Geological Magazine

Fracture Stratigraphy of Mesozoic platform carbonates, Agri

Valley, southern Italy

Journal:

Geological Magazine

Manuscript ID

Draft

Manuscript Type:

Original Article

Date Submitted by the
Author:

n/a

Complete List of Authors:

Manniello, Canio; Universita degli Studi della Basilicata, Department of

Sciences

Agosta, Fabrizio; Universita degli Studi della Basilicata, Department of

Sciences

Todaro, Simona; Universita degli Studi di Palermo, Department of Earth
and Marine Sciences

Cavalcante, Francesco; Consiglio Nazionale delle Ricerche, Institute of

Methodologies for Environmental Analyses

Prosser, Giacomo; Universita degli Studi della Basilicata, Department of
Sciences

Keywords:

Depositional setting, main failure modes, fracture density, fracture
intensity, carbonate petrography, XRPD analysis, multiscale fracture
distribution

Abstract:

The outcropping platform carbonates form a layered succession crosscut
by a dense array of bed-parallel pressure solution seams and veins,
oblique-to-bedding pressure solution seams, and high-angle joints,
veins, and pressure solution seams. Altogether, these structural
elements form sub-seismic heterogeneities that formed during the poly-
phase tectonic evolution of the southern Apennines fold and-thrust belt,
Italy. Aiming at assessing the role exerted by the primary carbonate
architecture on failure modes and fracture geometry and distribution, we
conduct a multi-disciplinary study by performing stratigraphic,
petrographic, mineralogical, and mesoscale structural analyses. Based on
carbonate rocks textures and fossil associations, three bed package
associations associated to Pliensbachian-Toarcian, low-to-high energy
open lagoonal, and Cenomanian, medium-to-high lagoonal-tidal
depositional settings are assessed. Based upon specific failure modes,
the aforementioned structural elements pertain to burial diagenesis, an
early thrusting, a thrusting and a transtensional structural assemblages.
Computed P20 (2D fracture density) and P21 (2D fracture intensity)
values show that the primary interfaces present in the well bedded, low
energy, open lagoonal carbonates compartmentalized fractures within
single carbonate beds and bed packages. On the contrary, the
aforementioned values show the absence of efficient mechanical
interfaces in the medium-to-high energy lagoonal-tidal carbonates. This
conclusion is confirmed by considering the P10 (1D fracture intensity)
values computed for the most common diffuse fracture set. Moreover,
the higher values are computed for the coarse grained lithologies, which
is consistent with the control exerted by early chemical and physical
compaction and cementation processes in the fracture stratigraphy of
the study platform carbonates.
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Dear editor,

on behalf of my co-authors, I would like to submit the enclosed original article entitled “Fracture
Stratigraphy of Mesozoic platform carbonates, Agri Valley, southern Italy” to the special Issue of
the Geological Magazine journal entitled “Faults and fractures in rocks: mechanics, occurrence,
dating, stress history and fluid flow”. The present contribution includes original data obtained after
stratigraphic, petrographic, mineralogical, and structural analysis of outcropping platform
carbonates of southern Italy. The study sites expose Mesozoic rocks crosscut by numerous sets of
meso-scale fractures, whose distribution throughout the layered succession is investigated with
respect to both depositional setting and diagenetic evolution of the carbonates. Results show that
platform carbonates originally deposited within lagoonal settings included well-developed primary
anisotropies such as bed and bed package interfaces, which acted as mechanical barrier to the
vertical development of the fracture array. Differently those originally deposited in the tidal-
lagoonal setting included amalgamated carbonate beds, which did not affect the vertical fracture
growth by linkage of pre-existing fractures. However, despite those differences, all study rocks
show higher values of fracture density within the coarse-grained carbonate beds. Results are
interpreted as due to physical-chemical compaction and cementation processes that took place
within the carbonate prior to early Pleistocene transtensional faulting. Finally, a conceptual model
of the main structural assemblages documented at the outcrops scale within the carbonates is
reported.

I believe that our manuscript will be of interest for a broad scientific community, including
geologists working in the academia and those dealing with hydrocarbon, water, and geothermal
industries. For this reason, I thank you for the attention. and look forward to receive your comments

and suggestions.
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Highlights

- Open-to-tidal lagoonal depositional settings assessed for the study carbonates, which were then
subjected to a 4-5 km tectonic load.

- Depositional and diagenetic primary architecture affected both failure modes and fracture
distribution in the carbonate multilayer.

- Fracture compartmentalization within coarse grained carbonate beds due to both physical and
chemical compaction and cementation processes.

- Main failure modes associated to specific structural assemblages related burial diagenesis, early

thrusting, thrusting, and transtentional faulting.

Abstract

The outcropping platform carbonates form a layered succession crosscut by a dense array of bed-
parallel pressure solution seams and veins, oblique-to-bedding pressure solution seams, and high-
angle joints, veins, and pressure solution seams. Altogether, these structural elements form sub-

seismic heterogeneities that formed during the poly-phase tectonic evolution of the southern
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Apennines fold and-thrust belt, Italy. Aiming at assessing the role exerted by the primary
carbonate architecture on failure modes and fracture geometry and distribution, we conduct a
multi-disciplinary study by performing stratigraphic, petrographic, mineralogical, and mesoscale
structural analyses. Based on carbonate rocks textures and fossil associations, three bed package
associations associated to Pliensbachian-Toarcian, low-to-high energy open lagoonal, and
Cenomanian, medium-to-high lagoonal-tidal depositional settings are assessed. Based upon
specific failure modes, the aforementioned structural elements pertain to burial diagenesis, an
early thrusting, a thrusting and a transtensional structural assemblages. Computed P20 (2D
fracture density) and P21 (2D fracture intensity) values show that the primary interfaces present in
the well bedded, low energy, open lagoonal carbonates compartmentalized fractures within single
carbonate beds and bed packages. On the contrary, the aforementioned values show the absence
of efficient mechanical interfaces in the medium-to-high energy lagoonal-tidal carbonates. This
conclusion is confirmed by considering the P10 (1D fracture intensity) values computed for the
most common diffuse fracture set. Moreover, the higher values are computed for the coarse
grained lithologies, which is consistent with the control exerted by early chemical and physical
compaction and cementation processes in the fracture stratigraphy of the study platform

carbonates.

1. Introduction

It is well known that platform carbonates form either well-layered or massive successions
depending upon their depositional paleo-environment (Tucker, 1985). In particular, considering
lagoonal/peritidal carbonates, they often form well-layered successions (Fliigel, 2004) including
micrites with low values of primary porosity (Lucia, 1983; Lucia & Fogg, 1990). In these rocks, the

total amount of effective porosity is often significantly enhanced by mesoscale fractures often
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confined within discrete rock intervals (Odling, 1999; Korneva et al, 2014; Panza et al., 2016; 2019)
forming single mechanical units (Gross, 1993; Gross et al., 1995) bounded by primary interfaces
such as bed, bed package, and bed package association interfaces (Moore, 2002; Giuffrida et al.,
2019, 2020; La Bruna et al., 2020). The primary mechanical interfaces, in which bed-parallel
pressure solution seams often localize (Rustichelli et al.,2012, 2015) inhibit the vertical fracture
propagation affecting their dimensional properties and spacing distributions (Nur, 1980; Gross et
al., 1995; Becker et al.1996, Gross et al., 1997). Fracture stratigraphy is the discipline that
subdivides layered rocks into distinct intervals according to fracture height, density (P20, P30),
intensity (P10, P21, P32), and/or failure modes (Pollard & Aydin, 1988; Dershowitz & Herda, 1992;
Wu & Pollard, 1995; Antonellini et al., 2008; Agosta et al., 2009, 2015). Since the rock mechanical
properties at times of deformation might differ from those measured in the laboratory due to
diagenetic evolution, fracture stratigraphy only takes the aforementioned fracture properties into
account (Laubach et al., 2010).

In this work, we analyze the fracture stratigraphy of Mesozoic carbonates pertaining to the
Apennine Platform exposed in the axial zone of the southern Apennines fold-and-thrust belt, ftb
(Patacca & Scandone, 2007; Schettino & Turco, 2011). The study carbonates of the Viggiano Mt.
area were subjected to a multi-phase tectonic evolution, which caused the formation of both
diffuse and localized fractures (Cello et al. 1998; Maschio et al., 2005). Now, for the first time, we
apply a variety of methods to investigate their stratigraphic, petrographic, mineralogical, and
structural settings. The results of field stratigraphic logging and both petrographic and
mineralogical analyses are discussed to decipher the primary architecture, paleo-depositional
environments, and diagenetic evolution of the study platform carbonates. We then focus on both
gualitative and quantitative fracture analyses to assess the main failure modes, and both two-

dimensional fracture density (P20) and intensity (P21) values. Results of this work are discussed in
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order to gain insights into the control exerted by the primary, depositional/diagenetic carbonate
architecture on the geometry, distribution, and main failure modes of mesoscale fractures.
Applications of this knowledge span from groundwater management and preservation (Andreo et
al., 2008; Marin et al., 2015; Petrella et al., 2015; Corniello et al., 2018) to geothermal fluid
circulation (Bellani et al. 2004; Smeraglia et al., 2021) and hydrocarbon production (Mosca &

Wavrek, 2002; Shiner et al., 2004).

2. Geological Setting

The southern Apennines are a portion of the Apennines fold-and-thrusts belt (f.t.b)., which
extends NW-SE from southern Abruzzo-alto Molise area (Ortona-Rocca Monfina tectonic
lineament, Patacca et al. 1992) to the Calabrian-Lucanian border (San Gineto tectonic lineament,
Amodio Morelli et al., 1976). The southern Apennines ftb is made up of E-to-NE vergent thrust
sheets crosscut by high-angle trastensional faults (Mostardini & Merlini, 1986; Hippolyte et al.,
1995; Patacca & Scandone, 2007; Vezzani et al, 2010). Its present day structural configuration is
due to its multi-phase tectonic evolution, which determined a non-cylindrical deformation
(Menardi Noguera & Rea, 2000).

The Viggiano Mt. study area lies in the axial zone of the southern Apennines, which is bounded
westward by the Tyrrhenian back-arc extensional region (Malinverno & Ryan, 1986; Kastens et al.,
1990; Patacca et al.,1992 a,b), and by the Bradanic Through including the emerged, Plio-
Pleistocene foredeep basin (Patacca et al., 1990; Patacca & Scandone, 2007). The axial zone of the
southern Apennines ftb forms a multi-duplex in which thrust-sheets were emplaced during late-
oligocene — early miocene due to combined thin- and thick-skinned tectonic styles (Mostardini &
Merlini, 1986; Casero et al., 1988, 1991; Monaco et al., 1998; Menardi Noguera & Rea, 2000;

Improta et al., 2000; Shiner et al., 2004;). Since late Pliocene, the axial zone of the southern
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Apennines ftb was subjected to extensional tectonics (Giano et al., 2000; Novellino et al., 2015)
associated to the Tyrrhenian Basin opening, and/or to gravitational collapse of the orogen (Cello &
Mazzoli, 1998; Doglioni et al., 1996; Scrocca et al., 2005; Vezzani et al., 2010).

The Apennine carbonate Platform occurs as a regional scale thrust sheet within the Southern
Apennines ftb. It formed at the eastern margin of the Jurassic Lugurian Tethys Ocean in between
the Liguride-Sicilide and Lagonegro-Molise sedimentary basins (Patacca & Scandone, 2007;
Schettino & Turco, 2001). Overall, this carbonate platform included three main stratigraphic units
(Vezzani et al., 2010):

(1) Capri-Bulgheria Unit, representing the westernmost portion of the ancient platform, it is
constituted by internal transition facies, shallow water carbonates (Triassic - Jurassic), and
re-sedimented carbonates interbedded with Lower Cretaceous to Miocene marls.

(2) Alburno-Cervati Unit, the ancient platform-interior portion, it is made up of open shallow
platform facies (Triassic dolomites and dolomitic limestones) topped by shallow water
limestones passing upwards to Miocene slope carbonates and terrigenous deposits.

(3) Maddalena Mt. Unit, the easternmost portion of the ancient platform, which includes the
transitional facies deposited in between the Alburno-Cervati Unit and the eastern
Lagonegro Basin.

2.a Viggiano Mt. area

The Viggiano Mt. area is located along the NE margin of the Agri Valley, which is an intra-mountain
tectonic basin filled with Quaternary fluvio-lacustrine deposits (Di Niro et al., 1992). The Agri
Valley basin is WNW-ESE elongated, and it is bounded by high-angle transtensional faults forming
the East Agri Valley (EAFS) and Monti della Maddalena (MMFS) fault systems (Cello & Mazzoli,
1998; Cello et al., 2000; Cello et al.; 2003; Maschio et al., 2005). According to Cello & Mazzoli

(1998) and Cello et al. (2000), the EAFS is constituted by N120E high-angle left-lateral strike-slip
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faults, N30E right-lateral transtensional faults, N90-110E left-lateral transtensional faults, and
N130-150E left-lateral transpressional faults. Differently, Maschio et al. (2005), documented left-
lateral transtension along the WNW-ESE-trending, left-stepping master faults, which localized
dilation within the releasing jogs forming NE-SW normal faults. Transtensional faulting involved
slope deposits and paleo-soils 39 and 18 ka old, respectively (Giano et al., 2000), and caused the
historical seismicity that characterizes the whole Agri Valley area (Mallet, 1862; Cello et al., 2003,
Buttinelli et al.,2016).

The Viggiano Mt. area is bounded southward by NW-SE transtensional faults, northeastward by
NE-SW transtensional faults, and by a NW-SE striking thrust fault to north (Fig. 2). The bottom
portion of the Viggiano Mt. carbonates includes lower Jurassic wackestones and packstones
(“Scarrone La Macchia” site, Fig. 2b) with thick-shelled bivalve (Lithiotis), green algae
(Palaeodasycladus mediterraneus), foraminifera (Siphoalvulina sp, Pseudocyclammina liassica,
marking the Pleinsbachian age), as documented by Lechler (2012.). These carbonates formed in a
subtropical, inner platform depositional environment, and are topped by thick, massive oolites
postdating the Early Toarcian Anoxic event (Caruthers et al., 2013; Trecalli et al., 2012; Wignall &
Bond, 2008). The Albian-Cenomanian carbonates (“Il Monte” site, Fig. 2c) include thick layers of
carbonate rudstones and grainstones with gastropods, bivalves, rudits (Radiolitidae), and
foraminifera (Lechler et al., 2012). The topmost portion of the exposed carbonate succession is
made up of Cenomanian carbonate mudstones-to-rudstones and boundstones (Lithocodium),
which include geopetal structures and fossils such as the Conicorbitolina conica, Salpingoporella

turgida and Caprinidae (Lechler et al., 2012).

3. Methods
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The present study focuses on the two main sites of “Scarrone la Macchia” and “Il Monte”, which
are respectively located along the southern cliff and the topmost portion of the Viggiano Mt.
massif (Fig. 2). The chosen sites of investigation are bounded by large scale, high angle
transtensional faults (Fig. 1). Hereafter, the main methods employed for the research work are
reported.

3.a Stratigraphic analysis and rock sampling

Detailed stratigraphic logs were performed at each study site by mean of mesoscale analysis of
both bed thickness and carbonate lithofacies (Dunham, 1962). In detail, beds are bounded by
laterally continuous pressure solution seams and clayish interfaces. In the field, the carbonate
lithofacies were assessed by using a portable magnifying lens. Samples collected from single beds
were first classified according to Dunham (1962). A total of 60 samples was collected from the
“Scarrone la Macchia” site, 51 samples from the “Il Monte” site for subsequent laboratory
analyses. Moreover, a total of 10 cohesive samples were collected from the clay-containing
carbonate bed interfaces at the bottom of the oolithic carbonate exposed at the “Scarrone la
Macchia” site.

3.b Petrographic analysis

The petrographic characterization was carried out through an optical microscope (Leitz Laborlux
12 Pol) associated to the Zen software for the acquisition of photomicrographs. The textural
classifications of microfacies followed Dunham (1962) and Embry & Klovan (1971). A total of 19
thin sections from the “Scarrone la Macchia” site and 14 from the “ll Monte” site were analyzed.
Biostratigraphic analysis of the Lower Jurassic carbonates from the “Scarrone La Macchia” site was
based on biozonal schemes and chronostratigraphic references related to the Tethyan inner-
carbonate platforms (De Castro, 1991; Boufagher-Fadel, 2008, Chiocchini et al., 1994; Barattolo &

Romano, 2005). Biostratigraphic analysis of the Cretaceous carbonates of the “Il Monte” site
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followed the distribution ranges described for the Tethyan realm in previous studies (Di Stefano &
Ruberti, 2000; Chiocchini et al., 1994).
3.c Mineralogical analysis
20 powders obtained from “Scarrone la Macchia” site hand samples were investigated by mean of
X-ray Powder Diffraction (XRPD) analysis. Particularly, the analyzed samples include cohesive clay-
containing samples gathered within carbonate bed packages interfaces and carbonate samples
gathered within the interface-bounding carbonate beds. We employed the Rigaku D/Max 2200
diffractometer with ©-©6 Bragg-Bentrano geometry, equipped with CuKa radiation, automatic
sample holder spinner, secondary graphite monochromator, and scintillation detector. The
following instrumental conditions were adopted: power: 40 mA x 30 kV, step scan 0.02 °20, speed
3s/step, divergent slit 1°and receiver slit 0.3 mm. The random powders and oriented specimens
were analyzed in the angular range of 2 - 70 °26 and 2 - 32 °26, respectively. The analyses were
performed on the bulk samples, on the terrigenous component and on the < 2 um terrigenous
fraction (Table 1).

-Please insert Table 1 here-
The hand samples were first crushed. Then, one aliquot was pulverized by friction in a concentric-
disk agate mill, whereas another aliquot was treated with diluted HCI (Cuadros & Altaner, 1998) to
eliminate the carbonates and collect silicate component. The silicate component was washed
several times with distilled water and collected by centrifugation. 0.5 of this material was
manually milled by using mortar and pestle, and then used for random specimens. 1.5 g of the
material was used to separate the clay fraction (<2um) by sedimentation in beaker, according to
the Stock's law. The random specimens were prepared using side loading. The clay fraction,
previously saturated with 1IN MgCl, solution, was used for orientated specimens by settling

suspension on a glass slide (Moores & Reynolds, 1997). The specimens were analyzed air dried,
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ethylene glycol solvated, and then heated at 375 °C (Moore & Reynolds, 1997). Percentage of illite
and ordering (R; Reichweite) of the mixed layers illite/smectite were determined (Moore &
Reynolds, 1997).
3.d Structural analysis
Field structural analyses were carried out by applying the circular scanlines method, which consists
of circles drawn on the rock surface delimitating a circular window (symmetric sampling area), and
linear scan lines oriented parallel to beddings. Circular scanline measurements provided the
number of fracture intersections, n, and the number of fracture endpoints inside the circular
window, m. In All fracture traces longer than 3 cm were considered. Both strata-bound and non-
strata bound high-angle fractures were measured. Outcrops were chosen based on their
accessibility, dimensions (> 10 m-long), and distance from main fault zones (Rohrbaugh et al.,
2002; Mauldon et al., 2001).
The measured m and n parameters were then respectively employed for 2D fracture density (P20)
and intensity (P21) computations, according to the approach introduced by Mauldon et al. (2001).
Fracture density represents the number of fracture trace centers per unit area (1/m?), and the
estimator factor is obtained from the number of fracture endpoints (m) inside the circular window
by the following equation:

P20=m/2nr
Where “r” is the radius of the circular scan line.
Fracture intensity represents the mean total trace length of fractures per unit area (m/m?), and
the estimator is obtained from the number of fracture intersections with the circular scan line (n)
by the following equation:

P21=n/4n
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To obtain a representative estimation of the P20 and P21 values, the circular window should be

sufficiently large to contain at least 30 endpoints (Rohrbaugh et al., 2002).

A linear scan line is an ideal line drawn on the rock that allows detailed measurement of fracture

properties and true spacing computation for single fracture sets (Giuffrida et al., 2019 and

references therein). The method is based on the measure of the fracture attitude and the distance

from the origin of the linear scan line. This method is employed for 1D fracture intensity, P10, and

true fracture spacing (S;), calculations. True spacing is obtained by applying a trigonometric

correction to the apparent spacing (S,) measured along the scan line. The trigonometric correction

considers the a and 3 angles, which respectively correspond to the azimuthal angle formed by the

fracture strike direction and the scan line trend, and to the zenithal angle formed by the fracture

dip and the scan line plunge. The true fracture spacing is given by the following equation:
Sr=Sr(sinat)(cosPB)

4. Results

In this chapter, data obtained from the various analyses are reported in order to first document

the stratigraphic and petrography of the carbonate succession, and then document both spatial

distribution, dimensional properties, and main failure modes of the fracture networks dissecting

them.

4.a Carbonate stratigraphy

4.a.1 “Scarrone la Macchia” site

The ca. 56 m thick succession includes two informal units, which respectively correspond to mud-

supported and oolithic limestones. The mud-supported carbonates consist of dark limestones and

marly intercalations, which dip NE and show a total thickness of about 43 m (Fig.3a). There, 12

single bed packages labelled A to N bottom up are documented (Fig. 3a), which are bounded by 5-

to-15 cm-thick, clay-rich carbonate interfaces including anastomosed, bed-parallel, and bed-
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oblique pressure solution seams. Single bed packages show fining-upwards carbonate textures.
Their thickness varies from ca. 13 m (bottom) to ca. 1m (top). Within single bed packages, thick
beds of coarse-grained limestones are topped by thin beds of fine-grained limestones. Single
carbonate beds are delimited by laterally continuous, mm- to cm-thick bed interfaces, which might
include pressure solution seams with siliciclastic films of insoluble material. Overall, we interpret
this succession as forming a bed package association, as proposed for Apulian platform carbonates
exposed bot in the foreland (Spalluto, 2012; Panza et al., 2016, 2019) and axial portions of the
southern Apennines ftb (Giuffrida et al., 2020).

The ca. 13 m-thick oolithic limestones include four main bed packages (Fig. 3a) made of 40 cm- to
5 m-thick grainstone beds showing a pronounced amalgamation, and therefore lateral variation of
thickness. Bed interfaces are marked by laterally continuous clusters of well-developed pressure
solution seams, which were responsible for bed amalgamation. At a close view, the single pressure
solution seams do not show any presence of insoluble clayish material. The bed packages
interfaces are laterally continuous and include mm-thick clay-rich carbonates crosscut by pressure
solution seams. We also interpret this succession as part of a single bed package association
(Spalluto, 2012) bounded at the bottom by a 10 to 15 cm thick, mixed carbonate-terrigenous
interface in which tiny, mm- to cm-sized elongated clasts are embedded in a fine-grained matrix.
4.0.2 “ll Monte” site

The exposed succession consists of 67 m-thick massive carbonate mudstones and grainstones, in
which bedding interfaces are not laterally continuous due to bed amalgamation (Fig. 3b). The
massive carbonates include bioclastic rudstone/floatstone, grainstones, and breccias forming 11
bed packages labelled A to M bottom-up (Fig 3 b). There, single clasts are mainly made up of rudist
fragments (Radiolitidae and Caprinae) up to 5 cm in size (cf. Ch. 4.b). Commonly, single bed-

packages show a fining upward trend, with rudstone/floatstones as base-levels topped by thinner
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grainstone beds. Bed-packages interfaces are represented by laterally continuous erosive, surfaces
located at the bottom of the breccia beds that are locally characterized by pressure solution.
Differently, single beds interfaces are generally due to isolated pressure solution seams with quite
tabular shapes. We also interpret this succession as part of a single bed package association (cf.
Spalluto, 2011).

4.b Carbonate petrography

4.b.1 “Scarrone la Macchia” site

The mud supported limestones include carbonate wackestones, subordinately mudstones, and
packstones/grainstones. The overall microfossil assemblages contain abundant benthic
foraminifera and calcareous algae (including Haurania sp., Siphovalvulina sp., Lituosepta sp.,
Palaeodasycladus mediterraneus, the microproblematica Thaumatoporella parvovesiculifera (Figs.
4 a-e). According to the biozonal scheme proposed by Chiocchini et al. (1994) and Boudagher-
Fadel (2008), the aforementioned fossil association is consistent with an upper Sinemurian-
Pliensbachian age. The secondary porosity related to fractures is or occluded by granular cement
or is still open as evidenced by blue resin (Fug. 4g).

The oolithic limestones include ooids showing obliteration of the laminae due to intense
micritization (Fig. 4f). However, in some cases, is possible to individuate the original fabric
consisting of concentric laminae. Ooids are 500 to 1000 um in size. Their nuclei consist of skeletal
grains, peloids and in rare cases by mineral grain. An alternation of laminae (<1cm thick) made up
of micrite oncoids (> 1 mm) is documented. The ooids are cemented with blocky calcite. The
lacking of suture-like contact between grains is interpreted as due to not pronounced chemical
compaction of the oolites. Secondary porosity is still preserved within these rocks (Fig. 4h).

4.b.2°1l Monte” site
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The poorly bedded carbonates are made up of bivalve fragments, gastropods, algae, and benthic
foraminifers (orbitolinids) (Figs. 53, b, c, e.). Single rudist fragments can be more than 5 cm in size,
micritized, and in some cases affected by microboring (Fig. 5b). Only one of the study thin sections
shows stromatolitic laminae associated with oncoids and ostracods. In places, single grains are
affected by pervasive dissolution (Fig. 5e and 5f). Both granular and meniscus cements and
isopachous crust constitute the grain-supported texture of the carbonate rudstone/grainstone
(Figs. 5e and 5f). Intergranular porosity is mainly filled by carbonare cements and both barren silts
and sediments rich in ostracods (Fig. 5e and 5f).
4.c Mineralogical analysis
The results of the XRPD qualitative analyses are reported in Table 2, and Figs 6 and 7. In the
random powder analysis of the bulk rocks, all samples mainly include calcite. Silicate component is
detectable in little amount (Fig. 6a), and it is composed by quartz, feldspars (plagioclase), goethite
and clay minarals such as illite, mixed-layer illite/smectite (I/S), little amounts of chlorite and
kaolinite (Fig. 6b). Mixed-layers show ordered R1, with illite percentages of 80% and R3 with 90%
of illite, both in cohesive limestones and interbed layers (Fig. 7; Table 2).

- Please insert Table 2 here-
4.d Fracture Density and Intensity
At the “Scarrone la macchia” site (Fig. 8a), within the mud supported bpa the values of fracture
density, P20, varies from 61 m2 (1m-thick carbonate wackestone bed at ca. 35 m from the base
level) to 552 m= (40 cm-thick carbonate packstone bed at ca. 14 m from the base level). We note
that the P20 values commonly decrease upward within single bed packages, and that they are
higher in the thicker and coarser carbonate beds. In the same rocks, the P21 value varies from 10
m (1m thick carbonate wackestone bed at ca. 35 m from the base level) to 46.7 m™ (1.6m-thick

carbonate grainstone bed at ca. 7 m from the base level). We note that higher P21 values are
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calculated for coarser-grained, grain-supported beds located at the bottom of single bed package,
and that the lower P21 values are computed for the fine-grained, mud-supported carbonate beds.
The oolithic bpa is characterized by a P20 value varying from 87.6 m? (90 cm-thick carbonate
grainstone at ca. 55m from the base level) to 488 m2 (50 cm-thick carbonate grainstone bed at 50
m from the base level). Differently, the P21 value spans from 1.0 m™? (90 cm-thick carbonate
grainstone bed at 55 m from the base level) and 47.5 m® (50 cm-thick carbonate grainstone bed at
50 m from the base level). We note that the aforementioned values of P20 and P21 are related to
the same carbonate beds, and that the highest values are computed for the thinner carbonate
grainstone beds.
At the “ll Monte” site (Fig. 8b), within the breccia bpa, the values of fracture density, P20, vary
from 43.3 m2 (20 cm mudstone bed, at ca. 14 m from the base level) to 184 m2 (3 m-thick bed
carbonate breccia at ca.4 m from the base level). The P21 computed values vary from 8 m (60
cm-thick packstone, at ca. 51m from the base level) to 25 m™ (2 m-thick carbonate breccia level at
14 m from the base level). The higher P20 and P21 values are computed for the thicker, coarse-
grained carbonate beds, whereas the lower values for thinner, mud supported carbonate beds.
Moreover, at both “Scarrone la Macchia” site and at “il Monte” the 1D fracture intensity P10 has
been calculated for the JV1 set (cf. chapter 4e. below) within significant beds and the values are
reported in Table 3.

- Please insert Table 3 here-

4.e Fracture network geometry

The cumulative plots of the poles of fractures measured in the field are shown as present-day data
(Fig. 9a), and after bedding restoration (Fig. 9b) in equal-area, lower-hemisphere projections
(Allmendinger et al., 2003). Fracture data are restored by taking the attitude of single beds into
account. High angle to sub-vertical fractures are documented (Fig. 9a). The poles mainly cluster
around the value of N199/06 (trend/plunge), which is related to a ca. WSW-ENE striking sub-
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vertical set. The restored data show a main cluster of the poles around the N195/23 value, which
corresponds to a WSW-ENE striking high-angle fracture set.
In order to precisely document the fracture network geometry, the aforementioned dataset is
subdivided into three different subsets corresponding to the study bed package associations,
respectively (Fig. 10). Five main sets are recognized in both true data and restore data plots:

e Set A, fractures striking ca. ESE-WNW;

e Set B, fractures striking ca. NW-SE;

e Set C, fractures striking ca. N-S;

e Set D, fractures striking ca. NE-SW;

e SetE, fractures striking ca. ENE-WSW.
We note that Set A shows the greatest clustering of the poles in the mud-supported bpa, forming
a 68° cut-off angle with bedding, whereas it is a secondary one in the oolithic bpa (56° cut-off
angle). Set B shows low values of pole-density in all study bpa’s, with cut-off angles varying from
74° (mud-supported bpa) to 55° (both oolithic and breccia bpa’s). Set C is not well developed in
both mud-supported and breccia bpa’s, whereas it forms the main fracture set in the oolithic bpa
(50° cut-off angles). Set D shows low values of pole density in all the study bpa’s, forming cut-off
angles varying from 86° (mud-supported bpa) to 71° (breccia bpa) and 67° (oolithic bpa). Set E is
mainly present in the breccia bpa, in which it forms the main fracture sets forming a 68° cut-off
angle with bedding.

4.f Main Failure Modes

Two sets of pervasive, bed-parallel pressure solution seams, PSS, are localized within bed
interfaces (PSS1a) and within the single carbonate beds (PSS1b). PSS1a are laterally continuous at
outcrop scales, causing bed amalgamation in the oolithic bpa, whereas PSS1b are up to 10’s of cm-

long (Figs 11a, 11b and 11c). Four sets of bed oblique PSS are documented in the study
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carbonates. The PSS2 set strikes ca. N-S and forms a 70° cut-off angle with bedding. The PSS3 set
strikes NW-SE and forms a 70° cut-off angle with bedding. Both PSS4a and PSS4b sets strike ca. NE-
SW. PSS4a dips ca. 70° NW, whereas PSS4b dips ca. 30° SW (Figs 11b and 11d). These structural
elements abut against both PSS1a and PSS1b and are localized within the single carbonate beds.
Together with the PSS1b, they form anastomosed patterns visible at outcrop scales.

Four sets of open fractures and veins are documented. The JV1 set strikes ENE-WSW to ESE-WNW,
includes both strata-bound and not-strata-bound open fractures and veins (Figs 11c and 11d), and
forms 75°to 85° cut-off angle with bedding. Commonly, the JV1 veins are closely spaced together
forming a few cm-thick swarms within single carbonate beds. The strata bound JV1 fractures and
veins abut against PSS1b (Fig 11c) and PSS1a. The JV2 set strikes circa N-S and is comprised of both
not strata bound, and strata bound open fractures and veins forming 70° cut off angle with
bedding. These features are mainly documented in the oolithic bpa The JV3 veins are parallel to
bedding and abut against JV1 (Fig 11d). We note that these bed-parallel veins are mainly located in
the carbonate beds encompassing bed package interfaces and abut against the PSS4a and PSS4b
structural elements. The JV4 set strikes NW-SE, is ca. perpendicular to bedding, and mainly
includes strata-bound fractures abutting against PSS1la and, subordinately, PSS1b. The JV5 set
strikes NE-SW, and includes bed-perpendicular, strata-bound fractures and veins abutting against
PSS1a and, subordinately, PSS1b. In map view, JV4 abut against JV5 structural elements (Fig. 11e),
JV1 and JV2 show mutual crosscutting relations with JV4 and JV5 structural elements (Fig. 11e),
and JV2 fractures localize at the tips of JV5 fractures.

The bed-package surfaces, are often, high-strain and very narrow volumes (not more than 15 cm
of thickness). Slip surfaces have been documented along those interfaces, particularly by
recognizing a top-to-NE S-C-C’' tectonite fabric (Fig 11f). Within those interfaces there are

elongated, sigmoidal shaped carbonate clasts. The contact surfaces between the clasts are
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characterized by pressure solution, and within the interfaces there are films of insoluble grayish-
to-greenish siliciclastic material.

4.g Multiscale fracture spacing properties

S1, S2, and S3 linear scan lines were performed along orthogonal outcrops of the “Scarrone la
macchia” site (Fig. 12) exposing the mud-supported bpa Both S1 (N230E/40°) and S3 (N100E/31°)
were positioned away from mesoscale fault zones, whereas S2 (N180E/25°) crosscuts a ca. N110E
striking, high angle mesoscale fault zone. The poles to fractures intersected by the S1, S2 and S3
are plotted into 3 distinct equal-area, lower-hemisphere projections (Figs 12a, 12d and 12g). Two
main fracture sets striking N292E and N30OE are found along S1. The bi-logarithmic fracture
spacing vs. cumulative number plots show an exponential (RZ = 0.97) best-fit function for the N292
set, and a power law (R? = 0.93) best fit function for the N300 set (Figs. 12b and 12c). Two main
fracture sets respectively striking N252E and N284E are found along the S2. The bi-logarithmic
fracture spacing vs. cumulative number plots show a power law best fit function (R? = 0. 96, fig.
12e) for the N252 set, and an exponential distribution (R? = 0.93, fig. 12f) for the N284 set. Two
main fracture sets respectively striking N180E and N206E are found along the S3 dataset. The bi-
logarithmic fracture spacing vs. cumulative number plots show a power law best fit function (R? =
0.92, fig. 12h) for the N180OE set, and an exponential distribution (R? = 0.87, fig. 12i) for the N206E

set

5. Discussion

In this chapter, we first discuss the results of stratigraphic, petrographic, and mineralogical
analyses to assess the paleo depositional environments and diagenetic conditions of the
carbonate sediments. Then, we consider the main failure modes in light of the main tectonic

processes that took place in the study area of southern Italy with the goal of associating the
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individual fracture sets to given structural assemblages. Finally, distribution of both P20 and P21
values is considered in order to decipher the fracture stratigraphy of the Mesozoic platform
carbonates. Il this regard, we focus on the intensity distribution computed for the most common
fracture set pre-dating transtensional faulting.

5.a Depositional Setting

The Apennine Platform is considered as part of the bridge that connected the African Plate to the
Adria microplate (Zarcone et al., 2010; Randazzo et al.,, 2021). The carbonate factory of the
Apennine Platform was established in the Late Triassic, and lasted until middle Cretaceous (Sartoni
& Crescenti, 1961; Selli, 1957,1962). Previous studies ascribed the study Viggiano Mt. carbonates
to the Alburno-Cervati Unit (Lechler et al., 2012), which represented the inner portion of the
Apennine Platform.

In the mud-supported bpa, according to microfacies observations, the dark-muddy limestone
formed in an inner shallow platform environment (Flugel, 2004). The association between large
benthic foraminifera and algae also suggests that carbonate deposition occurred in well
oxygenated, warm waters of tropical and subtropical latitudes (Fugagnoli, 2004). Occurrence of
carbonate grainstones and packstones with ooids and irregular clasts is interpreted as due to
occasional turbulent conditions (Flugel, 2004; Clari 1975). Presence of thick shell of Lithiotis
bivalves and rare ooids in the aforementioned rocks is therefore consistent with heterogeneous
depositional environments also characterized by build-ups and sand shoals (Gale, 2005).
Accordingly, we assess that deposition took place in a lagoon protected by sand shoals. The
informal litho-biostratigraphic zonation is mainly based on benthic foraminifers and calcareous
algae association. It is known that the distribution of the Palaeodasycladus mediterraneus ranges
throughout the Lower Jurassic (Barattolo, 1991). However, the association of this algae with

benthic foraminifera such as Haurania sp., Siphovalvulina sp., Lituosepta sp. is consistent with the
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mud-supported bpa being upper Sinemurian-Pliensbachian age. The benthic foraminifera
association is characterized by larger agglutinated species, which indicates stable and well-
oxygenated water conditions, which occurred after the end of the Triassic extinction event
(Barattolo and Romano, 2005; Mancinelli et al., 2005; Boudagher Fadel and Bosence, 2007, Todaro
etal., 2017).

The oolithic grainstones are also consistent with presence of sand shoals in the depositional
environment, indicating high energy conditions above fair-weather wave base (Flugel, 2004). The
Lower Jurassic stratigraphy of many western Tethyan carbonate successions shows that carbonate
platforms were characterized by a wide low gradient ramp rimmed by sand shoals (Boudager
Fadel et al., 2008). Development of the sandy margins was hence a consequence of the absence of
sponge reefs (End Triassic Mass Extinction, Di Stefano et al., 1996, Todaro et al., 2018). The
lithofacies transition between the mud supported and oolithic bpa’s marks a relative deepening of
the platform, and the landward migration of the sand shoals. This transition converges with others
Lower Jurassic succession of the western Tethys (Ettinger et al., 2021). Formation of the thick
oolithic limestones above shallow-water carbonates likely occurred after a major transgression
and mass extinction (Mei & Gao, 2012). The results of biostratigraphic analyses point out to a
biological turnover between mud supported and oolithic bpa’s. The Pliensbachian-Toarcian
extinction is associated to a sequence boundary related to a transgression phase (Hallam, 1997;
Hag, 2017). This rapid sea level rise determined the drowning of the carbonate platform, with the
consequence stillstand of the carbonate factory.

The lithofacies association documented in the breccia bpa is indicative of a high energy shelf
environment. In detail, presence of shallow-water biota, rounded skeletal fragments, and/or
pristine rudist fossils (Caprinids bouquet in growth position, Bentivenga et al., 2017) suggests a

depositional setting close to the platform margin (reef to fore-reef) with a moderate to high
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energy level (Hughes, 2000; Di Stefano & Ruberti, 2000). On the other hand, occurrence of
stromatolites, ooids, and oncoids suggests a more internal lagoonal-tidal environment not far from
the margin.

A similar depositional environment was described in northern Sicily by Di Stefano & Ruberti
(2000), who documented a Cenomanian carbonate platform whose margin included rudist patch
reefs in which long-lasting, in situ, wave reworking determined the deposition of poorly sorted
rudtsone/floatstone. Moreover, presence of stromatolitic laminae is consistent with a relative sea
level oscillation, whereas that of meniscus cements suggests a possible vadose fluid circulation
during subaerial exposure of the platform margin (Flugel, 2004).

5.b Diagenetic evolution

The analysis of clay minerals can help to define the paleoclimatic conditions of depositional
environments, and to retrieve information on the diagenetic rock evolution by assessing the
mineralogical transformations (Hoffman &Hower, 1979; Chamley, 1989; Thiry, 2000; Cavalcante et
al., 2003; 2011; Mazzoli et al., 2008; Perri et al., 2012; Garzanti et al., 2014; Tateo, 2020; Hurst et
al., 2021; Bitchong et al., 2021; Waliczek et al., 2021). The analysed mixed carbonate terrigenous
powder samples deriving from bed package interfaces and surrounding carbonate beds pertaining
to the mud-supported bpa include clay minerals. The very low amount, or absence, of goethite,
kaolinite, hematite and boemite in the powder samples suggests that the terrigenous component
was not involved in post-sedimentary reworking processes and sub-aerial alteration (Agosta et
al.,2021). The features of mixed layers I/S are consistent with a thermal maturity (130-140 °C)
typical of high diagenetic conditions (Merrimman & Peacor, 1999; Cavalcante et al., 2012; Perri et
al., 2016; Waliczek et al., 2021). However, since illitization of smectite and formation of mixed-
layers not only depends on temperature, but also on the amount of time (McCubbin & Patton,

1981) and K-availability (Cavalcante et al., 2007; 2015; Perri et al., 2012; 2016). Since the study
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sediments are quite old (Lower Jurassic), it is possible that the temperature was lower than that,
corresponding to ca. 100 °C. Taking a geothermal gradient of about 20 °C into account, which is
typical of accretionary wedge (Merriman, 2005), a load up to ca. 4-km is estimated. Considering an
overall thickness < 1 km of the study platform carbonates, the structural stacking of more internal
units of the southern Apennines is assessed as the main controlling factor for the diagenetic
evolution of the carbonates.

5.c Diffuse vs. localized fractures

The results of multiscale fracture spacing distribution (cf. Chapter 4.6 above) showed that both
N292-300E (JV1 set in Fig. 11) and N206E (JV2 set in Fig. 11) high-angle sets are characterized by
exponential best fits (Fig. 12). It is known that exponential best fits characterize fracture sets that
formed under a uniform stress distribution (Dershowitz & Einstein, 1988), in which the nucleation
process is comparable to a Poissonian process (Cruden, 1977). In other words, the probability that
a fracture could enucleate within a given space interval (i.e., within a single carbonate bed) is
constant. However, we note that the JV1 set is also characterized by a power law distribution
characterized by a fractal dimension D corresponding to the slope of the best fit line (Mandelbrot,
1983). Fracture sets with power law spacing distribution best fits are associated to localized
deformation around fault planes or sheared pre-existing structures (Bonnet et al., 2001 and
references therein). The double multiscale spacing distribution computed for the JV1 set is
therefore consistent multiple stage of formation.

Together with the coeval JV1 fractures (Fig. 11), the JV2 set forms a cross orthogonal system that
likely formed due to a local stress state transition mechanism (Bai & Pollard, 2000; Bai et al.,
2002). The cross orthogonal fracture system developed during burial diagenesis (Zhang & Spiers,
2005; Aydin et al., 2006; Agosta and Aydin, 2006; Agosta et al., 2009; Lamarche et al., 2012;

Lavenu et al., 2014; Agosta et al., 2015; Rustichelli et al., 2015), and/or foreland bulging of the
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Apennine Platform (Billi & Salvini, 2003; Tavani et al., 2015).The fracture sets characterized by
power law distributions, with D-values comprised between 0.76 and 0.56 (Mandelbrot, 1983), are
interpreted as due to localized faulting (Bonnet et al, 2001 and references therein), as assessed for
incipient and small faults in the nearby Monte Alpi carbonates by Giuffrida et al. (2019, 2020).

5.d Fracture assemblages

According to the existing bibliography, both PSSla and PSS1b sets likely formed during burial
diagenesis, possibly at relatively low values of burial conditions (Dunnington, 1967; Buxton &
Sibley, 1981; Tada & Siever, 1981, Agosta et al., 2009; Korneva et al., 2014, Rustichelli et al,.2015;
Toussaint et al.,, 2018, Agosta et al., 2021). As shown by their mutual abutting relations with
respect to PSS1 (cf. Fig. 11), JV1 veins (E-W to ENE-WSW striking) are also interpreted as due to
burial diagenesis. Accordingly, the JV2 (N-S) veins also formed during burial diagenesis. Such a pair
relation between bed-parallel PSS and cross-orthogonal bed-perpendicular joints and veins was
widely documented in both Apennine and Apulian Platform carbonates of central Italy (Agosta &
Aydin 2006; Agosta et al. 2010; Aydin et al., 2010; Lavenu et al., 2014), as well as in the Apulian
platform carbonates of southern Italy (Korneva et al., 2014; Panza et al., 2016, 2019; Lavenu et al.,
2018; Giuffrida et al., 2019; La Bruna et al., 2020). Their coeval formation was hence likely
promoted expulsion of the oversaturated fluids from the dissolving zones into the dilating JV1 and
JV2 veins (Alvarez et al., 1976; Croize et al. 2010; Gratier et al., 2014; Ben-ltzhak et al., 2014).
Altogether, both bed-parallel PSS1a and PSS1b, and both JV1 and JV2 veins hence formed the
burial-related structural assemblage (Fig. 13a).

The PSS2 set strikes ca. N-S, and consists of small, sporadic stylolites abutting against PSS1.
Although these stylolites are not orthogonal to bedding (ca. 70° cut off angles), we interpret them
as due to layer parallel shortening (Nickelsen, 1966, Amrouch et al., 2010), which localized in the

paleo carbonate foreland under the effects of a compressive far-field stress and predated the
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thrusting-related deformation (Holl & Anastasio, 1995). Coeval to the PSS2, we also invoke that
bed parallel JV3 veins formed within the carbonates under a similar compressive stress field
(Fletcher & Pollard, 1981; Railsback & Andrews, 1995). We also note that some of the pre-existing
JV1 (E-W to ENE-WSW striking) were possibly reactivated during layer parallel shortening
(Nickelsen, 1966; Ramsay, 1967; Alvarez et al., 1976; Tavani et al. 2005). As the thrust front
migrated eastward, the Apennine carbonate platform was affected by a large-scale flexure due to
foreland bulging (Menardi Noguera & Rea, 2000; Patacca & Scandone, 2007; Vezzani et al. 2010).
We interpret the JV2 as a re-opened set, due this process, which likely caused formation of
dilational fractures parallel to the roughly N-S striking hinge line of the large-scale antiforms
(Ramsay, 1967; Billi & Salvini, 2003). Both layer parallel shortening and foreland bulging related
fractures are part of the early thrusting structural assemblage (Fig. 13b), which formed during the
Burdigalian (layer parallel shortening) and late Burdigalian-Serravallian time intervals, when the
outermost thrust front was located westward to the Apennine carbonate platform (Menardi
Noguera & Rea, 2000; Patacca & Scandone, 2007; Vezzani et al. 2010).

The bed-oblique pressure solution seams PSS3, which dip ca. 70° ENE, are interpreted as due to
the thrusting tectonics that involved the study platform carbonates during Serravallian (Menardi
Noguera & Rea, 2000; Patacca & Scandone, 2007; Vezzani et al. 2010). In particular, we invoke
that they formed due to flexural slip deformation that localized within the carbonate multilayer, as
suggested by the presence of S-C-C’ fabrics within the bed package association interfaces at 4-5
km (cf. Fig. 11). There, the S planes are constituted by pressure solution seams that developed at
high angle with respect to the local ol principal stress axis (Toussaint et al., 2018, and references
therein). In this regard, we note that the individual bed packages were also bounded by clayish
interfaces, which could also be affected by localized shear stress and reverse slip. Accordingly, the

single carbonate bed packages hence behaved as single mechanical units (Giuffrida et al., 2019) in
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which the pressure solution processes took place within beds adjacent to the aforementioned
interfaces. Both PSS3 and S-C-C’ tectonites are hence invoked as part of the thrusting structural
assemblage (Fig. 13c), which crosscuts the study Mesozoic platform carbonates. According to the
mineralogical data, this structural assemblage developed at depths of ca. 4-5 km, under tectonic
load.

The JV4 (NW-SE striking at high angles), JV5 (NE-SW striking at high angles) and both PSS4a and
PSS4 b (bot NE-SW striking at low angle) are interpreted as due to the early Pleistocene
transtensional tectonics that affected the study area of the High Agri Valley (Cello et al., 1999;
Giano et al. 2000, Menardi Noguera & Rea, 2000; Patacca & Scandone, 2007; Vezzani et al. 2010).
Based on the complex cross-cut relations we hypothesize that some JV1 and JV2 structures may
have been reactivated. Although we did not observe those, we can infer that both PSS4 sets could
have also formed due to transtensional shearing of pre-existing fractures and localized dissolution
at their mode Il compressive quadrants (Salvini et al. 1999; Graham et al., 2003). Altogether, we
interpret the JV4, JV5, PSS4a, and PSS4b sets and al the transtensional small faults as part of the
transtensional structural assemblage (Fig. 13d).

5.e Fracture Stratigraphy

It is known that fracture density is related to enucleating fracture networks according to the
fracture linkage configuration (Myers & Aydin, 2004; Agosta et al., 2006; Demurtas et al., 2016;
Mercuri et al., 2020), and to the rock elastic properties (Gross et al., 1995; Agosta et al., 2015;
Camanni et al., 2021). Differently, fracture intensity is associated to well-connected fracture
networks, which often localize within fault damage zones (Aydin et al 2010; Corradetti et al, 2018;
Giuffrida et al., 2019).

In the study Viggiano Mt. area, the P20 and P21 logs show similar trends in both mud supported

and oolithic bpa’s. High P20 values hence correspond to high P21 values. We note that both P20
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and P21 values do not vary proportionally with the bed thickness, as often invoked for layered
rock masses (Nur, 1980; Gross et al., 1995; Bai & Pollard, 2000; Schopfer et al., 2011). Differently,
both fracture density and intensity computed values are higher for the coarser carbonate beds.
This result is also achieved by considering the P10 values computed for the diffuse JV1 set (cf.
Table 1). Considering the breccia bpa, the P20 and P21 value do not show similar trends. (cf. Fig.
8b). In fact, the P21 values show a greater variability throughout the stratigraphic succession
relative to the P20 values. However, we note that both computed values are commonly higher in
correspondence of the coarse-grained carbonate beds.

In light of the aforementioned results, we assess that fracturing was mainly affected by the
relative values of the elastic moduli of the carbonates at times of deformation (Wennberg et al.,
2006; Larsen et al., 2010). The high P20 and P21 values computed for the coarse-grained
carbonates is interpreted as due to their physical and chemical compaction (Rustichelli et al. 2012;
Rustichelli et al., 2015), and/or cementation (Eberli et al. 2003; La Bruna et al., 2020). Accordingly,
we invoke that the coarse carbonate beds formed stiff, fractured mechanical units during burial
diagenesis and early thrusting, as documented by the P10 values computed for the JV1 set.
Further analysis of the cementation processes and micro-fracturing of the study carbonate beds
will permit to better assess their diagenetic evolution in relation to development of the micro-
fracture network.

Finally, we consider the role exerted by mechanical interfaces (i.e., bed and bed-package
interfaces) in the compartmentalization of tensile fractures within specific mechanical units
(carbonate beds and bed packages). Both mud-supported and oolithic bpa‘s show that these
interfaces exerted a strong control to the vertical development of the fracture network, as shown
by the similar P20 and P21 logs, inhibiting their growth by linkage of pre-existing fractures (Agosta

et al., 2015). There, the stress required for vertical fracture growth by linkage was proportional to
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the mechanical resistance operated by the interfaces (sensu Becker and Gross, 1996). Differently,
the breccia bpa did not include efficient mechanical interfaces, as documented in the field.
Pronounced bed amalgamation hence allowed the vertical development of the fracture network
by linking pre-existing fractures, and strain localization within the evolving fault damage zones. At
a larger scale, we note that the Pleinsbachian-Toarcian bed package association interface formed a
large-scale mechanical heterogeneity, which controlled strain compartmentalization within the
mud-supported and oolithic bpa’s. Furthermore, this heterogeneity solved contractional
deformation during thrusting tectonics, forming a first order shear zone characterized by a S-C-

C’structural fabric

5. Conclusions

In this work, we documented the paleo depositional settings, diagenetic evolution, fracture
distribution, main failure modes, structural assemblages, and overall fracture stratigraphy of
Mesozoic platform carbonates exposed along the axial zone of the southern Apennines fold and
thrust belt, Italy, Basilicata Region. There, three bed packages associations, bpa, respectively
labelled as mud supported, oolithic, and breccia were documented according to the carbonate
microfacies and fossil associations. The mud supported bpa formed in a low-energy, lagoonal
depositional environment during upper Sinemurian-Pliensbachian. There, bed interfaces consisted
of bed-parallel pressure solution seams, whereas bed package interfaces included small amounts
of terrigenous material. The oolithic bpa is Toarcian in age, formed in high energy conditions
above fair-weather wave base within a lagoonal depositional environment. Now days, the oolithic
bpa is constituted by amalgamated carbonate beds, and bed package interfaces including thin
terrigenous laminae. The aforementioned bpa’s are separated by a large-scale stratigraphic
interface including 10- to 15 cm-thick mixed carbonate-terrigenous rocks, which marked the
Pliensbachian-Toarcian large scale extinction. The breccia bpa formed during Cenomanian, and
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formed in a lagoonal-tidal environment not far from the platform paleo-margin as shown by
presence of stromatolites, ooids, oncoids, and rudist patch reefs. Wave reworking also determined
deposition of poorly sorted rudtsones/floatstones. At the present day, the breccia bpa includes
coarse-and fine-grained bed alternations characterized by widespread bed amalgamation and bed-

parallel pressure solution seams.

Results of quantitative field structural analysis were consistent with presence of five main sets of
high-angle fracture throughout the carbonate succession. According to the both P20 and P21
values computed for the layered carbonate succession, primary interfaces such as bed and bed-
package interfaces compartmentalized fractures within single mechanical units. Such a behavior
was not documented for the breccia bpa, in which the lack of laterally continuous interfaces and
pronounced bed amalgamation allowed the vertical fracture development by linkage of pre-
existing structural elements. Furthermore, the P10 values computed for the most common, diffuse
fracture set, showed that physical-chemical compaction and cementation of the coarse-
carbonates took place prior to transtensional faulting throughout the whole carbonate succession.
Results of failure modes analysis showed presence of multiple sets of pressure solution seams.
Two sets of pervasive, bed-parallel pressure solution seams localized either within the bed
interfaces or in the single carbonate beds. Four sets of bed oblique pressure solution seams were
documented in the carbonate beds of the mud-supported b.pa. Furthermore, four sets of high
angle open fractures and veins, and one set of bed parallel veins were also documented.
According to their abutting and crosscutting relations, and also in light of their multi-scale spacing
distributions, we associated the formation of specific failure modes to the burial diagenesis, early

thrusting, thrusting and transtensional structural assemblages.
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1

2

3

4

5

? Figure Captions

8

9 Figure 1 — (Colour online) a) Simplified structural map of the southern Apennines fold-and-thrust
10

1; belt, Italy (modified after Piedilato & Prosser , 2005); b) geological map of the High Agri
13

14 Valley, southern Italy. The white square represents the location of the study Viggiano Mt.
15

16 area; c) geological cross-section of the Southern Apennines along the A-A’ transect

17

1

1§ (modified after Prosser et al., 2021)

20

21 Figure 2 — (Colour online) a) Geological map of the Viggiano Mt. area lying along the northern edge
22

;i of the High Agri Valley (Palladino et al, pers. comm.). Location of both “Scarrone la

25

26 Macchia” and “Il Monte” study sites is reported; b, c) schematic stratigraphic logs of:

27

;g “Scarrone la Macchia”, and “ll Monte” areas (modified after Lechler et al., 2012),

30 _

31 respectively.

32

gi Figure 3 — (Colour online) a) Panoramic view of the “Scarrone la Macchia” site. Bedding surfaces
35

36 (yellow lines), bed packages surface interfaces (orange lines), and bed packages association
37

38 surfaces (magenta line) are reported; b) detailed stratigraphic log of the “Scarrone la

39

j? Macchia” site. Bed packages surfaces (orange lines) and bed packages association surface
42

43 (dashed magenta line) are highlighted; c) lower-hemisphere, equal-area stereographic

44

22 projection of the bedding of the two bed packages associations: mud-supported bed

47

48 package association and oolithic bed package association; d) panoramic view of the “Il

49

g? Monte” site. Bedding surfaces (yellow dashed lines), bed packages surfaces (orange lines)
52

53 and bed packages association surface (magenta line) are highlighted; e) stratigraphic

54

55 section of “Il Monte” site. Bed packages surfaces (dashed orange lines) and bed packages
56

57

58 association surface (dashed magenta line) are highlighted; f) lower-hemisphere, equal-area
59

60 stereographic projection of the bedding of the breccia bed packages association.
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Figure 4 — (Colour online) Microfacies of the Scarrone la Macchia section (a-e: mud-supported bpa,
f-h: oolithic bpa). a) Packstone with Thaumatoporella parvovesiculifera. b) grainstone-
packstone woth Siphovalvulina sp.; c) grainstone-pakstone with benthic foraminifera
(Siphovalvulina sp., Haurania deserta, Lituosepta sp.); d) Palaeodasycladus mediterraneus;
e) Bacinella-Lithocodium agregatum; f) oolithic grainstone; g) ppen fractures partially
occluded by dolomitic cements; h) intergranular porosity.

Figure 5 — (Colour online) Microfacies of the Il Monte section. a), b) and c) grainstone to rudstone
with fragments of rudists shell, orbitolinids. d) stromatolitic laminae with peloids. e)
meniscus cements connecting the grains and isopacous cements rims around the rudists
fragments. Barren silt filled the residual cavities. f) meniscus cements connecting the
grains. The residual cavity is filled by a silt reach in ostracods.

Figure 6 — (Colour online) Representative XRD patterns of selected samples. [a] bulk samples and
[b] terrigenous components. Cal=calcite, Qtz=quartz, Fs=feldspars, Gt=goethite, Ill=illite,
I/S= mixed layers illite/smectite, Chl=chlorite, Kao=kaolinite; 2 Clay minerals= sum clay
minerals.

Figure 7 — (Colour online) Representative XRD patterns of ethylene glycol solvated clay fraction
powders of selected samples. On the left (a, b, ¢, d) decomposition at low angles; on the
right (a', b', c', d') decomposition at higher angles. llI=illite, I/S= mixed layers illite/smectite,
Chl=chlorite.

Figure 8 — (Colour online) Fracture density (P20) and intensity (P21) logs after field circular scanline
measurements conducted across the: a) mud-supported bed package and oolithic bed

package associations, and b) breccia bed package association.
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1

2

2 Figure 9 — (Colour online) Lower-hemisphere, equal-area stereographic projection of fracture

Z poles after field measurements (left) and after bedding restoration (right). Fracture data
g restored considering the attitude of single beds from which data were gathered.

1(1) Figure 10 - (Colour online) Lower-hemisphere equal-area stereographic projection of fracture

E poles after field measurements (left) and after bedding restoration (right): a) mud-

12 supported bed packages association dataset; b) oolithic bed packages association dataset;
1&73 c) breccia bed packages association dataset.

19

;? Figure 11 — (Colour online) a) Bed-parallel pressure solution seams (PSS1a and PSS1b), open

;g fractures(JV2) and high angle (PSS2): the PSS1a (blue lines) are laterally continuous and
24

;2 define the actual bedding; PSS1b are bed-internal and have a length of 10s of cm (yellow
;573 lines); JV2 (magenta lines) are high angle open fractures that compartmentalize among
5(19) PSS1a and PSS1b; PSS2 (green lines) are roughly parallel to JV2, have a length <10 cm and
gg compartmentalize mostly among PSS1a and PSS1b. The inset shows the not-interpreted
gg image. b) bed-oblique pressure solution seams PSS3(blue) and PSS4b (magenta) and their
36

2573 cross-cut relation with PSS1b (blue lines); c) bed-perpendicular veins (JV1, blue line) and
ig their cross-cut relation with the PSS1b (yellow lines) and PSS1a (Light-blue bold line); d)
41

g bed-parallel veins, JV3 (red arrows), high angle veins JV1 (blue arrows), PSS3 (blue lines),
fé PSS4a (orange lines) and PSS4b (magenta lines). The JV3 veins abut against the JV1 and
46

j; against PSS. PSS4a and PSS4b abut against PSS3; e) Cross-cut and abutting relations among
gg JV1 (blue lines), JV2(yellow lines), JV4 (red lines) and JV5 (green lines). f) S-C-C’ tectonite
% fabric within a bed package interface. A top-to-NE sense of shear is highlighted.

g;’ Figure 12 — (Colour online) Multi-scale fracture spacing distribution. a) Geological map of the area
g? with the location of studied outcrops; b) lower-hemisphere, equal-area stereographic

58

23 projection of fracture poles of the S1 scan line; c) log cumulative number vs spacing and
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best fit relative to the N292 striking set; d) log cumulative number vs spacing and best fit
relative to the N300 striking set; e) lower-hemisphere, equal-area stereographic projection
of fracture poles of the S2 scan line; f) log cumulative number vs spacing and best fit
relative to the N252 striking set; g) log cumulative number vs spacing and best fit relative
to the N284 striking set; h) lower-hemisphere, equal-area stereographic projection of
fracture poles of the S3 scan line; i) log cumulative number vs spacing and best fit relative
to the N180 striking set; |) log cumulative number vs spacing and best fit relative to the
N206 striking set.

Figure 13 — (Colour online) Structural assemblages through time: a) burial diagenesis assemblage;
b) early thrusting assemblage; c) thrusting assemblage; d) transtensional assemblage.

Table 1. Sample code, litology, components and fractions determined by XRPD on samples
collected from the "Scarrone la Macchia” stratigraphic section. n.d.: not detected because
is present in very little amount.

Table 2 Mineralogical assemblages of the study samples. Cal: calcite; Qtz: quartz; Fs: feldspars;
Gth: goethite; 1/S: mixed layers illite-smectite; Ill: illite; Chl: chlorite; Kao: kaolinite. X:
indicates the presence of mineral phase; n.d.: not detected.

Table 3. P10 variations for the JV1 fracture set.
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Sample Litology Random Rondom powder of Oriented specimens
powder of terrigenous (< 2 um fraction) of
Bulk sample component the terrigenous
component
0-2 cohesive limestone X n.d. n.d.
SC1 interbed with terrigenous component X X X
SC2 interbed with terrigenous component X X X
Mc1 cohesive limestone X X X
mc3 cohesive limestone X X n.d.
SL2B-C1 interbed with terrigenous component X X X
SL2B-C2 interbed with terrigenous component X X X
Mmca cohesive limestone X X X
SC3 interbed with terrigenous component X X X
MC5 cohesive limestone X n.d. n.d.
MC6 cohesive limestone X X X
SC4 interbed with terrigenous component X X X
MC7 cohesive limestone X X X
A7 cohesive limestone X X n.d.
SC5 interbed with terrigenous component X X X
C1 cohesive limestone X X n.d.
D5 cohesive limestone X X n.d.
D4 cohesive limestone X X n.d.
SC6 interbed with terrigenous component X X X
D2 cohesive limestone X X X
Table 1
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Lithofacies Bed thickness P10
Grainstone 60 cm 1.79
Grainstone 70 cm 1.26
Wakestone 25cm 0.85
Wackestone 54 cm 0.3

Grainstone 25cm 0.86
Oolithic grainstone 55cm 1.06
Oolithic grainstone 90 cm 0.74
Carbonate breccia 30cm 1.35
Carbonate breccia 120 cm 0.95
Carbonate breccia 100 cm 0.46

Table 2
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Sample Random powder analysis of bulk sample and terrigenous Oriented specimens (< 2um)
component
Cal Qtz Fs Gth /S [} Chl Kao I/S features
Ordering, R lllite

percentage

0-2 X n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SC1 X n.d. X n.d. X X X n.d. R1 R3 82 89
sc2 X n.d. X n.d. X X X n.d. n.d. R3 n.d. 87
McC1 X n.d. X n.d. X X X n.d. n.d. R3 n.d. 87
Mc3 X X X n.d. X X X n.d. n.d. n.d. n.d. n.d.
SL2B-C1 X X X n.d. X X X n.d. R1 R3 80 90
SL2B-C2 X X X n.d. X X X n.d. R1 R3 78 90
Mmca X X X n.d. X X X n.d. n.d. R3 n.d. 87
sc3 X n.d. X n.d. X X X X n.d. R3 n.d. 86
MC5 X X n.d. n.d. n.d n.d. n.d n.d. n.d. n.d. n.d. n.d.
MCé6 X X X n.d. X X X X R1 R3 82 89
sca X n.d. X X X X X n.d. R1 R3 80 89
MC7 X X X X X X X n.d. n.d. R3 n.d. 85
A7 X X X n.d. X X X n.d. n.d. n.d. n.d. n.d.
SC5 X n.d. X X X X X n.d. n.d. n.d. n.d. n.d.
c1 X n.d. X n.d. X X X n.d. n.d. n.d. n.d. n.d.
D5 X X X n.d. X X X n.d. n.d. n.d. n.d. n.d.
D4 X X X n.d. X X X n.d. n.d. n.d. n.d. n.d.
SC6 X X X X X X X n.d. n.d. R3 n.d. 86
D2 X n.d. X n.d. X X X n.d. n.d. R3 n.d. 87

Table 3
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