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Abstract

The structural evolution of cataclastic fault cores from nucleation to growth was studied for the case of normal fault zones affecting high-
porosity carbonates in the Hyblean Plateau, Sicily. A comparison was made between faults with increasing displacements affecting a similar
lithology at shallow depth conditions. In the first few millimetres to centimetres adjacent to the fault surface, porosity is significantly reduced by a
sequence of pore collapse, grain crushing, rotation-enhanced abrasion and calcite precipitation, which is a function of increasing displacement.
Consequently, fault planes have strongly reduced permeability even for very small displacements. Adjacent damage zones are characterized by
fracture density and connectivity increasing toward the fault plane. Cataclastic rock production and consequent fault-core development initiate as
the fault displacement reaches values of 1-5 m. This displacement threshold coincides with a decrease in the widening of the damage zone per unit
increase of fault displacement, which relates to a change in the mechanism of deformation accumulation in the fault zone. The change is
interpreted to result from strain-softening in the fault zone due to the onset of cataclasis. Permeability data indicate that normal faults in high-
porosity carbonates are effective transversal seals even at very small offsets and their combined conduit-barrier hydraulic behaviour is accentuated
as displacement increases. These results show some similarities but key differences with respect to fault zone development for the analogous cases

of sandstones and low-porosity limestones.
© 2006 Published by Elsevier Ltd.
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1. Introduction

Two structural components characterize well developed
fault zones: a damage zone and a fault core (e.g. Chester and
Logan, 1986; Chester et al., 1993; Caine et al., 1996). They
may have different permeability properties due to different
structural fabrics and deformation mechanisms (e.g. Antonel-
lini and Aydin, 1994, 1995; Evans et al., 1997; Knipe, 1997;
Wibberley and Shimamoto, 2003). Damage zones consist of
rock volumes affected by fault-related fracturing. Bedding
surfaces and inherited structural fabrics are commonly
preserved (e.g. Billi et al., 2003). Fault cores, where the
majority of displacement is accommodated, usually consist of
cataclastic rocks. Pre-existing structures are thus obliterated
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during progressive cataclastic flow as displacement increases
(Chester and Logan, 1986). The size of fault cores and the
presence and type of cataclastic rocks control the frictional
fault properties (Morrow and Byerlee, 1989; Scott et al., 1994),
the hydrodynamic behaviour of faults during earthquake slip
events (Wibberley, 2002; Wibberley and Shimamoto, 2005)
and indeed the three-dimensional permeability patterns around
faults (e.g. Caine et al., 1996).

According to Shipton and Cowie (2001), a fault zone is a
four-dimensional system involving slip along the main fault
surface and deformation within a volume around that surface,
both of which accumulate through time. This accumulation
through time is, however, difficult to characterize, even when
cross-cutting relationships are available to constrain relative
timing. One way to overcome this difficulty is to infer the
temporal evolution of fault zone architectures by comparing
faults affecting similar lithologies in the same geological
context, with different displacement magnitudes, the assump-
tion being that faults with small displacements represent the
early stages of growth of larger faults. This approach may be
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used to document how the fault zone varies in width and
structural complexity as a fault grows (e.g. Aydin and Johnson,
1978; Antonellini and Aydin, 1994; Knott et al., 1996; Shipton
and Cowie, 2001).

An understanding of the onset of cataclastic fault-rock
production and fault-core development is crucial because of
their influence on fault zone permeability and frictional
properties. Mechanisms that develop cataclastic rocks in fault
cores may vary in space and time, and cannot be depicted by a
single relationship (Blenkinsop, 1991; Storti et al., 2003; Billi
and Storti, 2004). Fault-core, cataclastic rock and damage zone
evolution has been investigated in sandstone and crystalline
basement rocks, yet much less information is available for
carbonate rocks (Hadizadeh, 1994; Billi et al., 2003; Micarelli
et al., 2003; Storti et al., 2003; Billi and Storti, 2004; Micarelli
et al., in press).

In this paper, we present structural data from normal fault
zones in highly porous carbonate rocks from the Hyblean
Plateau, southeastern Sicily. We study the evolution of the fault
zone architecture and describe the structural style at the
outcrop- and grain-scales, via systematic sampling and
microstructural analyses. We focus on the mechanisms leading
to cataclastic rock production in fault cores and investigate the
onset of fault-core development as a function of displacement
magnitude. By integrating these observations, with an analysis
of permeability, we build a picture of damage zone and core
evolution through displacement accumulation. Consequently,
we discuss the implications of fault zone architectural
evolution on the hydraulic behaviour of fault zones in highly
porous carbonates.

2. Geological setting

The Hyblean Plateau dominates southeastern Sicily
(Fig. 1a). It is part of the emerged foreland of the Neogene—
Quaternary Maghrebian thrust belt and was deformed by
different fault systems related to extensional and strike-slip
tectonics that are still active (e.g. Torelli et al., 1998; Monaco
and Tortorici, 2000). These fault systems are associated with
extensive Upper Miocene—Lower Pleistocene volcanic activity
and uplift. They bound and control the development of major
Plio-Pleistocene basins such as the Gela—Catania foredeep,
flanking the northwestern margin of the Hyblean Plateau. The
thrust front runs from Catania to Gela, its frontal part being
buried by sediments of Early Pleistocene age (Grasso et al.,
1995). Minor basins developed on the Ionian side of the Plateau
and have been related to the activity on the Malta escarpment
(Grasso and Lentini, 1982; Adam et al., 2000) in a general
framework of ESE-WNW regional extension (Tortorici et al.,
1995; Monaco and Tortorici, 2000; Cifelli et al., 2004).

On the Hyblean Plateau, exposed sedimentary rocks are
mainly of Tertiary age (Rigo and Barbieri, 1959; Grasso and
Lentini, 1982) and deposited in a foreland basin setting.
Geographically, the succession can be divided into eastern and
western facies (Fig. 1b; Grasso et al., 1982; Lentini, 1984). The
eastern succession, which is largely exposed on the Ionian
margin of the Hyblean Plateau, consists of Oligocene—Miocene

shallow water carbonates with intercalated volcanic rocks
(Grasso et al., 1982). They rest upon carbonates of Late
Cretaceous—Paleogene age and volcanic rocks, which are
remnants of earlier platforms and volcanic seamount sequences
(Adam et al., 2000). The western succession consists of Upper
Oligocene—Miocene shelf carbonates and marls, which rest
upon mainly pelagic carbonate rocks of Late Cretaceous—
Eocene age. Messinian volcanic intercalations are locally
present (Montenat, 1990; Lentini, 1984). Both carbonate
successions are mostly composed of calcarenites, coarse
carbonate breccias, bioclastic grainstones, calcarenites inter-
bedded with marl-lime mudstones, and marls. Most lithologies
have high porosity.

The structural setting of the Hyblean Plateau is governed by
two main interacting coeval fault systems, oriented approxi-
mately NE-SW and NW-SE (Fig. 1b). Most faults are normal
dip-slip and are related to several weak tectonic events of
different ages. The NE-SW trend is sub-parallel to the faults
flanking the northern Hyblean margin and to the buried front of
the thrust belt that runs ENE-WSW close to the southern slope
of Mt. Etna (Torelli et al., 1998). The NW-SE faults are more
common in the Ionian side of the Plateau and run sub-parallel
to the Malta Escarpment (Torelli et al., 1998).

We study several normal fault zones cropping out on the
Hyblean Plateau. We compare faults with different amounts of
displacement to infer the temporal evolution of fault zone
architectures, based on the following considerations. (i) All the
studied faults are related to weak tectonic events. They showed
displacements ranging from zero to a few tens of metres. (ii)
All the studied faults affect similar carbonate series, i.e.
massive or poorly-layered, highly porous calcarenites. (iii) The
Hyblean Plateau has never been strongly buried, which implies
that faulting took place at very shallow depths, or at the
surface. The maximum burial depth for the fault zones studied
is estimated at 150-200 m, based on field stratigraphic data.

3. Methods

We investigated 27 fault zones (Table 1) by measuring
structural elements and sampling zones of cataclasite, fractures
and host-rock along scan lines. In the field, the fault core is
distinguished from the surrounding damage zone by the
occurrence of cataclastic rocks (e.g. Sibson, 1977; Billi et al.,
2003). The core is commonly sharply bounded on one or both
sides by major fault surfaces. Damage zones gradually fade
outward into intact host-rock or protolith. Their distinction
from the protolith is based on the change in the density and
geometry of fault-related fractures, although the boundary is
gradational.

The microstructures of the samples collected were analysed
with standard transmitted light microscopy. Fifty thin sections,
30 of which were impregnated with blue epoxy, were examined
to determine mineralogy and texture, to recognize the possible
presence of cements and to estimate qualitatively the porosity.

Permeability was measured using the high confining
pressure (200 MPa), fluid-flow apparatus at Geosciences
Azur, Université de Nice—Sophia Antipolis. The pressure



1216

L. Micarelli et al. / Journal of Structural Geology 28 (2006) 1214—-1227

1
13°E
Palermo

~37°N 40 km
Volcanic units of the
Hyblean Plateau and Etna Mt.
Foredeep units and minor
Plio-Pleistocene basins

E Hyblean foreland succession

14°E
TYRRHENIAN SEA

Crystalline units of
the Calabrian Arc

l:‘ Apenninic-Maghebian units

= =~ = Thrustbeltfront

‘KL Normal faulis of the
Malta escarpment

Faults
\:| Plio-Quaternary

- Volcanics
+ =+ Plio-Pleistocene
Messinian-Pliocene

WESTERN SUCCESSION
Oligocene-Miocene

Cretaceous-Eocene

EASTERN SUCCESSION
Oligocene-Miocene

Cretaceous-Eocene

Fig. 1. (a) Map of Sicily, showing the main structural domains at the regional scale. Inset indicates the study area. (b) Simplified geological map of the Hyblean
Plateau showing the main outcropping faults and the overall distribution of the Cretaceous—Miocene carbonate facies, divided into eastern and western successions.

vessel subjected samples to uniform confining pressure (Pc;
isotropic stress) that could be increased. Oil was used as a
confining medium and nitrogen gas as a pore fluid, at room
temperature. Permeability was measured by the constant flow-
rate technique with pore fluid-pressure differences of 0.1-
0.5 MPa, vented to atmospheric pressure at the downstream
end. The samples were subjected to an initial confining
pressure of 10 MPa. The confining pressure was then increased

in steps of 10 MPa up to 60 MPa. Permeability data are
reported as a function of the confining pressure. Cylindrical
samples were prepared in the laboratory from oriented blocks
of different fault rocks collected along traverses across the fault
zones. The cores used had diameters of 20 mm and lengths of
between 20 and 40 mm. Each sample was placed between
perforated steel spacers and further jacketed with the end
pistons before being inserted into the pressure vessel.
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Summary of fault zone data. For each studied fault the displacement amount, the damage-zone width and the presence and type of fault core are noted. Porosity-
reduction mechanisms are also shown and defined by a number: (1) localized compaction of the finest size fraction of the sediment, (2) fossil shell crushing, (3)
rotation-enhanced particle abrasion of larger particles, and (4) precipitation of calcite cement

Fault Displacement (m) DZ width (cm) Fault core Porosity reduction mechanisms
1 2 3 4
F1 0.04 35 No core X
F2 0.1 40 No core X
F3 0.1 65 No core X
F4 0.2 100 No core X
F5 0.2 40 No core X
F6 0.25 60 No core X
F7 0.25 100 No core X
F8 0.35 55 No core X
F9 0.4 100 No core X
F10 0.7 150 No core X X
F11 0.9 75 No core X
F12 1 250 No core X
F13 1.2 250 Discontinuous core X X
F14 1.3 100 Discontinuous core X X
F15 14 250 Discontinuous core X X
Fl16 1.8 180 Discontinuous core X X
F17 2 300 Discontinuous core X X
F18 4 280 Discontinuous core X X
F19 6 300 Continuous core X X
F20 7.2 310 Continuous core X
F21 8 340 Continuous core X
F22 10 240 Continuous core X X
F23 12 350 Continuous core X
F24 15 400 Continuous core X X
F25 16 370 Continuous core X X X
F26 20 480 Continuous core X X X
F27 30 370 Continuous core X X X

4. Fault zone analysis

The normal fault zones analysed show a large variety of
structural architectures. However, in general they contain
discrete, single and planar slip surfaces or localised slip zones.
All of the faults studied contain damage zones, but only some
have fault cores (Table 1).

4.1. Damage zones

Damage zones are characterized by the presence of fault-
related fractures (Kim et al., 2004). No offset or very small
offset is accumulated by minor faults in damage zones (Fig. 2),
almost the entire displacement being localized in the central
slip surface or slip zone of the fault. Most fault-related
fractures are shear fractures or joints and strike sub-parallel to
the fault strikes. However, fractures are both synthetic and
antithetic to the faults and also vertical fractures occur. The
different fracture dip angles produce different degrees of
connectivity within the fracture networks.

Connectivity is a fundamental property of fracture popu-
lations with respect to fluid flow and can be evaluated semi-
quantitatively by assessing the degree of physical connection
among fractures within a network (Fig. 3a; Ortega and Marrett,
2000; Micarelli et al., 2004). The ratio of the number of
fractures that are isolated (type I), simply-connected (type II),
or multiply-connected (type III) divided by the total number of

fractures in the network may be illustrated, using a triangular
diagram (Fig. 3b). The degree of connectivity strongly
increases from the protolith-damage zone boundary towards
the fault plane. In particular, connectivity was defined for three
domains (Fig. 3): fault core, intensely deformed damage zone
(IDDZ), and weakly deformed damage zone (WDDZ). IDDZs
are distinguished by densely spaced fractures, synthetic or
antithetic to the fault, which are typically connected forming
lozenge-shaped lithons, as opposed to the less frequent sub-
vertical fractures in WDDZ (Fig. 2; Micarelli et al., 2003, in
press). IDDZs define commonly sharp zones of deformation, in
places bounded by minor slip surfaces; also for faults having
small displacement (e.g. Fig. 4). The overall sizes of the IDDZs
are approximately between a third and a fifth of the sizes of the
whole damage zones.

4.2. Fault cores and cataclastic rocks

Fault cores are up to a few tens of centimetres wide, with
small grain size and porosity. They are bounded on one or both
sides by slip surfaces, upon which all the displacement
localises. In the fault core, rock fabric changes from fracture-
dominated to cataclastic. Pre-existing sedimentary or tectonic
structures are obliterated due to particle rotation, attrition and
translation, i.e. cataclastic flow.

Fault cores (and cataclastic rocks) only occur along faults
with a displacement more than about 1 m (Fig. 5). Faults with
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Fig. 2. Scicli survey site. (a) Fault zones are commonly characterized by a single, straight central slip surface, which accumulates the total fault offset. Here the fault
has a displacement of about 1.5-2 m and displays a discontinuous fault core with protocataclasites and cataclasites. Inset indicates location of (b). (b) Scan line
across the fault zone. Structural domains (weakly deformed damage zone, intensely deformed damage zone and fault core) are distinguished based on geometry and
spacing of fractures and presence of cataclastic rocks.
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Fig. 3. (a) Sketch showing the different types of physical connection between
fractures. (b) Degree of connectivity of fracture networks within the
calcarenites across some studied fault zones. Connectivity increases from the
damage zone to the fault core. Note in particular the low degree of connectivity
in the weakly deformed damage zone (WDDZ) and the higher connectivity in
the intensely deformed damage zone (IDDZ).

displacements of between around 1 and 5 m show discontinuous,
narrow cores (e.g. Fig. 2). Cataclastic rocks develop where the
fault plane has irregularities or bends, or where different
lithologies are juxtaposed across the fault plane. Faults with
displacements of more than 5 m display continuous fault cores
bounded on one side by the fault surface (Fig. 6a). The core width
along the fault can vary strongly, probably as a function of
lithological changes.

Fault rocks occurring in fault cores are commonly poorly
indurated protocataclasites and cataclasites (Fig. 6b; sensu
Sibson, 1977). Cataclasite fragments mainly consist of single
grains and fossil shells from calcarenites, grain and fossil
fragments and larger (up to a few centimetres) multigrain,
angular calcarenite clasts (Fig. 6¢). They are surrounded by a
finer calcareous cataclastic matrix, which is significantly more
abundant in the first few millimetres adjacent to the slip
surface. A small amount of calcite cement has been observed in
only three of the nine continuous cores of the faults with the
largest displacements (a few tens of metres).

Faults with continuous fault cores also have bands, up to
50 cm thick, consisting of incohesive protobreccia and highly
fractured carbonates (Fig. 6). Calcarenite clast sizes are up to

Fig. 4. Cassaro survey site. Small-offset faults lack a fault core. However, they
display well-defined WDDZ and IDDZ. The WDDZ contains some spaced,
isolated sub-vertical fractures, whereas the IDDZ contains smaller, more
abundant, well-connected fractures.

tens of centimetres. This domain constitutes a damage zone—
fault core (DZ-FC) transition and displays a rock fabric that
is both fracture-dominated and cataclastic. It shows some
analogies with those described in shallow-water carbonate
rocks by Billi et al. (2003), who interpreted it as the relic
structure of embryonic fault cores. However, our observations
highlight that the DZ-FC transition occurs only with
continuous fault cores. We interpret this geometry to mean
that the formation of this kind of DZ-FC transition for the
studied highly porous calcarenites is late, as a consequence of
increasing displacement.

4.3. Porosity reduction

A reduction in porosity adjacent to the localised slip surface
with respect to the host rock is observed for all fault zones

Continjious 0000 ¢
core |
Discontinuous “N o
core
No corg
* * G0 o0
0.01 0.05 0.1 05 1 5 10 50 100

displacement (m)

Fig. 5. Graph showing all values of fault displacement for which each of the
three fault zone architectures (displaying no core, discontinuous core, or
continuous core) occurs. Each point corresponds to a fault studied.
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Fig. 6. Pozzallo survey site. (a) Fault with a displacement of about 10—15 m, as an example of fault zone with continuous fault core. (b) The fault core consists of
indurated cataclasite, with a hanging wall transition to mainly incohesive protobreccia adjacent to the damage zone. (c) Cataclasite in the fault core consists of
carbonate grain and fossil shell fragments and a finer calcareous cataclastic matrix. The black arrow shows the sense of movement on the slip surface of the fault

(plain light microphotograph).

studied, irrespective of fault displacement. Yet faults with
small displacements do not have cores, therefore porosity
reduction is not necessarily related to fault core development,
and in general characterizes only the first few millimetres (or
very occasionally the first few centimetres) adjacent to the
central slip surface. The host calcarenites have a high primary
porosity that is related to: (i) a very high percentage of empty
fossil shells; (ii) relatively large empty pores (up to
approximately 1 mm wide) mainly located within the finest
part of the sediment; (iii) micro-pores present in the finest part
of the sediment. This last porosity is difficult to estimate, but
has been recognised by increasing enlargements using standard
optical microscopy.

Thin-section analyses have recognized four fault-related
mechanisms responsible for decreased porosity in proximity of
the fault slip surface (Table 1):

1. Pore collapse in the finest size fraction of the sediment,
which leads to the disappearance of both large and micro-
pores (Fig. 7a—c). It probably occurred by localized
compaction and re-organisation along grain boundaries.

2. Grain (mainly empty fossil shell) crushing. The shells
are commonly broken without being completely frag-
mented (Fig. 7a, b, f and g). Therefore, porosity is lost
but shell fragments keep their shapes. With increasing
particle fragmentation, shells are commonly completely
crushed. Pore collapse and grain crushing can yield
preferential re-orientation of elongated grains and shells
(Fig. 7b).

3. Rotation-enhanced particle abrasion of larger particles
during shear (Fig. 7d-g). Particle abrasion yields an
increase in the relative content of fine particles
(the cataclasite matrix) with respect to the content of
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slip surface

Fig. 7. Plain light microphotographs of calcarenite samples at different distances from the slip surfaces of the studied faults (blue: impregnation of the epoxy resin in
pores). (a) and (b) Fault with displacement of 70 cm. Samples at (a) 1 cm away from the slip surface, and (b) on the slip surface, respectively. Note the porosity
reduction due mostly to pore collapse in the finest size fraction of the sediment (e.g. compare circled zones in the two pictures), fossil shell crushing (black arrow
shows intact shell; white arrows indicate broken shells) and preferential re-orientation of elongated shells (dashed lines indicate trends of preferred orientation). (c)
Fault with displacement of 100—120 cm. The strong porosity reduction is due to pore collapse in the finest size fraction of the sediment. Note that porosity reduction
is localized in only a few millimetres close to the slip surface, at the right edge of this photomosaic transect. (d) and (e) Fault with displacement of about 10 m.
Sample (d) is from the footwall damage zone a few centimetres away from the fault plane and (e) from the fault core, respectively. Significant production of
cataclastic matrix (compare circled zones in the two pictures) suggests that porosity reduction is due mostly to abrasion of the larger particles. (f), (g) and (h) Fault
with displacement of 20 m. (f) Sample from the protolith consisting of highly porous fine calcarenites. (g) Sample a few centimetres away from the fault plane.
Porosity is reduced by fossil shell crushing (note intact shells arrowed) and particle abrasion (cataclastic matrix is arrowed). (h) Sample from the fault core. Calcite
cement (black arrows) fills relatively late fractures and relict porosity.
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Fig. 8. Permeability data: selected samples at difference distances from the central slip surface of faults. (a)-(c) The samples are from a fault zone with a
displacement of 1.5 m and discontinuous fault core. (d)—(f) Samples from a fault zone with a displacement of 25-30 m and continuous fault core. Pc denotes

confining pressure.

coarse particles (Hooke and Iverson, 1995; Billi and
Storti, 2004; Billi, 2005).

4. Precipitation of calcite cement in newly-formed fractures
and eventually in relict porosity (Fig. 7h). Calcite
cement consists of subhedral crystals (up to 100 um in
width), which suggests probable growth in free-fluid
conditions (e.g. Canole et al., 1997; Micarelli et al.,
2005). Cement precipitation is observed only in a few
fault cores and has a subordinate and late role in sealing
fault-core porosity.

In some fault cores these four porosity-reduction
mechanisms coexist. More typically, they are sequential as a
function of displacement magnitude and thus one (or more)
mechanism(s) commonly predominated at a particular stage of
fault evolution (Table 1).

4.4. Permeability data

Permeability measurements were conducted on a few
samples to test if porosity reduction correlates to decreasing
permeability. Samples from faults affecting massive or poorly
layered, high-porosity calcarenites, were measured to compare
results for a single lithology.

Permeability measurement samples fall into two classes of
permeability data:

1. Samples collected from the protolith and from damage zones
between 100 and 20 cm away from the fault planes show
permeabilities in the order of 10~ '* m* at a confining pressure
(Pc) varying between 10 and 60 MPa (Fig. 8a, b, d and e).

2. Samples comprising the central slip surface of the faults,
and the core if present, have lower permeabilities, of about



L. Micarelli et al. / Journal of Structural Geology 28 (2006) 1214-1227 1223

discontinuous continuous

fcare core core

] / |

[2]
o
o

|

L/

o
o
o

B
[=]
o

N
o
o

Ay = 1,1135x + 47,635
R? = 0,6514

damage zone width (cm)
(]
8
1

i
o
o

@)y = 0,0545x + 274,19
R? = 0,3989

@y = 21,888x %%

R=0,8056

T T

10 15
displacement (m)

20 25 30 35

Fig. 9. Graph of damage zone widths vs. fault displacements. Data are fitted by either one power-law relationship (dashed line 3) or two distinct straight lines with
different slopes (solid lines 1 and 2). Fields corresponding to faults (i) with no cataclastic core, (ii) with discontinuous core, and (iii) with continuous core are also

shown.

10~ '*m? at a Pc varying between 10 and 60 MPa (Fig. 8¢
and g). Measurements were made on core samples oriented
perpendicular to the fault.

The data show that the samples comprising the fault slip
surface, and in places the fault core, have a permeability about
two orders of magnitude lower than the adjacent damage zones
and host-rocks. The data show a low sensitivity of permeability
to confining pressure for all samples (Fig. 8), which suggests
a relatively low compressibility of pores to be crushed.
Furthermore, permeability values and their variations with
distance from the fault surface are independent of fault
displacement magnitude, as shown for the samples from faults
with displacements of 1.5 m and 25-30 m (Fig. 8). It must be
noted that the fault-core sample of the Ispica fault (d~25-
30 m; Fig. 8f) has a permeability ~3—4 times less than the slip
surface sample of the Scicli fault (d~ 1.5 m; Fig. 8c). Although
this difference may signify a decrease in permeability as
comminution proceeds with increasing displacement to
produce a continuous fault core, the slip surface in the Scicli
fault sample is narrower than the sample length, so the
measured permeability may reflect the higher permeability of
the surrounding rock. In other words, the sample is
heterogeneous on the scale of the structures of interest, causing
a possible scale problem. Nevertheless, the decrease in
permeability for both faults appears to be concentrated in the
first few millimetres adjacent to the central slip surface, which
correlates with the zone where porosity reduction is observed.

4.5. Correlations between damage zone width and fault
displacement

Changes in the density and geometry of fault-related
fractures provide a means for defining the edges of damage
zones and evaluating the sizes of the fault zone components as a
function of displacement. A plot of damage zone widths,
summed for hanging wall and footwall, versus fault displace-
ments shows that the damage zone width is in general larger for
faults having greater offsets (Fig. 9). This correlation implies

that deformation is accommodated within the damage zone as
offset is accumulated after a through-going slip surface has
developed (e.g. Fossen and Hesthammer, 2000; Shipton and
Cowie, 2001, 2003).

The data are best fitted by either one power-law relationship
or two distinct straight lines with different slopes (dashed and
solid lines, respectively, in Fig. 9). Either way, the slope of the
relationship is greater for faults with small displacements. The
slope becomes less in a relatively sharp transition zone located
between fault displacement values of 1.5 and 5 m. Assuming
that faults with small displacements represent the early stages of
development of larger faults, the amount of the damage-zone
width increase per unit of fault displacement is greater during the
early stages of fault evolution and sharply decreases over some
displacement threshold, which corresponds to the curve break.

5. Discussion
5.1. Fault architecture evolution

Based on field data, textural relationships and permeability
tests, we subdivided the evolution of near-surface fault zone in
high-porosity carbonates into three stages (Fig. 10).

5.1.1. Faults with displacements lower than 1 m

Faults with displacements smaller than 1 m lack fault
cores and cataclastic rocks (Fig. 10a). The fault is a well-
defined, approximately planar surface, which accommodates
all offset. The fault zone structure is characterized by a
damage zone in which fracture density and connectivity
increase towards the fault plane. The IDDZ commonly
varies in width, has sharp boundaries and is characterized
by highly connected fractures. Porosity reduction is located
in the first few millimetres adjacent to the fault surface,
with the collapse of large and micro-pores in the finest size
fraction of the sediment, due mostly to localized compaction
(mechanism 1, see Section 4.3),

The small-displacement faults described here seem not to
develop from any evident pre-existing structures, such as veins
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Fig. 10. Sketch showing a conceptual model for fault architecture evolution in the studied highly porous carbonate rocks. (a) Faults with displacements smaller than
1 m do not show a fault core. The WDDZ and the IDDZ are characterized by different fracture density and connectivity. (b) Faults with displacements from 1 to 5 m
show discontinuous fault cores related to cataclasis. Damage zone widths strongly increase with displacement. (c) Faults with displacements larger than 5 m show
continuous fault cores and commonly a protobreccia band. Damage zone widths show little increase with displacement. During the three stages faults have low-

permeability slip surfaces, but the mechanisms of porosity reduction change with increasing displacement.
the role played by possible precursor structures are pertinent
(Crider and Peacock, 2004). The small-displacement faults

studied do not show the same characteristics as deformation

or solution seams. According to the existing literature, this is
bands in high-porosity sandstone, such as the lack of

very unlikely to happen (see e.g. Crider and Peacock, 2004 for a
review). Although an examination of the nucleation of the fault
slip surfaces is not the aim of this paper, some observations on
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a well-defined discontinuity plane and typical connecting eye
and ramp structures among different segments (e.g. Antonellini
et al., 1994; Antonellini and Aydin, 1995). However, the
porosity reduction and, in places, the preferential re-orien-
tation of elongated grains associated with very small
displacements without significant grain fracturing, suggest
that deformation bands with no cataclasis could act as
precursor structures (e.g. Antonellini et al., 1994; Swierc-
zewska and Tokarski, 1998). It is worth noting that the well-
defined, planar slip surfaces described here from high-porosity
calcarenites are absent in the first stages of deformation band
generation in high-porosity sandstone (e.g. Aydin and Johnson,
1983; Shipton and Cowie, 2001). This interesting contrast is
probably due to the properties of the carbonate lithology
affected, the calcarenites studied being quite indurated and
competent, although cement is not present. This characteristic
is likely to enhance strain softening and the development of a
slip surface (Rudnicki and Rice, 1975; Mair et al., 2000), rather
than strain hardening and localization of other deformation
bands in proximity of the first one, as commonly described in
porous sandstones (Rudnicki and Rice, 1975; Aydin and
Johnson, 1983).

5.1.2. Faults with displacements from I to 5 m

As displacement increases, faults develop a discontinuous
fault core, constituted by narrow bands of breccia and cataclasite
(Fig. 10b). The IDDZs widen and display highly connected shear
fractures. The main mechanisms of porosity reduction are pore
collapse in the finest size fraction of the sediment and particle
fragmentation, mostly crushing of the empty fossil shells
(mechanisms 1 and 2, see Section 4.3). Porosity reduction is
localized in the first tens of millimetres adjacent to the central slip
surface and correlates to a strong permeability decrease.

5.1.3. Faults with displacements larger than 5 m

A well-developed, narrow and continuous fault core charac-
terizes faults with the largest displacements (Fig. 10c). The core
contains poorly indurated cataclasites, with locally abundant
matrix. A damage zone—fault core (DZ-FC) transition, consisting
of mainly incohesive protobreccia and highly fractured carbon-
ates, is commonly present. The IDDZ width remains mostly
unchanged and again is defined by intense, highly connected
fractures. Porosity reduction characterizing fault cores is related
to crushing of the empty fossil shells, rotation-enhanced particle
abrasion of larger particles (becoming more important as fault
offset increases; see also Billi, 2005) and late, subordinate
precipitation of calcite cement (mechanisms 2, 3 and 4, see
Section 4.3). The permeability decrease is about the same order of
magnitude as for faults with smaller throws and without cement
precipitation.

5.2. Onset of cataclastic rock production and damage
zone width

In the fault zones studied, the onset of cataclastic rock
production occurs for displacement amounts varying between

approximately 1 and 2 m. Cataclastic behaviour correlates with
the first appearance of a discontinuous fault core, which
becomes continuous as fault displacement exceeds about 5 m.
A graph relating damage zone widths to fault offsets has a
flatter curve over a threshold falling between displacement
values of about 1-1.5 and 5 m, corresponding to the
displacement interval in which cataclastic fault rock
production begins.

The onset of cataclastic processes constitutes a threshold
over which the mechanism of deformation accumulation
changes, given the combination of cataclasis and significant
decrease in rate of widening of the damage zone per unit
increase in displacement. After a continuous fault core has
developed by cataclastic processes, the greater part of strain is
accommodated within it, although little deformation is still
being accommodated within the damage zone. The develop-
ment of a continuous fault core appears therefore to act as a
strain softening mechanism, which leads to deformation
localization. This role of the fault core is enhanced by the
lack or scarcity of calcite cement that is usually an efficient
healing process in fault zones within carbonates (e.g. Micarelli
et al., 2005 and references therein). If the fault zone remains
weak then deformation may preferentially take place along the
fault surface rather than in the surrounding rock (Segall and
Pollard, 1983). Other factors that might control damage zone
width, such as lithological variability and fault linkage, are not
considered here because the studied faults affect similar
massive lithologies, have relatively small throws and lack
displacement anomalies and change in fault strike, which are
characteristic of faults that developed by segment linkage
(Peacock and Sanderson, 1991; Dawers and Anders, 1995).

5.3. Influence on fluid flow properties

The changing fault zone architecture, with the absence or
presence of a fault core, and the localised porosity and
permeability reduction have important consequences for the
time and space evolution of the overall fault permeability
structure. Faults with small offsets do not display a fault core,
but porosity and permeability reduction occurs mostly by
compaction localized in the first few millimetres adjacent to the
fault surface, which can therefore constitute a narrow but
relatively efficient barrier to fluid flow. Therefore, porosity
destruction and permeability reduction begin relatively early in
the fault evolution. These faults show a hydraulic behaviour
similar to that of deformation bands in clastic rocks, which can
be effective lateral seals for hydrocarbon and water even at
very small offsets (e.g. Antonellini and Aydin, 1994, 1995;
Shipton et al., 2002). On the other hand, IDDZs are
characterized by high fracture connectivity even for small
throws and can act as self-enhancing conduits for along-fault
fluid flow. This permeability behaviour, particularly for the
initial stage of fault evolution, is different from that presented
for faults affecting limestones with relatively low porosity
(Billi et al., 2003). These faults have a conduit stage, which
precedes the development of the fault core, during which the
progression of fracturing increases the permeability of the fault



1226 L. Micarelli et al. / Journal of Structural Geology 28 (2006) 1214-1227

zone. Thus, the original grain size and porosity in carbonates
can significantly influence the permeability of faults, particu-
larly for small displacements and during formation in near-
surface conditions.

After the onset of cataclasis, a fault core develops, first
discontinuous and then continuous along the fault zone.
Cores show strong porosity and permeability reduction, due
mostly to cataclastic mechanisms, such as particle fragmenta-
tion and rotation-enhanced particle abrasion. Continuous
cores act as efficient barriers to transverse fluid flow. Highly
connected shear fractures characterize the IDDZs and in
contrast may facilitate along-fault fluid flow. In this stage,
the contrast between high-permeability damage zones and
low-permeability fault cores accentuates the combined
conduit-barrier behaviour of fault zones with respect to
fluid flow.

Calcite precipitation was evidenced in only a few, relatively
large-throw faults and only as a late-stage process. The few
fractures filled by calcite cement cut the low-porosity fault
cores and are probably related to repetitive slip events within
the core. No calcite has been found outside the fault cores. The
scarcity and the late timing of cement precipitation suggest that
it is a consequence rather than a cause of permeability
reduction. In highly porous, nearly massive calcarenites,
nothing prevents fluids from flowing out and escaping quickly,
which avoids any early mineral precipitation. However, faults
with large throws, highly fractured IDDZs and well-sealed
continuous fault cores may contemporaneously harness along-
fault flow and act as barriers to transverse fluid flow, thus
enhancing the potential for calcite mineralization. This state
contrasts to fault-zone development in low-porosity, well-
layered limestones where calcite precipitation has been often
recognized as a major and early process in faulting initiation
and sealing (e.g. Crider and Peacock, 2004; Micarelli et al.,
2005 and references therein).

6. Conclusions

Integrating macro- and micro-analyses, we have studied
near-surface normal fault zones affecting high-porosity
calcarenites of the Hyblean Plateau, Sicily. We provide a
model for the evolution of the fault zones by comparing faults
that have different amounts of displacement.

Faults with displacements of less than 1 m lack a fault
core. Faults with displacements ranging from 1 to 5 m have
discontinuous cores, whereas large-offset faults show
continuous cores, consisting of cataclastic rocks. Damage-
zone width-increase per unit of fault displacement is higher
in an early stage of fault evolution and sharply decreases
when displacement magnitude reaches 1.5-5 m. This fault
displacement threshold corresponds to the onset of cataclasis
and consequent fault-core development. After the fault core
nucleates, it accommodates most of the further strain and the
damage zone then accommodates relatively little further
deformation. This has important implications for studying
relationships between damage-zone width and displacement
for normal faults in highly porous carbonates, because

damage zones can remain narrow even if the fault
accumulates a large displacement.

In all the faults studied, porosity is significantly reduced
in the first few millimetres adjacent to the central slip
surface by: (i) localized compaction of the finest size
fraction of the sediment, (ii) fossil shell crushing, (iii)
rotation-enhanced particle abrasion of larger particles, and
(iv) precipitation of calcite cement as a function of
increasing displacement. Porosity reduction relates to a
permeability decrease of two orders of magnitude with
respect to that of the host-rock, for both small- and large-
offset faults. Therefore, the early sealing of small-offset
faults, lacking a core, is not related to either cement
precipitation or cataclastic rock production.

The fault slip surfaces are relative barriers for fluids even at
very small offsets, whereas highly-fractured damage zones
may enhance fluid flow. This combined conduit-barrier
hydraulic behaviour is accentuated in large-offset fault zones
due to: (i) progression of fracturing and fracture connectivity in
the intensely deformed damage zone, and (ii) fault core sealing
by increasing cataclastic processes and possible cement
precipitation.
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