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Abstract

Fracture networks exert a primary role in the control of permeability and flow of geo-fluids (e.g
hydrocarbons, ground water, hydrothermal fluids, etc.). Fracture parameters in the subsurface are
usually characterized using borehole and seismic data, but these are affected by a scale gap. Well data
areonly sparse and partial and even the best seismic data cannot detect fractures shorter than ca. 200
m. Km-scale outcrop analogues can help to fill this gap, allowing to collect huge amounts of data at
different scales.

This PhD thesisinvestigates the fracture networks in carbonates of the Maltese Islands, located in the
Pelagian Platform in the foreland of the Sicilian-Apennine-Maghrebian fold and thrust belt, that are
world-class analogues of extensional fractured and faulted hydrocarbon reservoirs. Here a Late-
Oligocene— Late Miocene carbonatic sequence composed by different types of carbonatesis exposed.
It is cross-cut by normal faults with a vertical displacement up to 210 meters, arranged in two main
sets striking ENE-WSW and WNW-ESE. Moreover, Neptunian dykes associated with small normal
faults (less than 5 meters of displacement) are present in the lower units. We applied a
multidisciplinary approach that allowed usto carry out the following studies that are presented in the
four chapters of thisthesis.

1) we characterized the tectonic and geodynamic evolution of the Maltese Islands and Pel agian
Platform from the Late Oligocene to the Pliocene also to understand the timing of the
formation and kinematics of the different fault and joint sets.

i) we investigated the fault zone architecture, the fracture parameters and their impact on
hydraulic connectivity in the damage of the Qala fault (Gozo). The study was performed
applying a new workflow that combines linear scan-lines and scan-areas analysis applied on
alarge Digital Outcrop Model aso using automatic methods for the extraction of fracture
parameters.

iii) we investigated the control of the mechanical stratigraphy and in particular of the elastic
properties of the rocks on the damage zone thickness combining petrographical,
petrophysical, geomechanica and numerical modeling anal yses.

iv) we characterized the Representative Elementary Volume of fracture parameters of a DFN
model built using outcrop data derived from the DOM study of chapter ii to drive Discrete
Fracture Network modeling. Results show that the REV can be used to model DFN on a
smaller scale with respect to the reservoir scale solving many numerical problems.






Riassunto

| network di fratture hanno un ruolo fondamentale nel controllo della permeabilita e del flusso dei
geo-fluidi (e.g. idrocarburi, acqua, fluidi idrotermali ecc.). Nel sottosuolo i parametri delle fratture
vengono solitamente caratterizzati utilizzando dati di pozzo e dati sismici, i quai pero sono divisi da
un salto di scala. Infatti, i dati di pozzo sono sparsi e parziali mentre anche la sismicamigliore non
in grado di identificare fratture con dimensione minori di 200 metri. Gli analoghi esumati di reservoir
possono aiutare a colmare questo divario permettendo di raccogliere una grande quantita di dati a
scale differenti.

In questa tesi di dottorato abbiamo caratterizzato il network di fratture nei carbonati delle isole di
Malta e Gozo, che si trovano all’interno della Piattaforma Pelagica nel foreland della catena
Appeninico-Magrebide e sono degli spettacolari analoghi esumati di reservoir di idrocarburi fratturati
sviluppatisi in ambienti tettonici estensionali. La stratigrafia delle isole maltesi e caratterizzata dalla
presenzadi differenti tipi di carbonati di et compresatrail tardo Oligocene e il Miocene superiore,
tagliati da due set di faglie normai (ENE-WSW e WNW-ESE) con rigetti verticali che possono
raggiungere i 210 metri. Dicchi nettuniani associati a faglie normali con rigetto limitato (meno di 5
metri) sono inoltre presenti nelle unita piu antiche. In questa tesi abbiamo utilizzato un approccio
multidisciplinare che ci ha permesso di effettuare diversi tipi di studi che sono presentati nei quattro
capitoli dellatesi.

)] Nel primo capitol o abbiamo ricostruito I’evoluzione tettonica e geodinamica delle isole di
Malta e Gozo e della Piattaforma Pelagica a partire dal tardo Oligocene fino al Pliocene.
Questo ci ha permesso inoltre di ricostruire 1’eta di formazione e la cinematica dei diversi
set di faglie e fratture.

i) Nel secondo capitolo abbiamo caratterizzato I’architettura della zona di faglia, | parametri
delle fratture e il loro impatto sulla connettivita idraulica nella zona di danneggiamento
legata alla faglia di Qala (Gozo). Per fare questo abbiamo applicato un nuovo workflow
che combina scan-line lineari con scan-area applicate su modelli di affioramento digitali
di dimensioni chilometriche utilizzando inoltre metodi automatici per il calcolo dei
parametri dellafratturazione.

iii) Nel terzo capitolo, abbiamo mostrato come la meccanica stratigrafica e in particolare le
proprieta elastiche delle rocce giochino un ruolo fondamentale nel controllo dello spessore
della damage zone. | risultati sono stati ottenuti combinando osservazioni di terreno con
analisi petrofisiche, petrografiche, geo-meccaniche e modelli numerici.

iv) Nel quarto capitolo abbiamo caratterizzato il Volume Elementare Rappresentativo (REV)
delle proprietadelle fratturein un DFN realizzato coni parametri di fratture ottenuti dallo
studio dell’affioramento effettuato nel capitolo ii. Abbiamo inoltre mostrato che la
dimensione del REV pud essere utilizzata per modellare i DFN ad una scala piu piccola
rispetto a quella del reservoir. Questo permette di risolvere alcuni problemi legati alla
modellazione della fratturazione alla scala del reservoir.
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Chapter 1

L ate Oligocene to Pliocene extension in the Maltese | lands and implications
for geodynamics of the Pantelleria Rift and Pelagian Platform

Mattia Martinellil*, Andrea Bistacchil, Fabrizio Balsamo? and Marco M eda3.

! Dipartimento di Scienze dell’Ambiente e della Terra, Universita degli Studi di
Milano Bicocca, Piazza della Scienza 4, 20126 Milano, Italy

2 NEXT- Natural and Experimental Tectonics research group, Dipartimento Scienze
Chimiche, della Vita e della Sostenibilita Ambientale, Universita degli Studi di
Parma, Padiglione 7 - Scienze della Terra, Campus Universitario, Parco Area delle
Scienze 157/A, 43124 Parma, Italy

3 ENI Spa, Upstream and Technical Services, 5° Palazzo Uffici, Via Emilia, 1 20097
San Donato Milanese, Italy.

* Corresponding author: Mattia Martinelli (m.martinelli34@campus.unimib.it)

Key Points:
e Two independent extensiona tectonic events, separated by a quiescence stage, are
reconstructed in the Maltese Islands.
e Both events were caused by the stress regime imposed in the Pelagian Platform by theroll-
back of the subducting slab.
e The switch in main extension direction between the two events is a result of the varying
orientation of the trench.



Chapter 1

1.1 Abstract

Thetectonic and geodynamic evolution of the Pelagian platform and of the Pantelleria Rift System,
located in the foreland of the Apennine-Sicilian-Maghrebian Belt, from the Late Oligocene
onwards, is till debated. Here we present a new interpretation based on structural data collected
in the Malta and Gozo islands. With atectonic back-stripping approach, we recognized two main
extensional events separated by a period of tectonic quiescence: (D1) Early Miocene WNW-ESE
extension; (D2) Late Miocene to Pliocene N-S extension that led to the opening of the Pantelleria
Rift System. During both extensional events the Maltese Islands and the Pelagian Platform were
located in the foreland of the Apennine-Sicilian-Maghrebian Belt (Western Mediterranean Arc),
inaperiod of dab roll-back. We suggest that both tectonic events are an evidence of the extensional
regime imposed on the foreland area by the roll-back of the subducting slab. The switch in the
main extension axis between D1 and D2 (WNW-ESE vs. N-S) can be interpreted as aresult of the
varying orientation and distance of the trench due to the progressive development of the Western
Mediterranean Arc, and provides an independent tool to “monitor” the slab roll-back. Results
obtained in this study allowed, for the first time, to bind the tectonic evolution of the areawith the
geodynamic evolution of the Western and Central Mediterranean.

Keywords

Maltese Islands, Pelagian Platform, Pantelleria rift system, Tectonic evolution, Geodynamic
evolution, Slab roll-back

1.2 Introduction

Fold and thrust belts devel oped al ong subduction zones are characterized by complex deformation
patterns and their influence is felt in foreland areas well ahead the trench and/or the front of
contractional tectonics. Flexure of the foreland due to the load imposed by the advancing
convergent margin results in extensional tectonics, which can be interpreted aso as the effect of
dab pull (Bradley & Kidd, 1991; Doglioni, 1995; Forsyth & Uyeda, 1975; Langhi et al., 2011;
Tavani et a., 20153, 2015b, 2019; Turcotte & Schubert, 1982). Hence, forelands are characterized
by extensional faults, veins and joints parallel to the trench axis (Beaudoin et al., 2012; Billi and
Salvini, 2003; Mazzoli et al., 2005; Quinta & Tavani, 2012; Ranero et a., 2003; Scisciani et al.,
2001; Tavani et a., 2015a, 2015b, 2019) and from structures perpendicular to the fold and thrust
belt, like cross-joints and release faults (Bai et a., 2002; Gross, 1993; Tavani et a., 2019).

The Islands of Malta and Gozo are located in the Pelagian platform, which extends from Tunisia
to the lonian Basin (Burollet et. al. 1978) and represents the foreland of the Apennine-Sicilian-
Maghrebian Belt (Argnani, 1990; Hill & Hayward, 1988) (Figure 1a). The Pelagian platform is
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Figure 1. (a) Position of the Maltese Islands in the foreland of the Apennine-Sicilian-Maghrebian Belt
(PT = Pantelleria Trough; LT = Linosa Trough; MT= Malta Trough). Numbered rectangles highlight
key areas for the three main interpretations proposed for the evolution of the Pantelleria Rift System by
the cited authors; (b) Main tectonic features of the Maltese Graben System. (modified after Dart, 1993).
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crosscut by the Pantelleria Rift System (Finetti 1982; Finetti, 1984; Reuther & Eisbacher, 1985)
which started opening in the Late Miocene (Dart et al., 1993) and it is composed by three main
NW-SE trending depressions:. the Pantelleria, Linosa and Malta troughs (Reuther and Eisbacher,
1985; Figure 1a). To the E of the Malta Trough, on the shoulder of the rift system, there isthe 2nd
order Maltese Graben System, composed by the Malta and Gozo horsts and by two ENE-WSW
trending grabens: the North Malta Graben and the North Gozo Graben (Dart et a., 1993); (Figure
1b).

Different authors agree on the general statement that the Late-Miocene to Present tectonic
evolution of the Pantelleria Rift and related minor structures (like the Maltese Graben System)
results from the stress field imposed by the advancing Apennine-Sicilian-Maghrebian Belt
(Argnani, 1990; Dart et al., 1993). However, the timing and kinematic details of this evolution are
still debated (Argnani, 1990; Ben-Avraham et al., 1987; Boccaletti et al., 1987; Catalano et al.,
2009; Cello, 1987; Dart et al., 1993; Finetti, 1984; Grasso and Reuther, 1988, Jongsmaet al., 1985;
Reuther & Eisbacher, 1985). Most kinematic models proposed so far fall in three categories that
can be summarized as follows (Figure 1a):

(1) Some authors see the Pantelleria Rift System as a pull-apart basin developed along a dextral
wrench zone - the Medina Channel Wrench, which isthe SE boundary of therift system (Ben-
Avraham et al., 1987; Boccaletti et al. 1987; Catalano et a., 2009; Cello, 1987; Finetti, 1984;
Jongsmaet al., 1985; Reuther & Eisbacher, 1985).

(2) Alternatively, Grasso and Reuther (1988) suggested that the Pantelleria Rift System might be
a pull-apart structure associated with the NNE-SSW Scicli Wrench Zone. This zone is
interpreted as a large wrench zone, mostly developed offshore in the Malta Plateau (the
shallow-water domain between Sicily and the Maltese Islands), and outcropping onshorein SE
Sicily (Iblel Mountains).

(3) The last interpretation was proposed by Argnani (1990) and Dart et a. (1993). According to
these authors, the Pantelleria Rift system is adirect consequence of a N-S foreland extension,
ahead of the retreating trench. Moreover, the authors recognized a N-S transfer fault (the
Separation Belt) between the Pantelleria and Linosa Troughs, associated with Neogene
volcanic centres (Argnani, 1990).

Within this geodynamic framework, different interpretations have been proposed for the tectonic
evolution of the Maltese Islands, that are characterized by Oligocene-Miocene carbonates crosscut
by two sets of ENE-WSW and WNW-ESE normal faults, and by roughly N-S Neptunian dykes
confined in the lower units (Dart et a., 1993; Illies, 1981; Pedley et al., 1976; Reuther & Eisbacher,
1985). Neptunian dykes are particularly interesting for dating deformation, since they are bodies
of younger sediments infilling fissures in rocks exposed on the sea floor (Bates & Jackson, 1980;
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Cozzi, 2000; Crne et a., 2007; Smart et al., 1988; Visser, 1980). They form due to fracturing of
the lithified host rocks and they are amost immediately filled by the overlying unconsolidated
sediments (Lehner, 1991; Wendt, 1971), hence they have almost the same age of the infilling
sediments.

Reuther and Eisbacher (1985) and Illies (1981) divided the evolution of the graben system in three
phases. (1) formation of the ENE-WSW faults, (2) formation of the WNW-ESE set, and (3)
reactivation of the ENE-WSW faults in dextral strike slip. Reuther and Eisbacher (1985) did not
consider the Neptunian dykes in their reconstruction, while lllies (1981) associated them to an
independent movement before rifting. On the other hand, Dart et al. (1993) suggested that both
ENE-WSW and WNW-ESE fault sets are coeval and developed in response to N-S extension
during the Miocene, and interpreted the Neptunian dykes as marking the onset of the extension.

In this contribution, we present a new evolutionary model for the Maltese Graben System based
on detailed structural analysis performed on different stratigraphic units in the Maltese islands.
Our model consists of two different extensional events. a WNW-ESE extension during the Early
Miocene (D1), and a later N-S extension from the Late Miocene onwards (D2). This scenario is
consistent with the model of Cenozoic geodynamic evolution of the Western and Centra
Mediterranean proposed by Faccennaet al. (2001) and Faccenna et al. (2004a, 2004b).

1.3 Geology of the Maltese Islands

The stratigraphic sequence exposed in the Maltese Islands starts with the Upper Oligocene and
ends with the Late Miocene. It is characterized by shallow-water marine carbonates arranged in
five formations (from oldest to youngest): (i) the Lower Coralline Limestone (Chattian), (ii) the
Globigerina Limestone (Late Oligocene to Langhian), (iii) the Blue Clay Formation (Serravalian
to Early Tortonian), (iv) the Greensand Formation (Tortonian), and (v) the Upper Coralline
Limestone (Late Tortonian to Early Messinian) (Figure 2a; Dart et al., 1993; Felix, 1973; Murray,
1890; Pedley et a., 1976).

The Lower Coralline Limestone (Chattian) is composed by four members (Pedley, 1978). The
oldest is the Maghlag Member: a biomicrite characterized by the presence of benthonic
foraminifera. It passes transitionally up to the Attard Member: a coraline algal limestone
(wackestones and packstones) containing algal rhodoliths, gastropods and bryozoan. After the
deposition of the Attard Member, depositional conditions became unfavourable to rhodolitic
growth and this lead to the deposition of the planar to cross-stratified, coarse-grained limestones
of the Xlendi Member. The top of the Xlendi Member is characterized by the presence of the
characteristic Scutella Beds, very rich in these echinoids. The last member of the Lower

11
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Figure 2. (a) Stratigraphic column of the Maltese | lands redrawn after Pedley (1976) and Dart (1993); (b) Geological
map of the Maltese Islands redrawn with updates from the 1: 25.000 Geologica map of the Oil Exploration
Directorate, Office of the Prime Minister, Malta, (1993). A more detailed geological map with the outcropping area
of the Neptunian dykes, cross sections and area where kinematic data have been collected is available in the supporting

data (Supplementary datain thisthesis, Figure S1).
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Cordline Limestone is the II-Mara Member, characterized by mudstones, wackestones and
packstones with abundant bryozoan fragments. The depositional environment has been interpreted
(Felix, 1973; Pedley et al., 1976) asashallow gulf-type area (M aghlag Member) followed by open-
marine conditions that brought to the deposition of abundant algal rhodoliths (Attard and Xlendi
Member), and finally as a shallow marine shoal environment (I11-Mara Member).

The Globigerina Limestone Formation was deposited between the Aquitanian and the Langhianin
amarine environment with depths of 40-150 m (Dart et al., 1993; Felix, 1973; Pedley et al., 1976).
It is composed by three members, bounded by unconformities marked by hardgrounds and
glauconitic conglomerates. (i) Lower Globigerina, (ii) Middle Globigerina, and (iii) Upper
Globigerina (Rizzo, 1932). The Lower Globigerina Member (Aquitanian) is composed by pale-
cream to yellow planktonic foraminiferal packstones and wackestones. It has a minimum thickness
of 5 meters, but it reaches 100 m in the Valetta Basin of Malta. In Gozo, it reaches a maximum
thickness of 40 m (Pedley, 1975; Pedley et a., 1976). The top is characterized by a hardground
overlaid by the Lower Main Conglomerate Bed (LMCB) (Pedley et a., 1976): amarker very useful
when mapping fault offset, less than 1 meter thick. Moreover, the Lower Globigerina Member is
characterized by the presence of Neptunian dykes (Illies, 1981; Pratt, 1990) and small normal
faults (throw <5m) with the same attitude of the Neptunian dykes (Gatt, 2005). Above the LMCB
wefind the Middle GlobigerinaMember (Aquitanian-Burdigalian), characterized by pale-grey and
white marly mudstones and poorly cemented mudstones. This member shows thickness variations
similar to those of the Lower Globigerina, which are particularly evident in Gozo, where the unit
reaches a thickness up to 15 meters in the western part of the Island, whereas it is absent in the
eastern part (Pedley et al., 1976). Also the top of the Middle Globigerina Member is marked by a
conglomerate bed: the Upper Main Conglomerate Bed (UMCB) (Pedley et al., 1976). It is 0.5m
thick and it is present both in Malta and in Gozo. The last member of the Globigerina Limestone
is the Upper Globigerina Member. It is a tripartite unit with a lower and upper pale-yellow
biomicrite, intercalated by a pale-grey marly biomicrite (Morris, 1952). In Gozo, it shows a
thickness of ~15 m (Pedley et al., 1976).

The Blue Clay Formation (Serravallian to Early Tortonian) testifies an abrupt change in the
depositional environment. It is characterized by blue-gray marly clays with less than 30%
carbonate component (Murray, 1890; Pedley et d., 1976) deposited in an open marine environment
with water depths from 100 m up to 150 m. This unit shows important thickness variations in the
range 18 to 65m (Pedley et a., 1976).

13



Chapter 1

The Greensand Formation (Tortonian) was deposited above an erosional surface affecting the Blue
Clay. It is composed by a thin and discontinuous layer of glauconitic sandstones (Pedley et al.,
1976).

The Upper Coralline Limestone (Late Tortonian to Messinian) is the youngest formation of the
Maltese Arcipelago (Bianucci et a., 2011; Giannelli & Salvatorini, 1975; Mazzel, 1985; Russo &
Bossio, 1975). It is composed by four members. from oldest to younger they are (1) the
foraminiferal packstones of the Ghan Melel Member; (2) the Mtarfa Member, composed by
massive to thickly-bedded mudstones and wackestones (Bosence & Pedley, 1982); (3) the Tal-
Pitkdl Member, composed by coarse-grained wackestones and packstones with abundant
rodholithesin the lower part and patch reefs and biostromein the upper part; (4) the Gebel Imbark
Member, composed by basal beds of cross stratified ooidal and peloidal grainstones overlied by
carbonate mudstones associated with grey marls.

From a structural point of view, the Malta and Gozo islands are cut by two main sets of normal
faults trending WNW-ESE and ENE-WSW (Dart et a 1993; lllies, 1981; Pedley et a., 1976;
Reuther & Eisbacher, 1985) forming a horst and graben structure that dissects the Oligo-Miocene
series of the Islands (Figure 2b). In particular, four regional structural features can be identified:
the Malta and Gozo horsts, and the North Gozo and North Malta grabens (Figure 1b). The main
faults outcropping in the isands are the ENE-WSW Victoria Fault and South Gozo Fault
(bordering the North Malta Graben), and the WNW-ESE Maghlaq Fault (Bonson et a., 2007;
Pedley et a., 1976) (Figure 2b). The Victoria Fault has a vertical separation of 120 m and,
according to Villani et al. (2018) had its maximum activity during the Pliocene-Early Pleistocene.
The Maghlaq Fault is located in the SE part of Mata and with 210 m of vertical separation is the
most important fault of the WNW-ESE set (Bonson et al, 2007). (Figure 2b). On the Gozo Island
the two main faults are the South Gozo Fault and the Qala Fault. The South Gozo Fault isan ENE-
WSW normal fault with adip of 65° toward SE (Cooke et a., 2018) that border the southern part
of theidland. It juxtaposed the Upper Coralline Limestone with the Lower Globigerina Formation
with a vertical displacement of at least 80 meters. The South Qala fault is a WNW-ESE normal
faults with aminimum vertical displacement of 50 meters (Cooke et al, 2018) and an average dip
of 61° toward SSW (Figure 2b).

1.4 Structural data

The Malteseislands allow carrying out detailed structural and geological surveyson exceptionally
continuous outcrops, particularly along the coast, where they can extend for severa kilometres. In
theidlandsinterior, the best outcrops are represented by hilltops, gullies, and quarries. Datafor the
structural analysis were collected in 14 different sites characterized by ailmost horizontal bedding
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(10 in Gozo and 4 in Malta; Figure 2b). Structural data include attitude measurement of fault
surfaces (306 data), mode | joints (265 data) and Neptunian dykes (96 data), fault kinematic
indicators (382 measurements including 12 shear fractures), and cross-cutting and abutting
relationships among the structures. We choose to characterize more outcrops in Gozo because here
the Lower Globigerina Limestone is better exposed then in Malta, hence the best outcrops to
observe Neptunian dykes and the small normal faults in the Lower Globigerina are on thisisland
(Figure 2b and Figure S1 in the supporting data). As a base for our structura survey, we used the
1:25.000 geological map of the Oil Exploration Directorate, Office of the Prime Minister of Malta
published in 1993 and provided by the Malta Planning Authority and the Malta Resources
Authority. Themap isgenerally very detailed, and only in afew places we have carried out detailed
surveys to improve it and allow a better structural and kinematic analysis (Figure 2b and Figure
S1 in the supporting data, Supplementary material in thisthesis).

1.4.1 Fault and fracture sets
The islands of Malta and Gozo are dissected by two sets of normal faults striking N70°E (ENE-
WSW) and N286°E (WNW-ESE). The ENE-WSW set has an average dip of 80° either toward
NNW or SSE. WNW-ESE set has an average dip of 80° both toward NNE or SSW (Figure 3).
The two fault sets have vertical displacements ranging from severa to hundreds of meters as
demonstrated by stratigraphic separation. Several attitude data were taken also on the major faults
of Maltaand Gozo (e.g.Victoria Fault, South Gozo Fault, Qala Fault, Maghalq Fault showing that
they are part of these two sets (Figure 2b and Figure 3). Moreover, four fracture sets were
recognized: i) strike N73°E (ENE-WSW) and dip 88° toward NNW or SSE; ii) N287°E (WNW-
ESE) and dip 86° toward NE or SW; iii) strike NO°E (N-S) and dip 87° toward E or W; and iv)
N45°E (NE-SW) and dip 81° toward NW or SE (Figure 3). In some cases, joints are filled by
calcite, hence they are veins. Finally, different sets of Neptunian dykes (N-S, NE-SW and WNW-
ESE) with an average dip angle of 85° are present in the Lower Globigerina Member and in the
upper part of the Lower Coralline Limestone (Figure 3). Neptunian dykes have apertures ranging
from 1 mm to several centimetres and they are filled with material coming from the Lower Main
Conglomerate Bed (LMCB), composed by mm- to cm-size brown pebbles absorbed inside a
whitish to yellow matrix. The contact between the Neptunian dykes and the calcarenites of the
Lower Globigerina Member is marked by a characteristics white-coloured ateration halo. The
walls of the Neptunian dykes are sharp and almost planar, indicating that they were not formed as
consequence of dissolution processes. The Lower Globigerina Member is aso characterized by
the presence of small normal faults showing the same strike as the Neptunian dykes (N-S, NE-SW
and WNW-ESE) and an average dip of 60°, with less than 5 m of displacement (Figure 3). Since
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in terms of stratigraphic position and strike these faults are similar to the Neptunian dykes, we will
call them “normal faults associated with the Neptunian dykes”.

Normal Faults Neptunian
Associated with dvkes
ENE-WSW WNW-ESE Neptunian dykes Y
0 0 0

I

270

Joints

ENE-WSW WNW-ESE
0 0

270

270 | |90 [270]

Figure 3. Lower hemisphere equal-area plots and density contour of poles representing attitude of normal faults,
Neptunian dykes and joints in the investigated outcrops. Attitude data can be found in table S1 in the supporting
information (supplementary material in thisthesis).
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1.4.2 Relative chronology

Relationships between structures and stratigraphy are summarized in Figure 4. ENE-WSW and
WNW-ESE normal faults cross-cut all the stratigraphic units (Figure 4 a, b, €). This behaviour is
also confirmed by joint sets associated to faults (ENE-WSW, WNW-ESE; N-S; NE-SW), that are
present in all stratigraphic units. Thesejoints are not common in the Middle GlobigerinaLimestone
member and in the Blue Clay because they are composed by marls and clays not prone to brittle
deformation (Figure 4€). On the other hand, Neptunian dykes and associated small normal faults
are present only in the Lower GlobigerinaMember (Aquitanian) and in the upper part of the Lower
Cordline Limestone (Figure 4 c, d, €). Neptunian dykes are sealed by the Lower Main
Conglomerate Bed (LMCB), which is aso the source of the infilling sediments (Figure 4c, e),
whereas the faults cut the conglomerate and are sealed by the overlying units (Middle or Upper
Globigerina) (Figure 4d, €). ENE-WSW and WNW-ESE faults show mutual cross-cutting and/or
abutting relationships, suggesting that they are coeval. Also fracture sets with ENE-WSW and
WNW-ESE strike mutually crosscut and abut each other (Figure 5a); they are the most important
ones both in terms of frequency and continuity (master joints), and they are parald to the larger
faults (e.g South Gozo Fault, Qaa Fault, Victoria Fault, Maghlaq Fault). On the other hand,
fractures of sets N-S and NE-SW are less frequent and less continuous (cross joints) and usually
terminate against the master joints (Figure 5a). All joints and ESE-WSW and WNW-ESE fault
sets crosscut the Neptunian dykes (Figure 5b, ¢, d, €).

1.4.3 Kinematicindicators

The kinematic indicators collected in the 14 different sites are summarized in Figure 6. The
stratigraphic offset of the small faults associated with the Neptunian dykes can be inferred from
the offset in the Lower Main Conglomerate Bed (LMCB) (Figure 7a) suggesting a normal
movement. More detailed kinematic indicators consist in slickensides showing dip-slip kinematics.
Unfortunately, these structures are not common, probably due to the limited displacements (< 5
m), but when they are present, the kinematicsis very consistent (Figure 7b). We carefully searched
for evidences of larger displacements or reactivation, both for Neptunian dykes and associated
normal faults but these were not detected and, given the high quality and continuity of the outcrops,
we are confident that these structures were not reactivated in later deformation stages. In addition,
Neptunian dykes were interpreted as hybrid fractures and they have been used as kinematic
indicators in the same way as joints, hybrid tensional/shear fractures and fissures are commonly
used (e.g. Daviset a., 2011; Twiss & Moores, 2007). On the other hand, both the ENE-WSW and
WNW-ESE normal fault sets are very suitable for kinematic analysis since they provide common
and consistent kinematic indicators (Figure 6 and Figure 7 ¢, d, e, f, g, h).
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Figure 4. Relative chronology and relationship with the stratigraphy of normal faults, Neptunian dykes and joints.
Colour-coding asin stratigraphic column. (a,b) ENE-WSW normal fault and WNW-ESE normal faults both cross-cut
all the stratigraphy (c): Neptunian dykes and the overlying conglomerate that infills and seal them. (d) The small
normal faults associated with Neptunian dykes. It is possible to see that they cut the conglomerate but are sealed
by the overlying unit. () Summary of the relative chronology and relationship with the stratigraphy of the structural
features.
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against ENE-WSW

Figure5. Cross-cutting relationships. (a) Drone picture showing a plan view of the mutual abutting and cross-cutting
relationships of ENE-WSW and WNW-ESE joint sets (master joints). Moreover, it is possible to see that N-S and NE-
SW joints terminate against the master joints. (b) plan view of a WNW-ESE normal fault that cross-cut a Neptunian
dyke. (c) side view of a WNW-ESE normal fault that cross-cuts a Neptunian dyke. (d) plan view of a ENE-WSW
veinsthat cross-cuts a Neptunian dyke. (€) plan view of a WNW-ESE joint that cross-cuts a Neptunian dyke.
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Figure 6. Lower hemisphere equal-area plots of kinematic data. Numbers of the outcrops are referred to those in
Figure 2. Attitude data and pitches are available in table S2 and table S3 in the supporting data.

These are generaly dlickensides displaying grooves and/or calcite fibres testifying anormal to
trans-tensional kinematics. ENE-WSW faults generally show dip-dlip to slightly dextral-normal
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movements, whereas WNW-ESE faults show dip-dlip to normal-sinistral movements (Figure 6

Faults associated with Neptunian dykes

ENE-WSW and WNW-ESE faults

Figure 7. Kinematic indicators. (a) Stratigraphic off-set of the Lower Main Conglomerate Bed. (b) Kinematic
indicators of normal faults associated with Neptunian dykes. (c, d) Kinematic indicators associated with WNW-ESE
normal faults show a dip-dip to slightly sinistral movement. (e, f, g, h) ENE-WSW faults show dip-slip to nhormal-
dextral movement. Colour-coding as in stratigraphic column of Figure 2a.
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and Figure 7, c, d, g, f, g, h). In site 8, different calcite-filled hybrid opening/shear fibrous veins
striking ENE-WSW and WNW-ESE have been found (Figure 6). The direction of the fibres
usually shows a dip-dlip to slightly dextral-normal movement for ENE-WSW veins and a dip-dlip
to normal-sinistral movement for WNW-ESE veins, in agreement with kinematic indicators
observed on faults. Only in site 7, some strike-slip kinematic indicators have been found at the
margin of asinkhole (Figure 6). In site number 11, N-S striking shear-fractures, associated to the
main fault plane (ENE-WSW), show dip-dlip to dightly trans-tensional movements (Figure 6).
Sites number 1, 2, 9, 11 and 13 are located on the major faults of Malta and Gozo. In particular
site number 1 is on the Qala Fault, sites number 2 and 9 are on the South Gozo Fault, site number
11 isonthe Victoria Fault and site number 13 is on the Maghlaq Fault (Figure 2b).

1.5 Structural analysis

1.5.1 Tectonic evolution
Field observations, kinematic indicators and cross-cutting or abutting relationships suggest that
Neptunian dykes and associated normal faults (N-S, NE-SW and WNW-ESE) developed during a
different and older tectonic event respect to WNW-ESE and ENE-WSW larger-scale normal faults
(e.g Victoria Fault, South Gozo Fault, Maghlaq Fault, Qala Fault). Neptunian dykes are coeval to
the Lower Main Conglomerate Bed (LM CB) since they are infilled by the material that forms the
Conglomerate. Moreover, Neptunian dykes and related normal faults are interpreted as coeval
because they have the same attitude, the same stratigraphic position (coeval to the Lower Main
Conglomerate Bed (LMCB)) and they are all sealed by the Middle Globigerina Member,
suggesting that they formed between the Late Aquitanian and the Early Burdigalian (22 — 17 Ma).

Conversdly, WNW-ESE and ENE-WSW faults cut all the stratigraphic sequence, mutually cross
cut and abut each other, and are not associated to any evidence of syn-sedimentary deformation.
This suggests that they are coeval and that they formed after the deposition of the Upper Coralline
Limestone.

Hence, our interpretation is that, from the Oligocene onward, the Maltese Islands underwent two
main extensiona tectonic events. The first (D1) between the Late Aquitanian and the Early
Burdigalian (22— 17 Ma) led to the formation of the Neptunian dykes and associated normal faults.
The second (D2) led to the formation of ENE-WSW and WNW-ESE faults (e.g.Victoria Fault,
South Gozo Fault, Maghlag Fault, Qala Fault) and related fracture sets. D2 could have started
during the Messinian (7-5 Ma), with an increased activity after 5 Ma, so after deposition of the
Upper Coralline Limestone, which is cut by these faults and does not show evidence of syn-
sedimentary deformation. This hypothesis is supported by the observation made by Dart et al.
(1993), who found growth strata related to ENE-WSW and WNW-ESE faultsin the offshore Plio-
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Quaternary succession of the North Gozo Graben, and date their maximum activity to the Pliocene.
Unfortunately, it is not possible to make hypotheses on post-Pliocene deformations since younger
units do not outcrop in Malta or Gozo.

It is worth noting that the few strike-slip kinematic indicators, found only in site number 7, near
some large sinkholes, are not related to a different regional tectonic phase (as suggested by lllies,
1981; Reuther & Eisbacher, 1985), but to the formation of the collapse structures (as aready
pointed out by Dart et a., 1993; Illies, 1980; Pedley, 1974). For this reason, this site has been
excluded from the paleostress modelling.

1.5.2 Paleostress modelling
We have used paleostress modelling, with stress inversion techniques, to infer the paleostress
regime that can be associated with deformation stages D1 and D2. We have subdivided fault dlip
datain subsets for stress inversion based on the tectonic evolution described in previous chapters.
Hence we have not used automatic separation procedures (as suggested by e.g. Liesa & Lidle,
2004; Lisle & Srivastava, 2004; Simon, 2019; Sperner & Zweigel, 2010), but in every outcrop we
have separated the Neptunian dykes and associated normal faults (D1 subset, Figure 8) from the
ENE-WSW and WNW-ESE faults and associated veins and shear fractures (D2 subset, figure 9).

The fundamental assumption in stressinversion isthat slip vectors measured on fault surfaces can
be directly related to the underlying (paleo-) stress field, according to the Wallace-Bott hypothesis
(Bott, 1959; Wallace, 1951) that the observed slip vector should be parallel to the tangential
component of traction (the stress vector acting on a fault with a particular orientation; the angle a
between these vectorsis called deviation angle). Also the opening direction of tensional veins and
dikes can be used as a constraint in stress inversion since it is assumed to be parallel to the least
compressive stress axis o3 (e.g. Hubbert & Rubey, 1959). All stress inversion techniques rely on
some sort of statistical procedure aimed at minimizing the difference between the set of
observations and the predictionsissued from amodel stressfield (e.g. Angelier, 1990). Thismeans
solving an inverse problem and explains the collective name of “stress inversion” techniques.
Differences between these techniques, which will not be addressed here, regard mainly (i) the way
the difference between the model and observables is calculated (target function), and (ii) the
procedure used to perform the minimization (see Celerier et a., 2012; Delvaux and Sperner, 2003;
Lacombe, 2012; Simon, 2019; Sperner and Zweigel, 2010 for extensive reviews).
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a D1 stress inversion
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Figure 8. Stress inversion performed for D1 extension. (a) Results of the stress inversion. See text for explanation.
Histograms show the values of F5 functions and of the slip deviation angle alpha. Outcrop numbers refer to those in
Figure 2b. Kinematic data can be found in table S2 in the supporting information (Supplementary material in this
thesis). (b) Mean stress tensor extracted from the bootstrapping analysis.
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a D2 stress inversion
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thesis). (b) Mean stress tensor extracted from the bootstrapping analysis.
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The assumptionsimplied in stressinversion techniques are generally considered reasonableif (e.g.
Ramsay & Lisle, 2002, p. 785): (i) rocks can be considered isotropic or transversely isotropic (i.e.
with anisotropy axes approximately parallel to stress axes), and (ii) displacements are small at the
scale of theanalysis (infinitesimal strain and rotation). Both conditions are met in Maltaand Gozo,
where faults show generally limited slip and bedding is aways sub-horizontal (transverseisotropy
condition) thus providing an ideal areafor paleostress modelling.

In this work, we used the F5 target function (Delvaux and Sperner, 2003) in the implementation
provided by WinTensor (www.damiendel vaux.be/Tensor/tensor-index.html). This target function
is particularly well suited for the case at hand because it allows for the simultaneous inversion of
slip-vectors and opening directions. As suggested by Delvaux and Sperner (2003) and Angelier
(1990), we consider as reliable a paleostress tensor solution if in the fluctuation histograms we do
not observe values of the target function F5 > 20 and of the deviation angle o > 30.

The solution to stressinversion problemsis givenin terms of areduced stresstensor (e.g. Angelier,
1990), defined in an adimensional way by the orientations of the principal stress axes and the shape
ratio defining the relative magnitude of 62 with respect to o1 and 63 as ¢ = (62- 63)/ (c1- 63)
(Angelier, 1990).

Since the unknowns are four (three orientations and the shape ratio), in order to obtain a robust
numeric solution at least four statistically independent structure sets are needed (e.g. Angelier,
1990). In our study this condition ismet in all considered outcrops (Figure 8 and Figure 9).

Finally, we obtain the mean stress at the scale of the idands of Gozo and Malta for each
deformation stage by summation of the stress tensors, normalization, and calculation of the
eigenvectors and eigenvalues of the mean tensor (Jelinek, 1981; Traforti et a., 2018). To test the
reliability and homogeneity of means stress tensor solutions, we applied a bootstrap modelling
(Constable and Tauxe, 1990; Efron, 1979;) implemented in a custom Matlab script (Traforti et al.,
2018) (Figure 8b and 9b).

1521 Dlextension
Stressinversion for D1 extension (Figure 8a) indicates that kinematic data collected in all outcrops
are consistent with a WNW-ESE extension with a sub-vertica o1, o3 sub-horizontal trending
WNW-ESE, and 62 sub- horizontal NNE-SSW, with o2 very close in magnitude to o3 (Bai et al.,
2002) and a shape ratio ¢ =~ 0.23 Moreover, in al outcrops the value of the F5 function remains
under 20 and the angle o is always less than 30°, confirming that all the fault dip data are
compatible with the stress tensor model. Only site number 4 differs from the others (Figure 8a)
since 62 and o3 show a permutation with respect to the other sites. This can be justified as just a
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local perturbation, owing to the fact that also in the other sites o2 and o3 are very close in
magnitude. The average reduced stress tensor, calculated excluding site number 4, has principal
stress axes (trend/plunge) o1 = 264/88, 62 = 14/00, o3 = 104/01, and shape ratio ¢ = (62- 63)/ (o1-
03) = 0.23. Bootstrapping anaysis indicates a high degree of homogeneity within the different
outcrops (Figure 8b).

1522 D2extension

Stressinversion for D2 extension (Figure 9a) indicates that kinematic data collected in all outcrops
are consistent with a N-S extension with o1 sub-vertical, o3 sub-horizontal directed N-S, and o2
sub-horizontal E-W, with o2 very close in magnitude to 63 and a shape ratio ¢ = 0.28, Moreover,
in al outcrops the value of the F5 function remains under 20 and the angle a is always less than
30°, confirming that all the fault dlip data are compatible with the stress tensor model. The average
reduced stress tensor has principal stress axes (trend/plunge) 61 = 341/87, 62 = 88/00, 63 = 178/02,
and shape ratio ¢ = (o2- 63)/ (01- 63) = 0.22. Bootstrapping analysis indicates a high degree of
homogeneity within the different outcrops (Figure 9b).

1.6 Implications for the geodynamic evolution of the Pelagian Platform and
Pantelleria Rift System

We can summarize the tectonic evolution of the Maltese Islands from the Late Oligocene to the

Pliocene by defining the following deformation phases:

D1) Oblate WNW-ESE extension (o2 close in magnitude to o3) developed during the Late
Aquitanian-Early Burdigalian (20 -17 Ma), resulting in small normal faults (separation < 5m) with
associated Neptunian dykes

D2) Oblate N-S extension (o2 close in magnitude to o3) developed from the Late Miocene to
Pliocene (7 — 1.5 Ma), leading to nucleation and propagation of two coeval fault sets, striking
WNW-ESE and ENE-WSW, with separation of up to 200 meters. These fault sets include the
major regional faults in Malta and Gozo (e.g.Victoria Fault, South Gozo Fault, Maghlaq Fault,
QalaFault).

The fact that the ENE-WSW and WNW-ESE faults and fracture sets are coeval is demonstrated
by mutual cross-cutting and abutting relationships, and by the absence of a progressive rotation of
fault and fracture systems going upwards in the stratigraphy.

The formation of two coeval fault sets oblique to the main extension direction can be explained
with athree-dimensional deformation where al the principal strain axes are different from zero
(Krantz, 1988; Reches, 1978, 1983; Reches & Dieterich, 1983). These kind of fault systems,

27



Chapter 1

500 km

30 Ma

15 Ma 5Ma 0 Ma

Figure 10. Position of the thrust front in the Western and
Central Mediterranean from 30 to 0 Ma and motion of
Africa with respect to fixed Eurasia as calculated by
Dewey et a. (1989). Movement of the trench was
redrawn after Royden and Faccenna, (2018) while

sometimes called orthorhombic systems
(Krantz, 1988; Reches, 1978, 1983; Reches &
Dieterich, 1983), have been aready described in
different areas of the world in extensional
tectonic settings (Aydin & Reches, 1982;
Bistacchi & Massironi, 2000; Carvell et al.,
2014; Collanega et al., 2017; Franceschi et al.,
2014; Krantz, 1988; Miller et a., 2007).

While structures associated to D1 were
considered only in afew previous studies (Dart
et a., 1993; Gatt, 2005; Illies, 1981; Reuther &
Eisbacher, 1985), and never associated with a
regional-scale tectonic event, the larger faults
associated to D2 are well known and in the past
have been associated with different and

African motion was redrawn after Faccenna et a. (2001).

contrasting deformation phases (Argnani, 1990;
The Maltese Idands are highlighted in red.

Ben-Avraham et a., 1987, Boccaletti et .,
1987; Catalano et al., 2009; Cello, 1987; Dart et al., 1993; Finetti, 1984; Grasso & Reuther, 1988;
Jongsma et a., 1985; Reuther & Eisbacher, 1985). Our approach, combining stress inversion
modelling and dating of deformation structures using crosscutting and abutting relationships and
relationships with stratigraphy, allowed clarifying the tectonic evolution of the Maltese Islands.

In the following we show how the tectonic evolution of the Maltese Islands fits in the geodynamic
evolution of the Central and Western Mediterranean, from the Oligocene onward, as proposed by
Faccenna et a., (2001, 2004a, 2004b). Noteworthy, the structures discussed in this contribution
represent the only outcropping record of the stress regime in the Pelagian Platform (alarge marine
area) and the only opportunity to constrain the geodynamic evolution of this area, from the Late
Oligocene to the Pliocene, with structural data collected in the field.

1.6.1 Cenozoic Evolution of the Western and Central Mediterranean
In the Late Eocene (35 Ma) the area from Iberia to the Present Ligurian region was characterized
by awide SE trending subduction zone more than 1500 km long called the Western M editerranean
Subduction Zone (WMSZ; Faccenna et a., 2004a, 2004b). The movement of the trench and
position of Africawith respect to Eurasia between 30 Maand present is summarized in Figure 10.
The slab was dipping towards NW consuming an oceanic domain, now completely subducted if
we exclude slices tectonically accreted in the Apennine-Sicilian-Maghrebian Belt (Le Pichon et
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al., 1988). At 30 Mathe dlab started aretrograde SE motion (Cherchi & Montandert, 1982; Facenna
et a.2004a, 2004b; Gorini et al., 1994; Jolivet et a., 1999; Jolivet and Facenna, 2000; Serranne,
1999) that propagated southward between 30 and 23 Ma, with extension both in the back-arc region
and in the orogenic wedge (Caby et al., 2001; Garcia-Duenas et al., 1986; Jabaloy et a., 1993;
Rossetti et al., 2001; Saadallah & Caby, 1996). Between 23 and 15 Ma the extension reached its
maximum velocity with the counter-clockwise rotation of the Sardinia-Corsica block (Burrus,
1984; Van der Voo, 1993). During all this evolution, the position of the Maltese Islands remained
more or less constant as demonstrated by paleomagnetic data (Brandano et al., 2008; Dewey et al.,
1989). Extension continued up to 17 - 16 Ma, when the retrograde movement of the slab ended
and with it the extension in the Central and Western Mediterranean. Between 15 and 10 Ma no
important extension was observed in the region. The tectonic activity started again at ¢. 10 Main
the Tyrrhenian region (Faccennaet al., 2001) with an increase of the extension rate at 5 Madue to
the roll back of the Calabrian slab under the Appenine-Sicilian-Maghrebian Belt. (Faccena et al.,
20044).

1.6.2 Early Miocene extension (D1)

During D1, in the Late Aquitanian/Early Burdigalian (20 -17 Ma), the Liguro-Provencal basin was
completing its opening with the rapid counter-clockwise rotation of the Sardinia-Corsica block.
The trench of the future Apennine-Sicilian-Maghrebian Belt was oriented NE-SW and was
crossing all the Mediterranean in a more westerly position with respect to the present one (Figure
11 a, b, ¢), but it was already migrating towards the E due to slab roll back (Faccennaet al, 2001,
20044, 2004b). Our interpretation isthat this migration eventually brought the Maltese Islands and
surrounding areas (Sicily, Tunisia, Pelagian Platform, and the future Pantelleria Rift System) in a
foreland position causing the onset of the WNW - ESE extension that led to phase D1. (Figure 11
¢, 11f). Similar evidences of extensional tectonics during the Early Miocene have been found by
other authorsin different areas of the Central Mediterranean. Pedley & Grasso (1992) describe the
presence of N-S-trending structures in the NW part of the Hyblean platform (NW Sicily) that
should have been active in this period. Tavani et al. (2015b) found evidences of an Early
Burdigalian extension in the Penestrini Mountains (Central Apennines) followed by a tectonic
guiescence up to the Tortonian. Belguith et a. (2011) have documented a minor Lower-Middle
Miocene extension in onshore Tunisia. LaBrunaet a. (2017, 2018) reported severa evidences of
extensional tectonics associated to the foreland basin evolution in the Monte Alpi area (Southern-
Appenines) during the Miocene. The conclusion of phase D1 observed in Gozo a c. 17 Ma is
consistent with a quiescence in slab roll back documented between 17 and 7 Ma by Faccenna et
al., (2001, 20044, 2004b). (Figure 11d, 11f).
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1.6.3 Late Miocene- Pliocene extension (D2)

The age of phase D2 (Late Miocene— Pliocene) correspondsto arenewed activity of the Apennine-
Sicilian-Maghrebian Belt and migration of the trench dueto roll-back of the Calabrian slab (Figure
11e-11f). In this period however, the geometry and kinematics of the slab changed with respect to
the Early Miocene, and the belt assumed the present arc shape, dueto avery pronounced and radial
slab roll-back (Faccenna, 2004a). The increase of the slab velocity was caused by the slab break-
off in the Sicily channel (Faccena et al., 2001, 2004a, 2004b). This event caused the two slabs to
roll-back in different radial directions. Southwards in North Africaand in the Maltese region, and
South-eastwards in Calabria (Faccena et a., 2001, 2004a, 2004b). In the region of the Pelagian
Platform, this resulted in aswitch from WNW-ESE extension to N-S extension, which is reflected
in phase D2 (Figure 11 e-11f). In the area of the Maltese Islands, this |led to the formation of the
Maltese Graben System together with the related ENE-WSW and WNW-ESE faults (Victoria
Fault, South Gozo Fault, Mahgalg Fault, to cite the larger ones).

This reconstruction is confirmed by data collected by other authors. Dart et a. (1993), using
seismic data collected across the North Gozo Graben, recognized ENE-WSW and WNW-ESE
trending faults dated to the Late Miocene and Pliocene. Villani et a. (2018) suggested that the
Victoria Fault started its activity during the Late Miocene, with a maximum dlip-rate during the
Pliocene. Reuther & Eisbacher (1985) proposed the same evolution for the South Gozo Fault.

At the regional scale, the D2 extension caused the opening of the Pantelleria Rift System that is
Late Miocene to Pliocene in age (Civile et a., 2008; Dart, 1993; Finetti & Morelli, 1972; Illies,
1981; Reuther and Eisbacher, 1985). Even if the Pantelleria Rift System is mainly bounded by
WNW-ESE trending faults, which accommodate most of the displacement (Civile et a., 2010;
Finetti, 1984; Reuther & Eisbacher, 1985), also ENE-WSW trending faults have been observed in
seismic data (Argnani, 1990; Boccaletti et a, 1987; Finetti, 1984), confirming that the fault pattern
recognized in the Maltese Islands is representative of the regional scale fault system of the rift.
Dart et a. (1993) have shown that the stratigraphic sequence of the Maltese Islands is the same of
the Pantelleria Rift, and they demonstrated that the two areas underwent the same tectonic history.
All these data confirm our interpretation that the Pantelleria Rift System and the Maltese Graben
System are coeval and they were formed in response to a N-S extension started from the Late
Miocene, and mainly in the Pliocene, in agreement with the hypothesis proposed from Argnani
(1990) and Dart et a. (1993).
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Figure 11. (a b, c, d, €) Tectonostratigraphic evolution of the Maltese I1slands in the framework of the geodynamic
evolution of the Western and Central Mediterranean (see text for explanation). Colours refer to the stratigraphic
column of Figure 2a. Sketches of trench and slab migration modified after Faccenna et al. (2001; 2004a; 2004b),
with section A-A’ translated in order to reach the Maltese Islands. Red square highlights the position of the Maltese
Islands. (f) Position of the Maltese Islands with respect to the trench.
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Extensional activity in others part of the foreland of the Apennine-Sicilian-Maghrebian Belt have
been documented by other authors. Scisciani et a., (2002) and Scisciani and Monfalcone, (2006)
described Pliocene and Messinian extensional faults in central Apennine. Belguith et a., (2011)
recognized different NW-SE trending rifts in Tunisiaformed in response to an extensional event
that took place between the latest Miocene and the Early Quaternary. Barrier (1992) documented
the presence of ENE-WSW and NW-SE normal faultsin the Ragusa Platform (SE Sicily) formed
during the Late Miocene-Early Pliocene in response to the flexure of the foreland.

1.7 Conclusions
1) From the Late Oligocene to the Pliocene the Maltese Islands underwent two main
deformation events divided by a period of tectonic quiescence:

e The D1 oblate WNW - ESE extension (o2 close in magnitude to o3) developed
during the Late Aquitanian-Early Burdigalian (20 -17 Ma), resulting in small
normal faults (separation < 5m) with associated Neptunian dykes.

e TheD2 oblate N-S extension (o2 close in magnitude to 3) developed from the Late
Mioceneto the Pliocene (7 — 1.5 Ma), leading to nucleation and propagation of two
coeva sets of regional-scale faults, striking WNW-ESE and ENE-WSW, with
separations of up to 200 meters and to the opening of the Pantelleria Rift System.

2) We interpret both the extensional events as caused by the foreland flexure and slab roll-
back. Indeed, both tectonic events took place during periods of dlab-retreat, while the
tectonic quiescence between D1 and D2 corresponds to a stasis of the slab roll-back.

3) Inthiscontext, fault-slip data can be used as an independent tool to “monitor” the slab roll-
back evolution.
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Damage zone char acterization combining
scan-line and scan-area analysison a km-
scale Digital Outcrop Model: the Qala Fault
(Gozo).

Thischapter ispresented in theform of a paper that iscurrently under review in the Journal
of Structural Geology.

The scripts used for scan-line and scan-area analysis are available in the supplementary
materials.

NOTE FOR THE READER

In this chapter, we refer to a method presented in Bistacchi et al., 2019. This method introduces a
statistical method to analyze the spatial distribution of fractures belonging to a given fracture set
and sampled along alinear scanline. Indeed, fracture sets having the same fracture density (P10)
might have very different spatial distribution that needs to be characterized. In this paper we
suggest to apply non parametric statistic to characterize the spatial distribution of fracture sets, by
evauating if on a scanline of length L a correlation exists between the fracture position along the
scanline (X) and the fracture spacing (S) (Figure 1).

Xj = distance of i-th event from origin of scanline

Sj=Xj+1 - Xj
S]_ Sn—2 Sn 1
D —
@ " g 9 . g " g L g & o>
0 X4 X3 X; Xn-o Xnt Xn L

Figure 1: Given a scanline of length L, we can define the position X of n fractures occurring along it, and the spacing
S between them
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In particular, it is possible to:

)] test if fracture spacing is correlated with fracture position (fracture spacing increases
or decreases along the scan line defining atrend, Figure 2) by applying the Spearman
rank correlation coefficient for trend between fracture spacing (S») and fracture position
(Xn).

i) test if fracture are clustered defining a pattern (Figure 2) by applying the Spearman
rank correlation coefficient between fracture spacing (S»1) and the spacing of
neighbour fractures (Sn-2)

If no trend or pattern are found, fractures can be randomly or uniformly distributed (Figure 2).
Random distribution is tested using a y> test for Poisson distribution. To test if fractures are
uniformly distributed, we compare the cumulative frequency curve of the fractures along the
scanline (with fracture position as horizontal axis) with the cumulative frequency curve of a
uniform distribution using the Kolgorov-Smirnov test.

Figure2: Thepossible
spatial  distributions
of fractures aong a
scanline. Figure
modified from Swan
and Sandilands, 1995

For a complete explanation of the non parametric statistical tests we refer the reader to the book
“Introduction to Geological Data Analysis” written by A.R.H. Swan and M. Sandilands, 1995
pages 221-233.
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Chapter 2

2.1Abstract
Fault damage zones can act as a preferential corridor for the fluid flow in the subsurface, and for

this reason the characterization of their structure, including the attributes of the associated fracture
network, is fundamental. However, defining these attributes from subsurface data is difficult
because of limited resolution (seismic data) or of limited spatial coverage (borehole data). Outcrop
analogues can help filling this observation gap, allowing an amost continuousinvestigation of the
fault damage zone from the master dlip surface to the background fractures. In this work we
characterized the damage zone of the Qala fault, a normal fault developed in platform carbonates
of the Gozo Idand (Matese Isands), combining field analysis and a high resolution
photogrammetric Digital Outcrop Model (DOM). We demonstrate that by combining scanline and
scan-area analysis applied on aDOM, it is possible to characterize the damage zone width and the
spatial organization, geometrical parameters and connectivity of the associated fracture network.
Moreover, we showed that even faults with limited displacement (i.e., 50-100 m) can be
characterized by a thick damage zone that forms a large connected and permeable area which
extends for several hundreds of meters far away from the master slip surface.

2.2 Introduction

Fracture networks exert a primary role in the control of permeability and fluid flow in fractured
reservoirs of geo-fluids (e.g. hydrocarbons, groundwater, hydrothermal fluids, COg, etc.), but
unfortunately, the full characterization of fracture parameters from borehole and/or seismic datais
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Figure 1: Length scale of Well, Outcrop and Seismic data.
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difficult. In fact, a critical gap in data exists at scales between a few meters and several hundred
meters, since fractures at length scale of less than ~200 m cannot be detected even in the best
seismic datasets, and, on the other hand, borehole data are sparse and give only local information
on small-scale fractures (Figure 1). Outcrop analogue studies may fill this gap, and particularly
km-scal e outcrop analogues allow collecting very large multi-scal e datasets to characterize fracture
network parameters and their variability (Basa et al., 2019; Bertrand et a., 2015; Bistacchi et al.,
2015; Jacquemyn et al., 2015) (Figure 1).

However, even if alarge continuous outcrop is available, collecting al fracture parameters directly
in thefield isimpossible and only small areas (less than afew hundreds of m?) can be studied with
traditional surveying methods. For this reason, modern structural analysis projects require a
photogrammetric or laser scanning survey to be carried out, in order to provide a high-resolution
topographic and imagery base model for the structura analysis, called Digital Outcrop Model
(DOM) or Virtual Outcrop Model (Bellian et al., 2005; McCaffrey et al., 2005; Buckley et al.,
2008; Haneberg, 2008; Hodgetts, 2013; Tavani et a., 2014; Vasuki et a., 2014; Bistacchi et al.,
2015; Franceschi et al., 2015; Martinelli et al., 2017). Depending on the outcrop morphology (cliff
vs. pavement) and size, the DOM can be rendered as a point cloud, a textured surface, or a 2.5D
dataset composed by orthophoto and a digital elevation model (DEM) (Bistacchi et al., 2015).
Fracture networks mapped on a DOM can be analyzed with virtual scan-lines and scan-areas
allowing extracting very large datasets that can never be equaled in size or quality with traditional
surveys. Some authors hold that the DOM approach allows collecting large datasets in a small
time, but what is important for us is that the analysis of DOM provide big data sets useful for a
robust statistic characterization of most parameters of afracture network.

In this contribution, we show that the detection and statistical anaysis of the fracture network from
km-long DOM allows also to define the Representative Elementary Volume (REV), that is the
volume above which the study parameter or properties is homogenous and statistically stationary
(Bear, 1972), of the fracture density, intensity and topology. REV of fractured media has been
widely used to characterize the hydraulic behavior and the hydraulic properties of rock masses
with the help of DFN models and numerical modelling (Long et a., 1982; Oda, 1986; Li et a.,
2009; Rong et d., 2013; Azizmohammadi and Matthéi, 2017;) or to investigate mechanical and
geometrical properties (Esmaieli et a., 2010; Mller et al., 2010).

The need to have a complete characterization of the fracture network is particularly important for
fault-related fractures where the fault zone structure has a crucial role on the permeability (Smith,
1980; Smith et al., 1990; Taylor and Dietvorst, 1991; Evans et a., 1997; Knai, T.A. and Knipe,
1998; Wiprut and Zoback, 2000; Fisher and Knipe, 2001; Jolley et al., 2007). A widely used and
accepted conceptual model for fault zone architecture requires the presence of athin fault core,
where most of the deformationislocalised, enclosed into awider damage zone with an exponential
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decrease of “fracturing” (various parameters are used by different authors) towards the
undeformed (or less deformed) host rock (Aydin and Johnson, 1978; Chester and Logan, 1986;
Caineet a., 1996; Shipton and Cowie, 2001; Mitchell and Faulkner, 2009; Bistacchi et a., 2010;
Riley et a., 2010, Smith et a., 2013, Balsamo et al., 2019). Quite often fault cores have a low
permeability and can act as barriers for fluid flow perpendicular to the fault zone (Knipe, 1992;
Antonellini and Aydin, 1994; Caineet a., 1996; Evanset a., 1997; Fulljameset al., 1997; Yielding
et a., 1997; Fisher and Knipe, 2001; Flodin et al., 2005; Faaseth et al., 2007; Cooke et a., 2018;
Rempe et a., 2018). On the contrary, highly fractured damage zones are believed to represent
preferential conduits for fluid flow, and sometimes reservoirs by themselves (Chester and Logan,
1986; Chester et a., 1993; Antonellini and Aydin, 1994; Wibberley and Shimamoto, 2003;
Micarelli et al., 2006; Agosta et al., 2007; Agosta, 2008; Mitchell and Faulkner, 2009). Many
authors hold that one of the main factors controlling the width of the damage zone is the amount
of displacement accommodated by the fault. In many papers from the ‘80s and ‘90s a simple
power-law correlation is proposed between displacement and some fracturing parameters. (Schulz
and Evans, 1998; Vermilye and Scholz, 1998; Schulz and Evans, 2000; Mitchell and Faulkner,
2009; Savage and Brodsky, 2011) , but more recent works highlight that the uncertainty on this
kind of correlation can span over two orders of magnitude, and by the fact that the power-law must
be limited by a cut-off after some large displacement has been accumulated (Mitchell and
Faulkner, 2009; Bistacchi et a., 2010; Savage and Brodsky, 2011; Faulkner et al., 2011, Smith et
al., 2013; Choi et d., 2016; Mayolleet a., 2019).

In this work, we analyze the fracture network parameters within the footwall damage zone of the
Qaa Fault, a normal fault exposed in the Gozo Island (Maltese Archipelago). This fault is
characterized by a highly fractured inner damage zone (5 m thick) directly flanking the principal
dip surface, and by a wide outer damage zone extending for hundreds of metersin the footwall
block. Based on accurate fracture tracing on a photogrammetric DOM, we demonstrate that by
integrating linear and areal methods for fracture quantification, it is possible to (1) univocally
separate the damage zone from the background, (2) identify fracture corridors, (3) collect fracture
parameters, and (4) characterize the REV and topological properties of the fracture network. Our
guantitative data are compared with current models for the development of fault damage zones.

2.3 Geological outline

Malta and Gozo are located in the foreland of the Apennine-Sicilian-Maghrebian fold and thrust
belt, within the Pantelleria rift system. (Pedley et a., 1976; Illies et a., 1981; Reuther and
Eisbacher, 1985; Dart et al., 1993; Martinelli et a., 2019) (Figure 2a). (Insert Figure 2 here). The
two islands are crosscut by two sets of normal faults striking WNW-ESE and ENE-WSW
(Martinelli et a., 2019 and references therein) (Figure 2b). The main faults of these two sets are
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Q| wnerian sasi e the South Gozo Fault and the Qala Fault on Gozo
~.] and the Victoria Fault and the Maghlaq Fault on

Sicily Malta (Figure 2b). Associated with these normal
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A b Miocene. An earlier deformation event, evidenced
by Neptunian dykes and small normal faults, is
represented in the lower units, but it is not relevant
for this contribution on the Qala Fault (Martinelli et
al., 2019 and references therein). The Oligocene-
Miocene sequence of Malta and Gozo consists of
shallow marine carbonates of Oligocene to Late
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Messinian age composed, from bottom to top, by 5
formations: i) Lower Cordline Limestone
Formation (Maghlag Member, Attard Member,
Xlendi Member and Il Mara Member) ii)
Globigerina Limestone (Lower Globigerina

JLM@% ‘

/3

g Faul S
25 km t

—~—" Normal Faults

Figure 2: a) Position of the Maltese islands in the ) o
foreland of the Apennine-Sicilian-Maghrebian belt; b) Member, Middle Globigerina Member and Upper

Structural framework and main faults of the Maltese I R

|Sands. Modified after Martinelli et al, 2019 and Dart ) 0P19€rINa Member) iii) Blue Clay Formation iv)
e al., 1993 Green Sand Formation v) Upper Coraline
Limestone Formation (Murray, 1890; Felix, 1973; Pedley et al., 1976; Dart et a., 1993) (Figure

3a).

2.4 The SE Gozo outcrop

(Insert Figure 3 here) The Qaa Fault is a WNW-ESE normal fault with a minimum vertical
separation of 50 meters (Cooke et al, 2018) and an average dip of 70° towards SW. In the studied
outcrop, it juxtaposes the lower levels of the Blue Clay Formation with the Lower Coralline
Limestone (Figure 3b).
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Figure 3: @) Stratigraphy of the Maltese Islands. Stratigraphic column modified after Martinelli et al., 2019; b)
Geological maps of the Gozo idand modified after Martinelli et al., 2019. The black rectangle highlights the outcrop
selected for this study. Colours refer to those of the stratigraphic column.

The footwall of the Qala Fault crops out continuously along the eastern coast of Gozo for amost
3 km (Figure 3b), and it was chosen to characterize the architecture of the damage zone and the
parameters of the fracture network in the fault damage zone. The outcrop chosen for our study is
an extremely continuous coastal pavement, with no debris cover at al, extending for 2.8 km
northward from the fault core of the Qala Fault, with a width between 30 and 60 meters.
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For this study we concentrated our attention in the southern part of the outcrop (1 kmlong) (Figure
3b). There the Qala Fault is composed by two fault strands that we call Qala 1 and Qala 2 faults
(Figure 3b). Qalal faultisa61° SSW dipping normal fault with aminimum vertical displacement
of 50 meters (Cooke et al., 2018). Qala 2 is a south-dipping (>80°) normal fault with 30 meters of
vertical separation (Cooke et al., 2018). Between the Qala 1 Fault and the Qala 2 Fault, the Xlendi
Member of the Lower Coraline Limestone is exposed, whereas to the north of the Qala 2 Fault
the Attard Member is continuously outcropping for amost 800 meters (Figure 3b). Cooke et al.,
(2018), using circular scanlines along atransect perpendicular to the trace of the fault core, showed
that the dlip surface of Qala 2 fault is surrounded both in the hanging wall and in the footwall by
about 5 m of highly fractured rocks (fracture intensity > 15 m™). Outside of these zones, fracture
intensity rapidly decreasesto <5 m™.

2.5 Review of fracture parametersand methodsfor fracture network characterization
Following common usage, by “fractures” in the following we mean a broad class of geological
structures including joints, veins, shear fractures, stylolites (Twiss and Moores, 2006). Single
fractures are defined by their position in space, orientation, length, height. Fracture position is
defined by the coordinates of the fracture center, but also by the relative position of afracture with
respect to the others. Fracture orientation is the orientation of the fracture surface in 3D space,
defined by strike or dip-azimuth and dip. Fracture length is defined as the length of the fracture
along strike, while fracture height is the length measured along dip.

Fracture sets (sets of fractures with common genesis and/or orientation) and fracture networks (al
fractures in a fractured rock mass, including all sets) are characterized by cumulative properties
such as density, intensity and topology (Dershowitz and Einstein, 1988). Fracture intensity and
density can be measured in 3D, 2D or 1D (Dershowitz and Einstein, 1988) (Figure 4a). Intensity
isexpressed in m™ and isgiven by thetotal fracture surface/length/number divided by the sampling
volume/areallength (respectively in 3D/2D/1D). Density is expressed in m™3/ m?/mt and is always
given by the total number of fractures divided by the sampling volume/area/length (respectively
in 3D/2D/1D). In the following, we will follow Dershowitz and Einstein, (1988) in indicating
fracture intensity as Pz, P21 and Py, and fracture density as Pso, P2 and Pio (respectively in
3D/2D/1D) (Figure 4a). Note that in 1D the definitions of fracture intensity and density converge
(Figure 4a).

The topology of a fracture network in 2D (e.g. fracture traces on an outcrop surface) can be
characterized by the type of fracture terminations, considered as nodes that fall in three categories:
i) X nodes for fracture intersections; ii) Y nodes for fracture abutting; iii) 1 nodes for isolated
fracture tips (Manzocchi, 2002; Sanderson and Nixon, 2015; Saevik and Nixon, 2017) (Figure 4b).
Computing statistics regarding these nodes, and particularly the proportion of X, Y and | nodesin
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afracture network, can be used to measure the connectivity of the network (Sanderson and Nixon,
2015). Saevik and Nixon (2017) perform numerica modelling on fracture networks having
different topologies and they propose an equation that can be used to predict the hydraulic

connectivity f of afracture network from the (normalized) equivalent number of connections per
fractures using the number of ny, ny and n; of X, Y and | nodes respectively:

f = max(0,2.94 *n', — 2.13;

where n’c is the equivalent number of connections per fracture and it is defined by the following
equation:

4ny + 2ny
- 4ny + 2ny + ZnI;

n',
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Below the percolation threshold the hydraulic connectivity is zero. (Insert Figure 4 here)

More common methods for obtaining statistically significant samples of fracture parameters are:
(1) linear scan-lines (Priest and Hudson, 1981; Priest, 1993; Bons et al., 2004); (ii) areal sampling
or scan-areas (Baecher and Laaney, 1978; Call et a., 1976; Cruden, 1977; Kulatilake and Wu,
1984; Pahl, 1981; Priest, 1993; Wu and Pollard, 1995), and (iii) circular scanlines (Mauldon et al .,
2001; Rohrbaugh et al., 2002; Healy et a., 2017) (Figure 5a). In the following, we will briefly
summarize these methods, their limitations and their applications to the analysis of fracture
networks, particularly in fault damage zones.

2.5.1 Linear scanline

The linear scanline sampling method consists of marking aphysical or virtua line (a scanline) on
the outcrop and collecting the parameters (position, orientation, length, height, etc.) of every
fracture that intersects the line (Priest and Hudson, 1981; Priest, 1993). Fracture density/intensity
P (in 1D the two parameters converge) corresponds to the inverse of the average spacing of
fractures along a scanline that is perpendicular to the average orientation of a fracture set
(Dershowitz and Herda, 1992). Hence, an idea scanline must be chosen perpendicular to the
fracture set orientation. If thisis not possible, to minimize the orientation bias the angle must be
as large as possible and the Terzaghi correction must be applied (Terzaghi, 1965)

Sm

¢ sina
where S, is the corrected spacing, S,,, is the measured spacing, and « is the angle between the
scanline and the average orientation of the fracture set. When more than one fracture set is present,

the analysis must be repeated for each set.

In addition, data collected with the scanline method are also affected by size, truncation, and
censoring biases (Zeeb et a., 2013). Despite these limitations, scanlines are a vauable and
relatively fast method for characterizing the fracture network, and the only available method for
analyzing sub-seismic fractures in borehole log data.

Scanline data perpendicular to faults are commonly used for defining the extent and properties of
the damage zone (e. g., Mitchell and Faulkner, 2009; Mitchell and Faulkner, 2012). Recently Choi
et a., (2016) proposed to use the distribution of the cumulative fracture frequency for
distinguishing the damage zone from the background fractures. In particular, the authors proposed
to use the slope of the cumulative curve of fracture intensity against the distance to the fault core
to identify different degrees of deformation across the damage zone. The damage zone width is
defined at the distance where the slope of the cumulative curve change. Scanline data can also be
anayzed for identifying spatial correlation in fracture parameters (e.g., Guerriero et a., 2011,
Marrett et al., 2018; Bistacchi et a., 2019). Bistacchi et al., (2019) proposed a spatial statistics
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method, based on the non-parametric Spearman’s correlation coefficient, to establish if fracture
position is correlated or not with fracture spacing. It is thus possible to discriminate trends (i.e.,
increase or decrease in fracture spacing with distance), or patterns (e.g. fracture corridors or
clusters) from uniform or random spatial distributions. Furthermore, this method allows to define
statistically homogeneous domains where properties of each fracture set (e.g. intensity, density,
length spacing, topology) can be properly calcul ated.

2.5.2 Areal sampling

The areal sampling methods provide 2D information characterizing fracture parameters inside a
given area of the outcrop. The scan-area can be a square, a rectangle or any other convex region
(Pahl, 1981; Priest, 1993; Wu and Pollard, 1995). Since this method usually permitsto characterize
large areas, it isless affected by size, truncation, and censoring biases (Watkins et al., 2015). If the
scan area is circular or sguare, orientation bias is also minimized. Scan-areas can be used for
measuring fracture orientation, fracture intensity P.1, fracture density P-o, length distribution and
to collect the topological relationships between different fracture sets (e.g. Sanderson, 2016;
Peacock et a., 2018). Areal sampling can be affected by truncation and censoring bias if the
dimension of the scan-areas is too small with respect to the length of fractures or if the outcrop
sizeislimited.

2.5.3 Circular window sampling

A particular case of areal sampling method is the circular window method proposed by Mauldon,
1998, Mauldon et a. 2001, and Rohrbaugh et al., 2002. This method allows estimating indirectly
fracture density, intensity and length, by counting the number of fracture intersections n with the
border of the circular scan-area and the number of fracture terminations m inside the scan-area
(Figure 5a). The estimates are calculated, for a circular scanline with radius r, as:

intensity estimator: [ = r—r Q)

~-(2)

density estimator: p = p—;

mean trace length estimator: n = n;n 3

The main weakness of thismethod isthat it estimates the parameters rather than directly measuring
them. Some authors hold that, if aminimum of 30 nodes issampled (n + m = 30), the estimation
of the abovementioned parameters is robust (Rohrbaugh et a. 2002). However, even for large
datasets the estimation can be biased as discussed in Pahl, (1981), and in genera the applicability
of thismethod is strongly dependent on the characteristics of the fracture network. In addition, this
method does not allow characterizing other fracture parameters such as trend, aperture, spacing
and topology (Mauldon, 1998, Mauldon et a. 2001 and Rohrbaugh et al., 2002). Watkins et al.

56



Chapter 2

(2015), proposed a combination of circular window and linear scanline methods, called augmented
circular scanline method. The authors used the circular scanline method to extract density, intensity
and mean trace length, and calculate al the other parameters (strike, dip, length, aperture) from
every fracture that intersects the circular scanline edge. In conclusion, even if this method permits
afaster data collection with respect to the classical areal sampling method (Watkins et al., 2015),
it provides alimited dataset with respect to the areal sampling and, as the other methods, it suffers
from length censoring and it doesn’t permit to characterize fracture spatial distribution (Watkins

et a., 2015).
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2.6 The DOM studio wor kflow

It is clear that all the methods described above have their own strengths and limitations, but, if a
large continuous outcrop is available, areal sampling provides the most compl ete dataset, as also
pointed out by Watkins et al., (2015). However, the main issue of thistechniqueisthat it does not
allow characterizing the spatia organization of the fracture network. To overcome this problem,
we developed the DOMstudio workflow, presented for the first time in this contribution, which
combines the linear scan-line and the scan-area sampling methods with photogrammetric DOM
(Figure 5b-c). Asfirst step, a detailed photogrammetric model of the outcrop is realized in order
to extract a high resolution orthophoto and then on the orthophoto the fracture network is digitized.
After that, we first analyze the spatial distribution of the fracture network using scan-lines, to
define domains where fracture distribution is stationary (no trend or pattern/clustering, Figure 5b).
Then we apply areal sampling methods, with sampling areas matching the stationary domains
(Figure 5c¢). Digitizing the fracture network directly on aDOM allows usto completely automatize
the fracture network characterization workflow with custom Python scripts to be used in Skua-
Gocad (with the GoPy plugin). These scriptsallow drawing linear scanlines and scan-areas directly
on the DOM and automatically extract the fracture parameters. For the linear scanline analysis, the
script extractsapoint at each intersection of afracturetrace with the scan-lineand then it calculates
the fracture position and spacing aong the scanline. For scan-areas the script directly measuresthe
fracture parameters (Ilength, density, intensity, spacing and topology). In the next sections, the steps
of thisworkflow will be described in detail.

2.6.1 Fieldanalysis

An extensive field analysis was performed in the footwall of the Qala fault in order to recognize
the main fracture sets and to characterize their structural and topological parameters. Moreover,
field observations were used to define the proper resolution and the extension of the
photogrammetric DOM.

2.6.2 Photogrammetric DOM and fracture interpretation

Pictures for the photogrammetric reconstruction were collected with a DJ Mavic Pro from
different atitudes of 30 and 60 m. Collected pictures were processed with SFM (Structure from
Motion) methodologies using Agisoft Photoscan. This yielded point clouds, high-resolution DEM
and orthophotos with a ground resolution of 9 mm/pixel. A quality check performed in the field
after DOM interpretation confirmed that this resolution is sufficient to properly map all the
structures. More than 4700 fractures were manually digitized on the orthophotos and classified
according to trend (Figure 6). (Insert Figure 6 here).

It is important to understand that the DOM interpretation only yields a (very large) set of
lineaments that represent the intersection of some structural feature with the outcrop surface. To
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ensure that the structural
and tectonic meaning of
the lineaments (either
joints, shear fractures,
veins, styolites, etc)
mapped on the DOM was
well understood, and that
the relative chronology
was properly
characterized, we carried
out a second traditional
field survey after the
DOM interpretation. This
®ort2:;':r:$? and fracture interpretation V |t allowed us to labd each
sz o WL/ 2 | lincament with structural
’ atributes that can be
characterized only in the
field (e.g. dip angle,
kinematic indicators,
vein filling, etc.).

@ Drones flight at different altitudes

High resolution pointcloud
and mesh

Figure 6: The workflow followed for the realization of the DOM and orthophoto for
the fracture network digitization.

2.6.3 Fracture parameters characterization

The digitized fracture network and the Digital Outcrop Model were imported in Skua-Gocad.
Virtual scan lines perpendicular to each fracture set and paralel to bedding (horizontal in this case)
were created, and fracture intersections were extracted along the scanlines. Fracture spacing values
were corrected using the Terzaghi correction. Fracture position and fracture spacing were then
analyzed with custom Matlab scripts (DOMstudioL.ine) applying statistical tests to assess whether
fracture distribution was stationary, or if fractures showed atrend or pattern/clustering (Bistacchi
et a., 2019). This anaysis alowed to define homogenous areas with stationary statistical
distributions. Moreover, using the cumulative curve of the fracture position aong the linear
scanline we applied the methods proposed by Choi et al. (2016) to identify the width of the damage
zone. After linear scanline analysis, we characterized the REV (Representative Elementary
Volume) of the P2, P21 and n’c parameters. To do that using custom python scripts we applied on
the DOM several square scan-areas varying the area of square scan-areas from 25 m? to 1600 m?
and for every scan-area we calculated the Pz, P21 and n’c value. The distribution obtained in the

59



Chapter 2

1600 m? scan-areas was taken as the true value and compared with distributions obtained from
smaller scan-areas, using the T- and F-tests. Following Esmaieli et a., (2010), we assume that the
REV is reached for the smaller scan-area where both the statistical test fail to reect the null
hypothesis of no difference with the distribution of the larger scan-area. Aslast step we performed
the scan-areaanalysis, that allows measuring fracture density (P2o), fractureintensity (P21), fracture
length, fracture spacing and fracture network topology. Position and dimension of the scan-areas
were chosen following the results of the linear scanline and REV analysis.

2.7 Results

2.7.1 Fieldanalysis

Our field analysis reveals that the fault zone of the Qala 2 fault (a normal fault with = 30 meters
of vertical displacement) is characterized by a symmetric highly fractured zone, 5 m thick, that
borders the fault core both in the hanging wall and in the footwall. We will call this zone the inner
damage zone (IDZ). This observation is consistent with the findings of Cooke et al. (2018), who
showed that the IDZ has afracture density/intensity P10 ~ 15 m ™! that rapidly decreasesto lower
values within 5 m from the fault core.

We extended our analysis to larger area that was not investigated by Cooke et al. (2018) and we
found that athicker damage zone continues farther away from the fault core. We call thisthe outer
damage zone (ODZ). Our observations show that the ODZ extends for several hundred meters
both in the hanging wall and in the footwall (Figure 7a).

The hanging-wall ODZ extends to the South, from the Qala 2 fault towards the Qala 1 fault for
~150 m in the Xlendi Member of the Lower Coralline Limestone. In this stratigraphic unit, we
find mainly deformation bands with subordinated joints (Figure 7a).

On the other hand, in the footwall ODZ we find the Attard Member of the Lower Coralline
Limestone for amost 800 meters. Here, the most common structures are joints with subordinate
veins (Figure7a). Since the possibility to fully characterize the fracture network in the hanging
wall islow dueto itslimited exposure, we decided to concentrate our attention in the footwall that
is characterized by the same stratigraphic unit for amost 800 meters and is not disturbed by the
presence of other faults (Figure 7a). Joints in the footwall are arranged in four sets striking ENE-
WSW, WNW-ESE, N-S, and NE-SW (Figure 7b). Both ENE-WSW and WNW-ESE joint belong
to major sets (“master joints”) and mutually cross-cut and abut, so the two sets have the same
relative age. N-S and NE-SW joint sets are minor sets (“cross joints”) and systematically show
abutting relationships with the major sets, so aso these sets are interpreted as having the same
relative age (Figure 7¢) as aso pointed by Martinelli et a., (2019).
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Fracture parameters characterization has been performed in the footwall of the Qala 2 fault, along
an almost 900 m long composite scan-line spanning the whole outcrop from South to North (Figure
8a and 9a). The NE-SW set is sparse and poorly represented and for this reason it was excluded
from the analysis. The N-Sfracture set is parallel to the outcrop, and the resulting scanlines would
betoo short to give astatistically significant number of data. Therefore, the linear scanline analysis
was performed only for the two main fracture sets (ENE-WSW and WNW-ESE).
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Figure 8: Results of the linear scan-line analysis for set ENE-WSW. a) Position of the linear scanline on the
Digital Outcrop Model; b) cumulative curve of the fracture position aong the scanline. Position of the fractures
along the scanlineis available in Table S2 of the supplementary data.
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Figure 9: Results of the linear scan-line analysis of set WNW-ESE. @) position of the linear scanline on the Digital
Outcrop Model; b) cumulative curve of the fracture position along the scanline. Position of the fractures along the

scanlineis availablein Table S2 of the supplementary data.

To cover the entire length of the outcrop, four 6Sé:anlin&s for the ENE-WSW set (Figure 8a) and



Chapter 2

threefor the WNW-ESE set (Figure 9a) weretraced directly onthe DOM (Digital Outcrop Model),
corrected with the Terzaghi correction and combined in order to obtain a single scanline from the

fault to the background (Figure 8a and 9a). The statistical analysis of Bistacchi et a., (2019) was
applied on the combined scan-lines for both ENE-WSW and WNW-ESE sets.

The analysis shows that set ENE-WSW is characterized by the presence of four fracture corridors
clearly identifiable also in the cumul ative curve as a prolonged and almost uniform changein slope
(Figure 8b). Fracture corridors are ~20-40 m wide and spaced ~100-200 m. The analysis was then
repeated in smaller areas between the fracture corridors showing that, if we exclude the corridors
from the dataset, fractures are randomly distributed (Figure 8b).

The linear scanline analysis performed for the WNW — ESE set reveals that it is characterized by
arandom spatial distribution and no fracture corridors were detected (Figure 9b).

Sincethelinear scanline used for the characterization of the WNW-ESE set is perpendicular to the
Qala 2 fault (after Terzaghi’s correction), it is possible to use its cumulative curve of the fracture
position to identify the thickness of the damage zone (Choi et al., 2016; Mayolleet a., 2019). Even
if local change in the slope of the curve is present, the overall inclination remains constant up to
520 meters away from the fault core (Figure 9b). Here, the slope of the cumulative curve suddenly
drops to zero because no more fractures were detected until the end of the scanline (Figure 9b).
For this reason, we conclude that the ODZ is 520 meters thick, and background fracturing is
practically non-existent. (Insert Figures 8 and 9 here)

2.7.3 Representative Elementary Volume analysis

Since the fracture corridors al have different dimensions and parameters, looking for a fracture
corridor REV is meaningless, so we excluded them from the analysis. Results summarized in
Figure 10, show that the P REV is reached for scan-areas of 400 m? for set ENE-WSW and N-S,
and for scan-areas of 900 m? for set WNW-ESE (Figure 10a). The P21 REV is reached for scan-
areas of 225 m? for set ENE-WSW and N-S, and for scan-areas of 400 m? for set WNW-ESE
(Figure 10b). Based on these results, we choose to perform the compl ete scan-area characterization
using the most restrictive REV, hence with scan-areas larger than 400 m? for set ENE-WSW and
N-S, and for scan-areas larger than 900 m? for set WNW-ESE. The topological REV performed
on the n’c parameter (equivalent number of connections per fracture) (Seevik and Nixon, 2017) is
reached for scan-areas of 500 m? (Figure 10c).

2.74 Scanareaanalysis
Scan-areas were drawn covering uniformly areasidentified by the scanline analysis. For the ENE-
WSW set, a scan-areawas placed on every fracture corridor and eight scan-areas were used in the
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Figure 10: Results of the Representative Elementary Volume analysis of P20, P21 and n’c parameters for the ENE-
WSW, WNW-ESE and N-S set. Data used for REV analysis are available in Table S3 (P20), S4 (P21) and S5 (n’c) in
the supplementary data. Results of the t-test and f-test with p values are available in Figure S1 in the supplementary
data
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areas between the corridors characterized by randomly distributed fractures. For the WNW- ESE
set, nine scan-areas were used. For the N-S set, even if we were not able to characterize the spatial
distribution, we decided to use the same scan-areas as for the WNW-ESE set. Results are
summarized in Figure 11. (Insert Figure 11 here)

Set ENE-WSW has mean fracture density P20 =~ 0.03 m™2 in the areas between fracture corridors
and it reaches a maximum value of P20 ~ 0.07 m~2 within the fracture corridors. The mean
fracture intensity is P21 ~ 0.25 m~2 with amaximum P21 =~ 0.4 m~2 inside fracture corridors
and within 100 meters from the fault core. Fracture length ranges from a minimum of 0.2 mto a
maximum of 30 m, with the median around 5 m, the first quartile around 2.5 m and the third
guartile around 8 m both for fracture corridors and the areas with randomly distributed fractures.
We observe that within 120 meters from the fault core fracture are longer with respect to the other
areas as also testified from the values of P21. The maximum measured value of fracture length is
controlled by the width of the outcrop and the presence of few longer fractures cannot be excluded
(censoring bias). Fracture spacing ranges from a minimum of 0.15 m to a maximum of 30 min the
area between the fracture corridors where fractures are randomly distributed and show a negative
exponential spacing distribution with mean and standard deviation of 5.6 m. Inside the fracture
corridors, fractures are more closely spaced with a minimum of 0.1 m and a maximum of 10 m.

Set WNW — ESE has mean density vaue of P20 ~ 0.03m™2 with a minimum of P20 =~
0.02 m~2 and amaximum of P20 ~ 0.08 m™~2. These fluctuations are compatible with a random
distribution of the fracture network with areas characterized by a lower value with respect to the
mean and areas characterized by higher values,; the same behavior is observed for the fracture
intensity, with a mean of P20 ~ 0.15m™2 , a minimum of P21 =~ 0.11 m~2 and a maximum
of P21 ~ 0.38 m™2; Fracture length ranges from a minimum of = 0.2 m to a maximum of 15
meters with the median around = 4 meters, the first quartile around = 2.5 and the third quartile
around ~ 7 meters. As for set ENE-WSW, fractures are slightly longer close to the slip surface.
Fracture spacing ranges from a minimum of 0.15 meters to a maximum of 33 meters and show a
negative exponential spacing distribution with mean and standard deviation of 5.36 m.

The N-S fracture set has mean density value of P20 =~ 0.02 m~2 , with a minimum of P20 =~
0.01m=2 and a maximum of P20 ~ 0.04 m~2. As for set WNW-ESE, this oscillation is
compatible with arandom distribution. The mean intensity valueis P21 ~ 0.08 with a maximum
of P21 ~0.12m™2? and a minimum of P21 ~ 0.02 m~2. As expected, N-S fractures are
significantly shorter with respect to the ENE-WSW and WNW-ESE fracture sets; indeed they
usually terminate against these two sets, the length ranges from aminimum of 0.1 m to amaximum
of 13 meters with median around 2 meters, the first quartile around 1 and the third quartile around
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5 meters. Fracture spacing ranges from a minimum of 0.1 meters to a maximum of 25 meters a
median of 5 meters and shows a negative exponentia spacing distribution with mean and standard
deviation of 5.6 m.

Figure 11: Results of the scan-area analysis for density (P20), intensity (P21), length and spacing of ENE-WSW,
WNW-ESE and N-S fracture sets. See text for a complete explanation. Length data are available in Table S6 in the
supplementary data; Spacing data are available in Table S7 in the supplementary data.
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Figura 12: Results of the topological analysis and of the hydraulic connectivity using the method proposed by Saevik
and Nixon, 2017. Fracture network is connected within 120 meters from the fault slip surface.

The fracture topology was characterized considering all the fracture sets. A scan-area was placed
on every fracture corridor to properly consider their influence and eight scan-areas bigger than 500
m? were placed in the area between them. For every scan-area, the number of X, Y and | nodes
was cal culated and used to extract the hydraulic connectivity with the equation proposed by Saevik
and Nixon, (2017). Theresults show that the fracture network is connected within 100-120 meters
from the fault zone (Figure 12). Above this distance the hydraulic connectivity function decreases
to zero, indicating that the fracture network is no more connected (Figure 12). Moreover, al the
fracture corridors have a hydraulic connectivity equal to O.
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2.8 Discussion

2.8.1 The DOMstudio workflow

In thiswork we propose a new workflow that combines field analysis and interpretation on a high-
resolution photogrammetric DOM with scan-line and scan-area analyses to study fracture
parameters in the damage zone of normal faults in carbonates. The combination of field analysis
with the interpretation carried out on the photogrammetric DOM was fundamental. Field data
allowed discriminating the different fracture sets, labelling each lineament with structural
attributes, and choosing the right resolution and extent of the photogrammetric DOM. At the same
time, the photogrammetric DOM allowed us to map al fractures over the whole outcrop, from the
fault core to the background domain not affected by fault-related fracturing. The same task,
performed directly on the field would have required a huge amount of time and relevant errorsin
the position, geometry, topology and number of fractures. Moreover, the use of adigital fracture
network alows us to use automatic methods to extract the fracture parameters and eventually
obtain highly reliable statistics. The combination of linear scan-line and scan-area analysis permits
to first characterize the spatial distribution of the fracture network in order to identify area with
homogenous fracture distribution and then to extract fracture parameters from the individuated
homogenous domains. Our new workflow also allowed us aso to define the REV for P2, P21 and
topology. The results of this analysis bring two important advantages: i) they allow defining
minimum dimension of the scan-area for a proper statistical analysis and at the same time to
understand if the studied outcrop is big enough to fully characterize the fracture network; ii) they
allow to map the distribution of structurally homogeneous volumes on the outcrop, aswell as sub-
volumes of increased fracture density (fracture corridors).

2.8.2 Comparison of the Qala 2 fault zone with current damage zone models

The analysis of the damage zone of the Qala 2 fault yields some important results: i) the damage
zone is composed by a highly fractured IDZ zone, ¢. 5 m thick, and by an ODZ, c. 520 m thick; ii)
if we exclude the fracture corridors, average fracture parameters (intensity, density, spacing) are
rather constant within each zone (IDZ, ODZ, and background) with the only exception of P> and
P21 of set ENE-WSW that are slightly higher close to the fault zone; iii) fracture parameter values
change abruptly at the boundaries between IDZ and ODZ, and between ODZ and background; iv)
fracture length shows a substantial transition at c. 120 m within the ODZ, associated with just a
dlight variation of P21 and P2, but associated to a relevant change in fracture connectivity.

These results are in contrast with some current models describing fracturing within damage zones
(Mandl, 1988; Evans, 1990; Knott, 1994; Knott et a., 1996; Beach et al., 1999; Mandl, 1999;
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Shipton and Cowie, 2001; Manighetti et al., 2004; Mitchell and Faulkner, 2009, 2012; Faulkner et
al., 2011; Savage and Brodsky, 2011; Torabi and Berg, 2011; Choi et a., 2016; Perrinet a., 2016;).
In the next paragraphs, we discuss this matter under different points of view.

2.8.3 Relationship between Damage zone width and fault displacement

1000 The relationships between fault
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Figure 13: Comparison of the damage zone width of the QalaFault with  Balsamo et al., 2019; Mayolleet al.,
the dataset proposed by Choi et al., 2016 for footwall Damage Zone
thi ckness considering both Inner Damage Zone (IDZ) and Outer Damage  2019). Moreover, an asymmetry

Zone (ODZ) and the IDZ alone; between the damage zone in the
hanging wall and in the footwall of
normal faults has been reported by many authors, who show more wide and intensely fractured
damage zones in the hanging wall (Mandl, 1988; Knott et al., 1996; Mandl, 1999; Choi et al.,
2016). Savage and Brodsky (2011), Choi et al. (2016) and Mayolle et al. (2019) provide extensive
reviews about damage zone width and its relationship with displacement in normal faults using
datafrom severa sources and extracted scaling relationshipsfor hanging wall and footwall damage
zones with both deformation bands and joint/fractures, also proposing different criteriafor damage
zone definition.
The Qala 2 normal Fault shows c. 30 meters of dlip, and its ODZ is amost 520 m wide in the
footwall. If we compare this value with the dataset provided by Choi et a. (2016) for damage zone
width in footwalls (Figure 13), it is clear that the damage zone of the Qala 2 Fault is characterized
by an anomalously high value. An explanation can be that most of the previous studies about the
rel ationships between the damage zone width with the fault displacement were performed directly
on the field on a smaller scale with respect to the one of this study, with the fracture
characterization carried out very close to the fault slip surface (usually some meters and only in
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few casesfor morethan 200 meters). With thislimitation that do not permit acomplete observation
of the fractures moving away from the faults, the highly fractured zone (inner damage zone) close
to the slip surfaces could have been interpreted as the damage zone, whereas the surrounding outer
damage zone could have been interpreted has the background fracturing. This hypothesis is
supported by thefact that, if we consider only the width of the IDZ, it is consistent with the dataset
provided by Choi et a., (2016) (Figure 13). This observation suggests that in the study and
definition of the damage zone width there is the need to consider a volume as large as possible
because faults (even with low displacement) can be surrounded by a large fractured volume with
fracture density higher that the background. An aternative explanation for the high damage zone
width reported in this study, is that we performed our analysis in the eastern termination of the
Qala normal fault (Figure 3), where the two fault splays form a horsetail geometry. Such tip
damage zones are commonly reported as sites of increased structural complexity and high fracture
intensity (e.g., Choi et al., 2016, and referencestherein; Vermilye and Scholz, 1998). In both cases,
our study indicates that greater exposures are essential for statistical analyses.

2.8.4 Fracture parametersinside the ODZ

Thevariation of fracture density within the damage zone has been characterized by severa authors
(e.g. Chester and Logan, 1986; Smith et al., 1990; Mitchell and Faulkner, 2009; Mitchell and
Faulkner, 2012; Smith et al., 2013; Mayolle et al., 2019). Many studies show that fracture density
in damage zones decreases exponentially moving away from fault cores, while others claim that
deformation intensity unevenly decreases with fluctuations associated with secondary faultsin the
damage zone (e.g., Balsamo et al., 2019). However, as aready seen for the relationships between
damage zone width and fault displacement, for the investigated displacement range (i.e., 30-50 m),
very few previous studies continuously characterized the fracture parameters for distances larger
than two hundred meters from the fault core. Our observations on the Qala 2 faults confirm the
exponential decrease of fracture density in the highly fractured IDZ (as already pointed by Cooke
et a., 2018). However, thisis not the case in the ODZ where fracture parameters (density, intensity
and spacing) remain almost stable until the background is reached with the only exception of the
P21 and P2 of set ENE-WSW that has dightly higher values within 100-120 meters from the fault
core. On the other hand, fracture length shows a dlightly different behavior with respect to the
other parameters. Indeed, for ENE-WSW and WNW-ESE fracture sets, fractures are longer within
100-120 from the master dlip surface. After this distance, fracture lengths decrease and oscillates
around a mean value until the background value is reached abruptly. Fracture lengths of the N-S
set is amost constant inside al the ODZ zone. This is due to the fact that the N-S fractures
terminate against the fractures bel onging to the major sets (ENE-WSW and WNW-ESE), therefore
their growth and spacing is limited by the spacing of ENE and WNW fractures.
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2.8.5 Thestructure of the Qala 2 fault and implications for fluid flow
The Qala 2 fault is composed by three distinct zones: the thin fault core (0.1 m thick), the highly
fractured IDZ (5m thick), and the ODZ (520 m thick) (Figure 14).

Qala 2 fault zone

| Damage Zone
I

Inner Damage
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Background Outer Damage Zone (500 m) zone (5 m)
= I —
Fracture
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this work

Background g Fluid flow

Figure 14: Conceptual model of the structure of the Qala 2 fault zone

Sincethe IDZ, especialy in low displacement faults, is thin and confined close to the dlip surface
and the fault core can in some cases acts as a barrier for the fluid flow, the presence of a wide
fractured zone can have an important role on the subsurface fluid flow. The analysis of the
topology using the method proposed by Saevik and Nixon (2017), allowed us to characterize the
hydraulic connectivity of the fracture network moving away from the faults. The results show that
aconnected fractured areais present in the ODZ within 100-120 meters from the fault slip surface
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(Figure 14). Thisincreasein the hydraulic connectivity is associated with an increasein the fracture
length of set ENE-WSW and WNW-ESE and with adlightly increase of P2 and P21 of ENE-WSW.
This result shows that fracture length seems to have a more important role then P2 in the control
of the fracture network connectivity and that even a limited increase in the fracture length can
cause an important changein the connectivity (Figure 15). Therole of fracturelength in controlling
the fracture network connectivity is even more clear in fracture corridors, where fracture density
is higher than in the other domains, but the hydraulic connectivity remains always below the
percolation threshold because fracture length remains amost constant. This observation confirms
once again the importance to use large outcrops to characterize fracture networks and especially
fracture length distribution.

Figure  15: Scheme
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2.9 Conclusion

In this work we characterized spatial distribution, parameters, hydraulic connectivity and
Representative Elementary V olume of afracture network in thefootwall of anormal fault affecting
carbonate rocks. The results obtained combining linear scan-line and scan-area analysis with a
high resolution photogrammetric model allow us to conclude that:

1) Towards the footwall, the Qala 2 fault zone is characterized by three distinct zones: the
fault core, the highly fractured IDZ (Inner Damage Zone, 5 m thick) and the ODZ (Outer
Damage Zone, 520 m thick).

2) Thewidth of the Outer Damage Zone is larger than expected for normal faults with similar
displacement, when compared with a compilation of field datain similar contexts (Choi et
al., 2016). Therefore, in the characterization of the damage zone width there is the need to
consider avolume aslarge as possible, in order to be sure to include the background in the
anaysis.

3) Itisfundamental to apply the linear scan-line analysis before the scan-area analysisin
order to properly characterize the spatial distribution of the fracture network.

4) Inside the ODZ, fracture parameters (density, intensity...) are more or less stable until the
background is reached. According with the definition of Sanderson and Nixon (2017), the
network is hydraulically connected only within the first 120 m from the fault core, where,
although fracture density remains constant, fracture length increases. Thisresult underlines
that, for an effective characterization of fracture permeability, 1D information from
scanline analysis needs to be integrated with areal information to fully characterize the
fracture length distribution and intersections.

5) Thecombination of field work, detailed photogrammetry and automatic methods to extract
fracture parameters allow to quickly collect and analyze a huge amount of fracture data
giving statistically robust results, on a scale impossible to characterize with only field
surveys.
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3.1 Abstract

Fault damage zones (DZ) are fractured volumes of rock that surround the fault core(s), and their
structure can have an important impact both on fault mechanics and hydraulic properties, with impact
on groundwater flow, ore-deposits, hydrocarbon reservoirs, nuclear waste disposal and contaminant
transport in subsurface. It is generally accepted that DZ width is controlled by fault displacement, and
increases with increasing offset. However, published data on DZ width in faulted carbonates show a
scattering over two orders of magnitude, suggesting that this parameter is controlled also by other
factors. Here we present the results of a study performed on two units of the platform carbonates of
the Malta and Gozo Islands. These two units, that are cross-cut by normal faults, are characterize by
different petrographical, petrophysical and mechanical properties and have completely different
Damage Zone width along faults with comparable displacement. More competent and rigid grain-
dominated carbonates show DZ thickness of several hundreds of meters, while fracturing in the less
competent and more elastic micrite-dominated rocks is developed only very close to the fault core,
with a DZ width of a few tens of meters. In order to explain this counterintuitive facies-controlled
behavior, we performed petrophysica (porosity, density, permeability) and geo-mechanical
(Uniaxial, Brazilian, Triaxial tests) analyses to characterize the mechanical stratigraphy and develop
anumerical modelling study. Results highlight the heterogeneous stress distribution in a multilayer
with variabl e el astic parameters subject to horizontal extension. The more elastic unit can more easily
expand laterally with respect to the less elastic one with the consequence that 63 decrease faster in the
last one and these can yield before the more compliant ones even if they are stronger. Also the width
of the yielding zone isincreased in the stiffer layers, leading to awider DZ.

87



Chapter 3

3.2 Introduction

A large number of brittle-cataclastic fault zones is composed by a relatively thin fault core, where
most displacement is accommodated, characterized by fault rocks (e.g. cataclasites, fault gouges,
etc.), surrounded by awider damage zone, characterized by different types of fault-related structures
(e.g. joints, deformation bands, veins, minor faults, etc.) (Caineet a., 1996; Shipton and Cowie, 2001,
Berg and Skar, 2005; Bistacchi et al., 2010; Schueller et a., 2013; Choi et a., 2016). Damage zone
width is usually defined as a zone where the frequency of minor brittle structures is higher than the
regional background, hence the point where the frequency decreases to the background value is
considered as the boundary of the damage zone (Beach et al., 1999; Cello et al., 2001; Agosta and
Kirschner, 2003; Berg and Skar, 2005; Faulkner et al., 2006; de Joussineau and Aydin, 2007; Mitchell
and Faulkner, 2009; Riley et a., 2010; Smith et al., 2013; Balsamo et a., 2019). Several studies
suggest that damage zone width isrelated to the fault displacement through a power-law distribution
(Evans, 1990; Knott, 1994; Shipton and Cowie, 2001; Childs et a., 2009; Mitchell and Faulkner,
2009; Mitchell and Faulkner, 2012; Faulkner et al., 2011; Savage and Brodsky, 2011; Torabi and
Berg, 2011; Perrin et d., 2016). Some studies also show that damage zone thickness tends to saturate
to value of 200-300 m above ~150 meters of displacement. However, datasets used for this
correlation, collected by different authorsin different rocks and tectonic environments, show a scatter
of several orders of magnitude, suggesting that displacement is not the only factor controlling damage
zone width (Hull, 1988; Knott, 1994; Shipton et a, 2006; Childs et al., 2009; Choi et al., 2016;
Mayolle et a., 2019). Particularly mechanica stratigraphy seems to have a fundamental role in
controlling the damage zone width (e.g. Soliva and Schulz, 2008; Roche et al., 2012; Ballas et al.,
2014). In this study, we present results obtained in the platform carbonates of the islands of Malta
and Gozo. Field analysis performed on two stratigraphic units — the Lower Coralline Limestone
Formation and Lower Globigerina Member, show that they are characterized by completely different
damage zone thickness along faults with the same tectonic history and displacement. In order to
explain these observations, we applied a multidisciplinary approach to characterize the structural,
petrophysical (porosity, density, permeability) and geomechanical (Uniaxial, Brazilian, Triaxial tests)
properties of the two units. We then used these data as input parameters for a numerical model that
allowed us ssimulating and predicting the role of mechanical stratigraphy in damage zone evolution
and width.

3.3 Geological setting

Theidands of Maltaand Gozo are located in the Pelagian Platform, in the foreland of the Apennine-
Sicilian-Maghrebian fold and thrust belt, on the northeast shoulder of the Pantelleria Rift System
(Reuther and Eisbacher, 1985; Dart et a., 1993; Pedley et a., 1976; lllies et a., 1981; Martinelli et
al., 2019) (Figure 1a). The two Islands are characterized by a Late Oligocene-Late Miocene
succession composed by different types of shallow-marine carbonates, organized in five different
formations that from the bottom to the top are: i) the Lower Coralline Limestone Formation ii) the
Globigerina Limestone Formation iii) the Blue Clay Formation, iv) the Green Sand Formation v) the
Upper Coraline Limestone Formation (Figure 1b) (Dart et al., 1993; Felix, 1973; Murray, 1890;
Pedley et al., 1976). In thiswork we focused out attention on the Lower Coralline Limestone and on
the Globigerina Limestone Foramtion that we describe here in details.
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Figure 1: @) Position of the Maltese Idands in the foreland of the Apennine-Sicilian-Maghrebian belt (modified after Dart
et a., 1993); b) Stratigraphy of the Maltese islands (stratigraphic column modified after Martinelli et al., 2019 and Dart
et a., 1993); c) Main faults of the Maltese islands (modified after Dart et al., 1993;

The Lower Coralline Limestone Formation is Late Oligocene in age (Chattian) with a maximum
thickness of 140 meters (Pedley et al., 1976), and it is composed by four members (from bottom to
top): the Maghlag Member, the Attard Member, the Xlendi Member, and the Il Mara Member
(Pedley, 1978). All these members are mainly composed by grainstones and packstones with macro-
fossils (>250um) and minor micritic matrix (Michieet a., 2014).
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The Globigerina Limestone is divided from the Lower Coralline Limestone by a hardground. It is
Miocenein age (Aquitanian-Langhian) and it is subdivided in three members: the Lower Globigerina
Member, the Middle Globigerina Member and the Upper Globigerina Member. The Lower
Globigerina Member is divided from the Middle Globigerina Member by the Lower Main
Conglomerate Bed (LMCB) (Pedley et al., 1976) and the Middle Globigerina Member is dived from
the Upper GlobigerinaMember by the Upper Main Conglomerate Bed (UMCB) (Pedley et ., 1976).
All three members are composed mainly by fine-grained biomicritic wackestones and marls, with
micro-fossils (<50um) and afew dispersed large fossils (>250um) (Pedley et al., 1976; Michieet dl.,
2014).

Michieet a. 2014 and Michie and Haines, 2016 evidenced a contrast in petrophysical and mechanical
properties between the Lower Coralline Limestone Formation and the Lower globigerina Member
with field tests carried out with a Schmidt Hammer and porosity/permeability analyses performed in
the laboratory. According to these Authors the Lower Coraline Limestone has a Uniaxia
Compressive Strength (UCS) of ~80 MPa, a porosity that ranges between 10-15% an average
permeability of ~110 mD. In contrast, the Lower Globigerina Member has a UCS of ~40 MPa, a
porosity of 30-36% and an average permeability of ~2 mD.

The tectonic evolution of the Maltese Ilands (Martinglli et al.,2019, and refs. therein) lead to the
devel opment of two sets of normal faults striking WNW-ESE and ENE-WSW (Figure 1c), associated
with four sets of joints striking WNW-ESE, ENE-WSW, N-S, and NE-SW. Only in the Lower
Globigerina Member and in the upper part of the Lower Coralline Limestone, we observe Neptunian
dykes associated with small normal faults (displacement < 5m; lIllies et a., 1981; Gatt, 2005;
Martinelli et al., 2019).

The main faults outcropping in Malta are the ENE-WSW Victoria Fault that has a vertica
displacement of 120 m (Villani et al., 2018) and the WNW-ESE Maghlaq Fault (Bonson et a., 2007;
Pedley et a., 1976) located in the SE part of Matawith 210 m of vertical displacement (Bonson et
al, 2007). (Figure 1c). On the Gozo island, the two main faults are the ENE-WSW South Gozo Fault
with a minimum vertical displacement of 80 meters and the Qala Fault with a vertical displacement
of 50 meters (Cooke et a., 2018) (Figure 1c).

Martinelli et al. 2019 demonstrated that this structural framework was developed during two
extensional tectonic events:

D1) WNW-ESE extension developed during the Late Aquitanian-Early Burdigalian (20-17 Ma),
resulting in the formation of the Neptunian dykes and associated small normal faults;

D2) N-S extension developed from the Late Mioceneto the Pliocene (7-1.5 Ma), leading to nucleation
and propagation of the large WNW-ESE and ENE-WSW faults (with associated fractures) (e,g.
Victoria Fault, Maghlag Fault, South Gozo Fault, Qala Fault).

During D1 the Lower Globigerinawas outcropping at the seabed, as demonstrated by the presence of
Neptunian dikes (Martinelli et al., 2019), hence the upper boundary of the Lower Coralline Limestone
had an overburden of just 15 m. On the other hand, Bonson et al. (2007) proposed that during D2 (the
main extensional event) these units should have an overburden of ~300 meters.
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3.4 Damage zonethicknessin different stratigraphic units

10 km

Qala 2 Fault

Qala 1 Fault
A South Gozo Fault

Lower Coralline
Limestone

Lower Globigerina
Limestone

Damage Zone
fractures

Maximum possible
thickness of Damage Zone
of the Lower Globigerina
Limestone

Minimum thickness of
damage zone of the Lower
Coralline Limestone

Neptunian dykes

N 5m S / Damage Zone

Faullt displacement fractures
20 meters

Damage zone
thickness 6 meters

Lower Globigerina

Figure 2: Damage zone thicknessin the Lower Coralline Limestone and in the Lower Globigerina Member a) Spectacular
outcrop located in the footwall of the South Gozo fault. Here the Lower Coralline Limestoneis outcropping fromthe fault
surface up to 50 meters from the fault whereas the Lower Globigerina starts to outcrop from 25 meters from the fault
surface onwards. The differences in the fracturation of the two units are clearly visible. While in the Lower Coralline
Limestone fractures are devel oped everywhere in the outcrop indicating that its damage zone should be at least 50 meters
thick, the Lower Globigerina is practically non fractured (if we excluded the Neptunian dykes developed during D1
extension) suggesting that its damage zonein this unit could have a maximum thickness of 25 meters; b) another example
of the damage zone thickness in the Lower Globigerina Member
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Martinelli et al., in preparation (second chapter of this thesis) demonstrated that the footwall damage
zone of the Qala 2 Fault (displacement -30 m) in the Lower Coralline Limestone is more than 500
meters thick. Our field observations performed along severa faults both in Gozo and Malta, with
displacements comparable to that of the Qala Fault, confirm these values for damage zones in the
Lower Coraline Limestone and show that, on the other hand, the Lower Globigerina Member is
characterized by a thin damage zone, just afew meters thick (Figure 2a-b). A spectacular exampleis
represented by an outcrop in the footwall of the South Gozo Fault that is characterized by a
displacement of 80 meters (Figure 2a). These observations, performed along faults characterized by
the same tectonic history and with comparable displacement, suggest that mechanical stratigraphy,
and particularly the contrast in geomechanica and petrophysical properties, could have acrucia role
in controlling the thickness of damage zones. In order to test this hypothesis, we applied a
multidisciplinary approach combining petrographic, petrophysical, and geomechanica analyses, and
numerical modelling, that will be explained in detail in the next chapters.

3.5 Petrographic and petrophysical characterization

a Lower Coralline Limestone

Figure 3: Thin sections impregnated with blue resin of Lower Coralline Limestone (a) and Lower Globigerina Member

(b).

We carried out afull set of petrophysical analyses that allowed us measuring density, porosity and
permeability. Permeability data were collected directly in the field with a TinyPerm 1I® portable air
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permeameter (manufactured by New England Research). Thistype of permeameter is equipped
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Figure 4: Results of porosity and pore diameter analyses for the Lower Coralline Limestone and the Lower Globigerina
Member.

with a 5 mm nozzle and allows characterizing permeability in the range from 10° to 10 n?
(Balsamo et al., 2013, and refs. therein). The sightly lower accuracy of these measurements with
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respect to laboratory tests is counterbalanced, in our opinion, by (i) the possibility to test intact
materials that are not disturbed by sampling, and by (ii) the possibility to carry out alarge number of
measurements and have a good statistical coverage of the variability of permeability in a formation
outcropping over several km?.

Density was measured with an Ultrapic 1200e (Quantachrome Instrumensts). Porosity and pore-size
distribution characterization was performed using a PoreMaster 33® mercury-injection porosimeter
(manufactured by Quantchrome Instruments). This type of porosimeter measures the volume of
mercury that penetrates the pores of the samples as a function of the applied hydraulic pressure. The
radius R of pores accessible by the pressured mercury is given by the Washburn equation:

cos@

R =2y

where y isthe surface tension of mercury, 6 isthe contact angle of mercury with the sample material,
and P is the applied hydraulic pressure (Washburn, 1921; Léon and Ledn, 1998). In this way it is
possible to convert the mercury intrusion and extrusion data into pore size distributions.

. 150+ Lower Coralline : Lower Globigerina Petrographic analyses were
2 Mean : Mean peformed on thin  sections
< 100 42.196 mD | 3.8 mD impregnated with resin with a blue
% | stain in order to evidence porosity
o : (Figure 3). Our analyses show that
g 50 h=7 | the Lower Coraline Limestone is a
a : packstone/grainstone with grain size

: —— n=19 around 500 pm (estimated under the

0 _ N _ optical microscope) with minor

Figure 5: Results of the permeability analysis matrix content (Figure 3a) and

density of 2,106 g/cm® Porosity

values range between 9% and 24% with a mean of 22.6%. Pore size range between 0.5 and 5.2 um

with amean of 1.8 um (Figure 4). Permeability values are very variable and range between 6 mD and
80 mD with amean around 42.1 mD (Figure5).

The Lower Globigerina Member is a wackestone with grain size around 10 pm (estimated under the
optical microscope) and sparse macro-fossils (Figure 3b) and density 1,755 g/cm®. Porosity values
range between 17% and 44% with a mean of 33% (Figure 4). Pore size range between 0.2 and 0.6
pum with a mean around 0.46 um. Permeability values are very low and range between 0.7 mD and
11 mD with amean of 3.8 mD (Figure 5).

3.6 Geomechanical characterization

The geomechanical characterization was performed with Brazilian tests for tensile strength, uniaxial
testsfor Y oung modulus E, UCS Uniaxial Compressive Strength) and Poisson Ratio, and triaxial test
used to measure additional elastic parameters and reconstruct failure envelopes.

Brazilian and uniaxia test were carried out with a GSDVIS apparatus. We performed 11 Brazilian
test, 5 on the Lower Coralline Limestone Formation and 6 on the Lower Globigerina Member, on
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samples with a diameter of 38 mm and height of 17 mm, at a rate of shortening of 1 mm every 15
minutes.

Uniaxial tests were performed at a rate of shortening of 1 mm every 10 minutes, on 6 samples of
Lower Coralline Limestone and 7 samples of the Lower Globigerina Member, with adiameter of 21
mm and height of 42 mm. The Young modulus E was calculated using the tangent method, that
defines E as the slope of the tangent to the stress-strain curve at 50% of the ultimate strength. Two
additional uniaxial tests were performed on samples of 38 mm of diameter and 76 mm of height,
equipped with strain gauges in order to calculate the Poisson ratio v and the modulus of rigidity (or
shear modulus) definedas G = E/2(1 + v).

Samples for triaxial tests were prepared with
diameter of 38 mm and height of 76 mm, and
equipped with strain gauges. Three tests were
performed for every unit using a triaxial
apparatus equipped with a Hoek cell and
manufactured by Controls. In order to simulate
the typica stress path for normal faulting,
samples were first loaded with an isotropic load
(04 = 0, = 03 — isotropic phase) and then the
axial load g; was maintained constant while the
confining radial stress o, = 03 was decreased
Table 1: Values of vertical and radia stress in the triaxial  until failure (deviatoric phase). Both theisotropic
apparatus before the beginning of the decreasing of radiad gnd deviatoric phases were carried out at a stress
stress rate of S0N/s. Every test was performed at
different values of initial (before the decrease of 63) vertical and radial stress (Table 1) Since the used
triaxial apparatus can reach a maximum radial stress of 45 MPafor the Lower Coraline Limestone
samples(LC 2.5,LC 1.1,LC 1.2, Table1land Figure7) and for sasmple LG-1.4 (Table 1 and Figure
7) isotropic phase was performed until this value (45 MPa) was reached then vertical stress was
increased until the selected value (Table 1). All samples were dried at 50° for amost 18 hours.

Results of Brasilian and Uniaxial tests are summarized in Figure 6. The Attard member has: mean
tensile strength of 4.4 MPa (Figure 6a); mean Uniaxial Compressive Strength of 36 MPa (Figure 6¢
and 6d); Y oung modulus has a mean of 5.5 GPa (Figure 6€); Poisson ration has value of 0.15 (Figure
6f); Modulus of rigidity (G) is 3.2 GPa. The Lower Globigerinamember has a mean tensile strength
of 2.26 MPa (Figure 6a); Uniaxial Compressive Strength has a mean value of 13.72 MPa (Figure 6b
and 6d); Y oung modulus has amean of 2.4 GPa (Figure 6€) Poisson ration hasavalue of 0.18 (Figure
6f); Modulus of rigidity (G) is 1.5 GPa. As explained above, three triaxia test at different axial and
radial stress were performed for every unit. Attard member fails at 118.5 MPa of axia stress and 25
MPaof radial stress; at 79 MPaof axial stressand 3.6 MPaof radial stress; at 61.5 MPaof axial stress
and 1 of radial stress. Lower Globigerina fails at 50.5 MPa of axial stress and 11.3 MPa of radial
stress; at 37.1 MPa of axia stress and 5 MPa of radial stress; at 26.5 MPa of axial stress and 1.5 of
radial stress. Even if the two units have a comparable Poisson ratio, they deform in a complete
different way and they have a very different strength. For instance, considering elastic deformation
beforefailure, at the same axial stressthe Lower GlobigerinaMember shows an axial and radial strain

ten times higher with respect to the Lower Coralline Limestone (Figure 6f). Combining all the results
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of Brazilian, Uniaxial an Triaxia tests, a representative failure envelope of the two units was
reconstructed (Figure 7).

Figure 6: Results of the Brasilian and Uniaxial tests including the Y oung modulus and the Poisson ratio.
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Figure 7: Failure envelope of the Lower Coralline Limestone and of the Lower Globigerina Member extracted from the
Brazilian, Uniaxial and Triaxial tests. Codes of the triaxial testsreferred to thosein Table 1

3.7 Numerical modelling

In order to ssimulate the normal faulting deformation in a layered stratigraphy with geometry and
mechanical stratigraphy representative of the sequence considered in this study, we developed a
numerical modelling study using the Finite Element Method in 2D with the code Midas GTS NX®
(www.cspfea.net).

All tested setups are 500 m wide and 130 m thick, and include four layers (from bottom to top): (1)
weak material 50 m thick; (2) Lower Coraline Limestone 15 m thick; (3) Lower GlobigerinaMember
15 m thick; (4) weak material 50 m thick (Figure 8). Layers 1 and 4 have a grid resolution of 10x10
meters whereas layers 2 and 3 have grid resolution of 2x2 meters. We used “roller” kinematic
boundary conditions at the base and on both sides of the model, hence the displacements are

97



Chapter 3

prescribed perpendicular to the boundaries and free paralel to them. While the vertical position of
the bottom boundary is awaysfixed, the vertical boundaries are fixed along the horizontal axisin the
first step of the simulation, and then are progressively displaced to obtain a horizontal extension of 1
cm for each deformation step, up to 20 m of total extension (Figure 8). The top boundary is subject
to anormal stress of 10 MPain order to simulate an overburden of 300 m, as proposed by Bonson et
al. 2007.

Scheme of the numerical model
Legend
Lower . . .
I:IGIoI:ngerma Step 1 Application of vertical stress = 10 MPa
Lower
Cora”]ne » * * * J J * *
P L
|:| Weak material
> <
A Kinematic . L
boundary i Weak point "
conditions >
—} Stress
boundary
conditions
A A A A A A A A A A A A A 4 a
Step 2 Vertical stress constant = 10 MPa
Horizontal
movement of " Weak point ’
lateral boundaries
to decrease <4 »
horizontal stress
A A A A A A A A A A A A A 4 a

Figure 8: Scheme of the numerical modeling

In order to localize deformation and obtain afault in the middle of the model, a weak spot 2 m by 2
m was added at the boundary between the Lower Coralline Limestone and the Lower Globigerina
Member (Figure 8). Weak layers above and below the Lower Coralline Limestone and Lower
Globigerina Member were added in order to allow vertical displacements in the stiffer and stronger
layers (Figure 8).

Mechanical parametersfor the Lower Coralline Limestone and the Lower GlobigerinaMember were
obtained from the geomechanical analyses, assuming a Mohr-Coulomb failure envelope with a
friction angle and cohesion chosen from the experimental failure envelope in the region with normal
and tangential stresses considered redistic for our ssimulations. In particular, we set a cohesion of 5.9
MPaand afriction angle of 32° for the Lower Globigerina Member and a cohesion of 10.5 MPa and
afriction angle of 47° for the Lower Coralline Limestone. These parameters were calculated using
the Mohr-Coulomb failure envelope of the first and second triaxial tests both for Lower Coralline
Limestone (test LC 2.5 and LC_1.1, Figure 7) and Lower Globigerina member (test LG 4.4 and
LG _1.5, Figure 7). The tensional strength was obtained from the Brazilian tests. Parameters of the
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weak material (1.9 MPaof cohesion and 30° of friction angle) were selected in order to reach failure
before the Lower Coralline Limestone and the Lower Globigerina Member.

Figure 9: Results of the numerical modeling (see text for a complete explanation). Weak layers at the bottom and at the
top of the model are hidden to permit a clear visualization of the results.

Asproxy for the damage zone thickness we used the equivalent plastic strain (Figure 9) that isascalar
value used to represent the material’s inelastic deformation. If this variable is greater than zero, the
material has yielded. (Chen, W.F. and Han, 1988). GTS NX performs continuous numerical models
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simulations and for this reason faults are represented by shear zones where strain plasticity is very
high. Results of the numerical modeling (Figure 9) study show that, as horizontal extension proceeds,
the horizontal stress o; decreases faster in the Lower Coraline Limestone than in the Lower
Globigerina Member (Figure 9a,b). For this reason, the Lower Coralline Limestone fails well before
the Lower Globigerina Member, even if it is more than two times stronger (Figure 9¢). This behavior
has the consequence that deformation (plastic strain) continuous to increase in the Lower Coraline
Limestone in a distributed manner and fault starts to localize (Figure 9d,e). At the same time the
Lower Globigerina doesn’t show any evidence of strain plasticity. Only when also the Lower
Globigerina Member reaches its failure envelope (Figure 9e), the fault propagates upwards from the
Lower Coralline Limestone into the Lower Globigerina Member creating a fault with a damage zone
much thinner with respect to the one in the Lower Coralline Limestone (Figure 9f) as testified from
the value of the plastic strain that rapidly decrease to zero moving away from the main fault (Figure
of). After this point, even if the extension continues deformation is localized only close to the dlip
surface (Figure 9g). It is noteworthy to say that in both the units when the yield point is reach o3 does
not decrease anymore.

3.8 Discussion

In thiswork, we analyzed the influence of the mechanical stratigraphy on the damage zone thickness
in normal faulted platform carbonates. Combining field data with petrophysical, geomechanical and
numerical analysis we demonstrated that units characterized by different elastic and geo-mechanical
properties respond to stress in a complete different way. In particular, we observed that strong and
stiff unit (Lower Coralline Limestone Formation) are characterized by a wider damage zone with
respect to weak and elastic unit (Lower Globigerina Member) and that the first one fails before even
if it is stronger. In the next chapters we will explain this counterintuitive behavior and we will also
propose a model for the formation of damage zones with variable thickness in units with different
mechanic and elastic properties.

3.8.1 Control of therock elastic propertieson the evolution of the stress state

Numerical model shows that 63 decrease faster in the strong and stiff unit (Lower Coralline
Limestone) causing its failure before the weaker and elastic unit (Lower Globigerina member). Our
interpretation isthat thisbehavior is caused by the different elastic properties of the two units. Indeed,
even if the Poisson ration is similar (0.15 for the Lower Coraline Limestone and 0.18 for the Lower
Globigerina member) they have different values of Y oung and Rigidity modulus and they deformin
acomplete different way. Indeed, for the same vertical stress the Lower Globigerina Member shows
an axial and radial strain ten time higher with respect to the Lower Coralline Limestone. The
consequence is that when a vertical stress is applied on the two units the Lower Globigerina
Limestone Member can expand laterally ten time mores with respect to the Lower Coralline
Limestone. In this way the Lower Globigerina Member create a “pressure” opposite to o3 that
decrease slower with respect to the Lower Coralline Limestone, with the consequence that it fails
before eveniif it is stronger.

3.8.2 Formation of damage zone of variable thickness in carbonates with different mechanic
and elastic properties

Here we propose a general model for the formation of damage zone with different thickness in
multilayer carbonates characterized by units with different el astic and mechanical properties affected
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® The more elastic unit expands
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Unit horizontal dilatation = increasing fracturation and
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® More elastic unit reaches its failure

Overburden envelope and proto-faults can
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® A normal fault is formed with a large
damage zone in the stiffer and less
elastic unit and a thin damage zone in
the more elastic one

® From this moment onward most of the
deformation is accumulated along the
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Figure 10: The model proposed for the formation of damage zones with different thickness in multilayer
carbonates characterized by units with different elastic and mechanical properties affected by extensiona
tectonics

by extensional tectonics (Figure 10). Pre extension situation is highlighted in Figure 10a. When the
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extension begins the less rigid and weaker unit can more easily expand laterally with respect to the
more rigid and stronger one, limiting the decrease of 63. The consequence of this behavior is that 63
decreases faster in the stiffer unit (Figure 10b) that fails before the lessrigid one eveniif it is stronger
(Figure 10c). When therigid unit reachesits yield point, thelessrigid oneis still inits elastic domain
(Figure 10c). At this point 63 cannot decrease anymore in the more rigid unit because it is buffered
by plastic yielding, and plastic strain accumulatesin this unit. We consider this as a proxy for damage
zone development (Figure 10d). When also the less rigid unit yields, the fault propagates upward
forming a thoroughgoing normal fault characterized by a much thinner damage zonein the lessrigid
unit. After this phase, even if the extension continues, most of the deformation is localized aong the
fault plane due to the strain weakening effect and the thickness of the damage can increase only close
to the dlip surface (Figure 10e).

3.9 Conclusion

In thiswork we demonstrated that the el astic properties of rocks play afundamental rolein the control
of the damage zone thickness. In amultilayer carbonate stratigraphy composed by unitswith different
elastic properties, in the less rigid units o3 decreases at a slower rate with respect to the stiffer units,
with the consequence that the latter yield before the former even if they are stronger. This behavior
isreflected in the thickness of damage zones that, in a counterintuitive way, are thicker in morerigid
and stronger units.
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Chapter 4

I nvestigating Repr esentative Elementary Volume of a fractur e network from
outcrop data to drive Discrete Fracture Networ k modeling

4.1 Introduction

Fracture networksin the subsurface can be model ed using Discrete Fracture Network (DFN). In DFN
models, fractures are usually represented as 2D planar objects (discs or polygons) positioned in a 3D
space, even if other type of DFN model have been propose in order to simulate the non-planarity of
natural fractures (Lei et al., 2016; Horgan and Young, 2000). Position of fractures are usualy
simulated using a random distribution (Poisson distribution) (Stoyan and Stoyan, 1994; Lantuegjoul,
2002) whereas attitude, size, density and intensity are extrapolated from data derived from outcrop,
borehole or seismic observation. Since position and geometry of every fracture is randomly selected
the spatial distribution and the connectivity of the fracture network are usually not correct or
overestimated. To solve this problem some improvements to the Poisson method have been proposed
(Chiles, 1988; Xu and Dowd, 2010) and other authors developed DFN models that take in account
the mechanical interaction between fractures to control fracture initiation, growth and arrest (Josnin
et al., 2002; Swaby and Rawnsley, 1996; Davy et al., 2013; Cacaset a ., 2001; Srivastavaet al., 2005;
Bonneau et al., 2013; Bonneau et al., 2016). In the last years, geo-mechanically based DFN model
have been developed (Le et a., 2017 and references therein). Using this method fracture network
evolutionissimulated using the fracture growth physics and applying stress/stress condition extracted
from geological data. This type of DFN have the capability to link the fracture geometry with the
physical mechanism of their formation, however they required large computationa time and the
uncertainties in the input data can bring to unprecise results. Apart from the type of DFN method, the
realization of a DFN model with a high number of fracture (e.g. reservoir scale) can be very time
consuming making impossible to represent all the fractures at every scales. It is therefore necessary
to do some simplification representing large scale and midscale fractures explicitly and integrating
small scale fracture in the property modeling as implicit fractures. Identify the critical length where
fractures can beintegrated in the property modeling instead of being considered explicitly isaburning
issue that depend on question addressed by the model. In this chapter, we present preliminary results
of awork that has the aim to investigate this question by evaluating the size of the Representative
Elementary Volume (REV) of aDFN built using the outcrop data of Qalafault zone (Gozo) presented
in Chapter 2 of thisthesis. We demonstrate that the Representative Elementary V olume evaluated on
the DFN model is comparable with the one extracted from the outcrop (second chapter of thisthesis).
Moreover, we show that in randomly and poorly organized fracture network several DFN at the
Representative Elementary Volume scale can be realized to extract histograms of the fracture
parameters that can be used to populate the 3D model at the reservoir scale. This alows to represent
all the fractures saving computational time and improving the fracture network modeling.
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4.2 DFN model and Representative Elementary Volume analysis

d

DFN model

100 m

b

Fracture set
surfaces extraction
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The DFN model was realized with a Poisson
process using the FractCar plugin (Bonneau, 2013
and Bonneau, 2016) developed for skua-gocad
software. As input, we used the fracture
parameters (fracture sets ENE-WSW, WNW-ESE
and N-S) of the Qala fault zone presented in the
Chapter 2 of thisthesisin order to compare outcrop
REV with DFN REV. The DFN volume was
defined in agrid of 300x300 meters square and 15
meters high in order to reproduce the mean height
of the Attard member (Figure 1a). Since fractures
on the field usualy cross-cut al the Attard
member we ensure that model ed fractures crosscut
the formation. Fractures higher than the bounding
box were cut in order to remain inside the grid.
DFN model represents all the three fracture sets
together. In order to evaluate the REV dimension
of every set a surface for every fracture set was
extracted from the DFN (Figure 1b) and then
polylines at the intersections between fractures and
a plan positioned in a middle of the grid were
extracted in order to obtain the fracture traces
(Figure 1c). The polylines were then analyzed with
square scan-area of different size (from 5 to 40
meters) and for every scan-area value of P21 and
P20 were extracted (Figure 1d). For the moment,
we calculated only DFN P21 and Pxo of set ENE-
WSW.

C
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Figure 1: The workflow used to extract the Representative Elementary Volume of P2 and Py of the DFN
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The Representative Elementary V olume dimension was than identified using the method based on T-
test and F-test (Esmaidli et., 2010) already explained in Chapter 2 of this thesis. Results show that
REV evaluated from DFN is similar to the one extracted from the outcrop data (Figure 2). This
indicates that fracture parameters variability is well respected in the DFN model.

Figure 2: Comparison between outcrop REV and DFN REV. Results show that the two REV have similar
dimension indicating the in the DFN model fracture variability of the outcrop is well respected.
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4.3 Populate a 3D model using the Representative Elementary Volume

The Representative Elementary Volume previoudly identified give the cell size in which we can consider that
fracture properties are representative of the network of discontinuity. It is then possible to build several DFN
a the Representative Elementary Volume scale and compute the equivalent property value for each one.
Indeed, stochastic simulations provide a set of equiprobable redlizations that generate a variability that can be
captured by an histogram (Figure 3). At the end, the histogram of the study property can be used to populate
the 3D model (Figure 3). The same result can be obtained realizing abigger DFN (but small enough to permit

Method 2
Large DFN sampled with scanarea with

Method 1 the dimension of the REV
P20

Several DFN at the REV scale
| -

ey

01 012
i ]

Property
histogram | ¢

i III|“|‘||I Illlllll 1]
15 0.02
P20

2 004 006 008
L

0

0.01 0.0° 0.025 003 0.035

Reservoir 3D model

Figure 3: The REV size can be used to build several DFN on asmall scale (method 1) or to apply several scan-area with REV
dimension on a bigger DFN (method 2) to extract a property histogram that can be used to populate the 3D model

a quick realization) and then extracting the study parameter using scan-area with the same dimension of the
Representative Elementary volume (Figure 3).
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4.4 Distribute fracture propertiesin the footwall of the Qala fault

Since in this work, we analyzed the Representative Elementary Volume of the Px and Pxfracture network in
the damage zone of the Qalafault we redized the 3D geo-model of the Gozo Island in order to distribute P20
and P21 in the area corresponding to the footwall of the Qala fault using the method proposed in the previous
chapter. The 3D geo-model of the Gozo Island was built in Skua-Gocad considering both surface and
subsurface data. Surface datawere derived from the geological map of Maltaand Gozo presented in Martinelli
et a., 2019 (first chapter of thisthesis and available in the supplementary materials). The geological map was
digitalized in Arc-map to obtain fault traces and formation boundaries. Moreover, we used the depth maps of
the Lower Coralline Limestone and of the Lower and Middle Globigerina Limestone published by Pedley et
a., 1976. Depth maps were digitized in Arc-Map in order to obtain curves to use as hard data during the 3D
model workflow. As subsurface data more than 120 boreholes with stratigraphic data realized by the Maltese
government for water research were digitized to better constrain horizon modeling. All these data were
imported in Move were 26 cross-sections were realized. Formations boundaries were projected on the DTM
surface and eventually corrected. Fault surfaces were extruded using the information coming from the
structura analysis of Martinelli et al., 2019 (first chapter of this thesis) and geological map. Aslast step data
were imported in Skua-Gocad were the 3D geo-model was realized with the structure and stratigraphy
workflow (Figure 4). Results explained in Chapter 2 of this thesis, revea that damage zone in the Lower
Coraline Limestone Formation is 520 meters width in the footwall of the Qala fault and for this reason, we
extracted aregion of 520 metersin the 3D model in the area corresponding to the footwall of the fault. Cells
dimension of the model where choosein order to have the same size of the Representative Elementary Volume
(25x25 m) (Figure 5¢).

@ Input data

Water borehole stratigraphic data 26 cross sections
and geological map

Area of non deposition

Isopach map of the Isopach map of the Depht map of )
Lower globigerina middle globigerina the top of Lower Coralline
Limestone

¥

b/ 3D geo-model

Figure 4: Input data used for the realization of the 3D model of the Gozo Island
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To populate the 3D model of the footwall of the Qala fault we covered the DFN realized in the previous
chapters with scanarea of the dimension of the REV (25x25 for P20 and 15x15 for P21) and we extracted the
property histogram (Figure 5a). Since fracture are randomly distributed and the histogram reveals a normal
distribution, we distributed the Pgand P21 properties using a normal random distribution function fitted on the
extracted histogram. The result for Px property isvisible in Figure 5b.

T T T T T T T T T T T T T
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

P20

Qala Fault

Figure 5: @) The P20 histogram extracted from the outcrop DFN; b) the 3D grid of the Attard member on the Gozo
Idland; c) P20 property of set ENE-WSW in the footwall of the Qala 2 Fault distributed using a random normal
distribution

4.5 Conclusion

In this chapter, we show preliminary results of a study that hasthe aim to build DFN model on asmaller scale
with respect to the reservoir scale in order to solve modeling (try to model al the fracture explicitly) and
computational issues (e.g. reduce computational time). We demonstrated that investigating the Representative
Elementary Volume of fracture network parameters from outcrop data in homogenous fracture network
(randomly or uniformly distributed) can be very useful in order to populate a 3D geo-model. Indeed, using the
outcrop data it is possible to realize a DFN model that will have a REV comparable to the one of the outcrop
and instead of building aDFN model at the reservoir scale, that can be very time consuming and often requires
a simplification of the fracture network, it is possible to evaluate equivalent property by studying DFN
realization at the REV scale. With this work, we produce a histogram of the fracture parameters that can be
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used to populate the reservoir model. Cells of the grid should correspond to the REV size. A small DFN give
the possibility to model al the fractures dlowing to fully characterize the fracture network without
simplifications. Moreover, it can be used in computational demanding DFN models (e.g. geomechanicaly
based DFN) to reduce computation time and at the same time to perfectly honor fracture connectivity and

topology.
4.6 Next steps

The results highlighted in this chapter are only thefirst step of awork that need to be update and explore with
further and deeper analysis. Indeed, the final goal of a DFN model is usually to extract the permeability of the
fracture networks. Further analyses have to be done in order to understand if it is possible to reach aREV aso
for other fracture parameters (e.g. length) and for the permeability tensor.
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General conclusions

In this work, we characterized the fracture network associated with normal faults in carbonates of the
Maltese Islands. We demonstrated that the use of outcrop analoguesis fundamental to better characterize
and model the fracture network parameters and their impact on the fluid flow in the subsurface. Indeed,
outcrop analogues allow to investigate the fault and fracture network at different scales and to apply a
multidisciplinary approach that allows carrying out different types of analyses, impossible to perform
with borehole and seismic data. In particular, thanks to the spectacular and continuous outcrops of the
Maltese Islands, in this thesis we were able to characterize:

)] The tectonic evolution of the Maltese Islands and of the Pelagian platform from the Late
Oligoceneto the Pliocene. Thisanaysiswas performed collecting structural and kinematic data that were
used to recognize the different sets of joint and faults and to carry out a paleostress modelling, which
highlighted the presence of two main extensional tectonic events separated by a period of tectonic
guiescence. Thefirst event isa WNW-ESE extension from the Late Aquitanian to the Early Burdigalian
that caused the formation of small normal faults associated with Neptunian dykes (D1 extension). The
second event is a N-S extension, developed from the Late Miocene to the Pliocene, that lead to the
formation of two coeval sets of normal faults striking WNW-ESE and ENE-WSW and four sets of joints
striking WNW-ESE, ENE-WSW, N-Sand NE-SW (D2 extension). In addition, we were ableto correlate
this tectonic evolution with the geodynamic evolution of the western and central Mediterranean. Indeed,
we demonstrated that both the extensional events took place during periods of slab-retreat and they were
caused by the foreland flexure and slab-roll back.

i) The fracture network parametersin the damage zone of the footwall of Qalafault - anormal fault
with ca. 30 m of displacement located in the southeastern part of Gozo. Here we carried out a 3D
photogrammetric survey on a spectacular outcrop - 1 km long - that allowed usto obtain akm-scale high
resolution Digital Outcrop Model. This allowed digitizing all fractures in the damage zone and
background, and extract fracture network parameters with automatic Python scripts that can be used in
Skua-Gocad. Moreover, we developed a new workflow for fracture network characterization that
combineslinear scan-line and scan-areaanalyses. Thelinear scan-line analysisis used to characterize the
gpatia distribution of the fractures and scan-area analysis is used to extract the fracture parameters
(length, density, intensity, spacing, topology and Representative Elementary VVolume). Thanks to this
work we demonstrated the importance of combining field work and Digital Outcrop Models in fracture
network characterization. Indeed, this approach allows to collect a huge amount of data, to automatize
the process of the extraction of fracture parameters and to obtain highly reliable statistics. From the
structural point of view, we show that the footwall of the Qalafault isdivided in three distinct zone: i) a
thin fault core; ii) a highly fractured Inner Damage Zone (5 meters thick); iii) an Outer Damage Zone
(520 meters thick) and that the fracture network of ODZ is connected within 120 meters from the dlip
surfaces showing that even faults with limited displacement can be surrounded by a large fractured and
permeable area that can have an important impact on the fluid flow.
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iii) The effect of mechanical stratigraphy on the width of the Damage Zone. Field analysis performed
in different units highlighted that, along faults with the same tectonic history and with comparable
displacement, damage zone thickness change abruptly in unitswith different properties. Combining field,
geomechanical and petrophysical analyses, we demonstrated that the elastic properties of rocks play a
fundamental role in the control of damage zone thickness. In a multilayer carbonate stratigraphy
composed by unitswith different elastic properties and subjected to extensional tectonics, inthelessrigid
units o3 decreases at a ower rate with respect to the stiffer units, with the consequence that the latter
yields before the former even if they are stronger. This behavior is reflected in the thickness of damage
zones that, in a counterintuitive way, are thicker in more rigid and stronger units. Further analyses are
needed to better understand if there is a correlation between the petrophysical and geomechanical
parameters of the investigated units.

iv) The Representative Elementary Volume of fracture network parameters extracted from the
outcrop, aimed at building statistically-representative DFN models. We demonstrated that using outcrop
datait is possibleto realize aDFN model that has a REV comparable to the one of the outcrop. This has
the consequence that in randomly distributed fracture networks, instead of building a DFN model at the
reservoir scale, it is possible to evaluate equivalent properties by studying several DFN realizations at
the REV scale. Thisanalysis produces a histogram of theinvestigated fracture parameter that can be used
to populate the reservoir model. Even if further analyses are needed this preliminary results are very
encouraging. Indeed, a small DFN give the possibility to model all the fractures allowing to fully
characterize the fracture network without simplifications reducing computation time.
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320 68 80 5| 65 305| 70 295| 70 350| 55 15| 75 80| 60 325 %fw 295 50 -90 g ol 195 90 125 80
355 45| 70 10| 60 310[ 70 290| 60 345| 60 25| 85 290 E E 290 85 -90 i X 270 90 120 80
345 60 90 187| 70 312| 81 264| 60 345| 70 30| 77 85 é 280 52 -90 % = 264 85 90 80
330 85| 78 5| 65 321| 75 264| 70 340| 82 195| 65 65 90 72 -90 20 80 290 80
345 40| 82 2| 75 300 75 90| 72 355| 65 205 73 290 195 60 275 50
315 80| 80 5| 75 277| 80 262| 55 180| 70 40| 86 125 Outcrop 3 195 90 275 80
160 70[ 72 20| 90 280 75 85| 65 355 75 15| 60 310 Dip dir. Dip Rake 25 80 286 60
165 60[ 64 10| 45 335/ 80 109| 70 345| 71 204 88 80 295 86 210, 75 285 80
180 65[ 70 5| 60 320[ 70 65 75 170| 65 215 66 85 305 75 40 74 260 80
175 66[ 75 15| 60 180| 70 130 70 355| 52 197| 74 85 305 82 40 60 308 80
180 70 75 15| 80 315/ 85 100| 65 170| 85 205 74 75 305 80 190 55 = 60 60
175 75 60 45| 60 110| 65 72 78 345| 65 215 85 265 90 85 190 55 g E 285 70
175 60[ S5 210[ 50 295| 65 90| 62 340 90 15| 75 110 = 305 85 185 65 ‘.n';. %' 125 60
.E 2 Releated z
2% normal

180 68 55 15| 85 290| 65 100| 52 150| 75 200 73 300 § = 110 75 faults 180 60 -90 295 70
178 65 85 202 52 280[ 70 70 68 350| 60 451 71 90 300 75 60 55
180 S5 70 205 72 90| 85 112| &0 350 60 35| 64 270 125 70 Outcrop 5 305 76
180 70{ 70 200 75 108| 87 345| 55 25| 68 60 125 85 Dip dir. Dip Rake 320 55
175 60[ S5 195 70 330 85 350| 85 19| 80 125 270 80 332 75 100 85
125 80| 65 198 70 125| 75 350| 80 20| 90 270 300 85 320 70 175 35
115 80| 65 220 80 125| 62 180| 70 20| 63 265 110 80 305 60 110 50
345 80| 66 200 80 120| 70 162| 55 35| 73 265 315 70 -90 315 70 105 72
180 65 65 200 80 90| 55 150| 75 15| 60 50 325 45 -90 317 70 95 65
165 85| 74 205 80 290| 65 170| 70 15| 70 90 320 50 -90 = 120 70 300 58
155 80| 65 195 50 275| 68 170 70 15| 70 90 2 315 45 -90 E ) 164 80 110 40
150 82| 54 255 80 275| 68 350| 55 5| 75 70 2 E 320 45 -90 2 X 175 70 110 80
154 82] 65 185 60 286| 75 o] 55 15| 65 75 E © 325 52 -90 % < 145 65 70 80
162 80| 65 205 80 285| 55 345| 82 20| 70 260 & E 315 65 -90 = 155 64 90 72
175 82| 75 210 80 260| 80 355| 85 10f 90 85 g 335 40 -90 315 85 285 65
180 90| 65 192 80 308| 50 ol 80 25| 60 290 305 65 -90 310, 75 250 74
165 84) 85 185 60 60 70! 350| 68 200 85 70 310 60 -90 325 65 280 75
175 80| 66 190 70 285| 82 355 80 35| 82 80 312 70 -90 325 80 290 70
155 82| 74 190 60 125| 75 345| 66 185| 70 70 145 70 75 60
180 84| 67 190 70 295| 64 165| 82 10| 74 85 " 321 65 -90 Related 115 60 -90
355 70{ 70 183 55 60[ 82 175] 90 15| 76 90 o § 300 75 -90 normal 80 55 -100
346 86| 63 190 76 305| 78 160| 85 5| 65 300 % "_'E 277, 75 -90
145 80| 75 214 55 320| 85 165| 65 50| 72 90 E E 280 90 -90
165 86| 64 190 85 100| 78 170| 70 15| 65 270 s 335 45 -90
345 56[ 61 210 35 175| 88 350| 60 15| 82 87 < 320 60 -90
334 80| 65 190 50 110| 75 175| 72 5| 85 245
180 85| 75 210 72 105| 88 358| S0 20| 50 260 Outcrop 9 Outcrop 12
340 65 72 195 65 95| 55 170| 70 200 80 72 Dip dir. Dip Dip dir. Dip
156 80| 68 190 58 300 70 180| 75 190| 65 50 85 85 100 85
330 68[ 65 190 40 110| 85 180| 76 35| 78 270 90 86 110 85
145 80| 68 185 80 110| 67 of 54 20| 86 65 = 115 86 295 70
149 68[ 65 186 80 70[ 85 355| 82 25| 58 55 E E 88 90 5 290 70
330 80| 78 200 72 90| 80 350| 85 200 57 245 é %’ 88 88 E E 264 81
155 62 80 198 65 285| 86 350| 58 195| 90 80 z 95 85 a -G' 264 75
160 68 72 198 74 250 90 160| 83 50| 75 95 40 75 g 90 75
161 65 78 200 75 280| 86 180| 67 25| 60 95 45 85 262 80
145 75 72 210 70 290| 62 175| 62 25| 85 70 85 75
135 72 68 210 60 75 90! 340| 78 35| 62 265 109 80
138 68 66 190 86 295| 75 170| 75 225 85 70
140 82| 70 185 75 305| 65 165| 80 205 76 276
137 80| 68 190 82 305| 86 o 84 195| 40 305
135 90| 60 198 80 305| 70 170| 74 10[ 55 115
160 65 60 200 85 90| 82 345| 78 195| 66 70
138 75[ 55 185 85 305| 78 355| 82 210[ 68 82
135 80| 60 205 75 110| 85 358| 52 15| 66 260
155 63[ 55 204 75 300| 84 355| 73 195| 53 275
152 70[ 65 210 70 125| 87 345| 90 20| 50 245
136 80| 62 210 85 125| 82 160| 85 25| 85 70
137 80| 62 190 80 270 70 345| 74 188| 78 270
135 85| 72 188 85 300| 67 343| 76 10| 68 90
130 88| 80 55 80 110| 65 145| 85 182| 70 75
130 85| 74 200 75 332 75 45| 70 120
131 75 70 197 70 320 78 202
134 75 72 200 60 305 56 20
134 75 73 202 70 315 83 20
310 84 73 204 70 317 85 20
320 74 74 202 70 120 70 215
308 80 70, 190 80 164 85 20
165 65 70 195 70 175 80 220
160 66) 85 20, 65 145 62 215
130 90| 68 5 64 155 45 190
175 86[ 65 2 85 315 70 20
155 85| 80 15 75 310 70 30
170 88| 80 12 65 325 70 245
154 78 80 0 80 325 68 225
172 76 80 5 70 145 74 65
150 85) 83 25 85 190 64 40
150 80[ 78 10 90 270 68 185
150 75 85 5 85 264 76 185
158 85 85 8 85 198 50 210
174 84 75 18 75 195 85 45
335 45| 75 6 50 195 54 235
350 50 60 5 74 195 66 210
347 40[ 65 8 55 180 75 230,
350 60 80 2 80 185 56 195
346 60| 60 45 70 190 90 45
355 65 74 185 80 20 74 190
160 75] 85 190 60 195 56 240
123 74 86 195 90 195 76 192
125 74| 80 30, 85 90 70 45
338 65 85 195 85 95 80 20
324 58] 90 187 55 50 62 45
160 75 85 180 58 135 64 45
155 75] 88 185 72 125 52 220
168 75 84 185 60 285 70 5
143 65| 84 182 65 295 70 15
140 60[ 75 32 65 115 35 195
176 75] 85 5 60 110 72 15
180 76 70 25 50 113 66 25
155 60| 70 25 70 140 75 10
128 80| 85 72 80 25 75 20
174 80 75 15 75 210 56 7
164 80| 75 30 74 40 75 220
350, 70] 78 25 60 40 65 235
350 75[ 90 188 55 190 75 15
358 90| 90 180 55 190 82 5
174 S5 65 188 65 185 60 220
174 60) 65 183 58 30
178 75 65 190 54 230,
179 80| 65 185 75 210
140 75 75 204 76 30
148 80| 65 197 90 187
144 75 65 188 78 5
140 73 65 218 82 2
152 74 63 185 80 5
150 72
115 80
115 86
117 82
144 82
136 78
148 70
140 78
155 70
178 65
165 64
160 60
152 80
155 60
135 85
162 85
154 85
128 85
135 78
128 85
120 85
130 85
135 80
160 75
160 80
160 78
158 75
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Outcrop 2
Dip-dir Dip Rake

160 82 -88
320 68 -80
355 45 -95
345 60 -90
330 85 -90
345 40 -90
315 80 -90
165 85 -85
155 80 -85
150 82 -90
154 82 -90
162 80 -90
175 82 -90
180 90 -70
165 84 -90
175 80 -90
155 82 -90
180 84 -85
355 70 -90
346 86 -80
145 80 -100
165 86 -90
345 56 -110
334 80 -115
180 85 -80
340 65 -115
156 80 -85
330 68 -110
187 90 -70
5 78 -90

2 82 -82

5 80 -90
20 72 -90
10 64 -95
5 70 -85
15 75 -90
15 75 -80
45 60 -90
210 55 -90
15 55 -90
20 85 -80
5 68 -90

2 65 -90
15 80 -90
12 80 -80
0 80 -90

5 80 -90
25 83 -90
10 78 -90
5 85 -90

8 85 -90
18 75 -90
6 75 -90

5 60 -105

8 65 -100

2 80 -100
45 60 -90
185 74 -80
190 85 -90
195 86 -85
30 80 -70
195 85 -105
187 90 -90

Outcrop 10
Dip-dir Dip Rake

123 74 -112
125 74 -120
324 58 -90
160 75 -110
155 75 -110
168 75 -90
143 65 -85
140 60 -90
176 75 -80
180 76 -90
155 60 -75
128 80 -120
195 66 -70
194 66 -70

Outcrop 1
Dip-dir Dip Rake

160 70 -95
165 60 -90
180 65 -90
175 66 -90
180 70 -85
175 75 -85
175 60 -85
180 68 -85
178 65 -90
180 55 -90
180 70 -90
175 60 -90
125 80 -110
115 80 -100
345 80 -110
180 65 -60
202 85 -90
205 70 -90
200 70 -100
195 55 -85
198 65 -75
220 65 -70
200 66 -100
200 65 -85
205 74 -80
195 65 -80
255 54 -65
185 65 -85
205 65 -75
210 75 -90
192 65 -75
185 85 -85
190 66 -80
190 74 -80
190 67 -90
183 70 -90
190 63 -90
214 75 -80
190 64 -80
210 61 -75
190 65 -75
210 75 -76
195 72 -75
190 68 -70
190 65 -80
185 68 -80
186 65 -75
200 78 -75
198 80 -90
198 72 -75
200 78 -75
210 72 -70
210 68 -70
190 66 -75
185 70 -85
190 68 -83
198 60 -75
200 60 -70
185 55 -90
205 60 -85
204 55 -80
210 65 -85
210 62 -60
190 62 -80
188 72 -88

55 80 -90
200 74 -80
197 70 -74
200 72 -75
202 73 -80
204 73 -80
202 74 -60
190 70 -70
195 70 -62

Outcrop 9
Dip-dir Dip Rake

175 86 -90
155 85 -90
170 88 -90
154 78 -88
172 76 -85
150 85 -80
150 80 -82
150 75 -82
158 85 -88
174 84 -72
335 45 -90
350 50 -90
347 40 -100
350 60 -90
346 60 -100
355 65 -90
174 80 -95
164 80 -95
350 70 -110
350 75 -100
174 55 -95
174 60 -100
178 75 -105
180 85 -90
185 88 -87
185 84 -75
182 84 -82

32 75 -95

25 70 -90

25 70 -105

15 75 -95

30 75 -95
188 90 -110
180 90 -112

Outcrop 14
Dip-dir Dip Rake
160 60 -75
152 80 -75
155 60 -75
135 85 -90
162 85 -88
154 85 -85
128 85 -90
135 78 -90
128 85 -90
120 85 -90
130 85 -85
135 80 -90
160 75 -75
160 80 -75
160 78 -77
158 75 -77

| Outcrop 5 Outcrop 7

Dip-dir Dip Rake Dip-dir Dip Rake
355 75 -85 152 60 -40
175 65 -85 155 55 -55
175 65 -85 160 55 -65
155 80 -110 310 75 -75
339 85 -60 110 80 -70
333 78 -80 152 52 -75
350 80 -60 152 54 -80
330 58 -90 138 55 -70
325 58 -90 135 52 -90
165 80 -90 130 54 -90
160 83 -90 145 50 -90
145 82 -100 10 90 -10
155 82 -100 128 80 -25
150 85 -90 160 65 -20
150 80 -90 120 90 -35
155 85 -90 10 88 -40
167 88 -100 10 80 -40
340 65 -85 5 85 -35
155 75 -90 350 85 -40
180 85 -75 35 90 -25
185 80 -95 260 80 0

Outcrop 6 Outcrop 8

Dip-dir Dip Rake Dip-dir Dip Rake
145 80 -130 168 65 -100
149 68 -135 160 70 -100
330 80 -45 340 80 -140
155 62 -130 335 80 -150
160 68 -130 172 72 -96
161 65 -140 172 73 -101
145 75 -135 165 70 -88
135 72 -145 160 80 -92
138 68 -150 355 70 -64
140 82 -150 15 80 -80
137 80 -160 25 55 -80
135 90 -165 200 70 -80
160 65 -130 183 69 -90
138 75 -155 15 85 -88
135 80 -155 5 85 -90
155 63 -135 20 88 -90
152 70 -140 10 80 -87
136 80 -140 20 72 -83
137 80 -135 25 80 -85
135 85 -140 5 80 -87
130 88 -145 10 70 -92
130 85 -150
131 75 -140
134 75 -145
134 75 -140
310 84 -30
320 74 -35
308 80 -30
165 65 -130
160 66 -130
130 90 -145

Outcrop 11 Outcrop 13

Dip-dir Dip Rake Dip-dir Dip Rake
137 65 -120 179 80 -92
140 50 -95 140 75 -95
320 85 -85 148 80 -110
305 65 -80 144 75 -110
340 80 -90 140 73 -110
325 70 -85 152 74 -105
320 65 -80 150 72 -100
326 60 -65 115 80 -100
320 60 -90 115 86 -110
310 60 -90 117 82 -100
340 75 -80 144 82 -110
295 65 -75 136 78 -100
322 82 -85 148 70 -110
315 55 -90 140 78 -105

95 60 -90 155 70 -98

260 65 -85 178 65 -90
240 65 -84 165 64 -72
274 80 -75 188 65 -85
275 80 -80 183 65 -85
285 60 -90 190 65 -100
264 65 -64 185 65 -78
300 65 -70 204 75 -70
285 75 -65 197 65 -80
270 65 -95 188 65 -70
285 80 -80 218 65 -65
280 80 -90 185 63 -82
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Table S1: This table contains joint attitude data used to build Lower hemisphere
equal-area plots and density contour of poles of Figure 7

Joints
set ENE - WSW set WNW - ESE set N-S set NE - SW
Dip Dip dir. |Dip Dip dir. Dip Dip dir. Dip Dip dir.
60 350 90 190 68 280 85 130
60 335 72 20 70 285 90 298
65 150 70 20 65 120 60 310
75 350 55 205 85 285 73 315
65 168 90 20 58 275 90 125
60 354 60 185 75 270 80 315
65 350 70 185 60 90 88 142
90 330 60 185 74 75 58 320
45 358 65 7 68 85 55 125
62 0 90 30 85 95 67 315
70 350 55 15 75 80
60 345 60 25 85 290
60 345 70 30 77 85
70 340 82 195 65 65
72 355 65 205 73 290
55 180 70 40 86 125
65 355 75 15 60 310
70 345 71 204 88 80
75 170 65 215 66 85
70 355 52 197 74 85
65 170 85 205 74 75
78 345 65 215 85 265
62 340 90 15 75 110
52 150 75 200 73 300
68 350 60 45 71 90
80 350 60 35 64 270
87 345 55 25 68 60
85 350 85 19 80 125
75 350 80 20 90 270
62 180 70 20 63 265
70 162 55 35 73 265
55 150 75 15 60 50
65 170 70 15 70 90
68 170 70 15 70 90
68 350 55 5 75 70
75 0 55 15 65 75
55 345 82 20 70 260
80 355 85 10 90 85
50 0 80 25 60 290
70 350 68 200 85 70
82 355 80 35 82 80
75 345 66 185 70 70
64 165 82 10 74 85
82 175 90 15 76 90
78 160 85 5 65 300
85 165 65 50 72 90
78 170 70 15 65 270
88 350 60 15 82 87
75 175 72 5 85 245
88 358 50 20 50 260
55 170 70 200 80 72
70 180 75 190 65 50
85 180 76 35 78 270
67 0 54 20 86 65
85 355 82 25 58 55
80 350 85 200 57 245
86 350 58 195 90 80
90 160 83 50 75 95
86 180 67 25 60 95
62 175 62 25 85 70
90 340 78 35 62 265
75 170 75 225 85 70
65 165 80 205 76 276
86 0 84 195 40 305
70 170 74 10 55 115
82 345 78 195 66 70
82 210 68 82
52 15
73 195
90 20
85 25
74 188
76 10
85 182
75 45
78 202
56 20
83 20
85 20
70 215
85 20
80 220
62 215
45 190
70 20
70 30
70 245
68 225
74 65
64 40
68 185
76 185
50 210
85 45
54 235
66 210
75 230
56 195
90 45
74 190
56 240
76 192
70 45
80 20
62 45
64 45
52 220
70 5
70 15
35 195
72 15
66 25
75 10
75 20
56 7




Table S2: This table contains the position of the fractures along
the scanlines used for the linear scanline analysis of Figure 8 and Figure 9

Fracture position
along the scanline
(m)
3.113594854
4.600590554
12.83914016
20.61850629
20.67736349
23.50786004
23.91694195
24.89513899
25.85047414
32.04361423
36.63885412
50.40073908
55.29026501
66.82384533
74.37070116
74.61196707
75.49579801
76.98911721
78.12102397
87.66221489
89.40604203
91.58716363
93.1972244
94.76885774
95.50822099
99.65108734
109.5420165
109.7292894
111.8238277
119.2879916
121.0439794
123.7280625
126.6957304
135.8122739
138.7770232
139.0883341
140.1039857
144.8539082
148.5254304
151.2542646
155.2687151
156.3067422
164.3828265
168.9984962
169.7432101
171.4661211
172.159274
174.699376
199.907285
217.3815519
222.3022089
223.1232912
225.0315294
228.4700549
228.5853372
229.2595198
229.4443606
233.1153965
234.7055139
235.1058402
236.4882549
238.5901017
242.878387
248.2957233
274.7733987
279.6614098
289.6183821
294.3912906
303.1255515
332.9294384
340.7357801
342.3892251
344.9512026
355.6015848
356.6664582
370.9534533
376.253297
382.7310351
385.0705797
387.9278229
389.0293575
390.2510844
392.0216383
393.8888473
396.0151503
396.7782042
402.5814099
403.6096419
407.362888
407.9549828
408.3596473
412.1582068
415.7922292
417.4309377
418.7004172
419.7322878
422.2423813
423.5868815
424.4150947
425.730945
425.7320014
427.8491366
429.0321137
430.0074838
432.9538071
434.4882461
434.8938759
435.995982
453.0680298
453.1805152
460.6351467
463.410506
463.4206589
468.2340478
479.1327385
493.4941543
498.762043
503.6244034
505.8945993
507.5998695
508.7687995
517.2986134
520.3874833
521.3759707
523.2196649
527.9672936
530.2335152
533.011845
533.3629138
548.3028037
556.2787122
557.8473757
559.8866145
562.2345164
562.7395394
563.1376945
563.8563345
570.8140887
573.7837996
575.5828804
576.6049719
576.641479
579.1015173
595.7576342
604.5793239
607.0839042
607.3485561
616.3403378
626.5163911
628.8995368
632.0109574
633.2673162
637.9200322
642.1807728
644.3975448
650.4786658
650.9368199
657.0391769
657.2651738
658.4156191
659.9864472
660.6187608
661.7884838
662.9970454
664.5749905
666.1430204
668.3979799
672.3798765
673.389905
674.8598711
677.3115158
683.9557048
688.2225778
691.8795839
696.4997926
697.6400143
698.1724362
699.6242202
707.3141204
709.1547947
710.6390627
720.7390627
723.1290627
723.6753627
727.0715627
733.3790627
734.4301627
734.8470627
736.6755627
744.8697627
748.9574627
752.5740627
783.3740627
791.4340627
799.1140627
825.1440627
827.3807627
829.4169627

Fracture position
along the scanline
(m)

0
9.737420536
10.08740255
20.24065246
21.91604559
26.67806348
29.48294425
32.74037369
35.87723516
38.0445288
39.60563357
40.4060712
51.40371561
55.88817572
62.33982013
63.28510699
65.88066813
66.77948607
77.54185532
82.08869241
86.23154313
88.4306535
122.1143424
161.6690244
163.1501691
164.1574144
165.8039212
169.2602041
169.319232
171.1503587
172.0353616
173.4913876
174.3403876
183.7832072
187.5003023
191.6485953
222.0811343
231.2471043
243.2663789
257.445845
257.9072235
259.1307972
276.1954847
280.5132141
284.7023466
300.0465976
302.6799805
306.0614379
309.942538
310.654056
313.6636231
327.0365918
329.40338
334.8082851
336.9468607
346.3131883
349.9887869
353.7369476
365.486846
366.6859339
367.3352309
375.1775267
377.3017653
381.9628796
385.3971991
386.