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Fracture networks control the permeability of many reservoirs. Since the fracture patterns of petroleum
reservoirs in situ are difficult to study in detail, field analogues are very important for understanding
their fracture-related permeability. Here we present the results of a study of the fracture system of
carbonate rocks of Lower Cretaceous age in a quarry associated with the damage zone and fault core of
a major fault zone on the Gargano Peninsula in South Italy. We measured the attitude of 1541 fractures
and faults along several vertical and horizontal scan lines. There are two main fracture sets: one strikes
between E–W and ESE–WNW, the other NNE–SSW. A total of 675 fracture-spacing measurements
indicate log-normal spacing distributions, with an arithmetic mean fracture spacing of 0.29 m and
a median of 0.15 m. The data, plotted on a log–log plot, suggest three main spacing subpopulations, each
of which follows approximately a power law with different fractal dimensions. Subpopulation 1, where
the spacing ranges from 1 to 10 cm and the straight-line slope D (‘‘fractal dimension’’) is 0.20, represents
fractures confined to laminated carbonate mudstones (multilayers) that form the microbial mat deposits
of a peritidal cycle. Subpopulation 2, where the spacing ranges from 11 to 55 cm and D is 0.77, represents
fractures confined to thicker layers, forming a part of a peritidal cycle, the contacts of which are marked
by stylolites. Subpopulation 3, where the spacing ranges from 56 to 243 cm and D is 2.81, represents
fractures that dissect comparatively thick units of an entire peritidal cycle. For the spacing, the minimum
coefficient of variation, Cv, defined as standard deviation divided by the mean, is 1.00 (essentially
randomly spaced fractures) while its maximum Cv is 1.62, suggesting that some fractures form clusters,
some clusters being denser than others. The clusters, composed of fractures with varying attitudes and
therefore commonly intersecting, are likely to contribute significantly to the overall permeability of the
carbonate rock. Fracture-aperture (opening) data (N¼ 324) also show a log-normal size distribution,
with a mean opening of 1.01 cm and median of 0.29 cm. Log–log plots indicate that a part of this data
groups into two subpopulations, I and II, each of which follows approximately a power law. The straight-
line slope D (‘‘the fractal dimension’’) of subpopulation I is 0.46, whereas that of subpopulation II is 1.49.
We present boundary-element models showing that laminated carbonate mudstones and their contacts
modify the local stress fields so as to encourage fracture offset and, commonly, arrest. Our results also
show that when a fluid-driven subpopulation 2 fracture approaches subpopulation 1 fractures, the
induced tensile stresses may result in the opening up of many of the subpopulation 1 fractures directly
above the tip of the subpopulation 2 fractures. If, in addition, the contacts between the multilayers are
weak, they also tend to open up, thus generating a large interconnected cluster of vertical fractures and
horizontal contacts. The results suggest that the tensile stresses induced by a comparatively large fluid-
driven subpopulation 2 fracture may contribute to the formation of an interconnected cluster of
subpopulation 1 fractures and associated contacts, thereby significantly increasing the permeability of
the carbonate rock.
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1. Introduction

The hydromechanical properties of carbonate rocks are very
variable. This is partly because carbonate rocks have different
depositional patterns and, in many cases, heterogeneous fabrics.
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However, the variability in properties is partly due to the rocks
having undergone extensive alteration after deposition which may
have changed their original matrix porosity and permeability. In
a subsurface reservoir with a relatively low porosity-related
permeability, fractures (joints and faults) are commonly the main
paths for fluid transport. Detailed studies of fracture patterns in
outcropping surface analogues of such reservoirs are then needed
to improve our understanding of fracture-controlled permeability
in subsurface carbonate reservoirs.

Several factors control the fracture distribution in a carbonate
reservoir. These factors include rock lithology and diagenesis (e.g.,
stylolites), mechanical properties and layering, and the current and
earlier local stress fields. Stylolites are seams of clay residue that
form as a result of compaction through the mechanism of pressure
solution. Pressure solution, in turn, is a diffusion-related, ductile
deformation mechanism where material in areas of high stress,
such as surfaces orientated perpendicular to the maximum prin-
cipal compressive stress, is dissolved and transported to areas of
low stress, such as surfaces orientated perpendicular to the
minimum principal compressive stress (Van der Pluijm and
Marshak, 2004). Stylolites are most commonly found in limestones
where as much as 40% of the original sequence thickness may have
been dissolved through stylolitisation. In rocks with considerable
clay content, the stylolites are generally wavy, whereas where the
clay content is less than about 10% the stylolites become irregular
sutures that appear tooth-like in cross-section (Van der Pluijm and
Marshak, 2004). While many authors distinguish between stylo-
lites and dissolution seams, the former being a serrate (tooth-like,
saw-like) surface and the latter a non-serrate surface (Karcz and
Scholz, 2003; Stow, 2005), here we do not make that distinction
and use the term ‘‘stylolite’’ for both.

Fractures in layered rocks are commonly stratabound, meaning
that they are confined to individual layers so that the fracture
height (dip dimension) is less than or equal to the layer thickness
(e.g., Bai et al., 2000). Here we refer to such a layer as a ‘‘mechanical
layer’’. Mechanical layering has great influence on a variety of
geological processes, in particular fracture propagation and arrest
(Gudmundsson and Brenner, 2004; Gudmundsson, 2006). Stress
rotation, for example, is common at the contacts between
mechanical layers, resulting in fracture offset or arrest (Gud-
mundsson, 2006). Similarly, fracture spacing is often proportional
to layer thickness (Price, 1966; Huang and Angelier, 1989; Narr and
Suppe, 1991; Bai et al., 2000), although there are many known
examples where fracture spacing in sedimentary rocks greatly
differs from layer thickness (e.g., Wennberg et al., 2006; Odonne
et al., 2007). By contrast, non-stratabound fractures, by definition,
propagate through more than one layer and their spacing is thus
not proportional to layer thickness (Odling et al., 1999).

Fracture spacing affects the mechanical properties of rocks and
their permeability. The details of the processes and factors that
control fracture spacing are, however, still poorly understood.
There are many proposed explanations for fracture spacing (Hobbs,
1967; Gross, 1993). For example, Wu and Pollard (1995) studied the
stress distribution between two adjacent fractures in a 3-layer
model and varied the spacing-to-layer thickness ratio (S/Tf). They
found that at a critical S/Tf value of 0.976 the stress perpendicular to
the fractures changed from tensile to compressive between adja-
cent fractures, thereby suppressing the formation of further tensile
fractures between the two. For S/Tf values lower than critical, only
flaws perturbing the local stress field (or hydrofracturing) may
cause the initiation of new fractures. However, Li and Yang (2007),
using a similar 3-layer model, concluded that tensile stresses
remain at the layer boundaries when the S/Tf ratio decreases, and
these stresses can initiate fractures even though the S/Tf ratio
decreases below a ‘‘critical’’ value.
Fracture spacing thus relates to fracture initiation, propagation
and arrest, and all these factors affect the permeability of a frac-
tured reservoir. These factors also depend on local stresses, which,
in turn, are a function of the mechanical properties of the rock
layers, in particular their Young’s moduli and Poisson’s ratios.
Mechanical properties and local stresses thus control how easily
fractures link to form continuous networks, which to a large extent
determine the reservoir permeability. The reservoir percolation
threshold is reached when a set of fractures forms an inter-
connected network. Whether or not this threshold is reached
depends on the proportion of arrested, offset, and stratabound
fractures as well as fracture attitude.

This paper has two principal aims. The first is to provide new
data on fractures and how they affect the potential permeability in
platform limestones of Lower Cretaceous age. For this purpose, we
made detailed studies and measurements of joints and faults along
several vertical and horizontal scan lines (along single stratigraphic
horizons) in a working quarry with numerous, planar, wire-cut
faces in south Italy (Fig. 1). Particular attention was given to the
scan lines which where carefully oriented parallel to the bedding so
as not to cut through several mechanical units. We focused on those
fracture parameters that were most likely to affect permeability,
namely attitude, spacing, arrest, and aperture. We used the statis-
tical results to provide some general conceptual models on fracture
development and fluid transport in low-permeable carbonate
reservoirs. The second aim is to provide numerical models of
fracture propagation and linkage in carbonate reservoirs. For this
purpose, we used the boundary-element method (BEM) to study
the local stresses and likely fracture paths in layered carbonate
reservoirs. In these models, particular attention is paid to the effects
of contacts and fine layering (laminated strata) on fracture propa-
gation, arrest, and interconnection.

2. Geological setting

2.1. Tectonic setting

The Pizzicoli Quarry near Apricena is located in the Puglia
region, southern Italy, in the western part of the Gargano Prom-
ontory (Fig. 1). The area forms the north-western part of the Apu-
lian Platform, which is a foreland region for both the Apennines and
the Dinarides–Albanides thrust and fold belts (Salvini et al., 1999).
The main development of the Apennines began in the early
Miocene and continued through the late Pliocene. As a result, thick
Mesozoic and Cenozoic carbonate platform and deep-water basinal
units overthrust the western margin of the Apulian platform in a NE
direction (Bertotti et al., 2001; Brankman and Aydin, 2004; Billi
et al., 2007). As a result of thrusting in a SW direction, the Dinarides
formed between Eocene and early Miocene, following an older
orogenesis, while the Albanides developed during the late Paleo-
gene–middle Miocene (Bertotti et al., 2001; Billi et al., 2007).

Three major faults dissect the Gargano Promontory (Fig. 1c),
namely, the E–W trending Mattinata and Rignano Faults and the
WNW–ESE trending Candelaro Fault. The best studied is the Mat-
tinata Fault with an on-land trace length of more than 40 km and
a typical thickness of about 200 m (Salvini et al., 1999). The fault
core is mostly 20–40 m thick, whereas the damage zone is 160–
180 m or 80–90% of the total fault-zone thickness (Salvini et al.,
1999). Offshore, in the Gulf of Manfredonia, the Mattinata fault
joins a 130-km-long structure known as the Gondola–Grifone
structural high (Patacca and Scandone, 2004).

Pull-apart basins (Pantano di Saint’Egidio) and other structures
suggest that the Mattinata Fault is, partly at least, sinistral (Favali
et al., 1993; Salvini et al., 1999; Billi and Salvini, 2001; Billi, 2003;
Brankman and Aydin, 2004). However, some authors have argued



Fig. 1. (a) View of the Gargano Peninsula from Google Earth. (b) Enlargement of the square in (a) shows an E–W trending zone of quarries, where the square shows the Pizzicoli
Quarry (orthophotos from Portale Cartografico Natzionale, Italy). (c) Geological map of the Gargano Peninsula (after Billi et al., 2007). The Apricena Fault and the Gondola–Grifone
Structural High are taken from Patacca and Scandone (2004).
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that it is primarily dextral (Doglioni et al., 1994; Anzidei et al., 1996;
Morsilli and Bosellini, 1997; Bosellini et al., 1999), dextral- to
sinistral inverted (de Alteriis, 1995; Gambini and Tozzi, 1996),
sinistral- to dextral inverted (Chilovi et al., 2000), reverse, or
a strike-slip fault with an unknown detailed sense of slip (Bosellini
et al., 1993; Bertotti et al., 1999; Graziano, 1999, 2000; Casolari et al.,
2000). Some of the different interpretations of the fault may be
attributed to its apparent slip being partly generated as a result of
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a contraction in volume by cleavage-normal rock dissolution
(Nickelsen, 1972). Tondi et al. (2005) conclude that the early slip
along the fault was sinistral, as indicated by the pull-apart basin
and pressure solution surfaces, whereas the more recent slip is
dextral, based on geomorphic and structural features, such as
deflected streams.

The area is seismically active, the largest historical event being
the 1627 Gargano Earthquake with a magnitude of 6.7. Its epicenter
was located w10 km southwest from Apricena, just a few kilo-
metres east of the Apennine front (Patacca and Scandone, 2004).
The 20–25-km-long fault segment (as inferred from the size of the
earthquake) has, however, not been identified, whereas an E-
trending, S-dipping, 30-km-long active normal fault occurs in the
subsurface with a vertical throw exceeding 500 m (Patacca and
Scandone, 2004). This normal fault, referred to as the Apricena
Fault, joins the Mattinata Fault west of Santa Maria di Stignano,
about 13 km SE from Apricena (Fig. 1).

2.2. Sedimentological setting

The Apulian Platform was a productive, isolated Bahamas-type
platform during Late Jurassic–Early Cretaceous time, accumulating
a 3–3.5-km-thick pile of sediments in the Gargano Promontory
(Bosellini et al., 1993, 1999; Spalluto, 2004). In the western part an
inner shelf environment resulted in shallow-water limestones,
while slope units grade eastwards into basinal deposits, marking
the transition from the Apulian Platform to the Ionian Basin
(Morsilli and Bosellini, 1997). Two drowning episodes occurred
during the Cretaceous, resulting in the platform becoming inactive.
The first event happened during Berrisian–Valanginian time and
the second during Aptian–Albian time, both of which halted
carbonate production (Morsilli and Bosellini, 1997). During the
Mesozoic, the platform also experienced periods of subaerial
exposure, giving rise to karst and paleosol development (Bosellini,
2002). Cenozoic units are not very common in Gargano, but are
found in limited areas. Eocene deposits range from marginal, slope
to basinal deposits while the Miocene deposits consist of shallow-
water limestones. Pliocene coastal and deltaic siliciclastics locally
overlie the Cenozoic and Mesozoic carbonate deposits at the
western margin of the Gargano peninsula (Fig. 1c).

2.3. Study area

The studied Pizzicoli Quarry is one of many quarries lying on an
east–west ridge (Fig. 1b) that is apparently related to the damage
zone of the Apricena Fault (Fig. 1). The rocks exposed in the quarry
can be divided into two main units. The lower unit consists of the
Lower Cretaceous rocks belonging to the San Giovanni di Rotondo
Fm and is formed of a combination of strongly cemented and
recrystallised wackestones and mudstone, including fenestral
wackestone and algally laminated carbonate mudstones (Spalluto,
2004). These form typical shallowing-upward, peritidal cycles
(Pratt et al., 1992) in 1–2-m-thick units (Fig. 2). Cycles begin with
intensely bioturbated, subtidal wackestones, followed by intertidal
wackestones and packstones, and culminate in supratidal fenestral
and microbial mat deposits (Fig. 2b). Cycle boundaries are
commonly sharp and form prominent bedding planes. Some of
these are further enhanced by stylolites, while others are marked
by thin (<10 cm) accumulations of red or green siliciclastic silt,
interpreted as paleosols that formed during periods of exposure of
the platform (Spalluto, 2004).

The top of the San Giovanni di Rotondo Fm is truncated by
a regional, sub-Miocene unconformity which in the study area is
marked by a well-developed palaeokarst. The surface of the
Cretaceous limestones carries large- and small-scale features
(rillenkarst, clints and grykes) typical of karst weathering and is
associated with the extensive development of a terra rossa paleo-
sol. Karst development postdated the main period of fracture
development, as a result of which many fractures have been
widened by karst-related dissolution. Terra rossa was carried down
solution-widened fractures to depths of at least 15 m below the
unconformity surface and some bedding planes also show solu-
tional effects. The karstic, Lower Cretaceous limestones in the Piz-
zicoli Quarry are analogues to similar, oil-producing limestones in
the Rospo Mare field, located 20 km offshore in the Adriatic Sea
(Soudet et al., 1994). Resting unconformably on the palaeokarst
surface is an approximately 9-m-thick succession of Miocene rocks.
This topmost unit, often referred to as the Apricena calcarenite,
consists of coarse- to fine-grained shallow-water limestones
(Vartdal, 2006).

3. Fracture geometry

The fracture sets were studied on newly exposed vertical and
horizontal quarry surfaces. Most of the data were collected using
a profile sampling (scan line) technique (Priest, 1993) which gives
a 1D spatial distribution of the fractures. Several scan lines, w10–
50 m long, from different beds and in different directions were
measured with emphasis on fracture attitude, spacing and aper-
ture. From 9 scan lines covering a total length of w194 m, we
measured 675 spacings, while the total number of measured atti-
tudes in the quarry is 1541 and apertures 324.

Several fractures are filled with terra rossa from the Sub-
Miocene unconformity or siliciclastic silts from Intra-Cretaceous
paleosols, the thickness of which can be used to infer the palae-
oapertures of the fractures (see Section 3.3). Many fractures,
however, are vuggy, that is, have been subjected to dissolution
which has increased their apertures. To measure the apertures of
narrow fractures lacking fill we used a tool called ‘‘feeler gauge’’
(widely used for measuring gaps in internal combustion engines)
whereby the smallest measurable aperture is 0.05 mm. An advan-
tage of this tool, in addition to its high resolution, is that it allows us
to measure the aperture at depth (<9 cm) inside the fracture thus
avoiding the most significant effects of weathering. We also mini-
mised the weathering effect by only considering beds in active
quarry faces.

The program Statistica 7 was used to calculate the descriptive
statistics, such as arithmetic mean, median and standard deviation.
We tested our data for normality using normal probability plots (p-
plot). A p-plot is a scatter plot where the selected variables are
plotted against values expected for normal distribution (computed
from Statistica). If the observed values are normally distributed,
then all values should fall on a straight line. All our spacing data
showed large deviations from the straight line in the p-plot, hence
the spacing is not normally distributed. To get the best distribution
fit, we used probability–probability plots (p–p plots) and exceed-
ence-frequency plots (EF plots). In a p–p plot, observed values are
plotted against theoretical values (Section 3.2). If the theoretical
cumulative distribution closely approximates the observed distri-
bution, then all points in this plot should fall on the diagonal line
(Statsoft, 2007). All data were tested for different probability
distributions. An exceedence-frequency plot is a graphical method
for distinguishing between the different types of frequency distri-
butions (Drummond and Wilkinson, 1996). Exceedence frequency,
EF(xi), of a particular value xi of the measured variable (x) is defined
as the number of data (ni) with values greater than xi, divided by the
total number of data (n) (Drummond and Wilkinson, 1996):

EFðxiÞ ¼
niðx > xiÞ

n
(1)



Fig. 2. (a) Peritidal cycles form mostly 1–2-m-thick units in the quarry. Cyclic boundaries are commonly sharp and form prominent bedding planes. (b) One 63-cm-cycle unit:
bioturbated, subtidal wackestone at the bottom, followed by intertidal wackestone and packstone, and culminate in supratidal fenestral and microbial mat deposits. (c) Cyclic
boundary marked by the accumulation of red siliciclastic silt. Many fractures arrest or offset at the cyclic boundaries. Note the (laminated) multilayer above the boundary; fractures
are offset at many of the contacts, indicating a high material toughness and that the fractures have difficulties propagating through the multilayer.
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Another measure of fracture spacing is the coefficient of variation,
Cv, defined as the standard deviation divided by the mean (Cox and
Lewis, 1966); it gives the degree of clustering along a scan line
(Gillespie et al., 1999). If the standard deviation equals the mean,
such as in the case of a negative exponential distribution, then
Cv¼ 1 and the spacing of fractures is random. If, however, the
standard deviation is higher than the mean, so that Cv> 1, the
fractures are clustered; in contrast, for Cv< 1 the fractures are
roughly evenly spaced (Gillespie et al., 1999; Odling et al., 1999).
Finally, if the standard deviation is zero, then Cv¼ 0 and the frac-
tures are perfectly evenly spaced.

At first glance fracture geometries in Pizzicoli Quarry seem to be
rather irregular, for example as regards attitude (Fig. 3a). Analysis of
the data, however, shows that they form several comparatively
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regular systems. Mechanically, most of the fractures are extension
fractures, that is, joints, but some are shear fractures, that is faults,
most of which have displacements of less than 0.5 m (Fig. 3b). Some
of the faults contain breccia with slickenlines in their cores. Only
three comparatively large faults are exposed in the quarry. Two of
these faults strike NNE and one NW. The NW-striking fault has
a displacement of w15 m and predates the Miocene rocks (Fig. 3c),
while the two NNE-striking faults have displacements of w2.5 m.

3.1. Attitude

We measured 853 fracture attitudes (strike and dip) on vertical
walls, while 688 fracture strikes were measured on subhorizontal
bedding planes. Most of the fractures dip from steeply inclined to
vertical, whereas there are two main strike directions (Fig. 4). The
dominant strike direction is between E–W and ESE–WNW and it
occurs throughout the quarry. The second main strike direction is
NNE–SSW, a direction which is common in scan line G-7 in the
upper part of the quarry.

3.2. Spacing

Spacing is defined as the distance between fractures measured
along a scan line, while the fracture frequency is the number of
fractures per unit length along a scan line (Priest, 1993). Spacing is
thus the inverse of fracture frequency. A total number of 675
spacing measurements made along the 9 scan lines are presented
Fig. 3. Fractures in the Pizzicoli Quarry. (a) A typical quarry wall; the length of wall is 10 m
(c) View E, a fault zone with a vertical displacement of about 15 m.
as histograms in Fig. 5. The descriptive statistics for each scan line,
such as arithmetic mean, median, standard deviation and coeffi-
cient of variation, Cv, are given in Table 1. The mean spacing is
0.29 m, the median spacing is 0.15 m and the standard deviation is
0.34 m. The calculated Cv values from the 9 scan lines range
between 1.00 and 1.62. This means that the fractures are generally
clustered, some clusters being denser than others (Table 1).

The spacing is characterised by a crude log-normal distribution
(Fig. 6). However, the probability–probability plots from scan lines
number G-4, G-5_2a and G-5_2b show some deviations from a log-
normal distribution (Fig. 6). One explanation is that the deviations
are caused by a sampling bias; these three scan lines are the
shortest and therefore have comparatively few spacing measure-
ments. The exceedence-frequency plots of all spacing measure-
ments are approximately linear on a plot with a log-scale x-axis
(spacing) and a probability scale y-axis (frequency) (Fig. 7). A
straight line in such a plot indicates a log-normal distribution, but
with some artefacts. These artefacts can be partly due to the
sampling bias, and partly to a truncation bias on the smallest
spacing measurements. Some 37.5% of the spacing measurements
are between 1 and 10 cm, 45.2% between 11 and 55 cm, and 16%
between 56 and 247 cm (Fig. 7). The maximum spacing observed in
the quarry is 247 cm, but the maximum spacing value extrapolated
from the straight line is 400 cm (Fig. 7).

While log-normal distributions of fracture spacings have been
obtained by many authors (e.g., Narr and Suppe, 1991; Rives et al.,
1992; Becker and Gross, 1996; Gillespie et al., 2001), other
and view is WNW. (b) View NNW, a brecciated fault with displacement of about 10 cm.
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distributions have been obtained as well (Rives et al., 1992). Some
authors suggest that spacing distribution changes with the evolu-
tion of the fracture set. For example, Rives et al. (1992) found that
during the evolution of a joint system, joint spacing started as
a negative exponential distribution (clustered fractures), then
evolved into a log-normal distribution (infilling of new joints), and
ended as a normal distribution (increased infilling of joints gives
a constant spacing). Constant spacing may also evolve because of
stress shadows around fractures that inhibit the development of
new fractures, resulting in fracture saturation (Bai et al., 2000).
However, different fracture-spacing distributions may also rise
from sampling bias (Ortega et al., 2006).

To test whether or not our spacing data are fractal (meaning that
the distribution fits a power law), we plotted the logarithmic values
of frequency and spacing in an exceedence-frequency diagram
(Fig. 8). The graph can be approximated by three straight lines
indicating that our data consist of three spacing subpopulations.
Subpopulation 1 has a spacing of 1–10 cm, a goodness-of-fit coeffi-
cient R2¼ 0.9057, and a straight-line slope (‘‘fractal dimension’’)
D¼ 0.20. Subpopulation 2 has a spacing of 11–55 cm, R2¼ 0.9910,
and D¼ 0.77. Subpopulation 3 has a spacing of 56–243 cm,
R2¼ 0.9775, and D¼ 2.81 (Fig. 8).

The observed peritidal cycles in the quarry are mainly repre-
sented by 1–2-m-thick units. However, some cycles are larger,
while others are smaller; for example, the thickness of the
complete cycle in Fig. 2b is 63 cm. Many fractures are arrested or
offset at boundaries between parts of, or entire, peritidal cycles. Our
data suggest that the three spacing subpopulations (Fig. 8) show
some relation to these boundaries, but the only one with a clear
relation between thickness and spacing is subpopulation 3. More
specifically, subpopulation 3 represents fractures that span an
entire peritidal cycle, so that the fracture spacing is equal to the
cycle thickness or fracture height (dip dimension). Most of the
fractures in subpopulation 3 are sub-vertical and do not propagate
through the cyclic boundaries. They are thus unlikely to connect to
subpopulation 3 fractures in the adjacent cycles, except when there
are subpopulation 2 and 1 fractures in between to connect them.
This means that for subpopulation 3 fractures to contribute to the
permeability of the rock, their nearby tips must be connected
through smaller fractures, namely fractures of subpopulation 2 or 1.

Subpopulation 2, with spacings of 11–55 cm, contains 45.2% of
the total. In our interpretation, subpopulation 2 represents fractures
which are controlled by boundaries between parts of, rather than
entire, peritidal cycles. Many of these boundaries in between the
whole cycles are stylolites, and these are commonly observed to
arrest fractures. It follows that many stylolites function as
mechanical boundaries inside peritidal cycles, and that the fractures
of subpopulation 2 do not extend through the thickness (mechanical
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Fig. 5. Fracture spacings along 9 scan lines measured in the rocks of the Pizzicoli Quarry. The total number of measured spacings is N¼ 675.
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Table 1
Descriptive statistics. (a) All fracture-spacing measurements. (b) Spacings between open fractures.

Scan line Scan line orientation N spacing Scan line length Mean spacing Median spacing Standard deviation Minimum spacing Maximum spacing Cv

(a)
G-1 SE–NW 50 12.1 m 0.24 m 0.11 m 0.30 m 0.001 m 1.22 m 1.25
G-2 ENE–WSW 85 34.3 m 0.40 m 0.25 m 0.45 m 0.02 m 2.47 m 1.13
G-3 ENE–WSW 90 21.8 m 0.24 m 0.13 m 0.32 m 0.001 m 2.10 m 1.33
G-4 ENE–WSW 32 11.2 m 0.35 m 0.15 m 0.44 m 0.02 m 1.83 m 1.27
G-5a NNE–SSW 102 26.0 m 0.25 m 0.13 m 0.29 m 0.001 m 1.54 m 1.15
G-5b NNE–SSW 145 26.0 m 0.18 m 0.10 m 0.21 m 0.01 m 1.20 m 1.18
G-5_2a NE–SW 23 6.4 m 0.25 m 0.06 m 0.40 m 0.02 m 1.43 m 1.62
G-5_2b NE–SW 25 6.4 m 0.28 m 0.20 m 0.29 m 0.01 m 1.17 m 1.02
G-7 E–W 123 50.0 m 0.40 m 0.25 m 0.40 m 0.01 m 2.12 m 1.00

(b)
G-1 SE–NW 17 12.1 m 0.70 m 0.48 m 0.72 m 0.02 m 2.06 m 1.03
G-2 ENE–WSW 41 34.3 m 0.83 m 0.73 m 0.78 m 0.02 m 3.53 m 0.94
G-3 ENE–WSW 20 21.8 m 0.98 m 0.48 m 1.25 m 0.04 m 4.18 m 1.28
G-4 ENE–WSW 12 11.2 m 0.90 m 0.23 m 0.98 m 0.02 m 2.55 m 1.09
G-5a NNE–SSW 32 26.0 m 0.78 m 0.59 m 0.82 m 0.001 m 4.19 m 1.04
G-5b NNE–SSW 37 26.0 m 0.66 m 0.46 m 0.82 m 0.03 m 3.98 m 1.24
G-5_2a NE–SW 6 6.4 m 0.89 m 0.96 m 0.75 m 0.05 m 1.81 m 0.84
G-5_2b NE–SW 6 6.4 m 0.68 m 0.31 m 0.74 m 0.17 m 2.08 m 1.09
G-7 E–W 75 50.0 m 0.65 m 0.35 m 0.89 m 0.01 m 4.93 m 1.36
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layer) of an entire cycle. Nevertheless, the close spacing and
different attitudes of the subpopulation 2 fractures suggest that
many of them are interconnected and therefore, when also con-
nected to subpopulation 3 fractures, likely to greatly contribute to
the overall permeability of the rock.

Some of the fractures belonging to subpopulation 1, with
a spacing of 1–10 cm, are hosted by laminated carbonate mudstone
(Fig. 9). In our interpretation, these fractures contribute to perme-
ability primarily through linking the larger fractures of subpopula-
tion 2, thereby forming interconnected fracture networks.

One conclusion of our studies is that we do not find any clear
general relationship between fracture spacing and bed thickness.
While such a relationship apparently exists for fractures in
subpopulation 3, the relationship is unclear or nonexisting for
fractures in subpopulations 2 and 1. One reason is that the stylo-
lites function as mechanical boundaries to such an extent that
there are commonly several mechanical layers inside a single
peritidal cycle. These mechanical layers vary laterally and are not
continuous. Fractures belonging to subpopulation 1 and 2 indicate
that these mechanical layers vary in thickness between 1 and
55 cm, while for subpopulation 3 the peritidal cycles function as
mechanical layers where fracture spacing is crudely related to bed
thickness.
3.3. Aperture

An idealised fracture consists of two parallel surfaces and its
aperture is defined as the distance perpendicular to the two
surfaces. A natural fracture usually has non-smooth surfaces such
that the distance is not constant. Some authors use the term
‘‘opening’’ for natural fractures and ‘‘aperture’’ for fractures when
focusing on mechanical characteristics (Bai and Pollard, 2001). The
term kinematic aperture refers to the total width of the fracture
opening, including mineral fill and siliciclastic silts, so that the open
part of the fracture is generally less than its kinematic aperture
(Laubach and Gale, 2006). In this paper, when discussing aperture
we mean the kinematic aperture.

We measured a total of 324 apertures (Fig. 10), the mean being
1.01 cm, the median 0.29 cm, and the standard deviation of 1.84 cm.
The coefficient of variation, Cv, is 1.82. The measured apertures
represent the average aperture of each fracture. Even though we
did not measure fracture apertures clearly affected by dissolution,
some of the largest apertures we measured could be somewhat
affected by dissolution; the median, therefore, better represents
common fracture apertures.

An exceedence-frequency plot is used to visualize the aper-
ture-size distributions (Fig. 11). When the x-axis is a logarithmic
scale (aperture) and the y-axis a probability scale (frequency), the
data plots as a straight line, indicating a log-normal distribution of
aperture data. The largest measured aperture is 15 cm, but the
maximum aperture extrapolated from the straight line is 25 cm
(Fig. 11). A maximum value of 25 cm seems rather large and it may
indicate, again, that some of the larger measured apertures are
affected by dissolution. When the aperture and frequency are
plotted as logarithmic values on an exceedence-frequency
diagram, the graphs approximate two straight lines, indicating
a bimodal fractal data set (Fig. 12). Subpopulation I has an aper-
ture range of 0.07–1.0 cm, R2¼ 0.9840, and D¼ 0.46. Subpopula-
tion II has an aperture range of 1.1–10.0 cm, R2¼ 0.9679, and
D¼ 1.49.
3.4. Spacing versus aperture

254 of the total of 324 measured apertures were measured
along the 9 scan lines (Fig. 13). The spacing between open fractures
along the 9 scan lines described earlier yield a total of 245 spacing
measurements. The values from each scan line are given in Table 1b.
The mean spacing is 0.79 m, the median 0.51 m, and the standard
deviation 0.86. The coefficient of variation, Cv, is between 0.84 and
1.36 (Table 1b).

When comparing all the fractures (both open and closed) with
open fractures (those with measured apertures) there are some
differences in the calculated coefficient of variation, Cv. These
differences may indicate that the open fractures are more randomly
distributed than the fractures in general (open and closed). The
average Cv for open fractures is 1.10 whereas that for all the frac-
tures is 1.22, suggesting that the open fractures are more evenly
distributed than the fractures in general. More specifically, for six of
the nine scan lines, Cv is smaller for the open fractures (than for
open and closed), while for three scan lines Cv is higher for the open
fractures (Table 1b). One possible explanation is that the more
clustered fractures were faults (shear fractures), whereas the more
evenly distributed fractures were pure extension fractures (joints).
However, we found no evidence for such a mechanical difference.



Fig. 6. Probability–probability plots showing generally log-normal fracture-spacing distributions. The main deviations occur in scan line G-4, G-5_2a and G-5_2b.
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Fig. 7. Exceedence-frequency plot of all fracture-spacing measurements with the spacing on a logarithmic scale and the frequency on a probability scale. The plot can be
approximated as a straight line, indicating a general log-normal distribution (with some artefacts). The extrapolated, broken straight line (lower right of the figure) gives the
estimated maximum spacing. The inset diagram shows the class limits and the frequency (%) of fracture spacings in the three main subpopulations.
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4. Numerical modelling

Fracture attitude, spacing, offset and arrest all greatly affect the
potential permeability in a reservoir. Our results show that many
fractures are offset or arrested at contacts between mechanical
layers and that there are comparatively few large faults in the
quarry (Fig. 3c). Thus, while the faults are likely to be the main
conductors of fluids for a reservoir composed of the quarry rocks, it
is clear that, since the large faults are so few, interconnected
Fig. 8. Exceedence-frequency plot of the fracture-spacing data set, with both frequency and
with different dips, indicating three spacing subpopulations that are roughly power law
subpopulation 3 is here 243 (rather than 247) because when calculating the exceedence fr
clusters of joints and other small-scale fractures would probably
greatly contribute to fluid transport. However, as discussed earlier,
many fracture sets do not form interconnected clusters because so
many of the fractures become arrested at contacts between
mechanical layers, that is, they become stratabound.

For a better understanding of the conditions under which exist-
ing fractures in different layers would tend to form interconnected
clusters, and thereby reach the percolation threshold (Stauffer and
Aharony, 1994), we constructed several boundary-element models.
spacing on logarithmic scales. The graph can be approximated by three straight lines,
s with different straight-line slopes D (‘‘fractal dimensions’’). The highest value in

equency the highest number (247) is given the value zero.



Fig. 9. Fractures from subpopulation 1 located in microbial mat deposits. View NW.
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To make the models as realistic as possible, we selected field
examples of fractures (Fig. 14) and modelled their geometric
arrangement as accurately as possible (Fig. 15).

In the present model (Fig. 15), we are interested in knowing how
a fluid-driven fracture (a hydrofracture) propagating vertically
towards the existing fracture systems in the layers above would
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Fig. 10. Histogram of all measured fracture ap
affect the fractures. In particular, we want to test the likelihood of
the fractures linking up into a permeable cluster. Thus, we are not
modelling the sizes of the fracture apertures (the opening
displacements), but rather whether the discontinuities in a certain
rock volume would tend to link up into a cluster for the given
boundary conditions. The fact that many fracture apertures show
the effect of dissolution (Fig. 9) is of no concern in the present
numerical model. To avoid rigid-body translation or rotation, all the
models are fastened in their corners, using the condition of no
displacement (indicated by crosses in Figs. 15–17).

The model was thus run with the fluid overpressure (fluid
pressure in excess of the horizontal compressive stress normal to
the fracture plane) of the main, lowermost fracture as the only
loading. The fluid overpressure used is 5 MPa, which is similar to
the in situ tensile strength of most solid rocks (Haimson and
Rummel, 1982; Schultz, 1995; Amadei and Stephansson, 1997).
Most fluid transport in a fractured reservoir is through fluid-driven
fractures, many of which have the potential of becoming non-
stratabound and thus contributing significantly to the fluid trans-
port in the reservoir. The clear dominating trends of the fractures
(Fig. 4) indicate that they are primarily of tectonic origin and
formed at depth, rather than related to an overall tensile stress
generated by erosion and uplift of the area within which they are
located. Most of the fractures are extension fractures. If they formed
at depths greater than a few hundred metres, it follows from the
Griffith Crack Theory that they cannot have formed as a result of
tensile stresses and must, therefore, be the result of fluid over-
pressure (Gudmundsson et al., 2003), in agreement with the
loading conditions in our model.

The numerical model was made using the boundary-element
program BEASY. A description of the boundary-element method in
general, and that of the BEASY program in particular, is provided by
Brebbia and Dominguez (1992) and the BEASY homepage (www.
beasy.com). Poisson’s ratio is taken as 0.33 for all the layers, as is
common for limestone (Bell, 2000; Nilsen and Palmstrøm, 2000).
The stiffness of all the rock layers is taken as 50 GPa, a typical
average laboratory value for many carbonate rocks such as lime-
stones (Bell, 2000; Nilsen and Palmstrøm, 2000). The contacts
between layers and joints in the layers above the hydrofracture are
modelled as internal springs with a stiffness of 6 MPa/m. Such a low
stiffness is appropriate for a contact or a joint with a consolidated,
10.0 11.0 15.0
re (cm)

8.0 9.0 12.0 13.0 14.0

ertures in the Pizzicoli Quarry (N¼ 324).
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elastic but soft infill, or a contact with a weak paleosol layer such as
siliciclastic silt laminae, which are common in the quarry. For
comparison, Young’s moduli for weak mudrocks (e.g. marl) may be
as low as 3 MPa (Bell, 2000).

The first results (Fig. 16) are for a model where the only loading
is a 5 MPa overpressure in the large hydrofracture, and the vertical
fractures in the layers above are modelled as internal springs. The
model shows that the tensile stress induced by the propagating
hydrofracture would be able to open many fractures in the layers
above its tip. In particular, the fractures in the layer closest to the
hydrofracture tip open up widely. Moreover, these fractures are
linked by zones of high tensile stress to the fractures in the layer
above. Since the tensile stresses in the zones combining the nearby
fracture tips exceed several mega-pascals, it is likely that these
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Fig. 12. Exceedence-frequency plot of the fracture-aperture data set, with both frequency an
different dips, indicating two subpopulations of fracture aperture that are roughly power l
fractures would combine to form an interconnected cluster. This
follows because the in situ tensile strength of solid rocks is mostly
in the range of 0.5–6 MPa (Haimson and Rummel, 1982; Schultz,
1995; Amadei and Stephansson, 1997). Thus, the tensile strength
would commonly be exceeded in the zones between the nearby
fracture tips, thereby forming small tensile fractures that would
link the larger, open fractures. Similar results are obtained for
shear-stress zones (not shown here) between the nearby tips of the
main fractures, suggesting that some of the fractures might link
through small transfer faults, as is commonly observed (Gud-
mundsson et al., 2003).

The opening of fractures in the layers above the hydrofracture
reaches considerable distances from its tip. However, the local
stress fields around the tips of the remote fractures are too small to
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Fig. 13. Diagrams showing fracture aperture as a function of distance along seven scan lines. Aperture is given in millimetres and distance in metres.
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form stress-zones between the nearby fracture tips. Thus, the
remote fractures would be unlikely to link up to form clusters. It
follows that their contribution to the overall permeability of this
part of the reservoir would be negligible. Thus, in the present
model, the only fractures likely to form a cluster, and therefore
reach the percolation threshold, would be those within a compar-
atively narrow zone directly ahead of the main hydrofracture.

To check if the remote fractures could become part of an inter-
connected cluster, we also constructed a model where, in addition
to the vertical fractures, the horizontal contacts are modelled as



Fig. 14. Large fracture arrested at horizontal contact. This fracture, assumed to have
been generated by fluid pressure, as well as the small fractures and contacts in the
layers above its tip are used as a basis for the numerical models (Fig. 15).

xx

xx

xx

xx

Fig. 15. The geometric configuration for the numerical models. All layers have Young’s
modulus (stiffness) of 50 GPa and Poisson’s ratio 0.33. The contacts between layers,
and joints in the layer above the hydrofracture, are modelled as internal springs with
a stiffness of 6 MPa/m. The only loading is a fluid overpressure of 5 MPa/m in the
lowermost (fluid-driven) large fracture.
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internal springs (Fig. 17). Since the contacts between layers are
weak discontinuities, thereby lowering the effective stiffness, the
present model (and the part of the reservoir it represents) shows
a greater deformation in response to the stresses induced by the
hydrofracture when compared with the previous model (Fig. 16).
However, the main effect as regards permeability is that the
network of interconnected fractures becomes much larger (Fig. 17)
than in the previous model (Fig. 16). This is primarily because parts
of the horizontal contacts open up and become connected with
several vertical fractures, many of which are remote.

As a consequence of a large part of the rock volume (a potential
reservoir) being subject to significant deformation in the present
model, the magnitudes of the hydrofracture-induced tensile stresses
around the vertical fractures tend to be considerably less than in the
previous model (cf. Figs. 16 and 17). However, so long as the tensile
stress reaches or exceeds a few mega-pascals, the fracture network is
likely to open up and form an interconnected cluster. Thus, in the
present model (Fig. 17) the fluid flow is likely to occur in a larger part
of the reservoir than in the previous model. By contrast, since
the opening displacements (apertures) of the fractures ahead of the
hydrofracture are more limited in this model (Fig. 17) than in the
previous one (Fig. 16), the previous model is likely to give higher
volumetric flow rates. This follows from the well-known cubic law
for fluid flow in fractures (Lee and Farmer, 1993), which states that
the volumetric flow rate is proportional to the third power of the
fracture aperture. In both models, the basic results are that, for given
loading conditions, the tensile stresses induced by the main hydro-
fracture are likely to results in the formation of an interconnected
cluster of fractures which would contribute significantly to the
permeability of this part of the carbonate reservoir.
5. Discussion

In this paper we discuss the effects of fractures, particularly their
attitude and geometry, on the general permeability development in
a carbonate reservoir. Cemented rocks such as those in the Pizzicoli
Quarry are an excellent example of rocks of low intrinsic porosity
and permeability but where interconnected fractures can subse-
quently generate considerable permeability (Figs. 14–17). How
much fracture-related permeability develops in such rocks depends
on many factors including rock lithology, dissolution, mechanical
layering, and local stress fields.

While relationships between lithology and fracture density
(frequency) are commonly reported (Aguilera, 1995), in the present
study area there is no clear relationship between lithology and
fracture density or distribution. One reason for the lack of corre-
lation between lithology and fracture density is that the lithological
boundaries between the main rock types, cemented wackestone
and mudstone deposited in an inner shelf environment, are
commonly unclear and difficult to determine. The only clear
boundaries are those that occur between peritidal cycles and those
that occur between the laminates of carbonate mudstone, the latter
being divided by stylolites. A second reason is that the cementation
not only makes it hard to distinguish any differences between
lithologies, but also makes the different lithological layers behave
in a similar mechanical manner. The third reason is that the
mechanical contacts or discontinuities, which have clear effects on
fracture density, do not coincide with lithological boundaries,
except for the laminated carbonate mudstones. Thus, where the
lithological boundaries can be seen, they are mostly not mechanical
contacts and the fractures commonly propagate through them.



Fig. 16. Numerical model showing the magnitude of the maximum principal tensile stress, sigma 3, given in pascals as absolute values. In this model, the fractures in the thin layers
are modelled as internal springs, but the horizontal contacts are strong (‘‘welded’’).
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Unlike lithological boundaries, mechanical layering has a great
effect on fracture density and distribution. In the study area, one
mechanical layer is separated from another by horizontal discon-
tinuities which are either stylolite contacts or Intra-Cretaceous
paleosols (of siliciclastic silt), and the layers vary in thickness from
few centimetres (laminated carbonate mudstone) to 1–2 metres
(peritidal cycles). The contacts are very variable in geometry and
structure. Some are nodular-shaped with distinct stylolites where
the teeth are visible (Fig. 18), whereas others are thin zones or
multilayers (Fig. 2c), some of which have later been modified
through karstification, seen as open cavities or, alternatively, cavi-
ties filled with red clay. Many fractures are arrested, offset or
change attitude at these contacts.

There are, nevertheless, several examples where fractures in the
vicinity of arrested fractures propagate through the same
mechanical multilayered boundary (Fig. 19). One explanation might
be that there was a change in the regional stress field in the time
interval between the formation of the arrested and through-going
Fig. 17. Numerical model showing the magnitude of the maximum principal tensile stress, s
layers and some of the horizontal contacts are modelled as internal springs.
fractures. Such an explanation could be feasible if the arrested and
the non-arrested fractures had different attitudes. However, the
three fractures in Fig. 19 all have similar attitudes. A more likely
explanation for the existence of adjacent arrested and non-arrested
fractures with similar attitude is that the layer through which they
propagated functioned differently during the evolution of the rock.
It is well known that an original multilayer, with weak or open
contacts (thereby encouraging fracture arrest), may gradually
become ‘‘welded’’ into a single mechanical layer with essentially
uniform properties. Such a gradual homogenisation of the
mechanical properties in a multilayer, and hence of its local stress
field (stress homogenisation), is well known for layered rocks
worldwide, in particular in volcanic areas, where many dykes
(fluid-driven fractures) become arrested at contacts but which
later-formed dykes could easily pass through (Gudmundsson,
2006; Gudmundsson and Brenner, 2006).

This brings us to the effects of local stresses on fracture propa-
gation, fracture arrest and potential fracture-related permeability
igma 3, given in pascals as absolute values. In this model, both the fractures in the thin



Fig. 18. (a) Nodular-shaped stylolites with tooth-like appearance affect fracture attitude which changes on meeting the nodular-stylolite layer (black arrows). (b) Close-up view of
the tooth-like stylolites.
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in layered rocks such as those in the study area. Our statistical data
indicate that the fracture attitude is such that many of the fractures
are likely to be interconnected (Fig. 4). Together with fracture size
and location, it is the fracture attitude, largely a function of local
stresses and their variation through time, that determines whether
or not the fractures will intersect. Fracture intersections may occur
if fractures are at significant angles to each other, which would
Fig. 19. Through-going (non-stratabound) fracture (2) with two adjacent arrested
fractures (1 and 3). View NW.
usually mean two or more fracture sets. Parallel fractures will only
allow fluid flow in one direction unless there is some primary
permeability in the rock mass. The observed fractures, exposed in
cemented wackestone and mudstone, are sub-vertical to vertical
and strike in almost every direction. However, there is one main
direction, E–W to ESE–WNW. There are also many fractures striking
NNE–SSW which increases the likelihood of fractures intersecting.
Within a rock mass of low to zero permeability, the fractures must
be of a certain size (length or strike dimension and height or dip
dimension) to interconnect rather than be isolated. While fracture
dip dimensions could be easily measured in the quarry, limited
exposure made it impossible to obtain large, systematic data sets on
fracture strike dimensions.

Some of the fractures are filled with terra rossa from the sub-
Miocene unconformity, indicating that they were open for some
time after their formation. Later, during the Miocene, however, the
fractures were modified through karstification. The stylolite hori-
zons also experienced dissolution and were later filled with silici-
clastic materials such as terra rossa from the Intra-Cretaceous
paleosols; these are not laterally continuous.

As is indicated above, many fractures are arrested at the contacts
between mechanical layers (Fig. 2c). In particular, where there are
(laminated) multilayers, most fractures either become arrested or
offset at the layer contacts (Fig. 9), indicating that it is normally
difficult for fractures to propagate through such multilayers. More
specifically, a multilayer, like many composite materials, possesses
a high material toughness and a relatively large amount of energy is
therefore required for a fracture to propagate through it (Hull and
Clyne, 1996; Chawla, 1998; Hyer, 1998).

For many carbonate rocks, the formation of interconnected
fracture clusters determines the fundamental process in forming
and maintaining a comparatively high permeability. Given that
fractures normally propagate through multilayers with great diffi-
culty, provided the individual layers have different mechanical
properties and that many fractures become arrested, we made
several numerical models to analyse the formation of fracture
clusters in such rocks (Fig. 14).

We used the exact geometry of one field example in the models
(Fig. 14), so as to test if the stresses induced by the main fluid-
driven fracture (hydrofracture) seen in the lower part of the field
photograph would be high enough to generate an interconnected
cluster. The results show that fluid-driven fractures (hydro-
fractures) with sufficient internal fluid overpressure (pressure in
excess of the minimum compressive principal stress) may generate
interconnected clusters in the layers above their tips. In particular,
when the contacts in the multilayer are modelled as internal
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springs, meaning that they were weak or open discontinuities at
the time of hydrofracture propagation, the cluster of inter-
connected fractures and contacts becomes quite extensive (Fig. 17).
We conclude that fluid overpressure (due to gas, oil, geothermal
water, ground water) in major fractures can generate high-
permeability fracture clusters within carbonate reservoirs.
6. Conclusions

� The fracture systems of Lower Cretaceous shallow-water
carbonate platform limestone exposed in Pizzicoli Quarry are
clustered with a mean Cv of 1.22 and a spatial distribution that
is log-normal. On a log–log plot, however, it is noteworthy that
the fracture spacings fall into three main groups or subpopu-
lations, each of which is approximately a power law (a straight
line on the log–log plot) and with a different straight-line
slope. Most fractures, exposed in cemented wackestone and
mudstone, are sub-vertical. Although they strike in almost
every direction, the two main directions are E–W to ESE–WNW
and NNE–SSW, suggesting that many fractures intersect.
� Fracture apertures also show a general log-normal size distri-

bution, with a mean aperture of 1.01 cm and a median of
0.29 cm. However, on a log–log plot, most of the aperture
measurements fall on one of two straight lines, suggesting that
they belong to two subpopulations, each with a different
straight-line slope.
� There is no clear correlation between lithology and fracture

density or distribution. One reason for this lack of correlation is
that boundaries between cemented wackestone and mudstone
are mostly diffuse and difficult to determine. A second reason is
that the cementation makes the different wackestone and
mudstone mechanically similar. Consequently, the contacts of
the mechanical layers, which have clear effects on fracture
density, do not coincide with the (commonly obscure)
wackestone and mudstone contacts.
� Many fractures are filled with terra rossa from the Sub-

Miocene unconformity, suggesting that the fractures remained
open for some time after their formation. The stylolite horizons
are in some parts also filled with terra rossa, but these are not
continuous laterally, again suggesting that some parts of the
contacts acted, for a while, as open discontinuities.
� The field data also show that many fractures became arrested

at the contacts between mechanical layers. To explore the
conditions whereby arrested fractures induce stresses in the
layers above their tips that encourage the formation of inter-
connected fracture clusters, we made several boundary-
element models. We modelled the main arrested fractures as
fluid driven (the fluid being gas, oil, water, or geothermal
water) and calculated the effects of the induced stresses on the
fractures in the layers above the hydrofracture tip.
� The results indicate that a hydrofracture is able to generate

interconnected clusters in the layers above its tips, provided
the fluid overpressure driving the fracture is sufficiently high
(here 5 MPa). When in addition to open vertical fractures in the
layers above the hydrofracture there are open or weak contacts
between the layers in the multilayer above the tip, the cluster
of interconnected fractures and contacts becomes quite
extensive. Since overpressure is the total fluid pressure minus
the normal stress on the fracture, it follows that fluid-driven
opening of contacts and other discontinuities can theoretically
occur at any crustal depth (Gudmundsson, 2006; Gudmunds-
son et al., 2003). We conclude that large hydrofractures can
generate high-permeability fracture clusters within carbonate
reservoirs.
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