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A B S T R A C T

This article focuses on field- and laboratory-based characterization of vertically persistent fractures that are part of
oblique-slip normal fault zones and crosscut the Cretaceous platform and overlaying ramp carbonates outcropping at
Maiella Mountain (central Italy). The achieved results show that: (i) fault damage zones are wider and more densely frac-
tured in the platform carbonates than in the ramp ones; (ii) joints and sheared joints composing the fault damage zones
are taller, better connected and less spaced within the former rocks than in the ramp carbonates. The aforementioned
structural differences are interpreted to be a consequence of the different mechanical properties of the platform and ramp
carbonates during failure. At Maiella Mountain, platform carbonates are, indeed, made up of overall stiffer (higher Uni-
axial Compressive Strength values) and less porous rocks, due to more abundant intergranular void-filling cement and
presence of matrix.

In terms of hydrocarbon flow and recovery, geometric and dimensional attributes of fractures suggest that the well-
connected network of closely spaced fractures cutting across the platform carbonates may form efficient pathways for
both vertical and horizontal hydrocarbon flow. In contrast, the relatively poorly connected and low-density fracture net-
work affecting the ramp carbonates is likely less efficient in providing fairways for flowing hydrocarbons.

© 2016 Published by Elsevier Ltd.
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1. Introduction

Fractures, meant as a collective term encompassing joints, sheared
joints and faults, represent the product of brittle deformation due
to stress exceeding the intrinsic rock strength and/or the frictional
strength. They occur at different scales and can form isolated fea-
tures as well as be connected to others forming fracture networks (e.g.,
Watterson, 1986; Pollard and Aydin, 1988). In addition to the intrinsic
rock strength and the fracture frictional strength, height and spacing of
fractures and the overall fracture distribution within the rock mass can
be controlled by mechanically significant interfaces (commonly sedi-
mentary bed surfaces) that may arrest fracture propagation in different
ways (Hooker et al., 2013; Fig. 1). The individual rock layers bounded
by such interfaces and normally corresponding to single beds or in-
dividual bed packages that are characterized by quite homogeneous
fracture distribution, due to homogeneous mechanical properties dur-
ing failure, are named “fracture units” in the terminology of Laubach
et al. (2009; Fig. 1).

As documented in literature (e.g., Aydin, 2000; Laubach, 2003;
Graham-Wall et al., 2006; Agosta et al., 2010; Solano et al., 2011),

∗∗ Corresponding author.
Email address: andrea.rustichelli@unicam.it (A. Rustichelli)

fracture networks often represent first-order subsurface pathways for
flow of hydrocarbons and other types of geofluids (e.g., groundwa-
ter, geothermal and hydrothermal brines). In tight, layered carbonate
rocks, this is especially true for fractures characterized by a high verti-
cal persistence (generally taller than 2 m) and commonly crosscutting
multiple rock layers (Panza et al., 2015). Based on outcrop measure-
ments and Discrete Fracture Network (DFN) modelling, these authors
found that, despite such throughgoing, vertically persistent fractures
(VPF) are generally less numerous than fractures confined within in-
dividual beds (stratabound fractures; Odling et al., 1999), they account
for almost all the overall vertical permeability of the rock due to their
greater height and aperture values. For this reason, a comprehensive
understanding of geometry, dimensional parameters, connectivity and
overall distribution (defining fracture units and interfaces at different
scales) of VPF is of paramount importance with regard to subsurface
reservoir development and planning recovery of hydrocarbons in car-
bonates (Garland et al., 2012).

This contribution focuses on the characterization of the VPF net-
works affecting Bahamian-type inner platform carbonates (Cima delle
Murelle Formation; Vecsei, 1991) and overlaying proximal ramp car-
bonates (Orfento Formation; Crescenti et al., 1969), both Cretaceous
in age, which are exposed near the top of Maiella Mountain (central
Italy). Accumulating within environments protected from sea waves

http://dx.doi.org/10.1016/j.marpetgeo.2016.05.020
0264-8172/© 2016 Published by Elsevier Ltd.
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Fig. 1. Cross-sectional views of fractured multilayer media displaying the four (a–d) ideal fracture patterns defined by Hooker et al. (2013) in relation to varying fracture layer bound-
edness. The concepts of fracture unit and interface (fracture unit boundary), also hierarchical (c), are illustrated. Interface hierarchy in (c): I = first-order; II = second-order.

and normally characterized by low-energy hydrodynamic conditions,
such inner platform carbonates are generally fine-grained and less
porous than proximal ramp carbonates, which normally accumulate
under higher-energy conditions (Eberli et al., 1993; Mutti et al., 1996;
Vecsei et al., 1998). As a consequence, the different properties of
carbonates formed in these two common depositional settings may
have a remarkable impact on characteristics of fractures that develop
within them, and therefore on their efficiency in driving fluid flow. In
addition, the ramp over platform carbonates stratigraphic configura-
tion might draw the interest of the hydrocarbon industry because VPF
may form efficient pathways for hydrocarbon flow (i) from source
rocks, commonly present within restricted internal settings of car-
bonate platforms, (ii) to carbonate reservoirs, which may have large
extents where represented by both porous and permeable carbonate
bodies accumulated along high-energy proximal settings of carbonate
ramps, (iii) throughout (mainly) non-porous platform carbonate strata
generally present in between (Tucker and Wright, 1990; Chilingarian
et al., 1996).

For instance, this is the case of some onshore oil fields in south-
ern Italy, of which Maiella Mountain is considered a good outcropping
analog for fracture characterization (Di Cuia et al., 2009; Masini et al.,
2011 and references therein), as it is made of similar fractured car-
bonate sequences in a comparable structural setting (kilometer-scale
thrust-soled anticline). Although, due to differences in terms of bur-
ial history and actual pressure regimes experienced by rocks in out-
crop and those in the subsurface, some fracture patterns in outcrop
may be only partly representative of the subsurface (Laubach et al.,
2009; English, 2012), observations made in the Maiella outcrops may
be extrapolated and used, with good reliability, in subsurface reservoir
models. By means of wellbore analysis, it is possible to pick fracture
units and interfaces in the reservoir and consequently, generate frac-
ture layering models. This implementation can indeed be a powerful
tool to both predict the main hydrocarbon paths and explain occur-
rence of rock volumes across the field with different depletion/produc-
tivity indexes.

2. Geologic and structural setting

Maiella Mountain is an east-verging, thrust-soled anticline located
in the external zone of the central Apennines fold-and-thrust belt (Fig.
2a–b). The Maiella anticline formed between Early and Late Pliocene
(e.g., Ghisetti and Vezzani, 2002; Scisciani et al., 2002) and is made
up of a ∼2 km thick carbonate succession spanning in age from Upper
Jurassic to Miocene, and accumulated within different marine settings
such as platform, slope, basin and ramp (Vecsei et al., 1998). In addi-
tion to reverse and strike-slip faults and minor folds, structural features
affecting the Maiella anticline mainly consist of (oblique-slip) normal
faults with throws <200 m, resulting from five distinct deformation
phases: (i) Cretaceous tectonics (Accarie et al., 1986; Casabianca et
al., 2002; Di Cuia et al., 2009); (ii) Miocene-Early Pliocene flexural
extension of the foredeep preceding Maiella anticline development
(Scisciani et al., 2002); (iii) flexural slip associated with the develop-
ment of the Maiella anticline (Graham-Wall et al., 2003; Marchegiani
et al., 2006; Tondi et al., 2006; Antonellini et al., 2008; Agosta et
al., 2009; Aydin et al., 2010); (iv) Quaternary collapse of the over-
thickened thrust wedge (Ghisetti and Vezzani, 2002); (v) Late Pleis-
tocene – Holocene active tectonics recorded in south Maiella (Pizzi
et al., 2010). The western flank (backlimb) of the Maiella anticline
is crosscut entirely by a major, high-angle normal fault named Cara-
manico fault. This westward dipping fault strikes N-S to NNW-SSE,
has a maximum throw in excess of 4 km and a fault trace approxi-
mately 30 km long. The timing of activity of the Caramanico fault has
been disputed in literature: Miocene-Early Pliocene by Scisciani et al.
(2002), Quaternary by Ghisetti and Vezzani (2002) and pre-Quater-
nary by Pizzi et al. (2010).

The study area is the Rava del Ferro gorge, which is located along
the western flank of the Maiella anticline (Fig. 2a). Along this gorge,
Cretaceous to Paleogene platform and ramp carbonates of the Morrone
di Pacentro, Cima delle Murelle, Orfento and Santo Spirito formations
crop out extensively (Fig. 2c). These carbonates are extensively frac-
tured and crosscut by small oblique-slip normal faults.
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Fig. 2. Location map and geologic framework of Maiella Mountain and the study area. (a) Geologic map of Maiella Mountain (modified after Ghisetti and Vezzani, 2002). (b) Geo-
logic cross-section (modified after Scisciani et al., 2002). (c) Stratigraphic scheme of the carbonate stratigraphic units exposed at the Rava del Ferro gorge.

3. Materials and methods

Data presented in this contribution were gathered by means of field
and laboratory analyses.

The field work was carried out along the sub-vertical walls of the
Rava del Ferro gorge, at altitudes between 2100 and 2400 m a.s.l.
(Figs. 2a and 3). The studied outcrops expose the uppermost strata of
the Cima delle Murelle Formation and the entire Orfento Formation
(Fig. 2c). The most relevant sites (named A-N in Fig. 3) were selected
for detailed stratigraphic, sedimentologic and structural analyses. Typ-
ically, these outcrops are tens of meters long and high, and are vari-
ably oriented (Fig. 4).

Stratigraphic logs and measurement of parameters such as attitude,
thickness and lateral extent of beds were carried out along the afore-
mentioned outcrops to decipher the depositional architecture and sed-
imentologic features of the studied carbonates. We also performed (i)
Schmidt Hammer testing to estimate the present-day Uniaxial Com-
pressive Strength (UCS) of the carbonates, (ii) collection of 20 ori-
ented hand specimens for petrographic studies and porosity measure-
ments, (iii) quantitative structural analysis accomplished by scan lines
(1-dimensional lines of observation).

Proceq L/LR-type Schmidt Hammer testing was performed on 16
distinct carbonate layers by considering the following requirements:
(i) representativeness of the studied facies, and (ii) distance from de-
positional and structural discontinuities. The Schmidt Hammer mea
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Fig. 3. Aerial plan view from Google Earth of the Rava del Ferro gorge with locations of the surveyed sites (labeled A – N), and distribution of the Cima delle Murelle and Orfento
formations in the study area.

sures the number of rebounds of a spring-loaded mass impacting
against the surface of the rock. According to the Proceq standard pro-
cedure, the number of rebounds was measured 20 times in correspon-
dence to a unique site for each individual layer, holding the hammer
orthogonal to flat and smooth, vertical rock surfaces. The 20 rebound
number values were subsequently computed by discarding the highest
5 values and lowest 5 ones, hence averaging the 10 remaining values.
The mean value of number of rebounds for each layer was thus con-
verted in UCS values by referencing the conversion chart provided by
Proceq (Table 1).

Concerning scan lines, each one was oriented horizontally within
an individual fracture unit and roughly perpendicular to the most
abundant set of VPF affecting the surveyed outcrop. Attitude (strike,
dip direction and dip angle), type, spacing, height and aperture of
the intersected VPF (at least 2 m high, visible from a distance of ap-
proximately 4 m from the outcrop, and generally cutting across more
beds) were measured. The Terzaghi (1965) trigonometric correction
of fracture spacing values was applied to remove the fracture orien-
tation bias. A total of 12 fracture units were surveyed using this pro-
cedure in the field; 7 additional synthetic scan lines were computed
by digital image analysis of outcrop photos (Table 2), a procedure al-
ready and similarly used by Jacquemyn et al. (2012) in virtually in-
accessible outcrops. On the photos, all visible VPF and fault planes,
as well as bedding surfaces, were traced in a standard drawing pro-
gram (CorelDraw). Synthetic scan line analysis provided apparent atti-
tudes of fractures, which could be corrected by comparison with frac-
ture orientation data measured at the base of the outcrops. As photos
were taken from a distance greater than 4 m from the outcrop, frac-
ture spacing values are likely overestimated relative to those collected
in the field. However, this auxiliary procedure was necessary due to
the paucity of accessible outcrops, and nevertheless useful to evaluate
spacing between fault planes.

In addition to the computation of synthetic scan lines, digital im-
age analysis of inaccessible outcrops was also used to estimate the

Fracture Termination Index (FTI) of the fracture unit interfaces. FTI
quantifies the effectiveness of interfaces in stopping fractures and is
defined, in percentage, as the ratio between (i) the number of VPF ter-
minating against a given interface separating two fracture units, and
(ii) the total number of VPF occurring within both the fracture units
and terminating against or passing through the same interface.

Aimed at quantify the regularity of fracture spacing, the coefficient
of variation (Cv) of the fracture spacing dataset provided by each scan
line is computed (Table 2). Cv is the standard deviation of a given
fracture spacing dataset divided by the arithmetic mean (Gillespie et
al., 1993). The greater the value of Cv, the more irregular the fracture
spacing.

The laboratory work included petrographic analysis of 20 thin sec-
tions obtained from the collected hand specimens. Petrographic analy-
sis was carried out using a polarized light microscope (Nikon Eclipse
E600 Pol) to study both depositional (grains and matrix) and diage-
netic rock components (e.g., cements, dissolution features), as well as
the overall rock textures and pore types (sensu Choquette and Pray,
1970; Lucia, 1999). The results were used to classify the carbonate
rocks according to Dunham (1962) and Embry and Klovan (1971)
and, above all, to document the possible lithologic controls on frac-
ture characteristics. A total of 60 photomicrographs (3 for each thin
section) were later studied, using the software Image-J 1.32, to quan-
tify the petrographic parameters (i.e., grain size, % components of
the rock, (2D) visual porosity) of the carbonate rocks. In particular,
the grain size of the rock represents the mean value of the grain di-
ameters measured on thin section photomicrographs, assuming that
the individual grains have circular shapes. Both percentage amounts
of the rock components (i.e., grains, matrix, cements) and of visual
porosity (pores resolvable in thin section, >20 μm in size), were cal-
culated by automatic point counting based on recognition of chro-
matic differences on thin section photomicrographs. In contrast, the
(3D) connected porosity was measured on 20 rock samples via au-
tomated mercury porosimeter PoreMaster 33 (Quantachrome Instru
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Fig. 4. Panoramic view of the southern (a) and northern (b) walls of the Rava del Ferro gorge, both displaying the unconformable boundary between the Cima delle Murelle and
Orfento formations and their facies associations.

ments) at the Department of Earth Science of the University of Parma
(Italy).

4. Sedimentologic, petrographic and porosity analyses

Based upon diagnostic characteristics such as depositional archi-
tectures, dominant lithologies and biota in skeletal grain assemblages,
both Cima delle Murelle and Orfento formations have been subdi-
vided into two facies associations (Fig. 2c). Each facies association is

related to a specific depositional environment and includes multiple
facies that are distinguishable from each other based upon their differ-
ences in rock texture, dominant grain size, sedimentary and biogenic
structures, and skeletal assemblages.

The boundary between the Cima delle Murelle and Orfento for-
mations, which is commonly marked (covered) by a narrow vegetated
area, is a very gentle angular unconformity characterized by numer-
ous erosional scours (Figs. 4a–b and 5a–b). These U- and V-shaped
scours are interpreted as paleochannels (Fig. 4a) and paleogullies (Fig.
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Table 1
Mean values of Uniaxial Compressive Strength (UCS), grain size, visual and connected porosity of the studied carbonate facies.

Site
code Formation (facies association) Facies

UCS (Mpa) (rebound
number)

Sample
code

Grain size
(mm)a

Visual porosity
(%)

Connected porosity
(%)

A Cima delle Murelle (grainstone-
dominated)

Floatstones 80.5 (54.8) CM1 0.3 0.5

B Cima delle Murelle (grainstone-
dominated)

Packstones 76.8 (52.4) CM2 2.3 2.7

B Orfento (massive) Grainstones ORF(m)1 00:17 5.5 2.4
B Orfento (massive) Grainstones (base-of-

channel)
63.5 (46) ORF(m)2 00:46 11.6 2.9

C Cima delle Murelle (grainstone-
dominated)

Grainstones/Packstones 65 (46.6) CM3 00:24 2.8 3.6

C Cima delle Murelle (grainstone-
dominated)

Grainstones CM4 00:13 1.4 8.3

D Cima delle Murelle (grainstone-
dominated)

Grainstones 71.5 (50.2)

E Orfento (cross-bedded) Grainstones ORF(cb)1 00:19 2.7 4.7
F Orfento (cross-bedded) Grainstones 67 (47.6) ORF(cb)2 00:15 22.4 4.6
G Orfento (cross-bedded) Grainstones 67.7 (48.1) ORF(cb)3 00:16 22.4 6.4
H Cima delle Murelle (grainstone-

dominated)
Grainstones/Floatstones 82 (55.1) CM5 00:26 2 3.4

I Cima delle Murelle (grainstone-
dominated)

Rudstones 73 (50.7) CM6 0.5 0.4

I Cima delle Murelle (grainstone-
dominated)

Floatstones 79.5 (53.8) CM7 2 5.5

I Cima delle Murelle (grainstone-
dominated)

Grainstones 84.5 (56.3) CM8 00:18 0.2 0.2

J Orfento (massive) Grainstones 68.5 (48.8) ORF(m)3 00:12 8.9 4.8
K Orfento (massive) Grainstones ORF(m)4 00:12 2.2 5.1
L Orfento (massive) Grainstones ORF(m)5 00:24 11 5.4
M Orfento (massive) Grainstones 70 (49) ORF(m)6 00:24 4.3 1.9
N Orfento (cross-bedded) Grainstones (thinly cross-

bedded)
72.5 (50.2) ORF(cb)4b 00:11 4.2 8

N Orfento (cross-bedded) Grainstones (scaly
fracturing)

73.5 (50.9) ORF(cb)5 00:15 11 2

N Orfento (cross-bedded) Grainstones (massive bank) 73 (50.5) ORF(cb)6 00:23 10.6 3.1

a Grain size can be calculated only for grainstones. It is not possible to calculate this parameter for the other lithologies because grains are not resolvable in thin section due to
smaller (matrix of packstones and floatstones) or larger sizes (floatstones and rudstones).
b This sample includes also silt-sized grainstones.

4b), respectively. Both developed during prolonged sub-aerial expo-
sure of the former carbonate platform (Eberli et al., 1993; Mutti et al.,
1996; Vecsei et al., 1998).

4.1. Cima delle Murelle Formation

4.1.1. Field observations
The approximately 600 m thick Cima delle Murelle Formation is

subdivided into two facies associations (Figs. 2c and 4). The strati-
graphically lower facies association, not analyzed in detail in this
work, is dominated by whitish to tan micritic limestones arranged in
decimeters to meters thick planar beds (Fig. 5c). Collectively, these
limestones represent the whole range of Dunham textures: mudstones,
wackestones, packstones and grainstones. In contrast, the stratigraph-
ically upper facies association, the focus of this work, is dominated
by grainstones and minor packstones arranged in decimeters to a few
meters thick planar beds, commonly thinner than in the previous fa-
cies association (Figs. 4 and 5). Both grainstones and packstones are
from fine-to coarse-grained, whitish, greyish and tan in color, and
yielded UCS values ranging between 65 and 84.5 MPa (Table 1).
Floatstone and rarer rudstone banks, mostly meters thick (not exceed-
ing 10 m), from tens of meters to approximately 100 m laterally ex-
tensive, are intercalated within both facies associations (Fig. 5d). Both
floatstones and rudstones are dominated by rudite-sized nerineid gas-
tropods in the lower facies association, and radiolitid rudists in the
upper one. Floating rudists, in some cases preserved as molds locally

enlarged by karstic dissolution, are typically cm-sized, unfragmented,
and have the longitudinal axis parallel to bedding.

4.1.2. Petrographic and porosity features
Only the grainstone-dominated facies association has been petro-

graphically analyzed. Texturally, the sampled rocks consist of bio-
clastic grainstones and minor packstones, floatstones and rudstones
(Fig. 6a–d). All these rocks are mainly composed of rudist fragments,
minor benthic foraminifera, and sporadic echinoid plates and spines.
Grain sorting varies from very poor to moderate. Clay-to silt-sized cal-
careous matrix represents up to approximately 25% vol of the whole
rock within some floatstones and packstones (Fig. 6c–d). Burrowing
is common in grainstones and packstones (Fig. 6d). Cement is domi-
nantly intergranular void-filling (up to 30% vol in facies with minimal
or no matrix, such as rudstones and some grainstones and floatstones,
Fig. 6a–b), and consists of mosaics of finely sparry to microsparry,
equant crystals of clear calcite. Neomorphic cements also occur as re-
placements of the former aragonitic parts of rudists (Fig. 6a). These
cements represent up to over 20% vol of the whole rock and consist
of (i) mosaics of coarse sparry, equant and clear calcite crystals; (ii)
coarse sparry, bladed, radiaxial calcite crystals; and (iii) very coarse
calcite crystals with undulose extinction under cross-polarized light.

Visual porosity ranges from 0.2 to 2.8%, 1.45% on average (Table
1), and is typically patchily distributed. Both pore sizes and geome-
tries vary a lot. Intergranular porosity represents the dominant type,
whereas vuggy and moldic porosities are less abundant. Values of
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Table 2
Mean values and ranges (±1σ standard deviation) of fracture spacing and height estimated by both true (upper table) and synthetic (lower table) scan lines. Surveyed site codes refer
to Fig. 4; Scan line codes refer to Figs. 8–10. * = rudist floatstone banks over 2 m thick.

Surveyed site
code Formation (facies association) Fracture strike range

Fracture spacing – mean
value (cm)

Fracture spacing – standard
deviation (cm)

Fracture spacing – coefficient of
variation (Cv)

A Cima delle Murelle (grainstone-
dominated)

N150–170 25.2 8.9 0.35

B Cima delle Murelle (grainstone-
dominated)

N60–90 i) 13.7 ii) 22.8 i) 5.9 ii) 16.7 i) 0.43 ii) 0.73

C Cima delle Murelle (grainstone-
dominated)

N45–65 8.9 4.7 0.53

D Cima delle Murelle (grainstone-
dominated)

N150–160 62.1 8.5 0.14

H Cima delle Murelle (grainstone-
dominated)

i) N70 ii) N160–170 iii)
N150–180

i) 65.5* ii) 80.2* iii) 28.2* i) 50.1* ii) 43.9* iii) 12* i) 0.76* ii) 0.55* iii) 0.43*

I Cima delle Murelle (grainstone-
dominated)

N140–160 i) 9.3 ii) 65.2* iii) 18.3 i) 3.1 ii) 15.4* iii) 7 i) 0.33 ii) 0.24* iii) 0.38

N Orfento (cross-bedded) N155–170 48.1 40.3 0.84

Scan
line
code

Formation (facies
association)

Approximate
fracture strike

Fracture spacing –
mean value (m)

Fracture spacing –
standard deviation (m)

Fracture spacing –
coefficient of variation
(Cv)

Fracture height –
mean value (m)

Fracture height –
standard deviation (m)

A-A′ Cima delle Murelle
(grainstone-dominated)

N160 15.21 9.23 0.61 66.39 42.56

B-B′ Orfento (massive) N160 10.82 5.03 0.44 32.93 18.49
C-C′ Orfento (cross-bedded) N160 16.30 14.33 0.88 16.78 21.69
D-D′ Cima delle Murelle

(grainstone-dominated)
N160 0.42 0.21 0.5 2.04 0.75

E-E′ Orfento (massive) N160 0.77 0.60 0.78 2.74 0.81
F-F′ Cima delle Murelle

(grainstone-dominated)
N160 4.93 3.15 0.59 43.15 18.47

G-G′ Orfento (massive) N160 6.02 3.47 0.63 46.85 23.96

connected porosity range from 0.2 to 8.3%, 3.1% on average (Table
1). However, the highest measured values are likely overestimated due
to the common occurrence of microcracks (Fig. 6a–b). For this reason,
the true values of connected porosity of the unfractured rock (“matrix
porosity”) probably don't exceed the values of visual porosity.

4.1.3. Depositional environment and diagenetic interpretation
According to previous authors (Eberli et al., 1993; Vecsei et al.,

1998), carbonates belonging to the Cima delle Murelle Formation and
exposed at the Rava del Ferro gorge can be interpreted as being accu-
mulated on the interior (broad shallow-lagoonal to peritidal settings)
of an isolated, flat-topped carbonate platform developed under tropical
to sub-tropical climatic conditions (“Bahamian-type carbonate plat-
form”). The micrite-dominated facies association accumulated under
dominant low-energy conditions, where tidal currents represented the
main hydrodynamic process. In contrast, the grainstone-dominated fa-
cies association was deposited under relatively higher-energy condi-
tions, as a consequence of the action of more energetic marine currents
and storm events. The relatively great thickness of the rudist floatstone
banks suggests that these are likely the result of the most energetic de-
positional events.

Diagenesis of the carbonates belonging to the Cima delle Murelle
Formation is considered similar to that experienced by the Orfento
Formation (see the Section 4.2), although the former formation under-
went a more pronounced cementation.

4.2. Orfento Formation

4.2.1. Field observations
In the study area, the Orfento Formation is from 70 to 170 m

thick. It is mostly made up of fine-to medium-grained grainstones,
whitish in color and characterized by UCS values ranging between

63.5 and 73.5 MPa (Table 1). Two facies associations are distin-
guished (Figs. 2c and 4).

The lower one is a channel-filling massive facies association, up
to 100 m thick, which occurs in places at the bottom of the forma-
tion. This facies association is mostly made up of grainstones arranged
in 20 cm to 2 m thick, crude planar beds (Figs. 4 and 5a), rarely dis-
playing a subtle planar lamination. Rudist-bearing floatstones and rud-
stones arranged in planar beds up to approximately 1 m thick are
rarely intercalated. At the bottom of the large paleochannel, a lens-
shaped breccia layer up to approximately 1 m thick is exposed on the
southern wall of the Rava del Ferro gorge (Fig. 4a, surveyed site B).
These semi-lithified breccias consist of heterometric and angular cal-
careous lithoclasts, which are sand-to silt-sized and greyish, whitish
and tan in color (Fig. 5a). The upper facies association is approxi-
mately 70 m thick and cross-bedded. The individual beds are a few
tens to hundreds of meters laterally extended, from 5 cm to 4 m thick
and originally dipping (<5°) towards the NNW (Figs. 4 and 5e–f).
Rare lithoclastic rudstone beds with some meters lateral extent are em-
bedded within the grainstones (Fig. 5f). Both facies associations show
common bed amalgamation and presence of 20–60 cm thick grain-
stone beds showing a pervasive scaly fracturing (Fig. 5a, e).

4.2.2. Petrographic and porosity features
All the analyzed rock samples are bioclastic grainstones, which are

composed almost entirely of sub-rounded to sub-angular rudist frag-
ments, rare echinoid plates and spines, sporadic benthic foraminifera
(Orbitoides) and bivalve fragments. Grainstones are generally sand-
sized (Fig. 6e–g) and occasionally silt-sized (Fig. 6h). Sorting is com-
monly good, matrix is absent. Burrowing is generally ubiquitous,
especially in the cross-bedded facies association (Fig. 6g). Cement
types are similar to those documented in the Cima delle Murelle For
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Fig. 5. Outcrop views of the Cima delle Murelle and Orfento formations. a) Very gentle angular unconformity separating the channel-filling, massive facies association of the Orfento
Formation (ORF-m) from the underlying Cima delle Murelle Formation (CM). Note the channel-lag, lens-shaped breccia layer (br). Surveyed site B (cf. Fig. 3 and 4a). b) Sharp
boundary between the cross-bedded facies association of the Orfento Formation (ORF-cb) and the underlying Cima delle Murelle Formation (CM), characterized by planar beds
horizontal at time of deposition. SS = Santo Spirito Formation. Surveyed sites D-E (cf. Fig. 3 and 4a). c) Micrite-dominated facies association of the Cima delle Murelle Formation.
d) Floatstone bank of the Cima delle Murelle Formation. Note the floating rudists (r) with longitudinal axis parallel to bedding. e) Three distinct facies belonging to the cross-bed-
ded facies association of the Orfento Formation (m = massive grainstone bed; cb = cm-thick, cross-bedded grainstone beds; sf = grainstones displaying a pervasive scaly fracturing).
Surveyed site N (cf. Fig. 3). f) Lens-shaped rudstone layer (ru) embedded within the grainstones of the cross-bedded facies association of the Orfento Formation (surveyed site F, c.f.
Fig. 3 and 4a). The 33-cm long hammer is for scale.

mation; only the intergranular void-filling cement is by far less abun-
dant (from <1% to a few units % vol of the whole rock).

Visual porosity values of the Orfento Formation vary, bed-by-bed,
from 1.9 to 22.4% (10.2% on average; Table 1). Overall, the cross-
bedded facies association is more porous (11.8% of average visual
porosity) than the massive one (visual porosity values ranging from
4.3 to 11.6%, 8.3% on average; Table 1). In the sand-sized grain-
stones of both facies associations, visual porosity is dominantly in-
tergranular; moldic and vuggy porosities are less abundant. Pores are

relatively less varying in pore sizes and geometries than in the rocks
of the Cima delle Murelle Formation, and are more uniformly dis-
tributed in the most porous beds (Fig. 6e–f). In contrast, the sporadic
silt-sized grainstones (∼2% of visual porosity) are characterized by
dominant vuggy and moldic pores. Values of connected porosity in
the Orfento Formation range between 1.9 and 8%, 4.3% on average
(Table 1), which means that most of the visual porosity is not con-
nected. Because of the absence of microcracks, the measured con
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Fig. 6. Microfacies of the Cima delle Murelle (a–d; grainstone-dominated facies association) and Orfento (e–h) formations under cross-polarized light. a) Floatstones including a
large rudist fragment composed of neomorphic calcite. b) Grainstones crosscut by joints and calcite veins. c) Packstones. d) Burrowed packstones. e) Low-porosity grainstones of the
massive facies association. f) High-porosity grainstones of the cross-bedded facies association. g) Grainstones of the cross-bedded facies association containing burrows (large pores
surrounded by rims of compacted grains). h) Silt-sized grainstones of the cross-bedded facies association.
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nected porosity values correspond to the amount of connected matrix
porosity.

4.2.3. Depositional environment and diagenetic interpretation
As a whole, the carbonates of the Orfento Formation have been

interpreted as being accumulated on a distally steepened carbonate
ramp, under high-energy hydrodynamic conditions and tropical to
sub-tropical climate (Eberli et al., 1993; Mutti et al., 1996; Vecsei et
al., 1998). The Orfento Formation carbonates exposed along the Rava
del Ferro gorge resemble the facies 4, 5, 6 and 7 of Mutti et al. (1996),
and are collectively interpreted as being accumulated in shallow-ma-
rine, proximal ramp environments dominated by tidal currents, waves
and occasional storms.

Both an earlier aggradational stage and a later progradational stage
were documented in the Orfento Formation (Mutti, 1995; Mutti et
al., 1996; Vecsei et al., 1998). During the aggradational stage, the in-
tra-platform depressions (channels and gullies) that developed during
the long-lasting sub-aerial exposure of the former carbonate platform,
were filled by massflow and likely, turbidite deposits (i.e., massive fa-
cies association). Subsequently, these deposits and the older platform
carbonates (Cima delle Murelle Formation) were topped by bioclas-
tic sand waves (i.e., cross-bedded facies association), which prograded
basinward for kilometer distances likely under the influence of tidal
currents.

The breccia layer located at the bottom of a large paleochannel
(Fig. 4a, surveyed site B) is composed of calcareous lithoclasts likely
eroded from the underlying Cima delle Murelle Formation; these brec-
cias may therefore represent a channel lag.

On the basis of cathodoluminescence patterns and stable isotopes,
Mutti (1995) interpreted the bulk of calcite cements of the Orfento
Formation as precipitated during early meteoric diagenesis conse-
quently to dissolution of former aragonite occurred during short-lived
emersion periods of the carbonate ramp. According to the same au-
thor, the dissolution of aragonitic grains produced the moldic porosity.

5. Structural analysis

In this section, the results of the structural analysis are first de-
scribed and then statistically analyzed. Subsequently, they are dis-
cussed in terms of genetic mechanisms of fractures and their relation
with the structural evolution of Maiella Mountain.

5.1. Structural features

Although unaffected by very large faults and unfolded at the out-
crop scale with beds regularly dipping up to 30° to the WNW (Fig. 7),
the studied carbonates of the Cima delle Murelle and Orfento forma-
tions are affected by numerous fractures with various heights. These
can be grouped in two broad categories:

(i) open fractures (seemingly joints; Fig. 5c–f) and minor calcite
veins, which are from sub-meter to approximately 2 m high.
Fractures and veins are commonly bed-perpendicular and either
stratabound or shorter than single bed thickness (perfect bed-
bounded to top-bounded fractures sensu Hooker et al., 2013; Fig.
1);

(ii) throughgoing fractures with similar attitude of the previous open
fractures and veins, but generally higher than 2 m, up to over
100 m (Table 2). These vertically persistent fractures (VPF) en-
compass joints, sheared joints and fault planes, which cut across
bed packages and partly abut against a hierarchy of

sedimentary interfaces (hierarchical and top-bounded fractures
sensu Hooker et al., 2013; Fig. 1).

Considering the purpose of the study, only the VPF are docu-
mented and discussed in the next paragraphs and sections.

VPF consist of planar to slightly undulated discontinuities that
were commonly enlarged by karstic dissolution and can be infilled
with recent soil along erosional recesses (Table 2, Figs. 8–12). Frac-
ture aperture is between <1 mm and 5 cm (2–3 mm on average). The
greatest aperture values are mostly due to karstic dissolution. These
fractures are interpreted as joints and sheared joints, as they display
where relatively unweathered, rare diagnostic plumose structures on
their surfaces (Pollard and Aydin, 1988). In addition, sheared joints
can display striae on their surfaces, have normal throws <1 cm and at-
titudes similar to joints, and are characterized by low (<0.01) displace-
ment/length ratios; all typical features of sheared joints (Wilkins et al.,
2001).

VPF commonly surround fault planes with normal throws ranging
from >1 cm to 25 m, and strike sub-parallel to them (Fig. 7). VPF are
therefore part of fault damage zones. Fault cores are associated only
with the major fault planes and are <1 m thick. Cores are made up
of weakly calcite-cemented fault breccias, which are less resistant to
weathering than the surrounding host rock, and hence form negative
reliefs often covered by narrow strips of grass (Fig. 11a–b).

Fault damage zones are up to 300 m wide in the Cima delle
Murelle Formation (grainstone-dominated facies association), com-
monly wider at the fault hanging walls (Figs. 8, 10 and 11a–b). The
widest damage zones, which also include multiple small faults (Figs.
8 and 10), consist of swarms of fractures several meters to over 100 m
high (Table 2), either synthetic or antithetic to the fault planes, and
showing numerous lateral and vertical abutting relationships among
fractures (well-connected fracture network). Fracture spacing mea-
sured in the field varies from 5 cm to 1 m (approximately 40 cm on av-
erage; Table 2, Fig. 11d), whilst fracture spacing measured by means
of synthetic scan lines on panoramic outcrop pictures (Figs. 8 and 10)
is between 1 m and 40 m (Table 2). In all cases, fractures are quite reg-
ularly spaced (Cv values range between 0.14 and 0.76; Table 2).

Joints and sheared joints are arranged as two main pairs of sets
striking mainly N140-180E and secondly N45-70E, and dipping
65°–90° both NE and SW or NW and SE, respectively (Fig. 7). Frac-
tures of both pairs of sets abut against the fault planes (Figs. 8, 10
and 11a–b). The fault planes appear planar to slightly undulated, and
form two main pairs of sets striking N150-170E and N50-65E, respec-
tively, dipping in opposite directions with angles between 60° and 80°
(Fig. 7). The two pairs of fault sets and associated VPF show mutual
cross-cutting relationships, albeit NNW-SSE striking faults generally
dislocate earlier WSW-ENE ones (Fig. 11a). Faults are at least a few
hundreds of meters high (corresponding to outcrop dimensions) and
mainly show normal throws between several centimeters and tens of
centimeters, rarely meters (up to 25 m; Fig. 11a).

Within the Orfento Formation, fault damage zones are more de-
veloped within its massive facies association, within which they oc-
cur in places (the best exposure is along the northern wall of the sur-
veyed gorge, Figs. 4b and 10). Individual fault damage zones are up
to 40 m wide; in some cases, multiple damage zones are overlapped
and overall can exceed 100 m in width. Fault zones consist of net-
works of oblique to vertical fractures from a few meters to over 100 m
high, and spaced from 20 cm to 20 m (Table 2, Figs. 8–10). Fractures
form two sets striking N160-185E and dipping either E or W with
angles ranging between 60° and 85° (Figs. 7 and 10). Among these,
only a few fractures dip to the E; all others form individual swarms of
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Fig. 7. Stereographic projections (lower hemisphere) of the measured planar structural elements (faults and joints/sheared joints) and bedding of the studied carbonates. On the left,
poles of planes (facies associations are distinguished) and mean great circles showing the mean attitude of bedding and joint and fault sets (facies associations are considered as a
whole). Dashed mean great circles are referred to either joints/faults restored to unfolded bedding, or bedding without considering the ORF (cb) cross-beds. However, as the two
bedding great circles have very similar attitude, cross-beds do not produce a significant bias in restoring joint and fault data. On the right, rose diagrams showing the strike frequencies
of the analyzed planar elements. CM = Cima delle Murelle Formation (grainstone-dominated facies association); ORF (m) = Orfento Formation (massive facies association); ORF
(cb) = Orfento Formation, (cross-bedded facies association).

shorter fractures that dip to the W and abut against the previous set
(Fig. 10), providing good fracture connectivity. The highest E-dipping
fractures generally display 1–5 cm normal throws, and are interpreted
as incipient faults (Fig. 10). In contrast, all other E- and W-dipping
fractures consist of joints and sheared joints occurring within the fault
damage zones.

Regarding the cross-bedded facies association of the Orfento For-
mation, VPF within fault damage zones (<100 m width) are rela-
tively scarce and poorly connected both vertically and laterally. These
fractures are arranged in two pairs of sets striking either N150-190E
(mostly) or N45-60E and dipping 70°–90° on opposite directions (Fig.
7). VPF attain heights up to 20 m and are generally spaced from
10 cm to approximately 50 m, depending on the observation distance
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Fig. 8. Cross-sectional drawing from mapping of both stratigraphic and structural elements on the photomosaic of Fig. 4a. Areas lacking such elements are covered by vegetation
and recent slope debris. CM = Cima delle Murelle Formation (grainstone-dominated facies association); ORF-m = Orfento Formation (massive facies association); ORF-cb = Orfento
Formation, (cross-bedded facies association); SS = Santo Spirito Formation.

(Table 2, Figs. 8, 12b). Fractures are less regularly spaced (Cv varies
from 0.84 to 0.88) than in the other facies associations of the Orfento
and Cima delle Murelle formations (Cv ≤ 0.78; Table 2).

5.2. Statistical analysis of fracture spacing

Fracture spacing is statistically determined for both formations by
coupling field and synthetic scan lines (Table 2). Although mostly reli-
able, the other measured structural parameters such as fracture height,
fracture aperture and fault damage zone width might be partly biased
by outcrop dimensions, karstic dissolution and overlap of multiple
damage zones, respectively. For these reasons, these parameters are
not statistically analyzed.

Fig. 13 displays cumulative frequency distributions of spacing
computed for the analyzed fractures: joints (plus sheared joints) and
faults. Fault spacing is meant as the horizontal separation between two
fault planes. Two different spacing distributions result for each of the
three analyzed stratigraphic units (Cima delle Murelle Formation and
the two facies associations of the Orfento Formation), which are char-
acterized by different slopes of the best-fit correlation lines, quanti-
tatively expressed by the coefficients of the relative equations rang-
ing between −0.16 and −0.38, and between −1.07 and −1.61, respec-
tively. Spacing distributions with gentler slopes mostly refer to joints
characterized by spacing values < 1 m. By contrast, spacing distrib-
utions with steeper slopes are mainly related to faults with spacing
values > 5 m. A 1–5 m arbitrary threshold between the two aforemen-
tioned spacing distributions can be assigned to all three stratigraphic
units.

5.3. Structural interpretation

Most of the outcrops are virtually inaccessible as many fracture
surfaces have experienced severe surface weathering and dissolution,
and fault planes are commonly weathered or covered by grass. Be-
cause of this, our field data and observations are tied to relevant liter-
ature in order to interpret genetic mechanisms, kinematics and timing
of faults and fractures and their relation with the structural evolution
of Maiella Mountain.

The documented faults showing normal throws, and the associ-
ated VPF are arranged as two approximately orthogonal pairs of sets

showing mutual cross-cutting relationships, albeit the dominant
NNW-SSE striking faults commonly displace those striking WSW-
ENE. Stereoplots of Fig. 7 suggest the occurrence of conjugate pairs
of high-angle normal faults and VPF developed after bed tilting. In
contrast, field observations reveal that part of faults and VPF likely
formed prior to the bed tilting, according to the orthogonal-to-bedding
acute bisectors of dihedral angles formed by pairs of fractures (faults
and related VPF) with a same strike but opposite dip directions (Figs.
10 and 12a).

Based on good fitting with several structural studies on Maiella
Mountain (Marchegiani et al., 2006; Antonellini et al., 2008; Agosta
et al., 2009), and the most widely accepted models of faulting related
to folding (Stearns, 1968; Price and Cosgrove, 1990), the documented
fault zones are considered part of the oblique-slip normal fault sys-
tems with similar orientations that have been largely documented in
the central and northern Maiella (Fig. 2a). These fault systems have
been associated with the development of the Maiella anticline, oc-
curred in Early to Late Pliocene times, and have been interpreted as
the product of flexural slip associated with the Maiella folding and
thrusting (Graham-Wall et al., 2003; Agosta et al., 2009; Aydin et al.,
2010). In this scenario, the dominant NNW-SSE striking faults can be
interpreted as oblique-slip normal faults with a minor left-lateral com-
ponent of motion; whereas the ENE-WSW striking faults are inter-
preted as oblique-slip normal faults with a more pronounced, right-lat-
eral component of motion (Marchegiani et al., 2006; Antonellini et al.,
2008). The mutual cross-cutting relationships between the aforemen-
tioned fault sets and associated VPF are consistent with their penecon-
temporaneous activity, according to the regional paleostress field as-
sociated with shortening of the central Apennines, characterized by
an E–W oriented maximum horizontal principal stress axis (Bigi et
al., 1992). Faults and VPF likely formed during the final stages of
the Maiella anticline development, as faults and fractures post-dating
folding-related bed tilting (Fig. 7) seem to prevail on pre-tilting struc-
tures (Figs. 10 and 12a).

Pre-tilting faults and VPF may also be related to older deformation
phases. ∼N-S and ∼E-W trending, pre-tilting conjugate normal fault
systems have been documented by Scisciani et al. (2002) and associ-
ated with Miocene-Early Pliocene flexural extension of the foredeep
preceding Maiella anticline development. Albeit evidence for syn-sed-
imentary faults are not found in the studied Cretaceous carbonates,
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Fig. 9. Cross-sectional drawing from mapping of both stratigraphic and structural elements on a photo of the surveyed site B (cf. Fig. 3 and 4a), showing the boundary between
the massive facies association of the Orfento Formation (ORF-m) and the underlying grainstone-dominated facies association of the Cima delle Murelle Formation (CM). Note the
unfractured channel-lag breccia layer (br).

NNW-SSE striking Cretaceous normal faults have been documented
close to the Maiella platform margin (Accarie et al., 1986; Casabianca
et al., 2002; Di Cuia et al., 2009). Heritage of such Cretaceous to Early
Pliocene faults during faulting associated with the development of the
Maiella anticline is not documented but cannot be excluded.

The NNW-SSE striking, westward-dipping faults and VPF (Fig.
7) that likely formed after bed tilting, may also be the product of
Quaternary activity of the Caramanico fault (Ghisetti and Vezzani,
2002), which is located approximately 1–2 km westward of the in-
vestigated outcrops. This inference may be supported by the fact that
NNW-SSE striking faults commonly displace older WSW-ENE strik-
ing faults. However, the damage zone of the Caramanico fault seems
to be located downslope (westward) with respect to the studied out-
crops, at altitudes between 1500 and 1700 m a.s.l., along the Rava
del Ferro gorge (Fig. 3). There, we observed impressive swarms of
closely-spaced and steeply inclined VPF, which strike ∼N-S and dip
westward. Therefore, we exclude that prominent Quaternary faulting
affected the studied outcrops, which did not show evidence for Late
Pleistocene – Holocene active tectonics documented by Pizzi et al.
(2010) in southern Maiella.

As most of the uplift and associated erosion of the Maiella anti-
cline has been ascribed to Quaternary rather than Pliocene folding and

thrusting (Ghisetti and Vezzani, 2002), the investigated faults and
VPF likely formed at 0.5–1 km burial depths and possibly more.
This estimate is based on thickness of the reconstructed Eocene to
Lower Pliocene stratigraphic succession that originally overlay the
Rava del Ferro Cretaceous carbonates (Vecsei et al., 1998; Ghisetti
and Vezzani, 2002). Hence, fault zones similar to those we document
can actually be present in buried carbonate successions underlying
fold and thrust belts (e.g., onshore oil fields in the southern Italy).

Development of the fault zones in terms of fracturing and faulting
mechanisms can be explained integrating our field observations with
the existent literature on faulting mechanisms in carbonate multilay-
ers of Maiella Mountain. Fault planes and VPF swarms present in the
fault damage zones may be the result of different processes such as:

(i) in-plane propagation throughout multiple beds of earlier open
fractures and veins, affecting single beds and reactivated through flex-
ural slip during the Maiella folding (e.g., Graham-Wall et al., 2003;
Antonellini et al., 2008; Agosta et al., 2009; Aydin et al., 2010). Sim-
ilar attitudes of open fractures (seemingly joints) and veins, and VPF
support this deformation mechanism, which may have been responsi-
ble for the documented normal faulting and normal shearing of frac-
tures (i.e., sheared joints), with formation of new vertically persistent
pinnate (horse-tail) joints (Fig. 10) due to either changes of the ap
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Fig. 10. Cross-sectional drawing from mapping of both stratigraphic and structural elements on the photo of Fig. 4b. Areas lacking such elements are covered by vegetation and/or
recent slope debris. CM = Cima delle Murelle Formation (grainstone-dominated facies association); ORF-m = Orfento Formation (massive facies association).

plied remote stress state and/or material rotation (Wilkins et al., 2001;
Myers and Aydin, 2004). In addition, joints and veins perpendicu-
lar to bedding formed at a very early stage (shallow burial depth)
prior to Maiella anticline development (Lavenu et al., 2014), and
could therefore be reactivated during the Maiella folding. No clear
evidence is found in the carbonate succession for the presence of
bed-perpendicular pressure solution seams that, according to several
authors (Graham-Wall et al., 2003; Antonellini et al., 2008; Agosta
et al., 2009; Aydin et al., 2010), formed during the initial stages of
Maiella folding and were reactivated through flexural slip. However,
their original occurrence is not excluded as many fractures have been
weathered and enlarged by recent dissolution;

(ii) progressive fracture and fault linkage through slip episodes
along their planes, similar to those documented in Maiella by
Antonellini et al. (2008) and Agosta et al. (2009). Undulations
(jogs and steps) along some fault planes and VPF (Figs. 8–11)
record this process.

6. Fracture stratigraphy

The different spacing distributions displayed by the graph in Fig.
13 suggest a stratigraphic and lithologic control on fracture spacing
and likely on other fracture characteristics. Based upon substantial
difference in fracture spacing, heights and geometry, the studied car-
bonate succession is subdivided into three major fracture units (Fig.
1c): (i) Cima delle Murelle Formation, (ii) massive facies association
of the Orfento Formation and (iii) cross-bedded facies association of
the Orfento Formation (Figs. 8–10). The grainstone-dominated facies
association of the Cima delle Murelle Formation presents fractures
with characteristics similar to those occurring within the underlying

micrite-dominated facies association of the same formation (Stefano
Torrieri, 2012, personal communication). For this reason, the entire
Cima delle Murelle Formation is considered as a single major fracture
unit. Smaller-scale (meters to a few tens of meters thick), minor frac-
ture units (Fig. 1c) also occur within both the Cima delle Murelle and
the Orfento formations. The well-constrained fracture units compos-
ing the former formation are discussed in this section.

Based upon abutting and crosscutting relationships among frac-
tures and stratigraphic surfaces (i.e., FTI concept) of different-rank:
boundaries of different formations, facies associations and facies, re-
spectively, a three-fold hierarchy of interfaces is proposed (see Fig.
1c for the hierarchical concept of interface; a concept recently used
also by Panza et al., 2016). In the proposed hierarchy, interfaces are
not weak rock veneers as reported in some literature (e.g., Underwood
et al., 2003; Cooke et al., 2006). As shown along the northern and
southern walls of the surveyed gorge (Figs. 4, 8 and 10), the uncon-
formable boundary between the Orfento and the Cima delle Murelle
formations represents a first-order interface (Fig. 14; FTI > 90%, esti-
mated from Fig. 9). In fact, swarms of fractures up to 150 m high and
possibly more, forming the widest fault damage zones cutting across
the Cima delle Murelle Formation, abruptly terminate upward against
this interface (Figs. 8 and 10). No difference is noticed whether the
interface juxtaposes the Cima delle Murelle Formation with either the
grainstones or the discontinuous layer of channel lag breccias of the
Orfento Formation (Fig. 9).

A second-order interface is represented by the boundary between
the two facies associations (major fracture units) of the Orfento For-
mation, in which most of the up to 70 m high fractures crosscutting
its massive facies association seem to terminate (FTI between 60 and
70% estimated from Fig. 8).
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Fig. 11. Outcrop views of fault zones within the grainstone-dominated facies association of the Cima delle Murelle Formation. a–b) Fault zones of which fault planes are highlighted
by dashed lines. The marker bedding surfaces highlight the normal throws of the faults. In (a) NNW-striking faults dislocate earlier ENE-striking faults. c–d) Third-order interfaces
separating rudist floatstone banks, some meters thick, from the underlying thinner beds varying in facies, which are more densely fractured (surveyed sites H and I, cf. Fig. 3 and 4b).
The geologist is for scale.

Fig. 12. Outcrop views of faults, joints and sheared joints within the Orfento Formation. a) Fracture network made up of oblique-to-bedding incipient faults and sheared joints present
within the massive facies association (surveyed site L, cf. Fig. 3 and 4b). The marker bedding surfaces highlight the normal throws of the faults. The 33-cm long hammer is for scale.
b) Near-parallel joints and sheared joints forming a fault damage zone within the cross-bedded facies association (surveyed site N, cf. Fig. 3). These joints abut against well-defined
bed surfaces (third-order interfaces). The geologist is for scale.
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Fig. 13. Cumulative frequency distributions of spacing computed for analyzed frac-
tures: joints and faults. The best-fit power law correlations of the data points are dis-
played. CM = Cima delle Murelle Formation (grainstone-dominated facies association);
ORF (m) = Orfento Formation (massive facies association); ORF (cb) = Orfento For-
mation, (cross-bedded facies association).

Third-order interfaces are recognized within both the Cima delle
Murelle and Orfento formations. In the former formation, the inter-
faces are generally represented by the sharp boundaries of the over
2 m thick rudist floatstone banks (Fig. 11c–d, 14). Although gener-
ally unable to stop the major fault planes and the highest damage zone
fractures, such interfaces stop some meters to a few tens of meters
high fractures (FTI between 30 and 80% estimated from Figs. 8, 10

and 11) cutting across packages of beds that, although varying in fa-
cies (including also rudist floatstone beds), attain individual thickness
typically less than 2 m (mostly decimeters). The over 2 m thick rud-
ist floatstone banks, which are less densely fractured than the afore-
mentioned multi-facies bed packages (60 cm versus 26 cm of mean
fracture spacing, calculated from field-measured data of Table 2), rep-
resent well-constrained small-scale (minor) fracture units within the
Cima delle Murelle Formation. The susceptibility of rudist-bearing
banks to fracturing as distinct fracture units within relatively thinner-
bedded and more densely fractured carbonate successions was already
documented in literature (Cooke et al., 2006; Di Cuia et al., 2009).

In the cross-bedded facies association of the Orfento Formation,
up to 20 m high fractures forming the fault damage zones terminate
against some laterally extensive sharp bed surfaces. These surfaces
separate various facies and display a negative relief due to erosion, and
karstic dissolution features localized preferentially along them (Figs.
8, 12b and 14). Such bed surfaces thus represent third-order inter-
faces (FTI ranging from 50 to 90%, estimated from Figs. 8 and 12b).
Thin section observations revealed that near these sharp bed surfaces
grainstones are more intensely burrowed than elsewhere. Since intense
burrowing typically indicates low sedimentation rates (Flügel, 2004),
sharp bed surfaces are interpreted as the result of relatively long-lived
periods of non-deposition on the seafloor.

Within the massive facies association of the Orfento Formation,
the third order interfaces (relatively well-defined bed surfaces with
FTI not exceeding 20–30%) are much rarer than in the previous one,
due to ubiquitous bed amalgamation that produced ill-defined bed sur-
faces (Figs. 9 and 12a). Boundaries of breccia layers represent addi-
tional third-order interfaces, against which a few tens of meters high
fractures terminate (Fig. 9).

Fig. 14. Stratigraphic logs across the best exposed fracture unit interfaces of the study area.
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To sum up, first- and second-order interfaces bounding major and
thicker fracture units were able to arrest higher fault-related frac-
tures than smaller-scale third-order interfaces bounding minor fracture
units, in agreement with the outcomes of Wilkins and Gross (2002).

7. Lithologic control on fracture characteristics

Based upon qualitative thin section observations, quantitative data
(Tables 1 and 2) and correlation graphs (Fig. 15), the lithologic con-
trol on the characteristic of the studied fractures is unraveled. It is
well known that the mechanical properties of a rock can be repre-
sented by Uniaxial Compressive Strength (UCS), which exerts a con-
trol on fracturing (Corbet et al., 1987; Bai and Pollard, 2000; Lezin
et al., 2009; Rustichelli et al., 2013a; Lavenu et al., 2014; Michie et
al., 2014). Commonly, stiffer rocks (high UCS values) generate denser
fracture networks relative to softer rocks undergoing failure. Accord-
ingly, the Orfento Formation (UCS = 63.5–73.5 MPa) as a whole dis-
plays a lower fracture density and higher spacing values (Figs. 8, 9 and
13) than the Cima delle Murelle Formation (UCS = 65–84.5 MPa). By
contrast, the cross-bedded facies association of the Orfento Formation
(UCS = 67–73.5 MPa) shows a lower fracture density and higher frac-
ture spacing values (Figs. 8 and 13) than the massive facies associ-
ation (UCS = 63.5–70 MPa). This may be due to a bias on Schmidt
Hammer testing but also to the fact that the UCS of the rock mea-
sured in outcrop may be different from that at the time of fracture

Fig. 15. Correlation graphs among some intrinsic rock parameters of the studied carbon-
ate rocks. Each data point represents the mean values of the cross-plotted parameters
computed for each sample (see Table 1). a) The graph shows the best-fit linear correla-
tions between visual porosity and UCS. b) The graph shows that mean grain size is not
correlated to the visual porosity. CM = Cima delle Murelle Formation (grainstone-dom-
inated facies association); ORF (m) = Orfento Formation (massive facies association);
ORF (cb) = Orfento Formation, (cross-bedded facies association).

formation, due to later diagenetic modifications (Shackleton et al.,
2005; Laubach et al., 2009).

In agreement with published literature (Corbet et al., 1987; Lezin
et al., 2009; Rustichelli et al., 2013a) that found negative correla-
tions between UCS and total rock porosity, good negative correla-
tions are shown in Fig. 15a between UCS and visual porosity of the
Orfento Formation, whereas a poor negative correlation characterizes
the Cima delle Murelle Formation. Although likely ignoring some mi-
croporosity, we consider visual porosity as the porosity measurement
that can better approximate the total rock porosity with respect to the
connected porosity. This is especially true in the Orfento Formation,
where a major part of porosity is not connected.

In contrast with previous works on carbonates worldwide (e.g.,
Hanks et al., 1997; Lucia, 1999; Ehrenberg and Nadeau, 2005;
Wennberg et al., 2006; Rustichelli et al., 2012, 2013a,b), both qual-
itative thin section observations (Fig. 6) and quantitative data indi-
cate that visual porosity of the studied rocks is poorly dependent on
rock texture, mean grain size, grain sorting and grain shape. Indeed,
packstones, grainstones, floatstones and rudstones of the Cima delle
Murelle Formation have similar low values of visual porosity (0–3%;
Table 1), whereas grainstones of the Orfento Formation display a
broader range of visual porosity values (∼2–22%), which are not pro-
portional to the mean grain size (Fig. 15b).

On the contrary, lower values of visual porosity of the Cima delle
Murelle Formation relative to the Orfento Formation are mainly due
to the abundant (up to 30% vol of the whole rock) intergranular void-
filling calcite cement and eventual presence of matrix (up to 25% vol),
which in contrast are minimal (from <1% to a few units % vol) and
absent within the Orfento Formation, respectively (Fig. 6).

Physical compaction grade (qualitative grain packing estimation
on thin sections), due to overburden, reached by the rocks belonging
to Orfento Formation is considered the major factor responsible for
its broad visual porosity range (Fig. 6e–f). Although cement is rare in
all the facies of this formation, a minimal additional amount (<1%) of
early, pre-compactional cement able to fairly join together the grains,
may have made the difference in preventing physical compaction, and
hence intergranular (mainly) and moldic porosity loss, in the present-
day most porous facies (Fig. 6f). A similar explanation for intergran-
ular porosity preservation was provided by Ronchi et al. (2010). In
agreement with the recent literature (La Croix et al., 2013 and refer-
ences therein), burrowing is another factor to be taken into account for
such a remarkable visual porosity difference among the various facies.
This biogenic process had a dual role in influencing either porosity
gain or loss, facies by facies, according to burrow types and host rock
porosity. In particular, due to localized, early physical compaction
(with commonly associated early cementation) around some types of
burrows (Fig. 6g), a certain amount of porosity (a few units % vol of
the whole rock) due to the burrowing itself is generally preserved as
well within facies that underwent the highest overburden-related phys-
ical compaction.

To sum up, this study reveals that substantial differences in spacing
and distribution of VPF in distinct carbonate rock types can be due to
different mechanical properties and porosity values, which in turn are
a result of variations in depositional settings and biogenic, sedimento-
logic and diagenetic processes, as similarly reported by Rustichelli et
al. (2013a, 2015) for stratabound fractures.

8. Fluid flow properties of fractured platform and ramp
carbonates

In this section, data on fracture geometry, connectivity, and di-
mensional parameters documented for the VPF networks within the
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Cima delle Murelle Formation (Bahamian-type inner platform carbon-
ates) and the overlaying Orfento Formation (proximal ramp carbon-
ates) are discussed in terms of both vertical and horizontal permeabil-
ity within the carbonate multilayer (Fig. 16).

The platform carbonates represent a tight major fracture unit that
is largely crosscut by high-angle fault zones up to over 100 m high
and arranged as approximately orthogonal sets showing cross-cutting
relationships. Hence, these fault zones form quite pervasive networks
of closely and regularly spaced and well-connected open fractures that
can be considered as widespread and efficient pathways for both ver-
tical and horizontal fluid flow. Fault zones could therefore enhance
both recovery of hydrocarbons and their migration from potential in-
tra-platform source rocks. The third-order interfaces within the plat-
form carbonates (i.e., boundaries of rudist floatstone banks), due to
their moderate efficiency in stopping fractures and limited lateral ex-
tent, are not considered as efficient obstacles for fracture-driven up-
ward hydrocarbon flow. Even the first-order interface localized at the
platform-ramp boundary likely does not act as a hydrocarbon seal be-
cause it consists of an erosional surface around which low-permeabil-
ity material is missing. Indeed, such a first-order interface may slow
down the upward flow of hydrocarbons, which may invade the imme-
diately overlying porous ramp carbonates. Thus, in this model, a po-
tential ramp reservoir could be efficiently charged from the fractured
platform carbonates below.

As a whole, the ramp carbonates consist of alternating beds char-
acterized by a pronounced variation of matrix porosity (∼2–22%,
∼10% on average), which is mostly (∼58%) non-connected (non-ef-
fective). The studied ramp carbonates may therefore represent a sur-
face analog of a complex reservoir unit of overall fair-poor qual-
ity (Levorsen, 1967), in which layers acting as small-scale reservoirs
(connected porosity ranging from 5% to 8%) are separated from each

Fig. 16. 2D conceptual model illustrating the characteristics of vertically persistent frac-
tures (VPF) in the studied Cretaceous platform and ramp carbonates. Dip angle of cross-
beds is exaggerated and fracture spacing is arbitrary (only the major fractures are re-
solvable in the scheme). Fault normal throws are not resolvable in the scheme, as these
are generally less than 1 m.

other by others acting as baffles or seals (connected porosity < 5%).
Due to lack of high-efficiency internal (third-order) interfaces, the
massive facies association of the ramp carbonates (Orfento Formation)
represents a major fracture unit that, in places, is entirely cross-cut
by well-connected networks of VPF. Where present in a subsurface
analog stratigraphic unit, such VPF networks could form local but ef-
ficient pathways for upward hydrocarbon flow throughout the entire
stratigraphic thickness. In contrast, due to presence of more efficient
third-order interfaces, VPF affecting the cross-bedded facies associa-
tion of the ramp carbonates are much shorter (maximum 20 m high)
than those within the other studied carbonate units. As these fractures
are also relatively widely spaced and poorly connected both vertically
and horizontally, they are envisioned as much less efficient pathways
for both vertical and lateral hydrocarbon flow within the cross-bed-
ded facies association, so few hydrocarbons escape for potential re-
covery. However, this increases the probability that hydrocarbons may
be stored in ramp carbonate beds characterized by the highest amounts
of connected matrix porosity and alternating with low-porosity ones.

9. Conclusions

We present the results of a work aimed at characterizing the verti-
cally persistent fracture (VPF) networks affecting Bahamian-type in-
ner platform carbonates and overlaying proximal ramp carbonates,
both Cretaceous in age, which crop out extensively along the Rava del
Ferro gorge, Maiella Mountain (central Italy). This field- and labora-
tory-based work combines both sedimentologic and structural investi-
gations.

The main results are consistent with the following statements:

(i) platform and ramp carbonates are affected by high-angle,
oblique-slip normal fault zones striking either NNW-SSE or
WSW-ENE. Faults are likely associated with the development
of the Maiella anticline, which occurred in Pliocene times. Fault
damage zones are from tens to a few hundreds of meters wide
and commonly overlapped. These consist of swarms of high-
angle to vertical VPF (joints and sheared joints) that are from
∼2 m to over 100 m high. In platform carbonates fault damage
zones are wider and composed of better connected, higher and
less spaced fractures than in the ramp carbonates;

(ii) a three-fold hierarchy of fracture unit interfaces control the frac-
ture distribution in both platform and ramp carbonates. The
boundary between the platform and the ramp carbonates repre-
sents the most efficient interface; in fact, over 90% of hundreds
of meters high fractures forming the largest fault zones crosscut-
ting the platform carbonates, terminate upward against this inter-
face;

(iii) higher fracture density in the platform carbonates with respect to
the ramp ones is because the platform carbonates are made up of
overall stiffer (higher UCS values) and less porous rocks, due to
more abundant intergranular void-filling cement and presence of
matrix;

(iv) the well-connected network of closely spaced VPF cutting
across the platform carbonates may form efficient pathways for
both vertical and horizontal hydrocarbon flow in the subsurface.
In contrast, the overall low-density and less connected VPF net-
work affecting the ramp carbonates may prevent the hydrocar-
bons from escaping upwards and laterally. At the same time, it
increases the probability that oil and gas may be stored in ramp
carbonate beds characterized by the highest amounts of con-
nected porosity and alternating with low-porosity ones.
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Considering the impact that VPF may have on subsurface fluid
flow, the acquired knowledge can help the management of hydrocar-
bon recovery as well as the overall prediction of carbonate reservoir
quality.
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