonic stage of fault growth (cf. de Joissi-
neau et al., 2007) or, alternatively, due to the fact that the forces
defining the principal stress components acting on the fault plane
dissipated with reactivation of the pre-existing fractures, which
performed as shear fractures. In this case, they should have sheared
in a right-lateral sense due to the complementary shear stress.
Possible shearing along pre-existing fractures cannot be defined
and the acute angles (72� in Fig. 15) are inconsistent with those
measured for splays related to strike-slip faults in sandstone not
affected (or relatively unaffected) by pre-existing fractures (Fig. 10)
or described in the literature (de Joisseneau and Aydin, 2007; de
Joisseneau and Aydin, 2009), which range from 15� to 50�. Also,
the relationships between fault length and maximum fracture
length do not fit those documented by other researchers (Fig. 12a).
Thus, angular values and geometrical relationships between fault
segment length and fracture length can be considered useful for
discriminating deceptive cases.

Strike-slip faults developing at low angles to pre-existing frac-
tures gave rise to a very ambiguous fracture pattern (Fig. 17). The
overall real lateral sense of movement cannot be defined with
certainty if only a part of the fault damage zone is exposed.
However, to discriminate pre-existing from newly-formed frac-
tures, useful insights can be obtained from cross-cutting and
abutting relationships (Segall and Pollard, 1983; Cruikshank et al.,
1991; Wilkins et al., 2001). Indeed, pre-faulting fractures (mode I
opening fractures) should be preserved in lithons delimited by
newly-formed structures, and if so, they were not reactivated. In
the study area, pre-existing fractures with no shear provide
circumstantial evidence that most of these structures were not
reactivated. This is conceptually sound evidence but reactivation of
pre-existing fractures is a real possibility that cannot be excluded,
as demonstrated by Flodin and Aydin (2004). In fact, it is unlikely
that deformation would create strike-slip faults at a very low angle
to a pre-existing fracture system instead of taking advantage of the
fracture system. In this view, FS2 fractures probably favored
development of the strike-slip faults, since they are roughly parallel
to the strike of the faults (see Fig. 18).

The analyses of angular relations between fault/fracture inter-
section and slickenline offer another stimulating consideration: in
most cases the slip direction lies perpendicular to the line defined by
the fault/fracture intersection, as illustrated in Fig. 3b and c. In the
study area this geometrical relation has been documented for all
faults not interfering with pre-existing structures (Fig. 13A), where
a mean angular value of 87.9� has been calculated. On the contrary,
98.6� is the mean angular value obtained from the fault/fracture
intersection and slickenline for strike-slip faults dissecting rock
masses affected by pre-existing fractures (Fig. 13B). Fig. 13B shows
field examples of oblique relationships between fault/fracture inter-
section lines and related fault slip vectors. This anomalous geomet-
rical relationcouldbe related topre-existing fractures that influenced
the final geometric configuration of fractures in the damage zones
of the newly-formed strike-slip faults (cf. Blenkinsop, 2008).

6. Conclusion

Analysis of strike-slip faults in sandstone exposed in the Cal-
cione area highlighted the critical role of pre-existing fractures in
the development of these faults and configuration of their damage
zones. New data for the architecture of strike-slip fault systems is
provided for faults dissecting rock masses not affected by pre-
existing fractures. The new data set lends support to previously
published data on general trends in fault scaling. In particular: i) the
scaling relation between fault length andmaximum fracture length
in the damage zone agreed with the positive power law recon-
structed for other sites around the world; ii) the scaling relation
between the mean length and meanwidth of steps in overstepping
fault segments was in line with the positive power law defined by
other authors; iii) the little available data on the relation between
mean length and width of steps of understepping fault segments
followed a positive power law trend.

The relation between fault length and maximum fracture
lengths of faults dissecting sandstone affected by pre-existing
fractures does not show scaling relations. Variations in fracture
patterns in damage zones provides ambiguous cases that could lead
to incorrect evaluation of faults kinematics. The angular relation-
ships between pre-existing fractures and the fault plane may
simulate splays apparently related to faulting. This is a critical point
for tectonic investigation because fault kinematics can be mis-
interpreted. However, four main points are defined for detecting
deceptive cases in study areas. There is a real probability of
a deceptive fracture pattern if: i) angular values at the intersection
of the fault and its fractures (mode I opening fracture) exceed 50� in
the wall damage zone; ii) the scaling relation between fault length
and maximum fracture length does not fit the power law reported
in Fig. 12a; iii) the angular relation between fault/fracture line and
slip vector is different from 90�; iv) fractures acted as shear frac-
tures. The fourth point could prove unreliable.

In any case, accurate description of protolith fabric and recon-
struction of the pre-faulting structural setting are fundamental for
understanding anomalous fracture patterns in fault damage zones.
Particular care is therefore needed when strike-slip faults dissected
rock masses affected by pre-existing fractures, especially if the
faults developed at high angles to the fractures. In such cases,
reconstructions of fault kinematics can be flawed by erroneous
interpretations.
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