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Abstract

Studies on mechanical stratigraphy of shallow-water carbonates have shown that the
distribution of fractures can be controlled by depositional facies, sedimentary
cycles/sequences, and diagenesis. Understanding the role of these sedimentary controls is
therefore crucial in the characterization of matrix-tight reservoirs, where fractures may
represent the main conduits for fluid flow. Nonetheless, the relation between fracture
distribution and sedimentary controls is not always investigated at scales that are relevant to

reservoir and fluid-flow characterization.

In this dissertation, is provided a solution to this problem by integrating sequence stratigraphic
analysis with the multi-scale fracture characterization of two carbonate platform exposures
outcropping in the Sorrento Peninsula (southern Italy). These outcrops represent the surface
analogue of subsurface hydrocarbon reservoirs of the Basilicata region (southern Italy), and
consist of nearly vertical cliffs (hundreds of meters wide and high) exposing shallow-water
limestones and dolostones, crossed by several sub-vertical fractures ranging in height from
few centimetres up to few tens of metres. Due to the partial inaccessibility of this cliff, field
measures have been combined with remote sensing on virtual outcrop models. The study
allowed to identify the key control exerted by sedimentary sequences on the thickness of
mechanical units and the position of their boundaries, which implies that sequence

stratigraphy can be used to predict the distribution of large-scale fractures.

The applicability of this concept has been tested on a subsurface dataset from the Basilicata
region. Performing a sequence stratigraphic analysis on image logs calibrated with core data,

the main mechanical boundaries were predicted in a portion of fractured stratigraphic units.
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The thickness of predicted mechanical units showed a clear relation to the distribution of
fractures. Indeed, in the investigated stratigraphic interval, an increase in the mean thickness
of mechanical units corresponds to an increase in the mean spacing of fractures, of a

comparable order of a magnitude.

The main outcome of this study is the proposal of a new approach to estimate large-scale
fracture intensity in carbonate reservoirs, based on the evaluation of the thickness of

mechanical units through sequence stratigraphy.
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1 INTRODUCTION



1.1 Fractured carbonate reservoirs

Characterization of fractured carbonate reservoirs is a major challenge in petroleum
production since they are inherently heterogeneous, with respect to both matrix and fracture
properties. This heterogeneity is expressed at various scales, from the pore to the basin, and
can result not only in large variations in productivity between wells belonging to the same oil-
field, but also within a single well, where a large part of the production could come from a
short but intensely fractured interval (Bratton et al., 2006; Narr et al., 2006; Spence et al.,

2014; Wennberg et al., 2016).

An understanding of the spatial distribution of fractures is then essential to predict fluid-flow,
particularly in low porosity reservoirs (tight), whose production is strictly dependent upon
porosity and permeability of the fracture network. Within this network, major through-going
fractures, spanning from few meters to several tens of meters in height, can represent
important conduits for fluid migration (Dean and Lo, 1988; Odling et al., 1999; Aydin, 2000;
Bourne et al., 2001; Gauthier et al., 2002; Guerriero et al., 2013, 2015, Bisdom et al., 2016,
2017a). However, the 3D distribution of fractures in the subsurface is not easily predictable
using only well or seismic data, which are often incomplete or biased by a too low resolution

(Narr, 1996; Angerer et al., 2003; Peacock, 2006; Li et al., 2018).

For this reason, the study of an outcrop analogue can help in understanding the key controls
on fracture distribution and in building a reservoir model (Antonellini and Mollema, 2000;
Sharp et al., 2006; Agosta et al., 2010; Storti et al., 2011; Vitale et al., 2012; Bisdom et al.,
2014; Richard et al., 2014; Hardebol et al., 2015; Zambrano et al., 2016; Panza et al., 2016;

Corradetti et al., 2018; Massaro et al., 2018; Volatili et al., 2019). Decades of work on outcrop



analogues highlighted the influence of stratigraphic layering on fracture occurrence, and this
led to introducing the concept of mechanical stratigraphy, a discipline that subdivides
sedimentary beds into units defined by mechanical or fracture network properties (Corbett et

al., 1987; Gross et al., 1995; Bertotti et al., 2007; Laubach et al., 2009).

An early result of these studies is the well-documented linear relationship between fracture
spacing and bed thickness in sedimentary rocks (Price, 1966; McQuillan, 1973; Ladeira and
Price, 1981; Huang and Angelier, 1989; Narr and Suppe, 1991; Gross, 1993; Gross et al., 1995;
Bai et al., 2000). This relationship tends to be verified where the bedding surface represents a
low-cohesion surface that can inhibit fracture propagation across it (Pollard and Aydin, 1988;
Gross et al., 1995; Cooke et al., 2006), and therefore there is a correspondence between

sedimentary beds and mechanical units.

However, this condition is not always fulfilled in carbonate rocks, which are a material
intrinsically heterogeneous. This led some authors to explore another research path, focused
on the links between sedimentary facies, diagenesis and the fracturing patterns (Wennberg
et al., 2006; Lézin et al., 2009; Larsen et al., 2010; Ortega et al., 2010; Barbier et al., 2012;
Rustichelli et al., 2013; Lavenu et al., 2014). These studies showed that stratigraphic
architecture can be a primary controlling factor on fracture development as it dictates the
distribution and variability of sedimentary facies, which influences the style, intensity and
location of fractures. Therefore, integrating the study of structural deformation in a sequence
stratigraphic framework, can maximize the predictability of fracture distribution (Underwood

et al., 2003; Di Naccio et al., 2005; Morettini et al., 2005; Zahm et al., 2010).

In any case, any dependence of the fracture network attributes on the occurrence of

stratigraphic discontinuities requires that studies of fracture dimensions in analogues of



naturally fractured reservoirs are addressed at the scale of the considered stratigraphic
discontinuity (Ortega et al., 2006). Because of difficulty to access vertical exposures, most of
previous analogue studies, have been limited to the examination of spatial distribution and
dimensional properties of fractures at relatively small length scales. How large through-going
fractures are distributed within thick mechanical carbonate units, and where they arrest,
remain poorly understood. As it shown in this dissertation, the most recent remote-sensing
technologies, such as the photogrammetry-derived Virtual Outcrop Models, can contribute to

solve this issue.
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1.2 Digital survey techniques: Virtual Outcrop Models

The use of multi-view photogrammetry in building Virtual Outcrop Models (VOMs) represents
an increasingly accessible source of high-quality, low-cost geological data (Favalli et al., 2012;
Westoby et al., 2012; Bemis et al., 2014; Tavani et al., 2014; Reitman et al., 2015), as well as
an affordable and reliable alternative to LiDAR (light detection and ranging) for the three-
dimensional representation of geological outcrops (Adams and Chandler, 2002; Harwin and

Lucieer, 2012; James and Robson, 2012; Cawood et al., 2017).

These detailed 3D reconstructions of outcrop geology are obtained by means of randomly
distributed digital photographs pointing at the same scene, and can be applied to a broad
range of studies, including sedimentology and stratigraphy (Pringle et al., 2001; Hodgetts et
al., 2004; Chesley et al., 2017), geomorphology and engineering geology (Haneberg, 2008;
Sturzenegger and Stead, 2009; Firpo et al., 2011; Mancini et al., 2013; Massironi et al., 2013;
Clapuyt et al., 2016), reservoir modeling (Pringle et al., 2001; Buckley et al., 2010; Casini et al.,
2016; Bisdom et al., 2017b; Massaro et al., 2018), and structural geology (Bistacchi et al., 2011,
2015; Vasuki et al., 2014; Thiele et al., 2015; Tavani et al., 2016a; Vollgger and Cruden, 2016;

Corradetti et al., 2017a, 2017b; Gao et al., 2017; Menegoni et al., 2018).

In particular, the increasing availability of Unmanned Aerial Vehicles (UAVs, commonly
referred as drones) equipped with digital photo-cameras , has made VOMs nowadays widely
used in the characterization of fractured outcrops, since they allow for the collection of large
volumes of fracture data from reservoir-scale outcrops, in some cases not accessible with
traditional field techniques (Casini et al., 2016; Seers and Hodgetts, 2016; Bisdom et al., 2017b;

Corradetti et al., 2018; Massaro et al., 2018).
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The extraction and analysis of such a big amount of data can be a time-consuming step of the
interpretation workflow. For this reason, several Authors developed software packages
dedicated to (semi-)automatic mapping of structural discontinuities (e.g. Monsen et al., 2011;
Lato and Voge, 2012). However, even if (semi-)automatic mapping can show good results in
terms of fracture size and orientation, do not ensure the extraction of the maximum available
information from the VOMs. This makes preferable, for some purposes (e.g. for mechanical

stratigraphy studies, Casini et al. 2016), the manual picking of the discontinuities.

Another way to optimize the interpretation workflow, is analyzing the extracted fracture data
with software packages for the structural analysis. Even if some valuable tools are currently
available (e.g. see Hardebol and Bertotti, 2013; Zeeb et al., 2013; Healy et al., 2017), their
scope is generally restricted to datasets acquired on flat 2D surfaces oriented roughly
perpendicular to fractures, a condition which has the big disadvantage of forcing the
interpretation of the 3D nature of the fracture array into a 2D plane (Minisini et al., 2014),
that implies significant errors when structures oriented oblique to the outcrop surface are

studied.

A robust workflow allowing the extraction and quantification of structural data from VOMs
with a complex topography is still lacking. Contributing to solve this issue is one of the aims of

this study.
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1.3 Scope of the work

In this dissertation, the results obtained from integrating sequence stratigraphic analysis with
the multi-scale fracture characterization of two carbonate platform exposures outcropping in
the Sorrento Peninsula (southern Italy) are presented. These outcrops represent the surface
analogue of subsurface hydrocarbon reservoirs of the Basilicata region (southern ltaly), and
consist of nearly vertical cliffs (hundreds of meters wide and high) exposing shallow-water
limestones and dolostones, crossed by several sub-vertical fractures ranging in height from
few centimetres up to few tens of metres. For studying these partially inaccessible cliffs, a
cutting-edge workflow combining remote sensing and VOMs with geological fieldwork has

been developed.

The purpose of the study was to better understand the role of sedimentological features (e.g.
bed-thickness, lithology, textures, bed boundaries) on the vertical continuity of reservoir-scale
cluster of fractures (e.g. through-going fractures) and to use these insights to develop
predictive tools for subsurface fracture distribution. The study allowed to identify the key
control exerted by sedimentary sequences on the thickness of mechanical units and the
position of their boundaries, suggesting that sequence stratigraphy can be used to predict the

distribution of large-scale fractures in shallow-water carbonates.

The applicability of this concept has been tested on a subsurface dataset from the Basilicata
region. Performing a sequence stratigraphic analysis on image logs calibrated with core data,
the main mechanical boundaries were predicted in a portion of fractured stratigraphic units.
The thickness of predicted mechanical units showed a clear relation to the distribution of

fractures. Indeed, in the investigated stratigraphic interval, an increase in the mean thickness
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of mechanical units corresponds to an increase in the mean spacing of fractures, of a

comparable order of a magnitude.

The main outcome of this study is the proposal of a new approach to estimate large-scale
fracture intensity in carbonate reservoirs, based on the evaluation of the thickness of

mechanical units through sequence stratigraphy.
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2 GEOLOGICAL SETTING
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2.1 The Southern Apennines

The Southern Apennines are a fold and thrust belt consisting of a stack of several Mesozoic
thrust sheets which, together with their Tertiary cover, overlay the buried Apulian shallow-
water carbonates (see Cello and Mazzoli, 1999 for a review). From top to bottom, the tectonic
units consist of ocean-derived successions, namely the Ligurian Accretionary Complex (Ciarcia
etal.,2011; Vitale et al., 2011), shallow-water carbonates of the Apennine Carbonate Platform

and basinal sediments of the Lagonegro-Molise units (Figure 1).
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Figure 1 Structural framework of southern Italy and regional cross-section with main localities cited in the text (from Giorgioni
et al., 2016, after Vitale et al., 2012).

During the Cretaceous, these units were part of the isolated platforms and basins system

developed on the Adria passive margin (Ogniben, 1969; D’Argenio et al., 1975; Mostardini and
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Merlini, 1986; Zappaterra, 1994; Bosellini, 2004; Patacca and Scandone, 2007). Starting from
the Late Cretaceous the system started to be progressively incorporated in the Apennines belt
as a result of the collision between the Eurasian and the Afro-Adriatic continental margins
(Malinverno and Ryan, 1986; Dewey et al., 1989; Patacca and Scandone, 1989; Oldow et al.,

1993; Mazzoli and Helman, 1994; Shiner et al., 2004; Vitale and Ciarcia, 2013).

The carbonate succession presently exposed at Mt. Faito (Figure 2) was originally part of the
western sector of the Apennine Carbonate Platform. Nowadays it forms an ENE-WSW ridge,
the Lattari Mts. of the Sorrento Peninsula (Figure 3), mainly made of Upper Triassic to Upper
Cretaceous shallow-water limestones and dolostones (De Castro, 1962; Robson, 1987;
lannace, 1993; Carannante et al.,, 2000; lannace et al.,, 2011), unconformably covered by
Miocene foredeep and wedge-top siliciclastic sediments. The whole sedimentary pile is locally

covered by Quaternary pyroclastic deposits.
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Figure 2 Geological map of the Sorrento Peninsula; after ISPRA (2016), modified.

The Early Cretaceous interval has been the object of detailed cyclo-stratigraphic investigations

(D’Argenio et al., 1999, 2004, Raspini, 2001, 2012; Amodio et al., 2013; Graziano and Raspini,
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2015; Amodio and Weissert, 2017). These Authors found that the stacking pattern of the
mainly lagoonal succession is controlled by Milankovitch-type periodicity. The formation of
very small intraplatform basins was formerly suggested by the presence of rich fossil fish
lagerstdtten fish (Bravi and De Castro, 1995), and has been fully documented by Tavani et al.,
(2013) and lannace et al., (2014) who described syn-sedimentary faults, soft-sediment

deformation and breccias during the Albian.

Mt. Vesuvius
) Mt. Catiello
Conocchia cliff

Google Earth

Figure 3 Satellite image showing location of the outcrops cited in the text.
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2.2 The Apennine Platform carbonate as field analogues for the Basilicata reservoirs

The largest oil fields of Italy, Val d’Agri and Tempa Rossa (Bertello et al., 2010), are hosted by
Cretaceous platform carbonates of the buried Apulian Platform in the subsurface of Basilicata
(Shiner et al., 2004). Because of the low permeability of their reservoirs, these oil fields are
most successfully explored in the highly fractured structures of the thrust belt (Bertello et al.,
2010). The upper part of the reservoir is made up of Upper Cretaceous rudist limestones while
the lower part consists of Barremian-Cenomanian interlayered limestones and dolostones
(Bertello et al., 2010). Although belonging to a different paleogeographic domain (i.e. the
Apennine Platform), the Cretaceous shallow-water carbonates of the Mt. Faito area are very
similar in terms of lithology, facies, and rock texture to the coeval carbonates of the Apulian
Platform (Figure 4), which constitute the thick reservoir interval of the Basilicata oil fields

(Bertello et al., 2010).

In particular, the Albian-Turonian interlayered limestones and dolostones succesion
outcropping at Mt. Faito is the best available surface analogue for the lower part of the
reservoir, which is made of interlayered limestones and dolostones as well (Bertello et al.,
2010; lannace et al., 2014). For this reason, surface analogues of the Apennine Platform have
been successfully used not only for investigating facies distribution and petrophysical
parameters, but also for studying the fracture network attributes and their relations with
lithology and textural parameters, provided that the different tectonic evolution and burial

conditions experienced by the Apennine and Apulian Platform were taken into account
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(Guerriero et al., 2010; lannace et al., 2014; Giorgioni et al., 2016; Vinci et al., 2017; Corradetti

et al., 2018; Massaro et al., 2018).
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Figure 4 Synoptic view of the main stratigraphic units of the Aptian to Senonian outcrop
successions of the Apennine and Apulian Carbonate Platforms (with lithostratigraphic
nomenclature) compared with those of the Cretaceous reservoir in the Basilicata oil-fields
(From lannace et al. 2014).
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2.3 Stratigraphy of the Mt. Faito area

A detailed study of the stratigraphy, facies and dolomitized bodies of the Lower Cretaceous
platform carbonates of Mt. Faito area was performed by Vinci et al. (2017). The Authors
investigated a sedimentary succession 466 m thick, made up of middle Berriasian to lower
Aptian shallow water carbonates. The succession is part of the “Calcari con Requienie and
Gasteropodi” Formation (Requienid and Gastropod Limestones Formation) (Figure 2) and has
been informally subdivided into three intervals, namely A, B and C, on the basis of
dolomitization intensity (Figure 5). The lowermost interval A and the uppermost interval C
consist of limestones with minor dolomites whereas interval B is completely dolomitized.

General characters of the three intervals are given below.

2.3.1 Interval A (middle Berriasian — lower Hauterivian).

This interval, about 203 m thick, is mainly calcareous, but becomes progressively more
dolomitized from its middle part to the top. Bed thickness ranges from 10 to 200 cm and
averages approximately 54 cm. The sedimentary facies organization is dominated by single-
bed elementary cycles. Thicker beds consist of up to five amalgamated elementary cycles.
Each cycle usually starts with a thin basal interval of peloidal intraclastic packstone-grainstone,
interpreted as a reworked transgressive lag deposit, followed by ostracodal mudstone-
wackestone deposited in a low-energy lagoon with restricted circulation, occasionally with
charophyte remains, pointing to more brackish condition. The top of the cycle is generally
represented by a thin reddened or brownish dolomitic interval capped by an undulated and/or

nodular surface, linked to an emersion surface. Commonly, dolomite occurs as scattered
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crystals in the calcareous micrite. This facies succession, characterized by a subtidal facies
directly overlain by a subaerial exposure surface, without the interposition of intertidal facies,
has been interpreted as a diagenetic cycle (sensu Hardie et al., 1986) formed in an inner
platform setting. Dolomite becomes more abundant in the upper part of this interval, but it is
generally restricted to the upper part of beds, where it makes a dolomitic cap diffusing
downward into limestone. Thin, mm- to cm-thick, silicified crusts can occur at the top of the
elementary cycles, either associated to dolomite cap or as a distinct feature on top of
limestone strata. These silicified crusts are peculiar of the Interval A, and have been
interpreted as the result of diagenetic replacement of former evaporites (Folk and Pittman,

1971; Heaney, 1995; Chafetz and Zhang, 1998).

2.3.2 Interval B (upper Hauterivian — lower Barremian).

This interval, about 91-m thick, is completely dolomitized and is made of an alternation of
yellowish and greyish dolostone strata, sometimes with mm-thin marly interlayers. The bed
thickness ranges from 10 cm to 120 cm, the mean value is 51 cm. Dolostone strata are laterally
continuous and can be either massive or thinly subdivided in cm-thick levels by bed-parallel
stylolites. Beds with these diagenetic heterogeneities are more prone to be weathered and
can form recessive intervals. Generally, Coarse dolomite (Cdol) is present at the base of beds
whereas the top consists of darker, Fine-Medium dolomite (FMdol) caps, often associated
with plane-parallel to wavy lamination of probable microbial origin, fenestrae and sheet
cracks. The presence of microbial laminae and fenestrae associated with sheet cracks suggest

deposition in the intertidal to supratidal zone (Demicco and Hardie, 1995; Fliigel, 2004). The
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Cdol at the base of the beds preserves ghosts of a more grainy precursor facies, which could

represent a basal transgressive lag at the base of a shallowing-upward peritidal cycle.

2.3.3 Interval C (upper Barremian — lower Aptian,).
This interval, about 172-m thick, is mainly calcareous. The dolomitization intensity is still fairly
high in the lower half, but it gradually decreases upward. Bed thickness ranges from 5 to 150

cm; the mean value is 41 cm.

Interval C consists of shallowing-upward peritidal cycles. Cycles generally start with a thick
foraminiferal-rich limestone basal interval, grading upward into a laminated stromatolitic
interval, made of FMdol, capped by a slightly argillaceous brownish dolomite. In many
instances the dolomitization intensity decreases gradually from the top toward the base of
the bed. In the partially dolomitized strata, there is often a reticulate structure, infiltrating
downward from brownish dolomite cap at the top of the beds, which is interpreted as due to
selective dolomitization of root-related structures. Dolomite crystals can be also concentrated
in bed-parallel dolomite seams, due to pressure solution (Tavani et al, 2016). The limestone
interval at the base of the beds consists of foraminiferal wackestone to packstone-grainstone,
or of intra-bioclastic floatstone-rudstone. These facies were deposited in a normal-marine
subtidal lagoon. The laminated stromatolitic facies are indicative of a tidal flat environment.
The slightly argillaceous dolomitic cap is interpreted as formed during subaerial exposure, in
agreement with the interpretation of the reticular structures as selectively dolomitized root

casts.
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3 MATERIAL AND METHODS
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3.1 Field Dataset

The field dataset presented in this work was acquired during three distinct surveys on the
southwest slope of Mt. Faito (Figure 2) aimed at reconstructing the stratigraphy of the area
and observe fracture distribution at the outcrop scale. During the first survey, measurements
and sampling at a centimeter scale were made along the slope at the western flank of the
Conocchia cliff. In this way, a 127-m-thick stratigraphic and stratimetric section was
reconstructed. Collected evidences and correlations with the regional stratigraphy showed
that the investigated sedimentary succession is made up of upper Barremian to lower Aptian
shallow-water carbonates, it is part of the “Calcari con Requienie and Gasteropodi” Formation
(Requienid and Gastropod Limestones Formation) (ISPRA, 2016) and corresponds to the
interval C of the stratigraphic subdivision made by Vinci et al. (2017) for Lower Cretaceous

carbonates of Mt. Faito area.

The second survey, focused on the structural setting of the area, was performed along the
slope at the western flank of the Conocchia cliff and in some adjacent exposures. This allowed
to observe fracture distribution and the behavior of mechanical boundaries at the outcrop

scale.

Finally, the third survey was made along the slope at the eastern flank of the Mt. Catiello peak.
Field observations combined with the analysis of satellite image available on the web (i.e.
Google Earth) allowed to correlate the succession exposed at Mt. Catiello with the succession
exposed at the Conocchia cliff. These observations showed that the exposed sedimentary
succession is made up of Barremian to lower Aptian shallow-water carbonates, that it is part

of the “Calcari con Requienie and Gasteropodi” Formation (Requienid and Gastropod
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Limestones Formation) (ISPRA, 2016) and corresponds to the upper part of the interval B and
the whole interval C of the stratigraphic subdivision made by Vinci et al. (2017) for the Lower

Cretaceous carbonates of Mt. Faito.

3.1.1 Petrography

Field data analysis was integrated with microfacies analysis and petrographic description of
>130 thin-sections. Thin sections were examined under transmitted light with an optical
microscope. Dolomite texture classification was referred to Sibley and Gregg (1987) and
Warren (2000). Dolomite crystal size was classified according to petrophysical classes of Lucia

(1995) as fine-medium (<20 pm to 100 um) (FMdol) or coarse (>100 um) (Cdol).
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3.2 3D Virtual Outcrop Model Dataset

A large part of the data used in this study were acquired by remote sensing using Virtual
Outcrop Models (VOMs). A VOM is a digital 3D representation of the outcrop topography in
the form of xyz point clouds or textured polygonal meshes (see Corradetti, 2016 for a review).
VOMs are traditionally obtained by high precision Terrestrial Laser Scanner (TLS) surveys
(Richet et al., 2011) and, more recently, also by Structure from Motion (SfM) photogrammetric
techniques (Westoby et al., 2012), or by a combination of both. Even if, especially in geology,
TLS is the most acknowledged technique, TLS surveys have a few intrinsic limitations
(Wilkinson et al., 2016), such as the weight of the field equipment, the need of scanning from
multiple field-based positions and long acquisition time. These limitations make TLS
unsuitable in certain remote area, like those investigated in the present study, where data
acquisition cannot be conducted from the ground level. Unlike TLS, SfM photogrammetry is a
technique that allows the reconstruction of a 3D object through the analysis of multiple
images of the same scene taken from different points of view (Remondino and El-Hakim,
2006). What makes this technique highly versatile, is the possibility of acquiring the images
needed for the model building by means of Unmanned Aerial Vehicles (UAVs), commonly
referred as drones, equipped with digital photo-camera. This combination allowed to
overcome the logistic issues that were typical of TLS surveys and widened the applications of

SfM photogrammetry for Earth Science, which is gaining much popularity in recent years.

Three VOMs were analyzed in the present study. The models were all built using SfM
photogrammetry, with images acquired by means of UAV equipped with a digital photo-

camera. Two out of three VOMs represent the Conocchia cliff while the third model represents
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the Mt. Catiello peak. The two models of the Conocchia cliff were acquired in different phases
of the research project, with the older model (already presented by Corradetti, 2016)
characterized by a larger coverage of the outcrop but a minor resolution, and the new model
focused on a restricted portion of the outcrop but with a very high resolution. Detailed

technical information about the used models are given in Table 1.

Conocchia cliff - Conocchia cliff -
Old Survey New Survey
(Corradetti, 2016) (This study)

Mt. Catiello -
(This study)

Photo-camera Sony Nex-7 (24Mpx) | Sony Alpha 7r (36Mpx) | Sony Alpha 7r (36Mpx)

Photo number 105 96 173

Point cloud ~12.4 x 10° points ~30.1 x 10° points ~23.8 x 10° points
Triangular mesh |~11.1 x 10 triangles | ~13.9 x 106 triangles ~44.5 x 10° triangles
Model surface ~4.69 x 10* m? ~5.18 x 10° m? ~3.93 x 10* m?
Model resolution |~10 cm ~4cm ~4cm

Table 1 Technical details of the VOMs

3.2.1 Building a photogrammetry-derived VOM

The photogrammetric method is an estimative (i.e. indirect) technique through which the
metric data of a 3D object (shape, position and size) are obtained by estimating the spatial
coordinates of each point in the photographs (Remondino and El-Hakim, 2006). Since each
photograph contains only 2D coordinates, at least two overlapping images taken from
different points of view are needed to estimate the 3D coordinates of points. This operation
can be accomplished using the algorithms of Structure from Motion, which by matching and
analyzing the 2D coordinates of pixels in different images, estimate the location of any point

of the VOM (Ullman, 1979; Griin et al., 2004; Szeliski, 2010).

SfM algorithms are nowadays implemented in several software packages (see Tavani et al.,

2014 for a review) that, for a given set of partially overlapping images, can automatically
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detect a suite of common points in each image pairs and also recognize the camera
parameters for each photo. This allows to extract the 3D coordinates of each point recognized
in at least two photos, and to create a point-cloud representing the surfaces of the objects
captured within the scene (Griin et al., 2004; Favalli et al., 2012; Tavani et al., 2014). The
overlapping photos should be taken from multiple points of view, using the same camera with
the same focal length, in order to minimize the source of errors. In this way, each portion of a
scene is represented by a similar pixel pattern in the different photos, ensuring and
maximizing the recognition of points by the SfM algorithms and, therefore, allowing for the

creation of denser point-clouds (Tavani et al., 2014).

The photogrammetry package chosen for this study is Agisoft PhotoScan, a software
characterized by a user-friendly nature, by the availability of academic licensing and by tools

allowing for the export of results in OpenPlot.

The first step of the workflow for the creation of a VOM is uploading the selected photos in
PhotoScan (Figure 6) and proceeding with a preliminary photo-masking operation. This
consists in defining areas that will not be involved in the 3D reconstruction, such as vegetated
areas or the sky. Even if photo-masking is not a compulsory operation, is recommended to
obtain a faster reconstruction of the model (Tavani et al., 2014). Subsequently, the photo-
alignment command tries to recognize the position of the same points in the different
overlapping photos, allowing to compute relative position and orientation of photos and,
therefore, to create the point-cloud (Figure 6d). At the end of this step, the software reports
which photos have been aligned and which not. A bad alignment can be recognized by
checking the presence of unrealistic or wrong photos positioning and/or the presence of

unrealistic geometries of the point cloud. The next step, the “Building geometries”,
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triangulates the point-cloud obtained in the previous phase of the workflow and returns a
mesh made up of irregular triangles (Figure 6e). After that, the “Build texture” command
reconstructs a texture map that will be draped onto the triangular mesh, generating as a result
a photorealistic virtual model. The final step is the georeferentiation of the model, which
consists in the re-orientation and re-scaling of the 3D model by recognizing in the model at
least three point of known position. At this point, the model is ready to be exported as a

wavefront OBJ format and used to extract geological features with OpenPlot.

(a) Photo
acquisition

A
.

3D Model

(b) Photo
upload

Figure 6 Workflow for the generation of the Virtual Outcrop Models. Photographs were acquired by means of an UAV (a) and
the uploaded in PhotoScan (b). The workflow of Photoscan (c) went through the steps of photo alignment, building of the
geometry and building of the texture.

3.2.2 Extracting geological information with OpenPlot
The VOM built with Agisoft Photoscan can be imported as a wavefront mesh in OpenPlot, a

multiplatform (Linux, Mac OS and Windows) and open source software for geostructural data
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analysis (Tavani et al., 2011, 2014). The software has a 3D environment which allows
visualizing and manipulating the imported mesh. Morevoer, it allows using several drawing
tools to extract geological information from the VOM. One of these tools is “draw-polyline”
(Figure 7), that allows digitizing a polyline by clicking point-by-point directly on the VOM
(Figure 7b), along the intersection between a geological surface of interest (such as bedding,
fractures, faults, etc.) and the outcrop topography (Hodgetts et al., 2004). During digitization,
the moment of inertia of the picked points is computed (Fernandez, 2005). This allows
OpenPlot to compute and store a best-fit plane of the polyline (Figure 7c), together with its
strike and dip (Tavani et al., 2014), so that the newly created planar polygons can be treated

as a structural object, filtered, analyzed, plotted and more (Tavani et al., 2011).

Finally, the polygons created in OpenPlot can be projected on a panel along a selected
direction (i.e. onto a perpendicular panel). The projected features can be saved in .svg format,
an XML-based vector image format, and hence can be opened with any vector drawing

software.

Figure 7 Fracture digitization process. (a) Once a geological surface is recognized in the model, a polyline is drawn (b),
picking point-by-point, over the textured mesh. (c) During digitization, the moment of inertia of the picked points is
computed, allowing the software to draw a best-fit plane for the digitized polyline (from Corradetti et al., 2018).
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3.2.3 Fracture pattern quantification with FracPaQ

The structural data extracted with OpenPlot can be quantitatively analyzed with FracPaQ, an
open-source, cross-platform and freely available MATLAB™ toolbox designed to quantify
fracture patterns in two dimensions (Healy et al., 2017). The toolbox comprises a suite of
MATLAB™scripts based on previously published quantitative methods for the analysis of

fracture attributes: orientations, lengths, intensity, density and connectivity.

There are two main type of input data accepted by FracPaQ: tab-delimited (.ascii) text files of
fracture trace nodes (“node file”) and graphical image files of fracture traces (“image file”).
However, supplying a node file of specific (x,y) coordinate pairs of every node along every
fracture trace is the most robust way of entering data into FracPaQ. This type of input file is
the one selected for this study, and it can be easily obtained from a .svg file containing a layer
with fracture traces saved as ‘line’ or ‘polyline’ in a vector graphics software. The .svg files are
one of the standard file outputs produced by OpenPlot, and this makes the integration of the

two software a smooth process.

Once that the .svg file is imported in FracPaQ, a C-shell script included within the software
source code can be used to extract the (x,y) fracture-trace coordinates from the .svg input file
and write them into a tab-delimited text file. If the input file is valid, FracPaQ builds a
MATLAB™ struct array of fracture traces (1 per fracture in the input file) composed of one or
more segments delimited by nodes. In FracPaQ, then, a fracture trace is a continuous line

composed of one or more straight fracture segments.

After the conversion of the .svg file in .ascii format, the software can be used to perform
spacing analysis of fractures. In particular, one of the main focus of this study was the

production of spatial density maps of fractures and, using the results, to define the mechanical
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stratigraphy of the studied outcrops. FracPaQ provides two measures of spatial density
calculated from the input 2D fracture data (Healy et al., 2017). Fracture intensity, labelled P21
by Dershowitz and Herda (1992), has units of m* and is defined as the total length of fracture
in a given area (hence units of m/m? = m). Fracture density, labelled P20 by Dershowitz and
Herda (1992), has units of m and is defined as the number of fractures per unit area. These
parameters are estimated from the fracture pattern using the circular scan window method
of Mauldon et al. (2001). According to this method, fracture intensity is estimated as n/4r,
where nis the number of fractures intersecting the perimeter of a circle of radius r (Figure 8a);
while fracture density is estimated as m/2mnr?, where m is the number of fractures terminating
within a circle of radius r (Figure 8b). FracPaQ generates a 2D grid of evenly spaced circular
scan windows to fit within the fracture trace map area, where the scan circle diameter is
defined as 0.99 of the grid spacing in x and y to avoid overlapping scan circles. This grid of
values is then contoured using the standard MATLAB triangulation function to produce the
maps of estimated fracture intensity (P21) and estimated fracture density (P20). The number
of circles can be selected by the user, considering that the optimum number of scan circles is
variable and depends on the specific attributes of the fracture pattern (Rohrbaugh et al.,

2002).
(A) (B)

Figure 8 Fracture trace pattern with circular estimators. (A) Solid dots are
intersection points (n) between fractures and circle. (B) Triangles are
fracture endpoints (m) in the circular window. From Rohrbaugh et al.
(2002).
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3.3 Subsurface Dataset

[Testo non disponibile in quanto relativo a dati protetti da segreto industriale]
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4 RESULTS



4.1 Stratigraphy and facies interpretation

4.1.1 The Conocchia cliff

Field observations and measurements were made along the slope at the western flank of the
Conocchia cliff (Figure 10). The investigated sedimentary succession is 127-m-thick (Figure 11)
and is made up of upper Barremian to lower Aptian shallow-water carbonates. It is part of the
“Calcari con Requenie and Gasteropodi” Formation (Requienid and Gastropod Limestones
Formation) (ISPRA, 2016) and corresponds to the interval C of the stratigraphic subdivision
made by Vinci et al. (2017) for Lower Cretaceous carbonates of Mt. Faito. Field observations
and thin-section analysis of textures and sedimentary features, allowed to recognize a total of
8 lithofacies grouped in 4 lithofacies associations, which suggest a shallow-marine
depositional environment ranging from open marine to restricted lagoon and coastal settings.
Detailed description of lithofacies and their association are given in Table 2. In the following

sections are described the general characters of the interval.

- e, ~ 5.3 > z
% NS » —

Figure 9 View of ti;e lower part of the stratigraphic succession utcrpping on the Conocchia cliff. Note the alternance
of thicker grey limestone beds and thinner brownish dolostone beds. Geologists in the upper right corner are for scale
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Skeletal and non-skeletal

Sedimentary

Environmental

Lithofacies Textures . .
components structures interpretation
Clast-
Dolomitic ?#;tpr)io;-md > Intraclasts (va), black pebbles (c) Chaotic and Sr?\?irfotﬁz::nt -
breccia (A) ' P unsorted .
supported subaerial exposure
breccia
Microbial Bindstone Lamination
and fenestral  alternating (microbial),
laminated with laminar Intraclasts (c), peloids (c) fenestrae, Tidal flat
bindstone of lithofacies mudcracks,
(B1) MW sheetcracks
Ostracods (va, disarticulated
valves), small micrite intraclasts
(a), reddish micrite intraclasts
Ostracodal . : .
(c), peloids (r), Favreina Very faint parallel . .
mudstone- Mudstone- . . 2o Restricted marine
salevensis (r), benthic lamination .
wackstone wackestone £ nif 1 milioli hanical subtidal lagoon
(B2) oraminifers (sma_ milio ids, (mechanical)
textularids, valvulinids) (r),
gastropods (r), sponge spicules
(r)
Miliolid- Benthic foraminifers (a),
ostracode- ostracodes (a), calcareous a_llgae Very faint parallel  Semi-restricted
algal Wackestone- (a), gastropods (c), small-sized : o .

A A lamination shallow-subtidal
wackestone-  Packstone oncoids (c), micritic intraclasts (mechanical) lacoon
packstone (c), peloids (c). Reduced 9
(B3) diversity of biota

Peloids (va), small micrite
Peloidal intraclats (a), small benthic
intraclastic Packstone- foraminifers (!OW d|_ver3|ty Parallel lamination ~ Open lagoon with
packstone- rainstone assemblages, including (mechanical) migrating sandbars
grainstone g textularids, miliolids) (a), grating

(C1) ostracods (c), Favreina
salevensis (c), dasyclads (c).

Benthic foraminifers (high
diversity assemblages) (a),

Foraminiferal micrite intraclasts (a), peloids

wackestone Wackestone (a), Favreina saelevensis(a), Parallel lamination
and . .
Packestone- bivalve fragments (a), gastropod  (mechanical),
packstone- . . .
. grainstone fragments (a), dasyclads (a), bioturbation
grainstone ithocodium/Bacinella nodul
(C2) Lithocodium/Bacinella nodules
(c), echinoderm debris (c),
ostracods (c), sponge spicules (c)
Fine-medium  Planar-e to Dolomite crystals (10-80 pm) Relics of
crystaline planar-s sedimentary and
dolomite - mosaics microbial
FMdol (D1) lamination,
fenestrae
Coarse Planar-e to Dolomite crystals (80-250 pm) Relics of faint
crystalline nonplanar-a sedimentary
dolomite - mosaics lamination, filled
Cdol (D2) vugs

Normal marine open
lagoon

Early diagenetic
replacement of
calcareous facies

Early diagenetic
replacement of
calcareous facies

va very abundant, a abundant, c common, r rare
Dolomite texture classification according to Sibley and Gregg (1987)

Table 2 Synoptic description of the lithofacies of the Lower Cretaceous shallow-water carbonates of the Conocchia cliff
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The stratigraphic succession outcropping on the Conocchia cliff (Figure 10) is mainly made up
of gray limestones with frequent brownish dolomite caps, organized in beds bounded by

discontinuity surfaces due to erosion or, more frequently, to emersion.

Bed thickness ranges from 4 to 160 cm, with a mean value of 31 cm. The succession starts with
a m-thick dolomitic breccia level, made up of matrix-supported intraclasts, with both matrix
and clasts dolomitized. This lithofacies could be interpreted as a solution-collapse breccia
caused by the dissolution of evaporitic layers interbedded with dolostone beds (Assereto and
Kendall, 1977; Eliassen and Talbot, 2005). However, this interpretation is not fully supported
because in the investigated area there are no evidences of precipitation of primary evaporitic
layers. On the other hand, considering that the clasts of the breccia level are monomictic,
angular, heterometric and matrix-supported, and then show evidences of in-situ formation,
this lithofacies could alternatively interpreted as the product of brecciation of dolomitic beds
during a prolonged sub-aerial exposure. The succession continues with an about 50-meter-
thick interval with a fairly high dolomitization intensity. The dominant lithofacies is the
ostracodal mudstone-wackestone (Figure 12a), sometimes capped by partly to completely
dolomitized microbial and fenestral laminated bindstone, suggesting that the depositional
environment was a subtidal lagoon with restricted circulation, occasionally passing to a tidal
flat. Several levels of miliolid-ostracode-algal wackestone-packstone (Figures 12b-d) and of
foraminiferal wackestone or packstone-grainstone are interbedded to the restricted lagoon
lithofacies, pointing to a sporadic emplacement of semi-restricted to normal circulation
conditions within a lagoon. The following stratigraphic interval, about 40-m-thick, is
characterized by a pronounced decrease of the dolomitization intensity. The lithofacies exhibit
higher variability and the presence of semi-restricted to open lagoon facies (Figures 13a-d) is

more frequent respect to the previous interval. This facies shift is coupled with the occurrence
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Figure 11 Microfacies of the Lower Cretaceous shallow-water carbonates of the Conocchia cliff: a) mudstone-wackestone with
intraclasts and rare skeletal fragments, note some bioturbated area (arrow), thin section cc2/3.76; b) algal-intraclastic
wackestone with fragments of Clypeina sp. (green arrows) and Salpingoporella sp. (red arrows), thin section cc2/3.5; c) algal-
intraclastic wackestone with Clypeina sp. (green arrows), note the large bioturbation/burrow (red arrows pointing the
boundaries) filled with an intraclastic grainstone/packstone, thin-section cc3/3.92; d) oncoidal wackestone with large
Lithocodium (arrows) nodules, c1/89.5; e) fine-medium crystalline dolomite mosaic, note some preserved precursor mudstone
(arrow), c1/124; f) coarse crystalline dolomite mosaic, note some preserved intercrystalline pores (arrows), thin section LM3.1.

of new taxa (e.g. Vercorsella sp.) and, overall, the assemblages of benthic foraminifers show
higher diversity compared to the previous interval. All these evidences suggest a depositional

environment dominated by a lagoon with semi-restricted to normal marine circulation. The
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Figure 12 Microfacies of the Lower Cretaceous shallow-water carbonates of the Conocchia cliff: a) foraminiferal
grainstone/packstone with Praechrysalidina infracretacea (arrow), thin section cc6/9.54;, b) peloidal-intraclastic
packstone/wackestone with Sarmentofascis zamparelliae (arrow), thin section cc6/10.72; c) algal wackestone with (?)
Epimastopora cekici (arrow), thin section cc6/1.46; d) algal wackestone with Clypeina sp. (arrow), thin section cc6/8.48; e)
foraminiferal packstone with Vercorsella sp. (red arrow) and undefined encrusting algae (?) (green arrow), thin section
cc7/6.20; f) foraminiferal grainstone with Debarina sp. (red arrow) and miliolids (green arrow), thin section cc7/2.03.

last interval, about 35-m-thick, is mainly calcareous, except for the last few meters which are
completely dolomitized. The lithofacies record a further shift toward more open marine
circulation (Figures 13e-f), with a significative presence of grain-supported textures and high

taxa diversity.
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About the fossil content, the presence of Praechrysalidina infracretacea (LUPERTO SINNI) (Figure
13a), Vercorsella scarsellai (DE CASTRO), Sabaudia sp. and Salpingoporella sp. (Figure 12b),
places the investigated section in the Salpingoporella dinarica biozone of De Castro (1991),
which is dated as early Barremian to late Aptian. This biozone corresponds to a
biostratigraphicinterval straddling the Cuneolina scarsellai and Cuneolina camposauri biozone
and the Salpingoporella dinarica biozone of Chiocchini et al. (2008). A more precise constraint
on the age of the investigated interval can be obtained by estimating its stratigraphic position
relative to the Orbitolina level, a well-known biostratigraphic marker of the Apennine
Carbonate Platform. The Orbitolina level is exposed in the Mt. Faito ridge, west of the studied
area. By graphical interpolation, its position can be projected eastward to a stratigraphic level
lying about 50 m above the top of the succession of the Conocchia cliff. Considering that the
Orbitolina level has been correlated to the upper part of the late Aptian E.
subnodosumcostatum ammonite zone by carbon-isotope stratigraphy (Di Lucia et al., 2012),
an age not younger than the early Aptian can be inferred for the top of stratigraphic succession

outcropping on the Conocchia cliff.

4.1.2 The Basilicata subsurface

[Testo non disponibile in quanto relativo a dati protetti da segreto industriale]
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4.2 Cyclostratigraphy and Sequence Stratigraphy

4.2.1 The Conocchia cliff

The analysis of lithofacies and their stacking pattern revealed that the Conocchia cliff
succession is characterized by a hierarchy of sedimentary cycles expressed by systematic
changes of bed thickness and lithofacies. Following the example of D’Argenio et al. (1997),
the sedimentary succession can be then subdivided in elementary cycles, bundles (groups of

elementary cycles) and superbundles (groups of bundles) (Figure 11).

The elementary cycle, normally corresponding to a single bed, is a meter-scale unit
characterized by a succession of specific lithofacies and is normally bounded by a discontinuity
surface, formed when a rapid facies change and/or a diagenetic contrast occurs (Clari et al.,
1995; Hillgartner, 1998). In the investigated elementary cycles, discontinuity surfaces usually
correspond to subaerial exposure surfaces that were lithified very early in their diagenetic
history by interaction with meteoric fluids. Most of the observed cycles are subtidal
“diagenetic” cycles, with subaerial exposure surfaces directly overlying subtidal deposits
(Hardie et al., 1986). Peritidal cycles, with well-developed intertidal-supratidal facies (Strasser,
1991), are less frequent. In the rare cases when top cycles do not have clear exposure surfaces,
but nevertheless show a shallowing upward lithofacies trend, the cycle boundaries are placed
at the transition from the shallowing to the deepening shift (Amodio et al., 2013). Finally, if
cycles do not exhibit significative lithofacies shift, and/or sedimentary structures and textures
are completely obliterated by dolomitization, bed thickness variations are considered as a

proxy for depositional settings. Indeed, according to D’Argenio et al. (2008), thicker cycles

46



implies a greater accommodation space and thus an open marine environment, while thinner

cycles are associated with peritidal settings.

The elementary cycles are stacked into bundles, which are defined by the stacking pattern of
the lithofacies associations, by the variation in the thickness of the elementary cycles and by
the magnitude of the exposure surfaces. Lithofacies variations are usually combined with
variation of dolomitization intensity (i.e. calcite/dolomite proportion) and cycle thickness.
Thickest cycles at the base of the bundles are generally more calcareous, show normal marine
subtidal lithofacies and are capped by poorly developed subaerial exposure surfaces. Thinnest
cycles at the top of the bundles show more restricted subtidal facies and can be fully
dolomitized (dolomite cap), with more pronounced evidences of subaerial exposure.
According to Vinci (2015) and Vinci et al. (2017), who investigated the dolomitized bodies
exposed in the Lower Cretaceous carbonates of Mt. Faito, the gradual decrease of
dolomitization intensity from the top to the bottom of these cycles is due to a downward flow
of dolomitizing fluids linked to the reflux (Adams and Rhodes, 1960) of mesohaline brines. In
the Conocchia cliff section (Figure 11) groups of 3 to 8 elementary cycles form 67 bundles with
an average thickness of 186 cm. Among these, 1 bundle clearly records a supratidal setting, 6
an intertidal setting and 56 a subtidal setting. The remaining 4 bundles were partially covered

by vegetation and therefore was not possible to clearly identify the main depositional setting.

The same criteria have been applied to define sedimentary cyclicity at the superbundle scale.
Superbundles are formed by the stacking of two to three bundles. A total of 30 superbundles

(Figure 11), with an average thickness of 430 cm were identified in the studied section.

Sequence stratigraphy defines depositional systems and surfaces related to changes of

eustatic sea level. The application of its concepts was first based and limited to the
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interpretation of depositional geometries at the basin-scale (Van Wagoner et al., 1988; Emery
and Myers, 1996) and identification of relative system tracts (Vail, 1987). When sequence
stratigraphy is applied to shallow-water carbonate deposits, it must be considered that the
typical geometry of system tracts could not develop, because these sediments accumulate
mostly through vertical aggradation. However, features such as emersion and transgressive
surfaces or facies changes can be recognized as well and be used to identify distinct system
tracts (Strasser, 1994; D’Argenio et al., 1997). In particular, transgressive and regressive facies
trends may be considered equivalent to transgressive and highstand system tracts (Amodio et
al., 2013). Using this approach, it is possible to analyze the three levels in which the cyclicity
was recognized (namely the elementary cycles, bundles and superbundles) in terms of
sequence stratigraphy and, on the basis of their hierarchical organization, consider
elementary cycles equivalent to 6! order cycles, bundles to 5t order cycles and superbundles

to 4™ order cycles (sensu Vail et al., 1991) (Figure 14).

6t order cycles represent the elementary sequences (sensu Strasser et al., 1999), and show a
facies evolution corresponding to the shortest recognizable cycle of environmental change.
5t and 4™ order cycles (respectively equivalent to bundles and superbundles) particularly
exhibit clear sequence boundaries, maximum flooding surfaces and system tracts
(Goldhammer et al.,, 1990; Schlager et al.,, 1994). Relative sequence boundaries (SB)
correspond to bundle and superbundle limits, while the maximum flooding surfaces (MFS)
may be located where the most open marine lithofacies of each cycle occurs, normally
developed within the thickest elementary cycles (D’Argenio et al., 1999). Transgressive system
tracts (TST) are characterized by open lagoon lithofacies associated to a thickening upward of
stacked cycles. In contrast, the highstand system tracts (HST) are characterized by an increase

in dolomitization intensity, shallower depositional settings and thinning upward of stacked
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Fischer Plot

Figure 13 Sequence stratigraphic
interpretation of sedimentary cyclicity
of the Conocchia cliff and Fischer plot
used to extract low-frequency cycles
(3 order sequences). See Figure 4.2
for the legend.



cycles. Lowstand system tracts (LST) are missing, as it commonly occurs in shallow-water

carbonate platforms, because the accommodation space is low (Strasser et al., 1999).

Regular changes of facies and thickness of high-frequency cycles superimposed on low-
frequency cycles of relative sea-level changes are well known in Mesozoic carbonate platforms
(D’Argenio et al., 1999; Strasser et al., 1999). In order to extract these low-frequency cycles
(3™ order sequences) from the stratigraphic record and highlight cycle hierarchy, the number
and thickness of 5" order cycles have been used to build a Fischer plot (Fischer, 1964) (Figures
14 and 15). Fischer plots are a graphical method to define changes in accommodation space
and identify depositional sequences on carbonate platforms, by plotting cumulative departure
from mean cycle thickness as a function of time (Read and Goldhammer, 1988) or cumulative
stratigraphic thickness (Day, 1997). The resulting plot is a curve that, in peritidal shallow-water
carbonates, can be used to evaluate the magnitude of 3™ order sea-level fluctuations and

correlate multiple stratigraphic sections (Read and Goldhammer, 1988).
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Figure 14 a) Portion of an example of Fischer Plot showing changes in accommodation space (vertical
axis) as a function of cycle number (horizontal axis). Thin vertical lines are individual cycle thicknesses.
Increase in accommodation is shown by thick line sloping up to the right (from Husinec et al. 2008); b)
example of Fischer plot showing the extraction of third-order sea-level curve from the 20-100 ka
oscillations (5th order cycles). Changes in accommodation space (vertical axis) are shown as a function
of time (horizontal axis) (from Read and Goldhammer, 1988).

The Fischer plots presented in this study have been built using the excel spreadsheet macro
“FISCHERPLOTS” published by Husinec et al. (2008). This spreadsheet requires the thickness
of each 5™ order cycle and the number and thickness of possible gaps in the stratigraphic
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section. The output is a computation of the average cycle thickness and a plot of a curve
showing the cumulative departure from the average cycle thickness as a function of cycle
number or stratigraphic thickness (Figure 15). The cumulative effect of progressive changes in
thickness of 5t order cycles allows to identify the 3™ order system tracts of the section (Read
and Goldhammer, 1988). The cycles that plot on the rising part of the 3™ order deviation
(peaking at maximum positive departure) compose the transgressive system tract. Cycles that
plot on the falling limb of the 3™ order deviation constitute the highstand system tract,

culminating in a SB.

The Fischer plot curve of the Conocchia cliff, coupled with field observations, allowed to
recognize four complete 3™ order sequences bounded by five SBs (Figure 14). Their
stratigraphic thickness ranges from 20 m to 36 m, the average value is 27 m. Considering the
architecture of the transgressive/highstand system tracts, it appears that the transgressive
system tracts are characterized by asymmetric superbundles with more pronounced
deepening trends, higher limestone/dolostone ratio, more open marine facies and thicker
elementary cycles; while the highstand system tracts are characterized by asymmetric
shallowing-upward superbundles with lower limestone/dolostone ratio and thinner

elementary cycles.

4.2.2 The Basilicata subsurface

[Testo non disponibile in quanto relativo a dati protetti da segreto industriale]
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4.3 Mechanical stratigraphy

4.3.1 The Conocchia cliff

The analysis of fracture distribution within the Conocchia succession is based on the dataset
acquired by Corradetti (2016), who performed a structural study of the cliff using a VOM
(Conocchia cliff — Old Survey, Table 1) obtained by SfM photogrammetry (see Chapter 3.2 for
a detailed description of the used materials and methods). Fracture and bedding attitude
extraction was performed using OpenPlot (Tavani et al., 2011, 2014), an open source software
for structural analysis in a 3-D environment, by manual digitization of points along the traces
of the intersections between outcrop topography and fractures and bedding. 1003 through-

going fractures and 20 bedding attitudes were digitized and analyzed (Figure 19). More

«'.[ﬂ,
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Figure 15 a) Perspective view of the Conocchia virtual outcrop model from the south, showing digitized fractures
(black rectangles with yellow borders) and bedding surfaces (green rectangles with orange borders). b) Contour plot
showing three sets of fractures and a tight cluster of bedding planes. From Corradetti et al. 2018.

fractures were present along the outcrop, but all fractures smaller than 2 m were filtered and
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deleted in OpenPlot before data analysis. This prevented working with a fracture population
down-sampled because of the model resolution. The filter was applied to the perimeter of the
digitized fractures (which are polygons in 3D), and all fractures owing a perimeter of less than
4 m were removed. Contour plot shows that poles to bedding form a tight cluster indicating
gentle dips towards the NW (mean bedding has a strike of 246° and a dip of 9°). Contouring of
poles to digitized fracture planes shows that these structures are distributed around three
clusters (Figure 19b). The fractures, at high angle to bedding, are oriented mostly ENE-WSW
(Set 1), ESE-WNW (Set 2) and NNW-SSE (Set 3). Fractures belonging to Set 3 are oriented at
high angle to the cliff and thus are the least affected by biases. For this reason, they have been
filtered (Figures 20a-b) and projected independently from the other fracture sets onto an
orthorectified panel (Figure 20c), perpendicular to both fracture direction and bedding dip

direction. Projected features were saved in *.svg format and hence ready to be opened by

Set 3 [] Projected fractures
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Figure 16 a) Selection of the Set 3 cluster on the stereonet using OpenPlot; b) Visualization of the selected cluster in the 3D
environment; c) Projection of the selected cluster on an orthorectified panel (modified from Corradetti et al. 2018).

any vector drawing software. Because not all the joints and bedding surfaces were perfectly
oriented with respect to the direction of projection, being distributed around the related
maxima, some of the projected planes constituted thin polygons rather than lines. Hence

projected joints were manually re-digitized using Inkscape™, a free and open-source vectorial
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graphic software. From this perspective it was then possible to identify mechanical
boundaries, which are layers where major fractures arrest on, and hence to schematize
mechanical units between them. As a final result, Corradetti (2016) identified several
boundaries able to arrest the propagation of through-going fractures, two of which were

particularly efficient, by ensuring the arrest of 100% of fractures (Figure 21).

Set 3
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Figure 17 Synthetic representation of the mechanical stratigraphy of the Conocchia cliff for
fractures larger than 20 meters belonging to Set 3. Thick red lines highlight the two main
boundaries arresting fracture propagation (from Corradetti, 2016).

In order to better understand the role of these boundaries in the mechanical stratigraphy of
the cliff and the parameters controlling their effectiveness, during this study was performed
a new, high-resolution structural analysis of the two main mechanical boundaries identified
by Corradetti (2016). A new VOM of the Conocchia cliff was built, with a resolution
considerably higher than the previous one, and two panels were analyzed, corresponding to

the upper boundary and to a portion of the lower mechanical boundary (Figure 22). Using
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Figure 18 a) VOM of the Conocchia cliff — New Survey: yellow lines represent the digitized fractures, orange lines represent the
digitized bedding attitudes, red rectangles indicate the panels analysed during the high-resolution structural analysis.

OpenPlot, were manually acquired 7132 fractures and 7 bedding attitudes. All fractures larger
than 1 m were filtered and, as a result, only 683 fractures were considered in the further steps
of the analysis (Figure 23c). Contouring of poles to digitized fracture planes shows a
distribution consistent with the results of the previous study (Figure 23c). Indeed, can be
recognized the same 3 sets, respectively oriented ENE-WSW (Set 1), ESE-WNW (Set 2) and
NNW-SSE (Set 3), plus another cluster of fractures oriented NNE-SSW (Set 4). The fracture
dataset acquired during this study has been merged with fractures from the previous survey
(Corradetti, 2016) in order to perform a multi-scale analysis of the outcrop and evaluate the

observation-scale effect on the acquisition of structural data (Figures 23a-b).

For the same purpose were made some field measurements along the slope at the western
flank of the Conocchia cliff and in some adjacent exposures of the studied succession (Figures
24 and 25). The collected fractures appear as confined by bedding and by laterally

discontinuous, internal bedding-parallel sedimentary or diagenetic discontinuities, such as
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Figure 19 VOM of the Conocchia cliff — New Survey. Fractures (red rectangles with green borders) and bedding attitudes
(rectangles with pink borders) acquired on the lower (a) and upper (b) panels of the new VOM were merged with fractures
(black rectangles with yellow borders) and bedding attitudes (green rectangles with orange borders) acquired by Corradetti
(2016). c) Contour plots showing fracture clusters recognized during this study and by Corradetti (2016).

stromatolitic/microbial planar to wavy laminations, stylolites and dolomite seams (Tavani et

al., 2016b).

Digitized fractures from the 2016 survey (Corradetti, 2016) have been used for a spatial
distribution analysis at the platform scale. Fractures filtered as Set 1 and Set 2 show
parallelism with the outcrop topography. For this reason, only fractures clustered around Set
3 are suited for spacing analysis. The panel oriented perpendicular to this set has been used
to evaluate the distribution of fractures over the layers of the outcrop. This step consisted in
the collection of fracture spacing values, for fractures higher than 2 m, every 2 m of
stratigraphy. In this way, was obtained a panel of fracture number and fracture intensity,
which is the number of intersected fractures per unit length (Figure 26a). The average and
median of the spacing along the stratigraphy was also obtained (Figure 26b). On the basis of

these results, the outcrop stratigraphy was divided in mechanical units (sensu Bertotti et al.,
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Figure 20 (a) Field example and (b) line-drawing of an incipient through-going fracture formed by linkage of pre-existing layer-
bound fractures perpendicular to bedding. This through-going fracture is well defined within thick strata, while it is not
visible/recognizable within the thinly layered and intensely fractured strata package. (c) Magnification and line-drawing (d)
of one of these intensely fractured packages where major through-going fractures are not able to propagate as single and
well-defined elements. These thinly stratified layers are so intensely fractured that most of the fractures are shorter than the
thickness of the lines drawn. Orientation data are given in stereographic equal-area projections of frequency contour of poles
to planes. Blue great circles are reference bedding. DN and Cl refer to data number and contouring interval, respectively. From
Corradetti et al. (2017).

2007) based on clear variations of fracture intensity and spacing, as indicated by horizontal
green and grey lines in Figure 26. Intervals with low data number are not considered. These
lines were drawn with thickness of 1 and 4 m, respectively, to incorporate different sources
of error including: (i) the resolution of the mesh, (ii) the uncertainty in positioning the tip of
the digitized fractures, and (iii) the uncertainty in assigning the stratigraphic elevation to a

given layer.

Finally, to investigate the relationship between lithological properties and fracture
distribution, the cumulative stratigraphic thicknesses were calculated for each rock texture
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Figure 21 a) Field example of a thinly bedded dolostone level acting as a
mechanical boundary. Fractures cross thicker beds and abut against this level; b)
close-up of the mechanical boundary. Cm-spaced fractures (blue lines) are
confined between bedding surfaces (green lines).

and depositional environment recognized within each mechanical unit. The results are
presented as distinct pie charts showing the relative abundance of each texture and facies

(Figure 26c).

4.3.2 The Mt. Catiello
In order to verify and compare the results obtained at the Conocchia cliff, the study of
reservoir-scale fracture distribution has been extended to a further outcrop exposing the

same stratigraphic succession: the Mt. Catiello peak.
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Figure 22 a) Number of fractures and fracture intensity (m) for Set 3; b) mean and median spacing.
Horizontal green and grey lines correspond to zones of clear variations of fracture intensity and spacing,
and separate distinct mechanical units. c) Sedimentary texture and facies relative abundance within
the mechanical units; d) bed-thickness variation; e) Fischer plot; orange dashed lines correspond to SBs
and are plotted for comparison with mechanical boundaries.

Following the same approach described for the study of the Conocchia cliff, fracture and
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bedding attitudes were extracted from a new VOM (Mt. Catiello, Table 1, Figure 27) using

OpenPlot (Tavani et al., 2011, 2014). In this way, 9643 georeferenced structural discontinuities

100 meters

Figure 23 View from SSW of the Mt. Catiello VOM

(meters-long faults, through-going fractures and fractures, collectively named as fractures)
and 22 bedding attitudes were digitized and analyzed (Figure 28). More discontinuities were
present along the outcrop, but fractures below the meter scale were not considered due to

the model resolution.

The analysis highlighted that the structural architecture of the investigated outcrop is
characterized by the presence of a fault system consisting of four high-angle faults (Figure
28a), each of them formed by various fault strands, which are roughly oriented N-S. The fault

crossing the upper part of the model shows on his plane some dextral slickensides that suggest
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100 meters

Figure 24 a) Perspective view from SSW of the Mt. Catiello VOM wih digitized fractures (rectangles with green borders) and
bedding planes (rectangles with orange borders), red arrows point the tips of the main N-S trending faults; b) contouring plot
showing two fracture sets (Set A and B), the trend of the main faults (Set F) and a cluster of bedding planes.

a dominant strike-slip component and a minor dip-slip component. The observed stratigraphic
heave, in the various fault strands, ranges from a few centimeters to a few meters. As shown
in the contour plot (Figure 28b), in addition to N-S oriented fractures (Set F) — strike-parallel
to the main faults — two more cluster of poles to digitized fractures planes are recognized,
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both at high angle to bedding, and oriented respectively NE-SW (Set A) and NW-SE (Set B).

Poles to bedding, instead, form a cluster indicating dips mostly towards the NW.

The dimensional parameters of these sets were separately analyzed. For this purpose, each
fracture set was selected by drawing a polygon directly in the stereonet and was
independently visualized in the 3D environment (Figures 29b, 30b and 31b). This procedure
allowed to easily and quickly select the fractures of interest and visualize them in 3D, in order
the to better understand their orientation with respect to the model. For each fracture set
was identified the average direction of intersection between the fractures and the bedding
surfaces. These directions were then used to project each fracture set onto a perpendicular
plane. The results are three orthorectified panels, which represent the less distorted feasible
way to evaluate the distribution of the digitized fractures filtered by orientation. Obviously,
not all the discontinuities were perfectly oriented with respect to the direction of projection,
but being distributed around the related maxima, some of the projected planes constitute thin
polygons rather than lines. To tackle this issue, that would preclude a correct evaluation of
the dimensional parameters of discontinuities, a new feature was added to OpenPlot. The
upgraded version of the software is now able to automatically draw and show only the major
axis of a projected plane, avoiding the need of manual re-digitization of structural
discontinuities, a time-consuming step required by the previous workflow (Corradetti, 2016;
Corradetti et al., 2018). Once that these new orthorectified panels were obtained, the
distribution of fractures has been evaluated by means of linear scan-lines, as done for the
Conocchia cliff. However, due to the more complex structural architecture of the outcrop and
to its irregular topographic surface (a pyramid-shaped peak), the results of the analysis were
neither meaningful nor satisfying.

This first failure pushed to find a different solution and to create a new workflow for the
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Figure 25 a) Contour plot, the polygon shows the selected fracture set; b) perspective view from SSW of the Mt. Catiello VOM
with N-S trending selected fractures (rectangles with green borders) and bedding planes (rectangles with orange borders); c)
orthorectified fracture trace map showing the locations of the scan circles used to estimate intensity and density; spatial
density maps of estimated density (d) and estimated intensity (e) of fracture traces. Red dashed lines show the main fault
traces. Pink arrows point the main mechanical boundary.

quantification of fracture patterns, suited to outcrops with a complex structure and/or

topography.
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Mapped trace segments, n=3976
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Figure 26 a) Contour plot, the polygon shows the selected fracture set; b) perspective view from WSW of the Mt. Catiello VOM
with selected fractures (rectangles with green borders) and bedding planes (rectangles with orange borders); c) orthorectified
fracture trace map showing the locations of the scan circles used to estimate intensity and density; spatial density maps of
estimated density (d) and estimated intensity (e) of fracture traces. Pink arrows point the main mechanical boundary.

The orthorectified panels showing 2D fracture traces, were exported from OpenPlot as a
scalable vector graphics file (.svg) and used as the input file for FracPaQ, an open-source,
cross-platform and freely available MATLAB™ toolbox designed to quantify fracture patterns

in two dimensions (Healy et al., 2017).
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Mapped trace segments, n=2026
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Figure 27 a) Contour plot, the polygon shows the selected fracture set; b) perspective view from SSE of the Mt. Catiello VOM
with selected fractures (rectangles with green borders) and bedding planes (rectangles with orange borders); c) orthorectified
fracture trace map showing the locations of the scan circles used to estimate intensity and density; spatial density maps of
estimated density (d) and estimated intensity (e) of fracture traces.
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Density (P20) and intensity (P21) spatial maps of the fracture patterns, as well as fracture trace
maps with the location of scan circles used in the calculations, were produced for each
orthorectified panel (see Chapter 3.2.3 for detailed information about the used method). The
number of circles is set at 10 along the horizontal axis for all the maps. The panel derived from
Set F consists of 3707 mapped trace segments, with the scan circles having a radius of 7.34 m
(Figure 29c). The estimated fracture density map (Figure 29d) shows two main zones with high
density (high number of fractures per square meter), one in the lower half part of the panel
and one in the upper, divided by a minimum zone, parallel to the stratification, which is
situated at around 100 m from the base of the outcrop. The intensity map shows a similar
pattern (Figure 29e), with two wider zones characterized by high intensity (large lengths of
fracture per unit area) divided by a minimum zone, parallel to the stratification situated at the
same stratigraphic height of the previous one. Overall, the spatial maps suggest that the two
zones characterized by higher intensity and density values correspond to two distinct
mechanical units separated by a mechanical boundary. Moreover, comparing the maps with
the trace of the main faults (dashed red lines, Figures 29d and 29e), which are parallel to the
Set F, we can see that three up to four of them have their lower terminations roughly
coinciding with the zone considered as a mechanical boundary. The fourth fault, which
crosscuts the uppermost portion of the outcrop, could be confined within a third distinct
mechanical unit, highlighted by a cluster of relatively higher density and intensity. The
mechanical boundary dividing this unit from the lower one could correspond to a minimum
zone containing the terminations of the main fault traces. However, care must be taken when
interpreting these results, because the quality of the upper part of the Mt. Catiello virtual

outcrop could be biased by the presence of some vegetated areas and some altered rock
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surfaces that prevent an optimal identification of all existing structural discontinuities and,

thus, an optimal characterization of the mechanical units.

The panel derived from Set A consists of 3976 mapped trace segments, with the scan circles
having a radius of 7.21 m (Figure 30c). The estimated fracture density map shows a pattern
similar to those observed for the Set F, with a well defined high-density zone in the lower part
of the panel, characterized by sensitively higher values. This zone is divided by a minimum
interval, parallel to the stratification (NW dipping), from the two main clusters of high density
observed in the upper portion of the panel. The intensity map shows a more scattered, but
still recognizable pattern characterized by higher intensity in the lower half part of the panel
and lower intensity in the upper portion of the panel. The overall spatial distribution of
fractures resembles those observed for the Set F, with two main mechanical units, lower and
upper, divided by a mechanical boundary parallel to the stratification (Figures 29d and 29e).
Analyzing the 3D virtual outcrop, can be clearly observed that the identified mechanical units
and the main mechanical boundary correspond to the same stratigraphic level in both the

investigated panels.

The panel derived from Set B consists of 2026 mapped trace segments, with the scan circles
having a radius of 5.34 m (Figure 31c). However, this set shows strong parallelism with the
orientation of outcrop topography (Figure 31b). For this reason, the obtained map cannot be

confidently used for fracture analysis and will not be discussed in this study.

4.3.3 The Basilicata subsurface

[Testo non disponibile in quanto relativo a dati protetti da segreto industriale]
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5 DISCUSSIONS



5.1 Definition of depositional sequences and the use of Fischer Plots

The shallow-water carbonates outcropping at the Conocchia cliff are characterized by a
hierarchy of sedimentary cycles expressed by systematic changes of bed thickness and
lithofacies that can be grouped in elementary cycles, bundles and superbundles (Figure 11).
Previous studies on the cyclostratigraphy of the Apennine Carbonate Platform invoked high-
frequency eustatic changes, modulated by the Earth’s orbital fluctuations, as the main control
on sedimentary cyclicity shown by Lower Cretaceous carbonates of Mt. Faito (D’Argenio et al.,
1999, 2004; Raspini, 2001; Amodio et al., 2013). Milankovitch forcing, as the main driving
factor of the high-frequency cyclicity of Mt. Faito and other Lower Cretaceous successions of
the Apennine Carbonate Platform, is also supported by the spectral analysis of quantitative
information about textures, lithofacies, early meteoric fabrics and bed thickness (D’Argenio et
al., 2004). On this basis, the Authors attributed elementary cycles to precession cycles (20ky),
bundles to short eccentricity cycles (100ky) and superbundles to long eccentricity cycles (400
ky). These high-frequency cycles are superimposed on low-frequency environmental
oscillations, with a prevailing eustatic origin that reflects third-order sea-level oscillations
(D’Argenio et al., 1999). The eustatic origin of the low-frequency oscillations is confirmed by
the possibility of correlating the third-order SBs at supra-regional scale (D’Argenio et al., 2004,
2008; Amodio and Weissert, 2017). The stacking pattern, facies and average thickness of
elementary cycles, bundles and superbundles described by Amodio et al. (2013), who
investigated the Barremian-Aptian interval of Mt. Faito, are perfectly comparable with those
observed at the Conocchia cliff section. Therefore, their conclusions can be extended to the
stratigraphic succession presented in this work and, in particular, third-order SBs identified at

the Conocchia cliff (Figure 14) can be used for regional and supra-regional correlations.
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The third-order depositional sequences of the investigated section were defined using a
Fischer plot curve calibrated with field observations (Figure 14). The use of Fischer plot for the
analysis of cyclic carbonate platform has attracted some criticism since it was first introduced
(Drummond and Wilkinson, 1993; Boss and Rasmussen, 1995; Burgess et al., 2001; Bosence
et al.,, 2009), on the basis of the assumption required for its correct application and the
subjectivity of the cycle picking process. Indeed, it is necessary to assume a constant
subsidence rate and that during each sea-level fluctuations the accommodation space was
always filled up to the intertidal zone, which implies that the thickness of a sedimentary cycle

correspond to the accommodation created during a sea-level fluctuation.

In the Early Cretaceous, the Apennine Carbonate Platform was part of the Adria passive
continental margin and was in the late stage of its thermal cooling (Channell et al., 1979). It
was then characterized by a constant subsidence until the Albian-Cenomanian boundary,
when started the first Cretaceous extensional stage affecting the Adria margin (Tavani et al.,
2013; Vitale et al., 2017). This event is well-documented in the Sorrento Peninsula by Tavani
et al. (2013) and lannace et al. (2014), who found evidences of syn-sedimentary extension and

soft-sediment deformation.

Considering that only a part of the cycles observed at the Conocchia cliff clearly show intertidal
lithofacies (Figures 11 and 14), the use of the Fischer plot for the stratigraphic analysis could
be questionable. However, even if the intertidal zone is not always recorded in the cycles, the
investigated shallow-water carbonates still belong to an aggrading greenhouse platform,
where high-frequency changes in sea level are small and the top of each cycle is a subaerial
exposure surface. For this reason, the curve obtained from the Fischer plot could not be used

to calculate the exact magnitude of sea-level change, but can be still used to qualitatively
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estimate sea-level rises and falls in an efficient way and, in particular, to define sequences on
a cyclic carbonate platform, which would otherwise be difficult to pick given the subtle facies
change within the succession (Husinec et al., 2008). In this regard, the Fischer plots have the
advantage of being an objective representation of a measured stratigraphic section (Sadler et
al., 1993), particularly useful to detect the overall trend of third-order sea-level fluctuations
(Read and Goldhammer, 1988). Moreover, it has been shown that even if the picking of a few
input cycles is affected by a subjectivity bias, this make relatively difference in the general

form of the output curve (Sadler et al., 1993).

[Testo non disponibile in quanto relativo a dati protetti da segreto industriale]
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5.2 Quantitative analysis of fracture patter from VOMs

The possibility of looking at a photorealistic virtual outcrop in orthographic projection mode
represents one of the most important applications offered by the digital outcrops for
geosciences, and in particular for structural geology (Tavani et al., 2016a). That is because it
allows to obtain true measurements of geological structures for optimally oriented and
undistorted cross-sections. In this way, it is possible to switch from a strictly qualitative to
guantitative analysis of outcrops (Corradetti et al., 2017b). However, as shown by the
structural analysis of the Conocchia cliff and of the Mt. Catiello, choosing the optimal method

for quantitatively analyze fracture patterns is essential to achieve a meaningful result.

The two most common measurement methods used for quantitatively estimating fracture
parameters are straight scan lines and scan area (La Pointe and Hudson, 1985; Priest, 1993;
Wu and Pollard, 1995; Guerriero et al., 2010, 2011), which respectively consist in a sampling
of all fractures and associated parameters intersecting a straight line, and in a mapping of
fracture traces and associated parameters at locations in the map area (Rohrbaugh et al.,
2002). The data obtained through these methods, however, can be subjected to orientation
bias, length bias, censoring and are particularly prone to disguise pattern heterogeneities
(Terzaghi, 1965; Priest and Hudson, 1981; La Pointe and Hudson, 1985; Priest, 1993; Kulatilake
et al., 1997). Especially this latter type of bias can critically affect the results of an analysis, as
highlighted during the study of the Mt. Catiello fracture distribution, which aims to identify

distinct mechanical units in a faulted outcrop with an irregular topography.

These problems can be addressed using an alternative type of estimator, namely the circular

scan lines and windows, which do not require knowledge of fracture spacing or orientation
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and, therefore, are distribution independent (Mauldon et al., 2001; Rohrbaugh et al., 2002).
Circular estimators are part of the tools available in FracPaQ (Healy et al., 2017), which
combines the circular estimators in a regular grid of equiareal circles, and allows to easily

identify vertical and lateral variations of fracture distribution.

Using a software such as FracPaQ to estimate these parameters represent a further benefit
for a fracture quantification workflow, since it allows to sensitively reduce the time required
for calculations and offers the possibility to quickly visualize the results as maps of fracture
spatial distribution. In this regard, is important to stress that to achieve a geologically sounded
result, the extraction and selection of the input data is a crucial step. The software, indeed,
was originally developed to perform structural analysis assuming that the input fracture traces
lie on a statistically flat 2D surface, where topography does not affect the appearance of any
fracture trajectories (Healy et al., 2017). Consequently, its application to the study of dataset
derived from 3D VOMs is possible only using a workflow that implies the production of

orthorectified cross-sections, such as the one presented in this study.

This new workflow, therefore, expands the scope of OpenPlot and FracPaQ, allowing the
extraction of quantitative information from 3D datasets, improving our ability to quantify
structural data in a quick and robust way. The implementation of these results offers a new
tool for the study of fractured reservoirs, and further increases the range of application of

remote sensing for geosciences.
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5.3 Mechanical stratigraphy

5.3.1 The Conocchia cliff
The structural analysis of Lower Cretaceous shallow-water carbonates exposed at the
Conocchia cliff was performed integrating field-based investigations with remote sensing

techniques, allowing multi-scale approach.

Field investigations revealed the occurrence of abundant fractures at the bed scale and
highlighted that the rock mass is often subdivided into laterally discontinuous layers by
sedimentary laminations and diagenetic features like microbial mats, bedding-parallel
stylolites and dolomite seams (Tavani et al., 2016b) (Figures 24 and 25). These features acted
as weak mechanical layers on which bed-scale fractures arrested. This observation is
consistent with previous studies in similar carbonate multilayers (Underwood et al., 2003; Di
Naccio et al., 2005; Larsen et al., 2010), which detected the role of laminated and thin-bedded
facies in arresting fracture propagation. These discontinuities can be considered, for
mechanical purposes, equivalent to bedding surfaces. In the field, was also recognized the
occurrence of through-going fractures (Figure 24), which are well evident in the 3D digital
model. Field observations indicate that these fractures can be considered as resulting from
the connection of vertically aligned, precursory (e.g. Crider and Peacock, 2004) strata-bound
fractures. For example, trough-going fractures may appear as single straight segments in the
VOM used for the 2016 survey (Figure 19). However, observation at a more detailed scale and
the use of a VOM with higher resolution (Figures 22 and 23), reveals that they are segmented
and formed by various strands arranged in a quasi-aligned fashion, with the single strands

being isolated by sedimentary features. The fact that, almost regardless of their height,
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trough-going fractures are segmented and formed by isolated strands - the strands being
bounded by sedimentary structures - and that trough-going joints look straight only when
zooming out, can be explained by assuming that these fractures result from the linkage of
precursory bed-confined joints. In fact, trough-going fractures that developed before or
together with strata-bound fractures should appear as single planar features, which is not the
case. All these observations are consistent with similar ones made by other authors in various
regions (e.g. Finn et al., 2003; Gross and Eyal, 2007), who documented the coalescence and
linkage of vertically aligned, pre-existing, bed-confined joints, to form large through-going
fractures. These through-going fractures are well defined and hence recognizable within
thicker, less intensely fractured beds, while they seem to arrest, or at least they are no more
recognizable, in correspondence of relatively thinner, and more intensely fractured, beds
(Figures 24 and 25). This behavior may be interpreted as mimicking the arrest of strata-bound
fractures into mechanically weak bed interfaces (e.g. Pollard and Aydin, 1988; Gross et al.,

1995).

Fracture data acquired by Corradetti (2016) from the digital outcrop model have been used
for a spatial distribution analysis at the platform scale. These digitized fractures display no
evidence of shearing. The three identified orientation sets (ENE-WSW, ESE-WNW, and NNW-
SSE trending sets) were checked in the field and recognized as joints. Joints were filtered in
OpenPlot based on their orientation (Figure 20). Only joints belonging to Set 3 (NNW-SSE)
were used to perform the spatial distribution analysis, while Set 1 and Set 2 were discarded
because oriented in parallel with outcrop topography. Set 3 joints were then projected onto
a plane perpendicular to their intersection with bedding and analyzed in 2D, as generally done
with photo panels (Figure 20c). From this panel, were identified several horizontal boundaries

that inhibited the propagation of through-going joints, on the basis of fracture intensity and
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spacing variations. These variations were analyzed with respect to the thickness of beds, the
lithological variations and the sequence stratigraphic organization of the succession (Figure

26).

Comparing the results obtained from the digitized fracture analysis with a stratimetric log
showing mean bed thickness variations (Figure 26d), it is clear that the position of the six
boundaries identified as changes in fracture intensity and spacing roughly coincide with the
six main peaks associated with a decrease in bed thickness. This match is coherent with field
observations that showed more prominent cliff-forming rocks, also observed from the
weathering profile, corresponding to packages of more calcareous and thicker beds, while
thinly bedded bed-packages are associated to dolomitic intervals. It is worth noting that in
identifying these horizontal boundaries, were not considered scan-lines with very sparse data
(i.e. with less than 2 fractures sampled). To further explore the relationship between
lithological properties and fracture distribution, for each mechanical unit (bounded by
horizontal green and grey lines in Figure 26) was calculated the relative abundance of distinct
rock texture and facies, here presented as pie charts (Figure 26c). The comparison of the
lithological properties with fracture intensity shows a positive correlation with the relative
abundance of dolomite. Indeed, the distribution of fracture intensity observed at the
Conocchia cliff records a first increment corresponding to the transition between the first,
basal mechanical unit and the next one, followed by a gradual decrease up to the last
mechanical unit, which shows a marked increase of fracture intensity values. The same trend
is shown by the relative abundance of dolomite in the mechanical units. It is often assumed
that dolostone has higher fracture intensity than limestone because of a more brittle behavior
(Nelson, 2001), and this assumption has been confirmed by several studies of fracture

stratigraphy that reported an increase in fracture intensity in dolostones adjacent to
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limestones (Ortega et al., 2010; Lapponi et al., 2011; Barbier et al., 2012). On the other hand,
other studies did not found an increase specifically associated with dolomitization (Wennberg
et al., 2006). As more recent studies have highlighted, dolomitization can have a dual effect in
modulating fracture intensity, depending not only on dolomite crystal size, but also on bed
thickness and textures of precursor limestones (Rustichelli et al., 2015; Giorgioni et al., 2016;
Korneva et al., 2018). The results presented in this study show that at the scale of these
mechanical units (identified on the basis of the distribution of through-going fractures), the
relative amount of dolostone can be critical to control fracture intensity. However, the
influence of other structural and lithological factors (i.e. texture, porosity, etc.) cannot be

entirely ruled out.

Overall, the presented data suggest that the key control on the distribution of large-scale
fractures in this >200 m thick carbonate succession is bed thickness. Trough-going fractures
arrest where a package of very thin layers is sandwiched between packages of much thicker
beds (Figure 25). In particular, the most evident arresting level is located at about 22 m of
stratigraphic elevation from the base of the succession. It corresponds to a 43-cm-thick
dolomitic level, thinly subdivided into sub-levels, each one no more than a few cm thick,
holding cm-spaced strata-bound joints. This package of very thin beds is sandwiched between
thicker calcareous strata (i.e. >20 cm thick). As it is showed and discussed by Corradetti et al.
(2018), the effectiveness of this thinly bedded levels in arresting the propagation of fractures
is due to the peculiar growth model of through-going joints at the Conocchia cliff, occurred by
linkage of previous stratabound joints, suggested by evidence collected both in the field and
on the 3D models (Figure 32). According to this kind of growth mode, also reported by
previous studies (e.g. Gross and Eyal, 2007), the network of stratabound joints plays a key role

in the vertical connection of major through-going joints. In fact, due to the well-known
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Figure 28 a) Schematic distribution of strata-bound joints. Once a strata-bound fracture network has
developed, further re-opening (b) can lead to both development of new segments linking pre-existing joints or
the re-opening of joints within the stress perturbation areas (c). As a consequence, joints are expected to create
new segments within thick-bedded packages, while where they cross-cut thinly bedded packages, they produce
the re-opening of widespread strata-bound joints (d). From Corradetti et al. 2018.

dependence between bed thickness and strata-bound joint spacing, thin mechanical units -
independently from the origin of the anisotropy, being either real bedding or pseudo-bedding
produced by (incomplete) parting along lamination surfaces and/or dolomite seams - are
characterized by a substantially higher bed-scale fracture density. Therefore, once the
stratabound fracture network has developed, further extension leads to the connection of
previous joints (Becker and Gross, 1996). During this connection stage, further opening of pre-
existing joints creates a stress perturbation area at the tips of opening joints (Gross et al.,
1995) (Figure 32b). This can lead to both development of new segments linking previous joints

and the reopening of joints within the stress perturbation areas (Figure 32c). It is intuitive that
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the probability for a perturbation area to include a pre-existing joint is higher for thinly-
bedded strata, where closely spaced strata-bound joints are available to be reopened. On the
other hand, when the stress perturbation area migrates throughout a thick-bedded package,
where joints are more widely spaced, the probability of intersecting these joints decreases. As
a consequence, through-going joints during their propagation are expected to create new
segments within thick bedded packages, while where they cross-cut thinly bedded packages,
they produce the reopening of widespread strata-bound joints (Figure 32d). In this latter case,
the result is that the through-going joint splays into numerous small joints, and it is no longer
able to propagate as a single and well-defined nearly-straight joint. This mechanism of
reopening vs. linkage of joints implies a scale-dependent switch in the behavior of mechanical
units made of thinly stratified dolostones, from a highly brittle one at the bed scale to a
fracture inhibited zone at the seismic-scale, thus resulting in a mechanical boundary behavior
for large joints. In essence, similarly to strata-bound joints, which arrest at the ductile bed
interface (Becker and Gross, 1996), through-going joints mostly terminate at layers made of

thinly-bedded and highly fractured strata.

The connectivity of this fracture system has been analyzed by Massaro et al. (2018), who
performed a multi-scale study integrating fracture data acquired from the 3D model by
Corradetti (2016) with new measures obtained from a dedicated field survey. From this
dataset was derived a stochastic distribution of joints, which was used to build a discrete
fracture network (DFN) model (see Lei et al., 2017 for a review). The DFN model shows that
through-going fractures guarantee vertical connectivity through the reservoir, playing a
primary role in terms of permeability. On the other hand, the thinly stratified “weak” levels,

which arrest the propagation of through-going fractures, act both as mechanical barrier and
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low permeability zones, and can therefore cause a vertical compartmentalization of the

reservoir.

Comparing the sequence stratigraphic organization with the mechanical stratigraphy of these
shallow-water carbonates, it is clear that the intervals with thinly-bedded levels — which are
able to arrest the propagation of through-going fractures — correspond to the main SBs, and
that each 3" order SB corresponds to one of the mechanical boundaries previously identified
(Figure 26). Conversely, two out of the six mechanical boundaries (situated around 70 m and
84 m of stratigraphic elevation respectively) do not coincide with a 3™ order SB but, as the
Figure 26 is showing, nonetheless they correspond to some pronounced 4™ order cycle
boundaries, highlighted also by two minor deviation of the Fischer plot curve. Overall, these
results show that sequence stratigraphic analysis can be used to identify the main mechanical
units and mechanical boundaries of a carbonate platform exposure. Indeed, in these

carbonates, when a 3" order SB is found, a mechanical boundary is found too (Figure 33).

The Fischer plot diagram has proven to be a valuable tool for SB identification. This is because
in these shallow-water successions the sedimentary cyclicity is mainly expressed through
variations of elementary cycle and bundle thickness. The Fischer plot curve highlights exactly
these variations and, therefore, can be used to identify objectively the position of 3™ order
SBs, which correspond to intervals where bundles, and then also elementary cycles, averagely

have a reduced thickness.

The role of 3" order sedimentary sequences in defining the main mechanical units of shallow-
water carbonates was highlighted also by previous works (Morettini et al., 2005; Barbier et al.,
2012). In particular, Morettini et al. (2005) investigated the sequence and mechanical

stratigraphy of the Fahud field of Oman and found that the clay-rich maximum flooding
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surfaces of 3™ order sequences act as a mechanical barrier for fracture propagation; while
Barbier et al. (2012) studied the fracturing pattern of the Madison Formation (Wyoming, USA)
and found that the interfaces of large-scale mechanical units can be correlated with the SBs
of 3™ order depositional sequences, which are characterized by the presence of evaporite
solution collapse breccias. If the presented case-study is compared with these two examples,
it is obvious that none of the proposed solution for the identification of the mechanical units
can be fully applied to the others. This consideration cannot be surprising, since one of the
paradigms in the study of carbonate rocks is that because of their intrinsic heterogeneities —
due to differences in terms of carbonate factories, depositional settings, diagenesis, burial and
deformation histories — conceptual models cannot be applied indiscriminately, and each case-
study requires ad-hoc solutions. On the other hand, the consistence shown in identifying 3™
order depositional sequences as a critical element for the definition of mechanical units in

such different case-studies, suggests that the identification of 3™ order sedimentary
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sequences is essential during reservoir characterization studies, not only to assess

sedimentological properties, but also to predict large-scale fracture distribution.

5.3.2 The Mt. Catiello

The information extracted from the quantitative analysis of fracture patterns at Mt. Catiello,
allows to test the observations made at the Conocchia cliff on an outcrop exposing the same
stratigraphic succession but characterized by a different structural architecture. Morevor,
allows to compare the two different workflows applied for the quantification of fracture

patterns.

Overall, from the analysis of spatial density maps of fracture patterns, two main mechanical
units can be identified at Mt. Catiello, Upper and Lower, separated by a main mechanical
boundary (Figures 29d and 29e). Even if the two units show comparable average values in
terms of estimated fracture intensity and density, they exhibit distinct fracture patterns, with
the Upper Unit more prone to the development of less numerous but higher discrete fractures
and the Lower Unit characterized by smaller but more abundant discrete fractures (Figures
30d and 30e). In order to unravel the potential stratigraphic controls on fracture distribution,
the results obtained from remote sensing observations were combined with field
investigations. The field survey showed that the two mechanical units are characterized by
distinct stratigraphic features: the Upper Unit consists of a cyclic succession of shallowing-
upward peritidal limestones and dolomitic limestones, while the Lower Unit consists of
dolostones with common stromatolitic laminae at the top of the strata. Even if these
differences could explain the distinct mechanical behavior of the two units, care must be taken

when interpreting these results. Decades of research and debate on the role of lithological
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parameters and associated petrophysical attributes in controlling fracture development in
carbonates have shown that, in this field, interpretation of results rarely is straightforward
and an acritical application of a rule of the thumb can be misleading (see Giorgioni et al. 2016
for a review). Regarding the Lower Cretaceous dolomitized carbonates of Mt. Faito area,
Giorgioni et al. (2016) showed that rock texture (crystal/grain size) is more important than

lithology (dolostone vs. limestone) in regulating the background fracture pattern.

Comparing the Mt. Catiello with the Conocchia cliff it appears that, even if characterized by a
slightly different structural style, their mechanical stratigraphy has some remarkable
similarities. The correlation of the two outcrops shows that the most effective mechanical
boundary identified at the Conocchia is situated at the same stratigraphic height of the main
mechanical boundary identified at Mt. Catiello, and that they are both consisting of a thinly-
bedded dolomitic interval. The two boundaries, therefore, can be considered as the same
stratigraphic level which act as a laterally-persistent mechanical boundary. The absence of
other clear mechanical boundaries affecting the Upper Unit of Mt Catiello, as was instead
shown at the Conocchia cliff, suggest a hierarchy of these boundaries. We can then suppose
that in two carbonate multilayers of same thickness and stratigraphy, one crossed by through-
going fracture and one crossed by faults, should be expected more effective mechanical
boundaries in the multilayer affected by through-going fractures and less effective boundaries
in the multilayer affected by faults. Such a phenomenon could be due to the impact of

different effective displacement for the involved structural discontinuities.

Recognizing the persistent stratigraphic features that act as mechanical barriers and control
the fracture pattern distribution in shallow-water carbonates of the Sorrento Peninsula has a

wide applicative impact, since they host important fractured aquifers (De Vita et al., 2018) and
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are the outcrop analogues of the fractured reservoirs hosting huge hydrocarbon
accumulations in the subsurface of Basilicata, Southern Italy (lannace et al., 2014). Considering
that these mechanical barriers are also low-permeability zones that can cause a vertical
compartmentalization of the reservoirs (Massaro et al., 2018), linking their position to specific
stratigraphic intervals can substantially help to understand the reservoir architecture and
build a realistic model of fluid circulation. Moreover, the mechanical barrier dividing the two
mechanical units of Mt. Catiello, correspond to a stratigraphic interval that, combined with
the fracture pattern developed in the Upper Unit, represent the pre-conditional factors that
caused a huge rock fall along the southwestern slope of Mt. Catiello (Perriello Zampelli et al.,
2015). Therefore, recognizing the persistent nature of this mechanical barrier in the Mt. Faito

area could also help to predict the potential occurrence of hazardous mass movements.

5.3.3 The Basilicata subsurface

[Testo non disponibile in quanto relativo a dati protetti da segreto industriale]
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6 CONCLUSIONS AND PERSPECTIVES
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In the present thesis an integrated study of the mechanical stratigraphy of two Lower
Cretaceous reservoir analogues exposed in the Sorrento peninsula (southern Italy) has been

carried out.

The aim was to understand the role of sedimentary controls on fracture distribution in shallow
water carbonates and test the applicability of the outcrop-based concepts developed in the
first part of the study on a subsurface dataset from the subsurface of the Basilicata region
(southern Italy). The study was performed integrating field measurements and remote sensing
of Virtual Outcrop Models (VOMs) of the reservoir analogues with the analysis of borehole

image log and core data from selected wells.

The key point of the study is that 3" order sedimentary sequences play a primary control on
the thickness of mechanical units and on the distribution of large-scale fractures. Therefore,
sequence stratigraphy can be successfully used to predict the distribution of large-scale

fractures in shallow-water carbonate platforms.

The main results can be summarized as follows:

e The outcrop studies revealed that major through-going fractures that cross the
investigated exposures generally cross-cut thick beds (bed thickness > 30 cm), whereas
they tend to abut against packages made of thinly stratified layers, in the same manner

as bed-confined fractures abut against less competent interlayers.

e Sequence stratigraphic analysis allowed to identify the key control exerted by 3™ order
sedimentary sequences on the formation of the thinly bedded levels. Therefore, 3™

order sedimentary sequences control the thickness of mechanical units and the
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position of their boundaries, which implies that sequence stratigraphy can be used to

predict height and distribution of through-going fractures.

Testing these outcrop-based insights in the subsurface showed that potential
mechanical boundaries can be identified through a sequence stratigraphic analysis
performed on FMI logs of vertical wells. The correlation observed between the mean
thickness of mechanical units and the mean spacing of large scale faults and fracture
corridor occurring in the same mechanical units confirms the key control exerted by

the stratigraphic architecture of these carbonates on their mechanical stratigraphy.

Following these outcomes, is proposed a new approach to estimate large-scale
fracture intensity in carbonate reservoirs, based on the evaluation of the thickness of

mechanical units through a sequence stratigraphic analysis.

The presented thesis offers new ideas and new tools for the study of fractured shallow-water

carbonates.

Future perspectives for this study could be to further explore the possible applications of the

most promising result, the prediction of large-scale fracture intensity using sequence

stratigraphy, on other fractured reservoirs characterized by comparable geological conditions.

The full application of this workflow would provide a valuable tool for reservoir quality

prediction.

Considering the positive results achieved with the integration of structural data extracted

from VOMs with fieldwork, continuing further this approach could lead to significative results

when a multi-scale integrated analysis of geological bodies is required.
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Finally, considering the persistent link between stratigraphy and fracture pattern distribution
shown by the shallow-water carbonates of the Sorrento Peninsula, the results of this study
could be extended and applied to other fields, such as the management of fractured aquifers
or the evaluation of slope stability, that could substantially benefit from the predictive-

concept developed and from the large amount of acquired data.
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