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Abstract

The objective of my research has been to define the interactions between fluid and rock
properties at different environmental conditions and observation scale to reduce the uncertainty
in the carbonate reservoir characterization.

Here, | integrate field observations, subsurface data, petrophysical and frictional laboratory
measurements focusing on carbonate-bearing rocks to better constrain factors controlling fluid-
rock interactions with applications to active petroleum systems. In particular, | focus on the
Burano-Bolognano carbonate petroleum system that extends from the northern sector of the
Majella mountain to the Cigno/Vallecupa oil fields, in Abruzzo Region (Central Italy).

This area is of particular interest because of the following reasons:

> It has received great attention by oil companies in the past for its structural, stratigraphic,
and geodynamic evolution, which led it to be an important target for hydrocarbon
exploration during the past century. For this reason, it is characterized by a public dense

dataset of wells, reports, maps, etc.

> It allows to study all petroleum system elements (with the exception of the source rock),
such as: reservoir, seal, traps, and migration pathways at field scale.

> It allows to understand the influence of subsurface fluids on the petrophysical properties
of carbonate reservoir rocks since the outcropping portions of reservoir interval are both
clean and hydrocarbon-saturated. This allows measuring and comparing the variations
of petrophysical properties between hydrocarbon-bearing and hydrocarbon-free
samples.

> It is regarded as an analogue of a faulted and fractured reservoir for other carbonate

petroleum systems worldwide and in particular in the Adriatic area.

The results of my research quantify the influence of fluid properties in changing of the
petrophysical and frictional properties of the bearing-carbonate rocks. The presence of viscous
fluids, such as heavy hydrocarbons, at ambient temperature defines an increase of the wave
velocities respect to those of the unsaturated samples and determines a possible strengthening
and stiffening of the reservoir rock. With increasing temperature, distinct downward trends are
recorded, especially for the P-wave velocities. Moreover, the presence of fluids along faults
promotes a slow slip behaviour, which was more marked with the presence of clay minerals

along fault surface.
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Finally, starting from these results, | simulate the evolution of the Burano-Bolognano petroleum
system and the related fluids movements, inferring that within this petroleum system the
vertically hydrocarbon migration is driven by fractures/faults and the subsequently lateral

migration determinates a gradual oil biodegradation with an increase of its density.



Riassunto

L'obiettivo della mia ricerca di dottorato e stato quello di investigare le interazioni tra le
proprieta del fluido e della roccia a diverse condizioni e scale di osservazione al fine di ridurre
I'incertezza nella caratterizzazione di un sistema petrolifero impostato in litologia carbonatica.
Nel presente lavoro integro osservazioni condotte sul campo, dati del sottosuolo, misure di
laboratorio per la caratterizzazione delle proprieta petrofisiche e di attrito, condotte su rocce
carbonatiche per meglio vincolare i fattori che controllano le interazioni tra fluido-roccia con
applicazioni ai sistemi petroliferi attivi. In particolare, mi concentro sul sistema petrolifero
carbonatico, denominato Burano-Bolognano, che si estende dal settore settentrionale della
montagna della Majella ai giacimenti petroliferi, piu a nord, di Cigno e Vallecupa, nella regione
Abruzzo (in Italia centrale).
Questa zona é di particolare interesse per i seguenti motivi:
» In passato ha ricevuto grande attenzione da parte delle compagnie petrolifere per la sua
evoluzione strutturale, stratigrafica e geodinamica, che I'hanno portata ad essere un
importante obiettivo per I'esplorazione di idrocarburi nel secolo scorso. Per questo

motivo é caratterizzata da un denso dataset pubblico di pozzi, relazioni, mappe, ecc.

» Consente di studiare tutti gli elementi di un sistema petrolifero (ad eccezione dellaroccia
madre), come serbatoio, seal, trappole e percorsi di migrazione su scala

dell’affioramento.

> Permette di studiare I'influenza dei fluidi del sottosuolo sulle proprieta petrofisiche delle
rocce del reservoir carbonatico poiché quest’ultimo affiora in porzioni sia pulite che
sature di idrocarburi. Cio, quindi, consente di misurare e confrontare le variazioni delle
proprieta petrofisiche tra campioni impregnati di idrocarburi e campioni senza

idrocarburi.

> La Majella rappresenta un analogo esumato di un giacimento, caratterizzato anche da
faglie e fratture, per altri sistemi petroliferi impostati in litologie carbonatiche presenti

in tutto il mondo e in particolare nell'area adriatica.

I risultati della mia ricerca definiscono I'influenza delle proprieta dei fluidi sul cambiamento
delle proprieta petrofisiche e di attrito delle rocce carbonatiche. La presenza di fluidi viscosi,
come gli idrocarburi pesanti, determina un aumento delle velocita delle onde rispetto a quelle
dei campioni insaturi e determina un possibile rinforzo e irrigidimento della roccia a

temperatura ambiente.



Riassunto

Con I'aumento della temperatura, invece, sono registrati differenti diminuzione della velocita
delle onde acustiche, in modo particolare per le velocita dell'onda P.

Daltra parte, ho osservato che la presenza di fluidi nelle zone di faglia definisce uno
scivolamento lento e continuo, che risulta essere piu marcato dalla presenza di minerali argillosi

lungo la superficie della faglia.

Infine, partendo da questi risultati, effettuo una simulazione dell'evoluzione del sistema
petrolifero Burano-Bolognano e la relativa migrazione dei fluidi, osservando che all'interno
del sistema petrolifero studiato la migrazione degli idrocarburi € principalmente verticale e
guidata da fratture, mentre la successiva migrazione laterale determina una graduale
biodegradazione dell'olio con un aumento della densita dell’olio dai campi petroliferi di

Cigno e Vallecupa a gli idrocarburi affioranti sulla montagna della Majella.



Preface

The present dissertation is submitted for the degree of Doctor of Philosophy at the University
of Rome, Sapienza. This project is a result of collaborations with the Sapienza Department of

Earth Sciences, INGV (Istituto Nazionale di Geofisica e Vulcanologia) and ENI oil company.

Overall, this research addresses to improve the carbonate reservoir characterization by
characterizing the influence of fluid properties on reservoir rocks, especially when the infilling
material is a heavy hydrocarbon. To this aim, | conducted an accurate characterization of the
petrophysical properties and the interactions between reservoir carbonate rocks and fluids.
Then, | built three-dimensional static and two-dimensional dynamic reservoir models
improving the knowledge about the geological evolution of the petroleum system and the

related movements of fluids.

The work is organized in three chapters and four appendices. Before getting into the details, I
provide a general introduction on the central topic of this research. Then, | present the research
objectives with the most relevant implications of this project. In the successive chapters, I
outline methods, results, and analysis of the detailed scientific studies, which have already

presented or submitted in the following publications:

e Ruggieri, R., & Trippetta, F. (2020). Petrophysical properties variation of bitumen-
bearing carbonates at increasing temperatures from laboratory to
model. Geophysics, 85(5), 1-52.

e Ruggieri, R., Scuderi, M. M., Tinti, E., Trippetta, F., Collettini, C., Brignoli, M., Mantica,
S., Petroselli, S., Osculati, L. & Volonté, G. (2021). The role of shale content and pore-water
saturation on frictional properties of simulated carbonate faults. Tectonophysics (in press).

e Trippetta, F., Ruggieri, R., Brandano, M., & Giorgetti, C. (2020). Petrophysical
properties of heavy oil-bearing carbonate rocks and their implications on petroleum
system evolution: Insights from the Majella Massif. Marine and Petroleum Geology, 111,
350-362.

Vi
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e Lipparini, L., Trippetta, F., Ruggieri, R., Brandano, M., & Romi, A. (2018). Qil
distribution in outcropping carbonate-ramp reservoirs (Maiella Mountain, Central
Italy): Three-dimensional models constrained by dense historical well data and
laboratory measurements. AAPG Bulletin, 102(7), 1273-1298.

The manuscript on the development of three-dimensional regional static and two-dimensional
dynamic models of the Burano-Bolognano petroleum system in the Abruzzo Region, that
extends from the norther sector of the Majella Mountain to the Cigno/Vallecupa oil fields, is

currently being prepared for submission:

¢ Ruggieri R., Trippetta F., Quantitative dynamic modelling of an active carbonate-bearing
petroleum system constrained by subsurface, outcrop and laboratory data. (In

preparation)
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Introduction

A “Petroleum System” is a geologic system that encompasses the hydrocarbon source
rocks and all related oil and gas reserves, and which includes all of the geologic elements and
processes that are essential if a hydrocarbon accumulation is to exist (Magoon and Dow, 1994).
A petroleum system model is a reconstruction of the space-time history at reservoir to basin
scales that aims to understand and predict the interrelated processes and elements, , preferably
through 3D representation of geological data (Hantschel and Kauerauf, 2009).

The Petroleum System Modelling (PSM) could be thus used as a predictive tool to
evaluate and understand the evolution of a petroleum system, as well as a key tool in the
exploration risk assessment for all essential elements (source, reservoir, seal and overburden
rocks) and processes (trap formation, and hydrocarbon generation and accumulation) of the
petroleum system. PSM uses forward deterministic computations to simulate the thermal
histories of the rocks and the related generation, migration, and accumulation of hydrocarbons,
that are modelled from past to present using inferred starting conditions such as the reservoir
characteristics (Peters et al., 2012).

Reservoir characterization is an essential process to construct the best possible
quantitative representation of a reservoir incorporating all the characteristics of petroleum
system rocks. For this reason, reservoir characterization is based on the integration of different
data derived by several disciplines, including geology, geophysics, petrophysics, and petroleum
engineering. Moreover, an accurate reservoir characterization is a key step in developing,
monitoring, and managing reservoir and optimizing production. However, the construction of
a complete PSM requires the integration and coupling of at least two basic models: static and
dynamic. In the modelling exercise, it is then useful to start by providing a simple model of
reservoir at a given time point, known as “static model”.

A static reservoir study typically involves four main stages (Cosentino, 2001):
1. Structural modelling
2. Stratigraphic modelling
3. Lithological modelling
4. Petrophysical modelling
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Briefly, during the first stage a geometrical and structural reservoir models are constructed from
reservoir to regional scale by defining a map of the reservoir’s structural top and by interpreting
the faults within a reservoir. Subsequently, a depositional scenario is determined using the well
data, and a certain number of lithological types (basic facies) are defined based on lithologic,
sedimentologic and petrophysical properties. At the last stage, when the geometrical and
structural reservoir models are developed, the volume of reservoir model is described by a
spatial distribution of the petrophysical properties, such as porosity, fluid saturation, density,
permeability, and acoustic response. Among them, porosity and permeability are two most
important properties of reservoir rocks. Porosity is a measure of the potential storage volume
of hydrocarbons and permeability is a measure of the ease with which fluids can flow through
reservoir rocks. These properties are influenced by primary features, such as mineral
composition of the host rock, fabric, diagenetic processes, burial (Croizé et al., 2010; Hairabian
et al., 2014; Smeraglia et al., 2014) and any secondary features, such as faults, fractures,
stylolites (Agosta et al., 2007; Baud et al., 2016; Cilona et al., 2012; Heap et al., 2019; Lavenu
etal., 2014; Michie and Haines, 2016; Rustichelli et al., 2016) and by the presence of an infilling
materials (Nicolas et al., 2016) that may have been introduced during the whole diagenetic and
tectonic history of the reservoir rock. In particular, laboratory experiments on core plugs show
that the presence of infilling fluids influences the fracturing mode through physical and
chemical interactions with matrix (e.g., dissolution), the mechanical processes, including fault
slip behaviour (De Paola et al., 2009; Mao et al., 2009; Ruggieri et al., under review) and the
petrophysical properties of rocks (Smeraglia et al., 2014; Trippetta et al., 2013, 2020; Brandano
et al., 2020; Ruggieri and Trippetta, 2020). This highlights the importance of an accurate
reservoir characterization on both clean and fluid-filled rocks.

The complete characterization of the reservoir petrophysical properties thus represents
on one hand the final stage of the static modelling and on the other hand the basis for the
dynamic description of fluid-rock interactions (Lucia, 2007). Laboratory experimental
measurements on core plugs are consequently a fruitful tool to characterize the fluid properties
in order to reduce the uncertainty about reservoir identification and to constrain the hydrocarbon
migration within reservoir system.

Fluid-flow simulation is then employed to derive the dynamical properties of a given
hydrocarbon reservoir that vary in space and time. In fact, in a petroleum system hydrocarbon,
fluids migrate from the low porosity, fine-grained source rock, where they are generated, to

higher porosity reservoir rocks, where they may form a highly concentrated hydrocarbon
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accumulation (England et al., 1987). These hydrocarbon movements, defined as primary and
secondary migration, respectively, are still under discussion and not very well understood.
Moreover, the simulation case study for heavy oil is a challenge due to their high viscosity
determining a different behaviour respect to light oil. Consequently, the study of the effect in
fluid properties variation, such as oil viscosity and their interactions with reservoir rocks, is
essential to improve the exploration and production of heavy oil reservoirs, as well as the
assessment of exploration risk.

During the last decade, a broad attention is given at carbonate rocks to learn more about
the characterization of reservoir properties and their variation due to the presence of infilling
materials, such as heavy hydrocarbons. Conversely to sandstone reservoirs, which have been
extensively studied due to the large presence of clastic reservoir filled by hydrocarbons all
around the world (Aydin, 2000), carbonate reservoirs are still poorly understood. This is
because carbonate reservoirs are generally characterized by high heterogeneities related to
fabric, texture, fractures that usually characterize such type of reservoirs (Anselmetti et al.,
1997; Anselmetti and Eberli, 1993; Cilona et al., 2012; Eberli et al., 2003; Rustichelli et al.,
2016; Trippetta et al., 2013; Brandano et al., 2020).

Notwithstanding the key role of the petrophysical properties in reservoir
characterization, these properties of hydrocarbon-filled reservoirs are far less known, in
particular when the infilling material is represented by heavy oil. Therefore, an accurate study
of the petrophysical properties of heavy oil-bearing carbonates is particularly relevant to
improve exploration and production of these reserves because the estimated volume of
technically recoverable heavy oil and natural bitumen in known accumulations is about equal
to the Earth’s remaining conventional (light) oil reserves (Meyer and Attanasi, 2007).
Additionally, carbonate reservoirs contain about 60% of the world’s oil reserves (Sayers, 2008).
This caused growing interest in carbonate reservoirs in the last years. Moreover, cases of
induced seismicity have been documented along carbonate faults during modern energy
production worldwide, i.e., in southern Italy in VVal D’Agri oil field (Improta et al., 2017), in
Oklahoma (e.g. Keranen et al., 2014) and in Canada (Eyre et al., 2019). Therefore,
understanding what type of slip behaviour will be generated upon fault reactivation, whether
the fault will fail by earthquake rupture, by accelerated but slow shear slip, or by aseismic creep
is one of the primary objectives to mitigate the seismic risk associated to underground fluid
injection during production (Scuderi and Collettini, 2018). To answer these questions, frictional

properties, such as strength, stability, and healing (ensemble of re-strengthening processes that
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occur after slip) should be characterized performing friction tests on fault gouges at different
boundary conditions. In addition, it is well known that the permeability of fault zone depends
on structural architecture of the fault itself and on the petrophysical properties of fault-related
rocks. Thus, the analysis of fault systems is a crucial issue in reservoir characterization and
modelling of fluid flow behaviour (e.g., Balsamo and Storti, 2010; Bistacchi et al., 2020). The
presence of faults within reservoir has implications in understanding how hydrocarbons can
migrate into the reservoir because fault zones can behave either as hydraulic seal, leading to the
identification of possible different reservoir levels (Caine et al., 1996), or as conduits, where
porous volumes are connected and fluids are drained along high-permeability corridors
(Moretti, 1998; Géraud et al., 2006). On the other hand, several geological field observations
have documented that in mature carbonate fault zones it is possible to observe the presence of
clay patches (Tesei et al., 2013; Smeraglia et al., 2017; Collettini et al., 2019) that influence the
fault-rock mechanical properties, such as slip behaviour and permeability (Faulkner and Rutter,
2003). As mentioned above, permeability is a key property in the petrophysical characterization
and in fluid flow simulation and, it also depends on textural and hydraulic properties of the pore
network, such as pore size distribution, pore shape, and tortuosity as well as heterogeneities
such as faults (Lucia, 2007; Balsamo and Storti, 2010).

In this project, | had the opportunity to conduct an accurate study of the petrophysical
properties and their influence in fluid flow behaviour on both bearing-carbonate rocks and their
infilling material in the heavy-oil state that were directly collected from the reservoir intervals
outcropping at subsurface, in central Italy. The research activities have been focused on the
Majella reservoir, which offers the unique opportunity to study outcropping porous carbonate
reservoir portions both clean and filled by heavy-oil overlaid by marly levels that act as seal
(Agosta et al., 2009; Scrocca et al., 2013; ladanza et al., 2015; Brandano et al., 2016; Lipparini
et al., 2018). Thus, the carbonate system outcropping in the Majella mountain allows the direct
investigation of elements, such as reservoir and seal rocks together with geological processes,
such as tertiary migration due to the geologically recent exhumation and erosion (Bigi et al.,
2013; Ghisetti and Vezzani, 2002; Masini et al., 2011; Patacca et al., 2008; Vezzani et al., 2010).
Bearing in mind that outcrop analogues have a fundamental role in hydrocarbon exploration
and reservoir modelling to reduce the distance between seismic and well log/core scales, the
Majella reservoir represents a very useful exhumed analogue for larger carbonate-bearing

petroleum systems in central Italy and all around the world.



Introduction

Thesis Objectives and Implications

The present thesis strives to integrate field observations, subsurface data and petrophysical
laboratory measurements focusing on carbonate-bearing rocks to better constrain factors
controlling fluid-rock interactions within an onshore petroleum system in Abruzzo Region. To
achieve this goal, I need to: (a) make detailed estimates of the properties of the subsurface fluids
(e.g., viscosity, density) and the petrophysical properties of rocks which contain them (e.g.,
porosity, permeability, acoustic response, saturation); (b) develop an accurate
geological/geophysical reservoir model. | worked extending the three-dimensional reservoir
model towards a regional scale and investigating on the correlation between fluid properties
and their relative migrations through the development of two-dimensional fluid-flow
simulations.

However, from a broad point of view, this project aims to define the coupling effects of
petrophysical and mechanical properties of reservoir rocks and fluid properties at reservoir
scale. The assessment of how fluid properties, presence of structural heterogeneities (i.e.,
fractures and faults) can influence the evolution of a petroleum system, from a hydrocarbon
generation within the source rock to the entrapment of hydrocarbons into the reservoir rocks, is
the specific goal of this research. The study of the fluid-rock interactions has numerous

scientific and industrial applications, for instance:

(1) earthquake field, because fluids play a key role in the faulting processes and during the

seismic activities (i.e., induced seismicity);

(2) oil and gas field. Fluid properties are of economic interest in petroleum exploration and

in controlling hydrocarbons migration within the petroleum system during production.

Over these three years of research, | have planned and executed several consecutive works,
from classical geological correlation works based on well data, to field observations and
laboratory measurements on core plugs, to advanced three-dimensional modelling and
simulation exercises, through the use of dedicated software, such as Petrel and PetroMod, both
trademarks of Schlumberger.
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Thesis Overview

The thesis begins with an introduction to make a good starting point for the reading of the
next chapters. It is a broad overview on the most important topics at which this project results
aims to contribute, such as reservoir characterization, petrophysical modelling and fluid flow
simulations. Then it is followed by three chapters in which | present the scientific results of my
PhD project. In Appendices | report supplementary materials of details about the research and

the list of all experiments. The chapters of this thesis are described as follows.

In Chapter 1, | experimentally investigate the role of hydrocarbons in changing the
petrophysical properties of rocks by merging laboratory measurements, outcrops
characterization, and subsurface data focusing on a carbonate-bearing reservoir (Bolognano
Formation) of the Majella mountain, in central Italy. Firstly, | have carried out density and
viscosity measurements of the residual bitumen, extracted by HCI dissolution of the carbonate
hosting rock. Then, | have characterized in the laboratory density, porosity, compressive
strength, Young's modulus, Poisson's ratio, and acoustic response of both clean and heavy oil-
bearing carbonate rocks of the Bolognano Formation as a function of pressure and temperature.
In this chapter, | propose a theoretical model to estimate the P-wave velocity at different
conditions of temperature, porosity, and bitumen content. Moreover, | also have analyzed
several structural scanlines in the northern flank of the Majella (Central Italy) area to compare

with laboratory results at larger scale data.

In Chapter 2, | explore the role of increasing shale content on the frictional properties
of simulated carbonate faults under room-dry and CaCOs-pore fluid conditions since faults can
likely across carbonate reservoirs and can experience induced seismicity during the modern
energy production. The role of clay content in the frictional properties of the calcite-shale rich
faults is of particular interest since numerous faults cut across sedimentary sequences,
composed of carbonates and clay rich sediments. Therefore, heterogeneous fault zone structure,
consisting of thick portions dominated by clay lithologies, and principal slipping zones formed
within carbonate has been invoked to be responsible for weak faults and to produce a complex
slip behaviour. In these experiments, | have conducted velocity-stepping tests (0.1-300 pum/s)
and slide-hold-slide tests (30-3000 s of hold) to evaluate how various amounts of clay influence
frictional stability and frictional healing, respectively. In addition, I have collected post
experimental gouge samples for microstructural investigations to link mechanical with

microstructural data. On the basis of experimentally dataset, | provide a possible explanation
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of the complex slip behaviour of carbonate-bearing faults due to the presence of clay mineral..

In Chapter 3, | present the development of three-dimensional geological model of the
petroleum system in onshore Abruzzo region, by merging well data, subsurface observations,
and laboratory measurements. This petroleum system, that | named the Burano-Bolognano
petroleum system, extends from the northern sector of the Majella mountain to the Cigno and
Vallecupa oil fields, located about 10 km NNW from the Majella.. Starting from the
geological/geophysical model, | simulate the fluid flow which takes place in an interconnected
grid of porous spaces within reservoir rocks for the Burano-Bolognano petroleum system.
Moreover, | analyze the influence of fluid properties, i.e., density, on fluid flow behaviour and
I constrain the time of the hydrocarbon migration within reservoir rocks. Finally, on the basis
of simulation models, performed with PetroMod, | propose a conceptual model through which
| hypothesize how the Burano-Bolognano petroleum system has worked during geological
times, knowing the actual hydrocarbon distributions.

At the end of the thesis, | present a summary of the final conclusions and

recommendations of this research project.

In Appendices A, B and C auxiliary materials are available for each chapter in order to
provide to the reader with an exhaustive dataset derived from this research.
Finally, Appendix D is the complete list of the measurements and experiments that | performed
during my PhD at the HP-HT Laboratory of INGV, in Rome.



Chapter 1

Petrophysical properties of heavy oil-bearing carbonate
rocks: insights of the Majella Mountain

Abstract

The study of the petrophysical properties of reservoir rocks is one of the most important goal in reservoir
characterization allowing to understand and reduce uncertainty in reservoir modelling. Thus, in this
Chapter | outline the role of hydrocarbons in changing the petrophysical properties of rocks focusing on
a carbonate-bearing reservoir (Bolognano Formation) of the Majella mountain. | have characterized in
the laboratory density, porosity, compressive strength, Young's modulus, and Poisson's ratio of both
clean and heavy oil-bearing samples at increasing confining pressure and the acoustic response with
increasing temperature. Moreover, | have conducted density and viscosity measurements on the residual
Heavy Hydrocarbon (HHC), extracted by HCI dissolution of the hosting carbonate rock. Laboratory
data show that porosity and the presence of HHCs within the samples affect seismic waves velocity. In
particular, Vp and the derived dynamic Young's modulus generally decrease with increasing porosity
for clean samples and, for a fixed porosity, tend to increase with the presence of heavy-oil. Cyclic
loading-unloading experiments show that the average compressive strength is 25 MPa and 38 MPa and
average static Young's modulus are 5.7 GPa and 9.9 GPa, for clean and HHC-bearing samples,
respectively. Then, acoustic velocity data point out an inverse relationship with temperature and exhibit
a distinct trend with increasing temperature depending on the amount of HHC content. | also propose a
theoretical model to predict the P-wave velocity change at different initial porosities for HHC-saturated
samples, suggesting that the velocity change is mainly related to the absolute volume of HHC. These
laboratory data have been integrated with field work, consisting in measuring fracture orientation in 11
outcrops of the same lithology. The field data show that both heavy oil-bearing and clean outcrops are
characterized by two main trends (NW-SE and NNE-SSW) and heavy-oil-bearing outcrops are much
less fractured than clean outcrops.
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1.1 Heavy oil and bitumen as new hydrocarbon reserves

Unconventional oils, like heavy oil and bitumen, are emerging as an alternative hydrocarbon
reserve since conventional oil is depleting nowadays. As for conventional oil, acoustic surveys
represent the most important methodologies used in heavy oil exploration, in reservoir
characterization and in recovery processes monitoring (Lines et al., 2005a; Javanbakhti et al.,
2018). Heavy oils are defined as having high density, high viscosity, and API gravity less than
10° (Schmitt, 1999; Hinkle and Batzle, 2006; Han et al., 2006; Meyer et al., 2007). These
physical properties are strongly temperature dependent as well as the physical properties of
rocks hosting heavy oils (Chopra et al., 2010; Javanbakhti et al., 2018). Therefore, bitumen, as
the most viscous hydrocarbon, is in a solid state at room temperature and softens quickly when
heated. Since variations in seismic properties of a reservoir can be directly correlated to fluid
changes (Adam et al., 2009), an accurate study of modifications in the petrophysical properties
of HHC-bearing rocks as a function of temperature is particularly relevant for a better
interpretation of seismic data. Acoustic laboratory measurements on core plugs are of
fundamental help in establishing the relationships between different physical properties of
bitumen and hosting rocks, which in turn enhance reservoir characterization and hydrocarbon
recovery. Therefore, the understanding of the petrophysical processes that acted in
hydrocarbon-filled rocks and their effect on the reservoir mechanical properties is of great

interest in petroleum geology for both scientific and industrial fields.

Numerous laboratory investigations have been performed in literature on heavy oil and
heavy oil mixed with typically unconsolidated sand (e.g., Tosaya et al., 1987; Wang and Nur,
1988; Batzle et al., 2006; Han et al., 2006, 2007, 2008; Kato et al., 2008; Wolf, 2010; Yuan et
al., 2015a; Li et al., 2016), and report both P- and S-wave velocities as function of temperature,
pressure, and frequency. Tosaya et al. (1987) and Wang and Nur (1988) perform laboratory
experiments on several heavy oils and tar sand samples, demonstrating that the seismic velocity
and attenuation are temperature dependent. Batzle et al. (2006) and Han et al. (2006) investigate
the influence of viscosity and temperature on the seismic properties of heavy oil samples,
defining different temperatures at three fluid states: glass, quasi-solid and liquid. Li et al. (2016)
conducted acoustic measurements on heavy oil-saturated sand samples and heavy oil itself,
showing that the elastic properties of heavy oil sands are strongly correlated to the properties
of heavy oil itself, which in turn is influenced by temperature and pressure conditions.
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Other laboratory measurements have been also conducted on bitumen saturated carbonates
(e.g., Rabbani et al., 2014, 2016; Chen et al., 2015a; Yuan et al., 2015b, 2017, 2018).
However, a full characterization of hydrocarbon-filled carbonate reservoirs is still far to be
completed due to the high heterogeneity that characterizes this type of rocks. Moreover, Yuan
et al. (2018) point out that, to correctly assess the influence of bitumen on acoustic properties
it is necessary to compare the properties of the carbonate samples with and without bitumen.
To make this comparison, hence, normally bitumen-saturated samples are cleaned to directly
investigate the properties of clean carbonate samples. However, the cleaning procedure is
seldom completely efficient and some remaining bitumen in pore space can affect the results
(Yuan et al., 2018).

Instead of using artificially cleaned samples, in this research | benefit of a set of samples that
outcrops naturally in saturated and unsaturated conditions. The investigated carbonate samples
naturally exhibit several heavy hydrocarbons saturation degrees, allowing a detailed analysis
on acoustic response of hydrocarbon-filled carbonate rocks. | have been thus able to compare
the petrophysical properties of natural hydrocarbon-bearing carbonates and hydrocarbon-free
samples, collected from the same depositional facies. These samples were collected in the
northern flank of the Majella mountain (in central Italy), where several oil seeps of asphalt and
bitumen (HHC) crop out (Figure 2.1) within the Bolognano Fm (Brandano et al., 2016;
Lipparini et al., 2018). Here, | investigated how the petrophysical properties of the HHC-
bearing carbonate samples are influenced by the presence of heavy-oil at increasing temperature
and confining pressure.

With this aim, I completely characterized the physical properties of residual HHC, extracted
by dissolution of the hosted carbonate rocks and the acoustic properties of HHC-bearing
carbonate samples. Then, | developed a theoretical model which can be a useful tool for
geophysical research to anticipate and/or understand a change in seismic response of carbonate
reservoir at different conditions of temperature, porosity, and hydrocarbon saturation and, thus,
determinate an adequate interpretation of seismic sections. | tested P-wave velocity model over
the entire temperature range at different initial porosity, HHC content and/or saturation. Finally,
I combined laboratory measurements, field observations, and subsurface data in order to
constrain the role of hydrocarbons in changing the petrophysical properties of rocks and to

apply these results at the scale of the entire petroleum system.
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1.2 Geological setting

The Majella mountain is a N-S/NW-SE oriented thrust-related anticline, located in the
Central Apennine. It records a carbonate succession from Upper Jurassic to Miocene, topped
by siliciclastic sediments of Messinian to early Pleistocene age (Donzelli, 1968; Crescenti et
al., 1969). The evolution of the Oligo-Miocene ramp ended with the Messinian event of the
Mediterranean Basin, which resulted in the deposition of an effective regional seal interval such
as evaporites, marls and evaporitic carbonates (Crescenti et al., 1969). Starting from Early
Pliocene the Majella area was then involved in the foredeep deformation of the Apennine
orogen (e.g. Cosentino et al., 2010; Scisciani et al., 2002). According to previous studies, the
current structural elevation of the Majella massif, almost 3000 above sea level, was reached
only in the latest stages of orogen-related deformation, during early Pleistocene, possibly due
to a strong uplift passively produced by the growth of a deeper-seated back-thrust located in the
footwall of the Majella basal thrust (Patacca et al., 2008). Other authors (Masini et al., 2011)
proposed that the Majella Mountain structure resulted from Messinian—-Early Pliocene

extension and subsequent Late Pliocene shortening.

The study area is the northern sector of the Majella mountain and here most of the faults
strike primarily northwest (Figure 1.1), showing mainly pure normal displacements, with some
oblique-slip normal faults recognized (Agosta et al., 2010). The individual structures are up to
a few kilometres long and are characterized by apparent displacements on the order of tens of
meters (Giorgioni et al., 2011).

11
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Figure 1.1: (A) Study area and hydrocarbon occurrences in the subsurface (in green) and near surface
(in brown), including the oil-bearing outcrops of the northwestern flank of the Majella structure. Surface
geology and main tectonic elements are reported after Vezzani and Ghisetti (1998), and subsurface
maps are reported after Visibility of Petroleum Exploration Data in Italy Project (2012). The two key
areas investigated by Azienda Lavorazione Bitumi Asfalti (ALBA) historical drilling over the
northwestern flank of the Majella are highlighted by the dense wells pattern (black dots) and indicated
as Lettomanoppello—Fonte di Papa—Fonticelle (LFF) area and Sterparo—Cerratina (StC) area. (B)
Regional view, showing the whole Majella structure (in colour), the main Apenninic related thrusts (in
red), and the main hydrocarbon fields known in the area, both onshore and offshore. Geographic
reference coordinate system and corner coordinates are reported at the bottom.

From the petroleum geology perspective, the northern sector of the Majella structure is
particularly interesting because several seeps of asphalts and bitumens can be found at surface
(Figure 1.2a, b), mainly associated to the Bolognano Fm, but locally also within the older
reservoirs of the Santo Spirito (Eocene) and Orfento (Upper Cretaceous) Formations (Scrocca
et al., 2013). In the past, these near-surface hydrocarbon accumulations have been extensively
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investigated and exploited in historical time, until the beginning of twentieth century, through
a board mining system. Then, during the 1960 exploitation from this area was stopped and with
the new modern exploration efforts started to investigate deeper preserved sub-surface
structures. These new exploration efforts led to some midsize discoveries of oil-bearing
Bolognano carbonates, such as in the Tocco Casauria, Vallecupa, and Cigno oil fields (Figure
1.1), now depleted and abandoned (Visibility of Petroleum Exploration Data in Italy Project,
2012). In more recent years, some additional oil accumulations within the Bolognano reservoirs
were discovered also to belong to a wider petroleum system that extends also in adjoining
onshore Abruzzo and Molise regions and offshore areas in the Central Adriatic Sea, such as
Ombrina Mare and Katia oil fields (Mattavelli and Novelli, 1990; Zappaterra, 1994; Cazzini et
al., 2015; Scrocca et al., 2013).

Figure 1.2: Evidences of seeps of asphalts and bitumens found at surface along the NW flank of the

Majella. (A) Example of the leaked bitumen from fractures in a tunnel of the mining site. (B) Outcrop of
the bitumen-bearing Bolognano Formation in historical and abandoned exploitation site, known as
‘Acquafredda’. I reported a detail of the bitumen-bearing core plug sample collected from the outcrop.

From the sedimentological perspective, the Bolognano Fm are characterized by carbonate
ramp shallow water deposits developed during the Oligo-Miocene (Chattian to early Messinian)
and this formation is made up by fragments of larger benthic foraminifera and other bioclastic
fragments, such as echinoids, red algae, mollusks (Brandano et al., 2016). These foraminifera
and bioclastic fragments determinate grain-supported levels with a low content of mud and silt
fraction alternating with marls and marly limestones. Consequently, the Bolognano Fm
represents the main reservoir interval of the whole area with a well-connected high primary

porosity and the marly levels act as intermediate seals (Brandano et al., 2013). Particularly, in
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the Bolognano Fm several authors are recognized five different lithofacies associations, as
reported in Table 1.1 (Crescenti et al., 1969; Mutti and Bernoulli, 2003; Brandano et al., 2013,
2016).

Lithofacies associations of the Bolognano fm Interval Time Thickness (m) Main Charcateristics

Tortonian to early Tight interval or

Lithothamnium limestone .. 35-50 .
Messinian fractured reservoir
Hemipelagic marls (Orbulina marls) Late Burd|ga_l|an to 60-100 Intermediate seal
Serravallian
Lepi lin Icarenite 2 or r bryozoan Late Aquitanian .
.ep docyclina Calcarenite 2 or upper bryozoa ate qq ta_ anto 40-80 Upper reservoir
limestone Burdigalian
. . . Late Chattian to .
Cherty hemipelagic marly Limestone L. 5-20 Low-porosity interval
y pelag y Aquitanian P y
Lepidocyclina Calcarenites 1 or lower bryozoan i
. P Y Y Late Rupe_llan o 15-25 Lower reservoir
limestone Chattian

Table 1.1: Summary Stratigraphic Succession. Nomenclature and main reservoir intervals are
indicated, including interval thickness and geological age, following both Mutti and Bernoulli (2003)
and Brandano et al., (2016). Porosities are derived from integrating laboratory measurements,
porosity-derived three-dimensional models, and the available well composite logs and reports in the

study area.

The basal unit is represented by Lepidocyclina Calcarenites 1 (late Rupelian to Chattian in
age), a carbonate ramp deposits with a constant thickness of approximately 20 m in the studied
area. It is characterized by porosity between 8 and 25% and in this unit little manifestations of
hydrocarbons are presented. It is also called lower bryozoan Imst, following Mutti and
Bernoulli, (2003). This lower reservoir interval is overlaid by bioturbated, bioclastic planktonic
foraminiferal marly limestones, called Cherty hemipelagic marly Limestone (late Chattian to
Agquitanian in age) with a thickness ranging between 5 and 20 m. Even if it is characterized by
very low to zero hydrocarbon saturation, it does not appear to act as an effective seal within the
hydrocarbon-bearing column. In the exploration wells, drilled about 10 kilometres to the NW
(Vallecupa and Cigno Qil fields), this thin interval is not recognized, either because it is not
distinguishable by logs or because it is absent. This interval is overlaid by another cross-bedded
unit, the Lepidocyclina Calcarenite 2 (late Aquitanian to Burdigalian in age) that shows similar
compositional and sedimentologic characters of the basal Lepidocyclina Calcarenites 1. This
unit represents the upper reservoir interval with a thickness from 40 to 80 m and it is
characterized by high porosity, spanning between 9 and 28% resulted almost connected from
laboratory measurements. This interval is also known in literature as “upper bryozoan Imst”
(Mutti and Bernoulli, 2003). Above this main reservoir interval of the studied area, a seal

interval was recognized, called Hemipelagic marls (late Burdigalian to Serravallian in age)
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with a thickness of 60-100 m. This interval is described by literature as made of “hemipelagic
marls”, with remnants of Pectins and Echinoids. This unit is known also as Orbulina marls
(Mutti and Bernoulli 2003). In the subsurface to the NW, this unit is known either as “Roiano”
(in the “Vallecupa” field) or “Orte” (in the “Cigno” and “Tocco Casauria” oil fields) marls,
with quite homogeneous constant thickness reported of about 90 m. Along most of the NW
flank of the Majella, field observations and historical data confirm its effective sealing
capacities, but in the Vallecupa and Cigno oil fields its sealing capacities can be destroyed by
fracturing, allowing hydrocarbons to migrate upward into the above Lithothamnium limestone
(Tortonian to early Messinian in age ). This last shallow water unit consists of up to 30 m of
limestones to marly limestones with abundant red algal nodules. In the studied area, this unit
represents a completely dry interval, likely due to its very low porosities. Whereas it can be a
reservoir of interest when showing secondary porosity enhancement by natural fractures in the
“Cigno” and “Vallecupa” oil fields. Here, this unit is reported to represent a productive reservoir
with porosities of about 7% due to fractures and also it is equivalent to what has been called
either the “Orte” (in the “Alanno” oil field) or “Tocco” (in the “Cigno” and “Tocco Casauria”

oil fields) marly limestone interval, with thickness between 35 and 50 meters.

However, in the NW sector of the Majella mountain the Lepidocyclina limestone unit is of
particular interest because within this interval wide bitumen impregnations are found at the
outcrop scale. This interval, mainly Lepidocyclina limestone 2, is characterized by both high
primary and secondary porosity that is mostly connected as showed by laboratory

measurements.
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1.3 Material and methods

1.3.1 Investigated Materials
During the field work I collected large blocks strictly pertaining to the Lepidocyclina
calcarenite 2 in the NW sector of the Majella Mountain (Figure 1.3). Two groups of this unit
samples were investigated:
e Clean rocks (without heavy-oil)

e Heavy Hydrocarbon (HHC)-bearing rocks with different saturations.

From large blocks | have prepared a total of 46 sub-core cylindrical samples with dimensions
of 38 mm in diameter and from 38 to 90 mm in length, with their end faces ground flat and
parallel to better than £0.02 mm. The investigated facies (Lepidocyclina calcarenite 2) of the
Bolognano fm were tested both perpendicular and parallel to bedding, however no laminations
have been observed as confirmed by thin section analyses. Around 30 thin sections (Figure 1.4
a, b) have been prepared with blue methylene to recognize the microfacies, estimate the initial
and residual porosity and the HHC saturation degree by image analysis.

Thin section analysis (Figure 1.4) highlights a general composition dominated by coarse-
grained skeletal debris and a texture ranging from grainstones to packstones. The skeletal
components are represented mainly by lepidocyclina specimens (Nephrolepidina and
Eulepidina) together with celleporid bryozoans and echinoid plates. Accessory components are
serpulid fragments, mollusk fragments, and small benthic and planktonic foraminifers. Matrix
is generally scarce and consists of calcisiltite. The main cements are represented by calcite
microspar infilling primary interparticle pores, blocky spar in intraskeletal pores and secondary
mouldic pores. Syntaxial cement is common and overgrows on echinoid plates (Figure 1.4a, b)
(Brandano et al., 2016). The analyzed thin sections show, thus, that most of the sampled
reservoir is made by coarse-grained bioclastic grainstones and packstones, with both inter- and
intra-granular primary porosity recognized mostly connected. Moreover, no diffused micro-
fractures are observed, with very few exceptions. It is worth noting that clean (Figure 1.4a) and
HHC-bearing (Figure 1.4b) are characterized by identical features in terms of bioclasts, cements
and type of pores, excluding any possible differential weathering effect. The only difference is

the presence of a variable content of heavy hydrocarbons.
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Figure 1.3: (A) Geological map of the Majella mountain with highlighted sampling points. (B) Detailed
chronostratigraphy and lithostratigraphy of the Bolognano Fm (modified after Brandano et al., 2016).
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Figure 1.4: Thin sections of Lepidocyclina calcarenite 2 are representative microstructures of the tested

materials. (a) clean sample showing a bioclastic grainstone with evident inter- and intra-skeletal pores,
and syntaxial cement developed on echinoid plates and spines; (b) hydrocarbon bearing sample showing

the same assemblage of clean sample with pores filled by hydrocarbon in form of heavy-oil.

1.3.2 Laboratory methodology

The petrophysical properties of the collected large bitumen-bearing blocks of the Bolognano
Fm were investigated at HP-HT laboratory of the Istituto Nazionale di Geofisica e Vulcanologia
(INGV), in Rome. A petrophysical characterization was initially performed at ambient pressure
and temperature on all samples that had been dried in an oven at 30° C for a minimum of 24h.
This modest temperature allowed to avoid any possibility of thermal cracking and HHC leakage
prior to the measurements.

Each sample was characterized in terms of density and porosity by using a helium
pycnometer (AccuPyc Il 1340). This instrument allows to measure volume of intact and
pulverized samples with the accuracy of + 0.001%. The bulk density was calculated as dry
weight/volume ratio of the intact sample, the grain density was defined as weight/volume ratio
of the matrix obtained pulverized the samples by hand and the connected porosity was

calculated by dividing the difference between geometrical volume (V;) of the sample, measured
by using precision caliper, and the volume measured by pycnometer (V},,,.) with the geometrical

volume (1), following the equation:

Ef fective Porosity = (M) 100 (1.1)

Vg
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The total porosity is calculated as:

: th/Pb Vol
Total Porosity = | —p-2——]100 (1.2)

th
/pbulk

where wy,, and Vol,, are the weight and the volume of the powder, and pp,,; is the bulk density
(defined as the weight of the sample divided by its total volume), while non-effective porosity
can by calculated as the difference between total porosity and effective porosity.

Elastic wave velocity measurements were made axially on dry samples. A 900 V pulse
generator was used to excite a 1 MHz resonant frequency piezoelectric transmitting transducer
(on the top of the sample for signal emission). The waves, propagated through the sample, were
captured using an identical receiving transducer (on the bottom of the sample for signal
reception). After preamplification, signals were displayed and recorded on a digital storage
oscilloscope (Figure SA.1 in Appendix A). For the instrument limitations, | investigated
individually the influence of the confining pressure and temperature on compressional and
shear wave velocity.

On 18 core samples, | investigated how temperature affects compressional- and shear-wave
velocities. At the end of the initial petrophysical characterization of these samples (porosity and
density measurements), a small hole (~3.5 mm in diameter) has been drilled in the center of the
top of nine samples intended for temperature measurements allowing to introduce the
thermocouple (Figure 1.5a)

For reproducibility and comparison purposes, all samples followed the same experimental
procedure in both acoustic velocity and temperature measurements. This procedure is
characterized by the subsequent steps:

1. All samples were first jacketed with polyolefin heat-shrink and sealed using plastic strip

(Figure 1.5Db).

2. Samples were heated in an oven at maximum temperature of 90° C for 48 hours to
facilitate the HHC heating without HHC leakage.

3. Samples were removed from the oven and the first acoustic velocity measurement was
recorded immediately once sample was positioned between the two piezoelectric
transducers.

4. P-and S- wave velocities were digitally recorded at pre-set time intervals that started
when sample was removed from the oven (reference time). Then, the time intervals were

set up with progressive increments: 1 minute for the first nine acoustic velocity
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measurements, 2 minutes for the following six measurements, 5 minutes for the next

five measurements and 10 minutes for the last three ones.

The temperature measurements were recorded simultaneously with the acoustic velocities
by using a K-type thermocouple. The thermocouple consists of two metal conductors: one is a
nickel-chromium positive conductor and the another is a nickel-aluminum negative conductor.
At laboratory conditions, the decreasing temperature was acquired automatically at a frequency
of 1 Hz for about sixty minutes after the reference time. Since the reference time was the same
for the acoustic velocities and the temperature measurements and assuming the same behaviour
for the two samples, | have been able to plot temperature against acoustic waves for each

couple-samples.

Figure 1.5: An example of HHC-bearing carbonate sample investigated in this study. a) Cylindrical
specimen with a small hole (~3.5 mm in diameter) drilled in the center of the top of 9 samples for
temperature measurements. b) Example of specimen were jacketed with polyolefin heat-shrink, sealed
using plastic strip and heated in an oven at maximum temperature of 90° C for 48 hours for both acoustic

velocity and temperature measurements.

Since the presence of HHC as an infilling material influences the petrophysical properties of
hosting carbonate rocks, the physical properties of HHC were primarily characterized.
Therefore, | carried out density and viscosity measurements on residual HHC samples, which
were extracted from HHC-bearing rocks after HCI dissolution of the carbonate matrix (Figure
1.6a, b). Density was obtained by dividing the mass of HHC with its volume, measured by using
the helium pycnometer at ambient conditions. Viscosity was determined using a rheometer
AntonPaar Physica MCR301, equipped with parallel-plate geometry setup. This geometry is
characterized by two plates (~ 2 mm in diameter): the lower plate is fixed and heated at the test
temperature, while the upper plate can rotate. Since the investigated HHC was in a solid state,
before of the viscosity measurement, | have heated the HHC sample at the same temperature at

which viscosity was measured. After ten minutes, the heated HHC sample was removed from
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the oven and was sandwiched in between the parallel plates. Once the lower plate had reached
the test temperature, a rotational speed was applied and the viscosity measurements were
performed in a wide range of the shear rates from 0.1 to 100 s%. These viscosity measurements

were acquired at two temperatures (90° C and 110° C), which is further discussed below.
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Figure 1.6: Physical and rheological properties of the extracted Majella bitumen. a) An example of
HHC-bearing carbonate sample with bitumen leakage. b) The residual bitumen extracted from HHC-
rich plug after HCI dissolution of the carbonate matrix. ¢) Density and viscosity measurements for
residual bitumen samples. d) Plot of viscosity measurements as a function of shear rate for two

investigated temperatures (90° C and 110° C).

On 22 samples | performed velocity measurements by using the servo-controlled
permeameter, at ambient temperature and at increasing confining pressure, from ambient up to
100 MPa using silicone oil (Figure 1.7).

Finally, uniaxial compression tests were conducted on 6 cylindrical samples (38 mm in
diameter and 90 mm in length), with a length: diameter larger than 2.5:1 (Paterson and Wong,
2005) in a servo-controlled deformation apparatus, BRAVA (Collettini et al., 2014b) (Figure
1.8). This apparatus is equipped with a 1.5 MN uniaxial load frame. The axial load is measured
through a load cell with 0.03 kN accuracy. The axial displacement is controlled and measured
through a LVDT sensor with 0.1 um accuracy. Experiments were performed at room
temperature. Loading and unloading cycles with increasing amplitude were imposed to the
samples. Samples were first loaded to a maximum stress of 2 MPa at a constant strain rate of
7.0x10—6 s—1, and then unloaded at the same rate to 1 MPa. In each subsequent cycle the

maximum stress was increased by ~ 5 MPa until failure occurred.
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Figure 1.7: Schematic diagram of the servo-controlled permeameter (Heap et al., 2014) equipped with
transducers for measurements of Vp, Vs and permeability up to confining pressures of 100 MPa.

Standard sample size is 38 mm diameter by 38 mm long.

Figure 1.8: Schematic diagram of the BRAVA rock deformation apparatus (Collettini et al., 2014b) with

uniaxial configuration. Standard sample size is 38 mm diameter by 90 mm long.
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Chapter 1: Properties of bitumen-bearing carbonates

1.4 Results

1.4.1 Bitumen characterization

Here | report results of the physical characterization of infilling HHC extracted after HCI
dissolution of the carbonate matrix. Its measured values of density and viscosity are reported in
Figure 1.7c. Measured density values go from 1.14 to 1.26 g/cm®. From density measurements,
I calculated the APl (American Petroleum Institute) gravity for the investigated HHC that
resulted to be < -5°. These results are in agreement with those from Batzle et al. (2006), who
measured similar density (1.12 g/cm?) and the same API gravity (API= -5°) for extra-heavy oil
samples from Texas oil field. For the extracted HHC, I also measured viscosity and it is reported
in Figure 1.7d, against shear rate for the two investigated temperature (90° C and 110° C). For
the limitation of the laboratory instrument, | performed viscosity measurements starting from
90° C, since below this temperature, HHC could not be placed on the lower plate of the
rheometer due to its solid state. As expected, viscosity measurements depict a strong
dependence with temperature (e.g., Zhao & Machel, 2012). Basically, an increasing
temperature from 90° to 110 °C causes a reduction of one order of viscosity magnitude, from
8.89 x 10* to 4.74 x 103 Pa-s at the initial shear rate of 0.1 s

1.4.2 Sample characterization

Here | report results of the initial petrophysical characterization of all samples made at
ambient pressure and temperature, listed in Tables 1.2-1.3-1.4. The investigated samples with
HHC can be considered as a three-phase system, which is composed by matrix, HHC in a solid
state and unfilled pores. The density (grain and bulk) and total porosity measurements of the
cylindrical samples are summarized in Tables 1.2-1.3-1.4 for both HHC-bearing and clean
samples. The rock grain density is very homogeneous for all the clean samples, resulting in
2.69 to 2.71 g/cm?® (white squares in Figure 1.9), in good agreement with literature data for pure
calcite rocks (Jaeger et al., 2007; Mavko et al., 2009; Gudmundsson, 2011). On the other hand,
the grain density for HHC- bearing rocks varies between 2.43 and 2.67 g/cm?® (gray squares in
Figure 1.9), showing a clear effect of the bitumen in the powder. and these values are lower

compared to the density of matrix for clean samples.
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Figure 1.9: Relationship between bitumen content and grain density of the investigated samples. For
clean samples (white squares), the grain density values span from 2.69 to 2.71 g/cm?, whereas HHC-
rich samples (gray squares) are characterized by a lower grain density (from 2.67 to 2.47 g/cm®)

proportionally to the amount of bitumen content.

Total porosity (effective and non-effective porosity) evaluated with the pycnometer is in the
range of 9-30.5% for clean samples and it is almost entirely effective porosity. Lower values
have been measured for total porosity (8.1-19.27%) for HHC-bearing samples (Tables 1.2-1.3-
1.4). The difference between clean and HHC-bearing samples is clearly related to the presence
of an infilling material, i.e., bitumen (also highlighted by thin section analysis, Figure 1.4), that
affects the porosity evaluation since HHC-filled pore space was measured by the pycnometer
as part of the solid-matrix phase. In fact, the porosity evaluated by the pycnometer for HHC-
bearing samples represents only the “residual porosity” being part of the original porosity filled
by HHCs. HHC-bearing samples can be thus considered as a three-phase system, made of rock
matrix, HHC-filled pores and unfilled pores, of which total volume, weight and density can be
measured.

To understand the influence of HHC on the petrophysical properties, the original porosity
and consequently, the HHC content were calculated for each HHC-bearing sample. By only
considering the grain density, that is calculated from pulverized portions of samples, each
sample becomes a two-phase system made of carbonate rock matrix and HHCs. Since the rock

matrix for all samples is represented by pure calcite, the density of the carbonate-matrix portion
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Chapter 1: Properties of bitumen-bearing carbonates

can be inferred from clean samples measurements (where it is almost constantly 2.71 g/cm?).
By measuring the density of the bitumen obtained by HHC-rich plugs after carbonate
dissolution with HCI (1.14 g/cm?®), 1 could calculate the total HHC volume of each sample as
follows.

Starting from the equation:

Pmr = (pmx * mx) + (pHC * 8HC) (1-3)

being the portion of matrix 6,,, = (1 — &y¢) and rearranging it derives that:

— (Pmr — Pmx) (14)

0
HC (pHC —Pmx)

where &y is the portion (volume per unit, that goes from 0 to 1) of hydrocarbons respect to the
pulverized part of the sample, while p,,, , pmx and py represent the measured grain density,
the matrix density, and the bitumen density. Multiplying the obtained &, by 100 I obtained the
percentage of HC (Sy¢o,) respect to the matrix. Being 8,,,.0, the percentage of matrix respect to

the total volume of the sample calculated as
Omxo = 100 - Total porosity (1.5)

and by using the equation:

Oncy: 100 = @pc: Gmax, (1.6)

| obtained ¢y that represents the porosity (expressed in percentage) filled by HCs. Then by
summing the total porosity (the residual effective porosity plus the non-effective porosity)
measured by the pycnometer with the calculated HC-filled porosity, | calculated the original
total porosity of each sample (total corrected porosity) reported in Tables 1.3-1.4, following a
very similar methodology respect to that reported by Lipparini et al. (2018) and Yuan et al.
(2018). Consequently, the HHC content results in average values of 2.2% (low HHC-bearing
samples) and 15% (high HHC-bearing samples) for the investigated samples. Thus, I calculated
the original porosity of samples before the migration of HHC, which is obtained by summing
measured porosity and HHC content (Tables 1.3-1.4). As expected, these values are in the
highest range, between about 30% and 16%, and the samples with a lower value of grain density
show a higher HHC content, reflecting a clear relationship between the measured grain density
and HHC quantity, observed in Figure 1.9. Furthermore, data show that HHC content does not
appear systematically correlated with porosity in the Bolognano samples. In fact, some

collected samples (e.g., SSL2a and SSL2b in Table 1.2) are characterized by very high porosity
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(up to 27%) without presence of HHC. Whereas bulk densities of HHC-bearing samples are
from 2.06 to 2.34 g/cm?® and corrected porosities are from 15.2 to 30.9% showing no relation
with the quantity of HHCs. On the other hand, clean samples exhibit bulk densities in the range
of 1.87-2.46 g/cm® and total porosities in the range of 9.3-30.5% where higher density

corresponds linearly to lower porosity.
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Properties of Clean Samples*

Sample BuI[I;/CDrig]sity Gra[i&c[r)g]mty Total[cl';:))]rosity HHC[(()/:O(]ntent [k\r/nes] [k\rf/s] Vp Vs
ACF2a 2.46 2.71 9.5 0 4.99 2.58 1.93
ACF2b 2.46 2.71 9.03 0 5.19 2.89 1.80
ACF3b 2.40 2.70 11.6 0 477 2.47 1.93
ACF4a' 2.40 2.70 11.6 0 4.56 2.35 1.94
ACF4b 241 2.70 11.1 0 4.76 2.45 1.94
ACF4c 2.38 2.70 12.1 0 4.40 2.25 1.96
FDP1la' 2.46 2.71 9.3 0 4.79 2.50 1.92
FDP1c' 2.25 2.71 11.75 0 4.33 2.27 191
CAP1d 2.26 2.71 16.6 0 4.12 2.09 1.97
SSL2a 1.99 2.70 27.0 0 3.46 181 191
SSL2b' 2.02 2.70 26.0 0 3.69 1.92 1.92
CBlc 2.12 2.70 25.20 0 3.59 1.82 1.97
CB3b 2.05 2.72 24.41 0 3.36 1.69 1.99
CR2c 1.87 2.69 30.5 0 3.24 1.64 1.98

Table 1.2: Summary of the physical properties of the Bolognano samples. This table is related to the properties of the clean samples. | reported bulk and grain
density, total porosity measured by using helium pycnometer, and the acoustic velocities recorded at ambient temperature and pressure during the

pressurization cycle.
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Properties of HHC-Bearing Samples

sample Bulk Density Grain Density Tc_)tal HHC Total cprrected A;[/?)mblent\; emperature

[g/cm3] [g/cm3] Porosity [%] content [%]  Porosity [%0] (ke/s]  [kmis] Vp Vs
ACF1-1 2.32 2.67 13.7 2.24 15.94 4.28 2.19 1.95
ACF1-2 2.29 2.67 14.22 2.23 16.45 4.44 2.28 1.95
ACF1-3 2.15 2.67 19.3 2.10 21.4 4.21 2.11 1.99
ACF1-5 2.29 2.67 13.72 2.20 15.92 4.79 2.43 1.97
CR1b 2.19 2.47 11.2 14.7 25.9 4.49 2.28 1.96
CR1c 2.19 2.47 11.0 14.7 25.7 4.11 2.04 2.01
CR1-2 2.13 2.47 13.7 14.3 28.0 4.43 2.25 1.97
CR3-1 2.18 2.45 11.09 15.94 27.0 3.98 2.01 1.98
CR3b 2.11 2.43 13.0 16.8 29.8 3.81 1.92 1.98

Table 1.3: Summary of the physical properties of the Bolognano samples. This table is related to the properties of HHC-bearing samples on which | conducted
velocity measurements at increasing temperature. | reported bulk and grain density, total porosity measured by using helium pycnometer, the back-calculated
initial porosity for HHC-bearing samples starting from knowing of the HHC content in each sample and the acoustic velocities recorded at ambient temperature

and pressure.
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Properties of HHC-Bearing Samples

s SO OBty e TSRS VO VO £,
CR3a 2.09 2.48 16.4 14.3 30.6 3.94 2.18 1.81 25.4 0.28
CR3b 2.06 2.48 16.4 14.5 30.9 3.56 1.97 1.81 20.5 0.28
ACF5c" 2.28 2.48 8.1 13.9 22.1 4.46 2.30 1.94 31.7 0.32
ACF5a 2.26 2.48 8.7 13.7 22.3 4.44 2.27 1.95 30.9 0.32
ACF1f' 2.34 2.63 12.2 5.0 17.2 4.48 2.32 1.93 33.1 0.32
ACFle' 2.26 2.63 15.3 51 20.4 4.26 2.24 1.91 29.6 0.31
ACF1c" 2.33 2.67 12.7 2.5 15.2 4.53 2.30 1.97 32.6 0.33
ACF1b' 2.31 2.67 14.0 2.5 16.6 4.56 2.36 1.93 33.9 0.32

Table 1.4: Summary of the physical properties of HHC-bearing samples (Bolognano Fm), on which | conducted velocity measurements at increasing confining
pressure. | reported bulk and grain density, total porosity measured by using helium pycnometer, the back-calculated initial porosity for HHC-bearing samples

starting from knowing of the HHC content in each sample and the acoustic velocities recorded at ambient temperature and pressure.
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1.4.3 Temperature effect on velocity measurements at ambient pressure

Wave velocities are primarily affected by porosity (Anselmetti and Eberli, 1993; Eberli et
al., 2003; Makvo et al., 2009; Trippetta and Geremia, 2019; Trippetta et al., 2020), so | firstly
characterized this relation.

Axial P-wave (Vp) and S-wave (Vs) velocities, measured at ambient temperature and
pressure, are listed in Tables 1.2-1.3. Figures 1.10a and 1.10b show the relationship of Vp and
Vs with total porosity for both clean samples (white squares) and HHC-bearing samples (gray
squares). The uncertainty of the recorded velocities is within the size of the markers reported
in Figure 1.10. For clean samples, a linear inverse correlation is defined between acoustic

velocities and porosity, and the best correlations of P- and S-wave velocities are given by:

V, = —0.0817¢ + 5.6406 (1.7)

and,
V, = —0.0453¢ + 2.9764 (1.8)

The investigated HHC-bearing samples are out of this trend, generally showing higher
velocities with lower values of porosity, in agreement with previously published data (Yuan et
al., 2018; Trippetta and Geremia, 2019; Trippetta et al., 2020). As highlighted in the above
section (“Sample characterization”), the porosity measurements of HHC-bearing samples are
influenced by the presence of the infilling hydrocarbon and therefore, in Figure 1.10, I corrected
the porosity ofHHC-bearing samples with the original porosity. In this way, | can analyze the
HHC influence only on velocity measurements.

Recorded velocities of HHC-bearing samples show a variation of Vp from 3.81 to 4.80 km/s
and of Vs between 1.93 and 2.44 km/s at ambient temperature (Figures 1.10a and 1.10b). This
suggests that porosity, rock texture and HHC within samples affect the wave velocities.
Specifically, Vp and Vs decrease with increasing total porosity, whereas the presence of HHC
generally defines an increasing in both velocities. In Figures 1.10c and 1.10d, | reported the
velocity measurements on HHC-bearing samples as a function of total porosity at increasing
temperatures from 25° to 70° and 90 °C. At temperature of 70° C, the measured Vp ranges from
3.69 to 4.70 km/s and Vs spans between 1.90 and 2.41 km/s. Increasing temperature up to 90
°C, Vp is in the range of 3.60 — 4.66 km/s, whereas Vs varies from 1.86 to 2.41 km/s. As a
general trend, the measured Vp and Vs exhibit a reduction with increasing temperature from

25° 10 90 °C, showing an average reduction of 6.2% and 4% for Vp and Vs, respectively.
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Figure 1.10: Variation of (a) P-wave velocity and (b) S-wave velocity for clean samples (white squares)
and HHC-bearing samples (gray squares) are plotted as a function of total porosity at ambient
temperature. Also, | showed the variation of (c) Vp and (d) Vs with porosity at different temperature:
25 °C, 70 °C and 90 °C. The red line represents the linear relationship obtained between velocity and

porosity for clean samples. The uncertainty of the recorded velocities is within the size of the markers.

Additionally, Vp/Vs ratio has been calculated for both clean and HHC-bearing samples and
plotted in Figure 1.11 as a function of total porosity from ambient temperature to 90 °C. The
general trend of clean samples at ambient temperature (Figure 1.11a) shows a slightly increment
of Vp/Vs with increasing porosity. On the other hand, at ambient temperature Vp/Vs of HHC-
bearing samples are plotted with their corrected porosity and it is in an average value of around
1.98 (Figure 1.11a). With increasing temperature from 25 °C to 90 °C (Figure 1.11b), the
average Vp/Vs of the HHC-bearing samples decreases of about 2.1%, reflecting the sensitivity
of Vp/Vs in temperature changing. The analysis of VVp/Vs variation is noteworthy because this
ratio represents a very good lithology indicator (Domenico, 1984) and it has a key role for the

identification of hydrocarbon anomalies in seismic sections (McCormack et al., 1984). The high
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HHC-bearing samples display a significant reduction of about 3% for VVp/Vs, whereas for low
HHC-bearing samples | have calculated a reduction of about 1.6%. Therefore, the Vp/Vs,
calculated from the compressional and shear velocities within the temperature range of 25 °C-
90 °C, can produce a clear seismic signal, that may be very useful tool to detect the

hydrocarbon-rich zone throughout AVO analyses of seismic sections.
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Figure 1.11: Calculated Vp/Vs ratio is plotted against total porosity for (a) clean samples (white
squares) and HHC-bearing samples (gray squares). Moreover, | reported (b) the calculated Vp/Vs ratio
as a function of different temperatures (25 °C, 70 °C and 90 °C) for the investigated HHC-bearing
samples. The red line represents the linear relationship obtained between the calculated Vp/Vs ratio

and porosity for clean samples.
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1.4.4 The effect of bitumen content on velocity measurements at increasing
temperature

The investigated HHC-bearing samples (Table 1.3) can be divided in two groups based on
the HHC content: four samples (ACF) with a low HHC content (around 2.20 %) and five
samples (CR) with high HHC content (around 15%).

In Figure 1.12, | reported the variation of Vp and Vs as a function of temperature for all
investigated samples, discriminating high HHC-bearing samples (in dark gray) and low HHC-
bearing samples (in light gray). Basically, all samples show an inverse relationship between
wave velocities and temperature: wave velocities decrease with increasing temperature in
agreement with analogue measurements on bitumen carbonates (Rabbani et al., 2017; Yuan et
al., 2017, 2018). Moreover, Vp and Vs variations outline different trends with increasing
temperature, depending on the amount of the HHC content. Low HHC-bearing samples indicate
a linear reduction of velocity with increasing temperature. In contrast, high HHC-bearing
samples depict a double velocity-temperature trend: when the temperature is less of about 50 °-
60 °C a very slight variation of velocities is observed; whereas, if the temperature is higher than

50 °C, the velocities decrease with a higher gradient.
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Figure 1.12: Evolution of (a) P- and (b) S- wave velocities measured within the entire range of
temperature for all investigated carbonate samples: low HHC-bearing samples (in light gray) and high
HHC-bearing samples (in dark gray). The lines represent the best fit of the P- and S-wave velocities

with the temperature.
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To clearly characterize how temperature and HHC content can influence the velocity of
carbonate rocks, | calculated the percentage of Vp and Vs change over the entire temperature
range (from 90 °C to 25 °C). Therefore, for a better representation, | decided to use the average
values of Vp, Vs and temperature, obtained by averaging every two temperatures and velocities
for all samples. The velocity change (4V pange) Was calculated by using the following

equation:

Vre—=Vri
AVchange = TfoTloo (19)

where Vr; are the measured velocities at increasing temperature and Vr, represents the

measured velocity at the lowest temperature (around 30 °C). By using equation 1.5, the velocity
change spans between 0, when Vr¢= Vr;, and >0, when Vr; < Vr¢. The results of Vp and Vs
changes are plotted in Figure 1.9 as a function of the calculated average temperatures. Figure
1.13 shows that for low HHC-bearing samples, Vp and Vs decrease linearly with temperature
showing average changes for all four samples of 5.2% and around 3.8%, respectively. On the
other hand, high HHC-bearing samples (Figures. 1.13c and 1.13d) outline different velocity
changes over the entire temperature range. In the temperature range 50°-90 °C, a larger gradient
of velocity variations is observed and, in this interval, the average Vp change of all high HHC-
bearing samples is of 6.09% and Vs is of almost 4%. Whereas when the temperature is < 50°
C, the average velocity changes for all samples are smaller, being 1% and 0.35% for Vp and
Vs, respectively. Going into the details, it results that below 50°C the Vp change is 1.55% (1.28
% Vs) for low HHC-bearing samples and 1.00 % (0.38% Vs) for high HHC-bearing samples.
This gentler decreasing slope for high HHC-bearing samples, can be explained by the following
phenomena: in each pore a smaller amount of hydrocarbon melts earlier respect to a larger
amount because heat capacity of the same material is proportional to its mass (e.g., Halliday et
al., 2013). Being the hydrocarbon homogeneously distributed and the type of porosity the same
for all samples, hydrocarbon in low HHC-bearing samples may quickly melt due to the lower
mass in each pore and thus, a reduction in velocity can be observed earlier respect to higher
HHC-bearing bitumen samples. This is confirmed by the observation that at higher temperature

the total change of velocities is larger for the high HHC-bearing samples.
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Low HHC-bearing samples
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Figure 1.13: Velocity changes of P-wave (a and c) and S-wave (b and d) are plotted as a function of
average temperature. | reported data maintaining difference between low (~2.2% in light gray) and

high (~15% in dark gray) HHC-bearing samples.
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1.4.5 Velocity measurements at elevated pressure

P-wave velocity measurements were conducted during pressurization up to 100 MPa and
depressurization back to ambient pressure for both clean and HHC-bearing samples in dry
condition (Figure. 1.14). At 100 MPa of confining pressure the recorded Vp values for clean
samples (Figure. 1.14a) range from 3.6 km/s to 5.2 km/s whilst for HHC-bearing samples
velocity range at 100 MPa is narrower (4.5-4.8 km/s, Figure. 1.14b). The relative increase of
velocity by increasing confining pressure for each sample is generally very low and this is
particularly evident for HHC-bearing samples (Figure. 1.14b). Moreover, the difference of Vp
values obtained during depressurization and pressurization cycles (hysteresis), seems to be

slightly larger for clean samples.
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Figure 1.14: Evolution of axial P wave velocity at increasing effective pressure for representative
samples of clean (A) and HHC-bearing (B) limestone. For all samples, the P wave velocity were

measured during both pressurization (solid symbol, Up) and depressurization (open symbol, Dw) cycles.

To quantify these observations, velocity hysteresis (H) at ambient pressure, has been

calculated by using the equation:

Vv _Vv
Y = p(down)="p (up) (1.10)
Vo (up)

where Vy,upy and Vy, (qown) are the Vp measured at ambient pressure, at the beginning and at
the end of the test under pressure, respectively.

Results (Figure 1.15) show that hysteresis is scarcely related to porosity, however, HHC-
bearing samples generally show a decreased hysteresis respect to the trend derived from clean

samples (red line in Figure 1.15). Therefore, the presence of the hydrocarbons limits the effect

36



Chapter 1: Properties of bitumen-bearing carbonates

of the confining pressure increasing the elasticity of heavy oil-bearing samples with respect to

clean samples.
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Figure 1.15: Variation of Hysteresis, measured at pressure ambient after pressurization cycle that

reached 100 MPa (Figure 1.14), as a function of total corrected porosity for clean (white squares) and

HHC bearing samples (red squares).

Vp/Vs ratios, calculated from the measured velocities, are plotted in Figure 1.16 as a function
of confining pressure. The Vp/Vs ratio remains essentially constant with increasing confining
pressure (Figure 1.16) for both clean and HHC-bearing samples indicating that Vp and Vs
follow a very similar pattern with increasing pressure. The range of Vp/Vs ratios for both clean
(Figure 1.16a) and HHC-bearing (Figure 1.16b) is similar being between 1.9 and 2. This
highlights that the bitumen does not act as a fluid since the presence of fluids should increase
the Vp/Vs ratio as observed for several lithologies in laboratory (Heap et al., 2014; Smeraglia
et al., 2014; Trippetta et al., 2010) and at crustal scale (Chiarabba et al., 2009; Peacock et al.,
2011).
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Figure 1.16: Calculated Vp/Vs ratio as a function of confining pressure for (a) clean and (b) HHC-
bearing samples.

1.4.6 Dynamic Elastic moduli

The dynamic elastic moduli (Eq and vq) were calculated from measurements of Vp and

Vs using the equations:

VE(3BVE—4Vd)

1 V2 —2V2
Va = 2 1292—V52 (112)

where p is the bulk rock density and Vp and Vs are the compressional and shear elastic wave

velocities, respectively. Results are summarized in Table 1.4.

Confining pressure has not a significant effect on Vp and Vs (Figure 1.14), whilst total
porosity exerts a strong control on the tested samples. Thus, | here report dynamic elastic
moduli calculated from measurements taken at ambient pressure in relation with the measured
porosity. For clean samples Eq4 values are in the range 16.5 to 43.7 GPa. The higher values
correspond to the clean samples with lower porosity (~10%), while the lower values correspond
to the samples with high effective porosity (~30%). As observed for Vp data, an increase in
porosity corresponds to a decrease in Eq in agreement with literature data (Heap et al., 2019).
For HHC-bearing samples, porosity and Eq do not follow the trend of the clean samples (red
line in Figure 1.17). Moreover, for the same original porosity, the presence of HHC generally
increases Eq (Figure 1.17 red squares). This observed increase in Ed makes samples more

difficult to deform suggesting that the hydrocarbons presence stiffens the rocks.
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Figure 1.17: (a) Variation of Young's modulus (Eq4) and of Poisson’s ratio (v), measured from ambient
pressure, as a function of effective porosity for clean (white squares) and HHC-bearing (red squares)

limestone samples. The inverse linear relations of Ed and vwith porosity have been calculated for clean

samples.
Poisson’s ratio is in the range 0.31-0.33 for clean samples (Figure 1.18 and Tab. 1.4), whilst

for HHC-bearing samples is wider spanning from 0.28 to 0.33. Porosity shows very weak

relation with Poisson’s ratio (Figure 1.18), in particular with respect to what observed for the
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Young’s modulus. However, HHC-bearing samples show Poisson’s ratios values (red squares
in Figure 1.18) generally lower respect to the trend derived from clean samples (red line in
Figure 1.18), in particular the high porosity HHC-bearing samples show the lowest Poisson’s

ratio of the whole dataset.

1.4.7 Compressive strength and elastic moduli

For this kind of tests, | selected 6 samples (3 clean and 3 HHC-bearing samples)
characterized by similar original porosity (~28%) in order to correctly assess only the influence
of HHCs. The full set of cyclic loading-unloading uniaxial experiments is shown in Figure 1.18.
Cyclic loading-unloading experiments, characterized by a progressive increase in maximum
stress, show the progressive shift in strain of the starting loading point respect to the previous
loading cycle (permanent strain in Figure 1.18). This shift is indicative of an increasing amount
of permanent, irrecoverable strain with increasing loading cycles. In particular, it results that
the permanent strain is constantly larger for clean sample (black lines Figure 1.18) with respect
to HHC-bearing samples (red squares in Figure 1.18), indicating a stiffer behaviour for HHC-
bearing samples.
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Figure 1.18: Full suite of axial stress-curves from cyclic axial stressing experiments on both clean
(black lines) and HHC bearing samples (red lines). The clean samples failed at Compressive Strength
(CS) of 24, 25 and 26 MPa whilst HHC-bearing samples failed at 34, 35 and 44 MPa.
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All tested clean samples show a compressive strength of about 25 MPa that represent low values
for carbonate rocks (Cilona et al., 2012; Rajabzadeh et al., 2012) and they are related to the
high porosity of the investigated samples (Baud et al., 2017) and to their bioclastic nature
(Croizé et al., 2010). HHC-bearing samples are, on the other hand, all characterized by a higher
compressive strength that increase up to 44 MPa with an average value of 38 MPa.

The evolution of elastic moduli with increasing stress is different depending on the type of
analyzed lithology (Grindrod et al., 2010; Heap et al., 2010; Heap and Faulkner, 2008; Trippetta
et al., 2013). As observed from Trippetta et al. (2013) for carbonate rocks, during the cyclic
loading | systematically observed significant changes in the static elastic moduli that are
interpreted as involving a three-stages process. This evolution is attributed to the dominance of
compaction in Stage I, dilatant crack growth and coalescence in Stage Ill, and a balance
between these two competing processes in Stage I1. | thus calculated the static Young’s modulus
(Es) by dividing the applied stress over the axial strain for each cycle for the range where
gradients of unloading and subsequent re-loading curves were less than 10% different. |
observed the same three-stage behaviour observed by Trippetta et al. (2013) so | averaged the
values derived from Stage Il that represent the “elastic part” of the test. The so calculated
Young’s moduli are 5.7 GPa and 9.9 GPa for clean and HHC-bearing samples, respectively.
Thus, in agreement with previous observations, HHC presence appears to strengthen the rocks,

increasing both the strength and the stiffness (Es) of the samples.

41



Chapter 1: Properties of bitumen-bearing carbonates

1.5 Field Work

To compare these laboratory results with larger scale data, | analyzed 11 structural scanlines
(Table 1.5) in the northern flank of the Majella Mountain (rectangles in Figure 1.3b). To avoid
any possible difference in the mechanical behaviour of rocks between laboratory and field
samples I only selected outcrops belonging not only to the same formation (Bolognano Fm) but
also to the same lithofacies (Lepidocyclina calcarenite 2) following the most recent literature
(Brandano et al., 2016). Moreover, | choose locations not affected by faulting to obtain a
homogeneous dataset not influenced by the presence of damaged zones in the nearby. | then
focused on both clean (Figure 1.19a) and HHC-bearing (Figure 1.19b, c) outcrops where |
measured the type of fracture (joints, veins, tectonic stylolites, small faults), aperture, dip
direction, inclination and spacing. Where possible, scanlines have been analyzed in orthogonal
directions (Figure 1.3b) to increase the representability of this dataset avoiding the “Terzaghi”
bias (Mauldon and Mauldon, 1997; Terzaghi, 1965). The analyses show that fractures for both
HHC-bearing and clean outcrops are mainly joints-type with aperture not more than 2 mm with
few stylolites and very few small faults. Reopened fractures within HHC-bearing outcrops are
often filled by hydrocarbons. Results on orientation show two main fractures trends: NW-SE
and NNE-SSW for clean outcrops (Figure 1.19a inset) and the same two families have been
observed for HHC-bearing samples (Figure 1.19b inset). Figure 1.19d highlights that the
fracture orientation is comparable for clean and HHC-bearing outcrops, whilst the main
difference between the two types of outcrops is the absolute number of measured fractures. For
HHC-bearing outcrops the number of measured fractures (55, Figure 1.19a, b inset) is ~0.25
times the fractures observed on clean outcrops (207, Figure 1.19a inset), being the total
analyzed length of the two types of outcrop very similar (20 and 22 m for clean and HHC-
bearing outcrops respectively, see Table 1.5). This is directly related to fracture frequency
showing that HHC-bearing outcrops are four times less fractured respect to clean outcrops
(Table 1.5).
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n=262

Figure 1.19: (a) Outcrop picture of clean fractured Lepidocyclina showing two main fracture
orientations striking mainly NW-SW and NW-SW. The bottom-right inset shows the total number of
measured fractures (207) for all the 6 outcrops of clean Lepidocyclina, (b) Outcrop picture of HHC-
bearing Lepidocyclina showing two main fracture orientations striking mainly NNE-SSW and NW-SE.
The bottom-right inset shows the total number of measured fractures (55) for all the 5 outcrops of HHC-
bearing Lepidocyclina. (c) Detail of the HHC-bearing portion showing the high grade of saturation of
the outcrop. (d) Rose diagram comparing number and orientation of fractures for clean (black) and
HHC-bearing (red) outcrops. The orientations agree whilst the number is much lower for HHC-bearing

outcrops.
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Scanline Length N° of N° of I_Bed_di'ng Type
[m] fractures fractures/m dipdir/incl
1 0.90 29 32.3 330/16 Clean
2 3.60 36 10.0 310/17 Clean
3 4.00 33 8.3 350/13 Clean
4 2.70 54 20.0 299/06 Clean
10 4.40 28 6.4 315/15 Clean
11 4.40 27 6.1 327/16 Clean
Total 20 207 10.4 322/14 Clean
5 5.00 7 1.4 335/06 HHC-bearing
6 4.75 18 3.8 326/06 HHC-bearing
7 5.00 14 2.8 297/06 HHC-bearing
8 5.00 10 2.0 289/12 HHC-bearing
9 2.43 6 2.5 302/14 HHC-bearing
Total 22 55 2.5 310/09  HHC-bearing

Table 1.5: Summary of the data acquired on both clean and HHC-bearing outcrops in terms of number
of measured fractures. Bedding attitude in terms of dip directions and inclinations are also reported.
Note that both clean and HHC-bearing outcrops pertain to the same lithofacies (Lepidocyclina

calcarenite 2).
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1.6 Discussion

1.6.1 Implications of the acoustic response of HHC-bearing samples

In this study I recorded the acoustic velocities to analyze the response of HHC-bearing
carbonate samples to temperature change at different HHC content since properties of high-
viscosity fluid, like bitumen, are strongly influenced by the temperature. Monitoring these
variations is fundamental in reservoir characterization as well as in production monitoring (e.g.,
Tatham and Stoffa, 1976; Lines at al., 2005b) since acoustic properties drive the seismic
response of reservoir rock volumes.

Thus, to better evaluate the temperature effect on samples with different HHC contents, |
conducted acoustic velocity measurements on carbonate-bearing samples, which belong to the
Bolognano Fm of the Majella mountain. Laboratory data, presented in this study, outline that
the presence of heavy hydrocarbon influences the petrophysical properties of hosted carbonate
rocks. Velocity data highlight a general reduction in the acoustic properties of carbonate
samples with increasing temperature, from ambient temperature to 90 °C. This downward
tendency is sensible for HHC-bearing samples, indicating a strong influence of temperature on
changing the properties of viscous fluid, as evidenced in similar conditions by Yuan et al. (2017,
2018) and Rabbani et al. (2016) for bitumen carbonate samples and Baztle et al. (2006) for
heavy oil samples. These authors postulated that the decreasing of P- and S-wave velocities
with increasing temperature is likely due to a strongly temperature dependent of the bitumen
properties, such as viscosity, bulk, and shear modulus. In addition, velocity results show that
another important factor influencing the acoustic response of hydrocarbon-bearing samples is
the amount of hydrocarbons. In fact, | noticed a distinct trend between low and high HHC-
bearing samples: both Vp and Vs of low HHC-bearing samples depict a linear reduction
throughout the investigated temperature range; whereas high HHC-bearing samples show a
double trend with a higher slope in velocity reduction when the temperature is above 50°- 60
°C. Therefore, bearing in mind that HHC properties are deeply temperature-dependent, this
different trend for the samples with higher HHC content is indicative of a change in the physical
state of hydrocarbon from a solid state when the temperature is below 50 °C to liquid state if

the temperature is increased above 50°-60 °C.
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Data from wells around in the study area (VIiDEPI PROJECT, 2012) show an average
thermal gradient of around 43 °C/km. Thus, a temperature interval of 50°-60 °C in the
investigated area corresponds to about 1-1.7 km depth. The effect of pressure has been proved
to be negligible in the range of 0-4 km for the same Bolognano Fm (Figure 1.14), so ambient
pressure of these velocity measurements can be considered as reliable for the investigated
formation. Furthermore, the transition point of the temperature (in the interval of 50°-60 °C) is
consistent with previous works on pure heavy oil samples (Han et al., 2006) and bitumen
saturated carbonate samples (Yuan et al., 2017, 2018; Rabbani and Schmitt, 2019) under similar
experimental conditions. It is worth noting that in real scenario, in-situ rocks are usually
saturated, containing both bitumen and brine. However, at such relatively low pressure and
temperature the influence of brine on acoustic velocity should not influence the seismic P-wave
velocity at crustal scale as well shown in literature (Nur et al., 1984; Chopra et al., 2010; Mavko
et al., 2009). On the other hand, temperature is a primary factor influencing acoustic velocity
when rocks are saturated with oil due to strongly temperature dependence of their physical
properties (Nur et al., 1984). Moreover, these data suggest a more pronounced reduction of the
P- than S-wave velocities with increasing temperature and it well noticed evaluating the
variation of acoustic response in terms of velocity changes (Figure. 1.13). To explain such
behaviour, I start form the observation that at room temperature HHC, hosted in the investigated
carbonate samples, is in a solid state and it has a negligible shear modulus of 11.6 GPa for low
HHC-bearing samples and 9.6 GPa for high HHC-bearing samples. Conversely, at higher
temperature HHC progressively melts down and so its shear modulus drops drastically, as
evidenced by Batzle et al. (2006) for heavy oil samples with an APl = -5°.

The equation of P- and S-wave velocities are given by:

V= |—2 (1.13)

and,
V= |5 (1.14)

where K is the bulk modulus, p is the shear modulus and p is the density. It is well known that
the bulk density of HHC-bearing carbonate sample is correlated to temperature and the density
decreases with increasing temperature, as observed by some experiments on HHC samples
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(e.g., Eastwood et al., 1993; Mochinaga et al., 2006). In equations 1.13 and 1.14, the density
results to be inversely proportional to the velocity and so a reduction of the density should lead
to a rise of velocity, but from laboratory results | observed a reduction in velocity in agreement
with literature data of heavy oil saturated samples (e.g., Rabbani et al., 2016, 2019; Yuan et al.,
2017, 2018). This reduction of both P- and S-wave velocities is attributed to a larger change in
the bulk and shear moduli through the investigated temperature range respect to the drop of
density. Thus, the variation of Vs is only affected by the shear modulus that drops drastically
with increasing temperature since HHC behaves like a fluid. On the other hand, the variation
of Vp is not only influenced by shear modulus, but also by the bulk modulus. Therefore, |
highlight that the bulk and shear moduli of bitumen play a greater role in the velocity variations
under different temperature. Specifically, | suggest that the more marked decrease of Vp respect
to Vs is related to the fact that Vp is affected by a double decrease of both K and p (equation
1.13), while Vs variation is only related to a decrease of the shear modulus, pu, (equation 1.14),
that approaches to zero at high temperatures when bitumen behaves as a light oil.

1.6.2 Theoretical model to predict Vp as a function of temperature and
hydrocarbon saturation

In this section, | use the collected dataset as a base to propose a theoretical model for
estimating the P-wave velocity as a function of different variables, such as temperature,
hydrocarbon content and porosity. This model has been developed to give to the geophysics
community a powerful tool that directly links the variation in seismic properties to the presence
of heavy hydrocarbons. This P-wave velocity model was developed considering three different
initial porosities: 16%, 26%, 30%, so that | can present an estimation of P-wave velocities
within the entire porosity range of the investigated samples. The initial porosities were
calculated by summing the measured pycnometer total porosity with HHC content (in volume)
and consequently, they refer to a total porosity of the HHC-free samples (see section “Sample
characterization” and Table 1.2). | evaluated the P-wave velocity at different simulated HHC
contents: 0%, 2.1%, 5%, 8%, 12%, 15%, allowing us to represent the entire range of the HHC

contents calculated for the investigated samples.
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For samples ACF1-1, ACF1-2, CR1c the influence of hydrocarbon on Vp is out of the trend
respect to the entire dataset, leading to an underestimation of the predicted P-wave velocities
respect to the actual content of hydrocarbon (Figure 1.20a). | decided to remove these three

data points from my modelling dataset.
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Figure 1.20: Laboratory calculated trends used to develop the theoretical model. a) Velocity-porosity
relationship used in the model and three samples were removed from my modelling dataset (symbols
with dashed lines). b) Trends of P-wave velocity variation (4Vp) at increasing temperature, used to

estimate the variation of P-wave velocity in the theoretical model.

A four-step workflow has been applied to develop a method for the estimation of P-wave

velocities:

(1) For each sample, I considered the P-wave velocities recorded at different temperatures
(Figure 1.12a). Starting from these data, | considered in the model 13 temperature values
at steps of 5 °C (range of 30°-90 °C), thus representing the entire investigated
temperature range. Thereby, each point of the model is related to the same temperature,
so that a proper velocity data comparison could be made. Furthermore, for all samples
I considered the corresponding recorded P-wave velocity at each temperature. When the
velocity data were lacking for a specific temperature, | calculated the velocity
(Vom) using the velocity-temperature relationship, obtained for the corresponding

sample (Figure 1.12a).

(2) For all HHC-bearing samples | calculated the theoretical P-wave velocity (V},), in

absence of HHC. To do this, | applied the correction of the porosity for HHC-bearing
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sample (see section “Sample characterization” and Table 1.3) and then I referred to the
Vp-Porosity relationship of clean samples of equation 1.7 and Figure 1.10a.
Consequently, knowing that V},,,, is a P-wave velocity actually recorded in laboratory
for the real samples, | determined the HHC influence on acoustic velocity response

(AVp) using the following equation:
AV, = Vom — Vit (1.15)

By using equation 1.15, | have been thus able to determine the relationship between
AVp and the entire temperature range (30°-90 °C) for each investigated sample as

reported in Figure 1.20b.

(3) Since each sample was characterized by a known HHC content (see section "Bitumen
characterization” and Table 1.3), | then determined the relationship between AVp
(calculated at step 2) and HHC content for all investigated samples at each temperature

value.

(4) As a last step, | calculated the P-wave velocity using the Vp-Porosity relationship
(equation 1.7) simulating 0% of HHC content for the three initial porosities of 16%,
26%, 30%. Subsequently, I used the AVp- HHC trends, computed at each temperature
(step 3) to calculate the HHC effect on velocity (AVp), by assuming an increasing HHC
content (2.1%, 5%, 10%, 12%, 15%). The obtained AVp was added to the P-wave

velocity calculated for a single sample with 0% HHC content.

The obtained models at different HHC content are reported in Figure 1.21 for three defined
initial porosities (Figures 1.21a-1.21c). The predicted Vp decreases with increasing porosity for
both simulated HHC content and HHC-free conditions, in agreement with the defined velocity-
porosity relationship. Therefore, Vp at HHC-free conditions ranges from 4.43 to 3.19 km/s (16-
30% porosity) and the sample with high porosity corresponds to a lower velocity. Vp is constant
since the porosity of carbonates results to be temperature independent within the investigated
range in agreement with literature data (e.g., Mehrgini et al., 2016; Trippetta and Geremia,
2019).

Regarding hydrocarbon influence on acoustic velocities, for all the investigated temperature
and porosity ranges, the models display an increment of the predicted Vp proportionally to the
simulated HHC content. This is related to the fact that bitumen physical properties, such as bulk

modulus and viscosity, are temperature dependent and, consequently, influence the acoustic
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response of hosted carbonate frame (Batzle et al., 2006; Rabbani et al., 2016; Rabbani and
Schmitt, 2018; Yuan et al., 2018). The P-wave velocities predicted from the theoretical model
at ambient pressure and under different temperatures from 30 °C to 90 °C, can be correlated
positively to those measured by Yuan et al. (2015b) for two bitumen carbonate samples. These
samples show porosity values from 7.38% and 10.23%, which are inversely related to the
bitumen content: low porosity corresponds to high bitumen content and vice versa. Although,
these bitumen carbonates display lower values of porosity respect to those of the modeled
samples, a similar inverse correlation between porosity and velocity is clearly observed. In
agreement with my results, the downward tendency of velocities with increasing temperature
is displayed for two bitumen carbonate samples and, also a more marked reduction is recorded
for samples with higher bitumen content within the entire investigated temperature (20 °C-120
°C).

For what regards the temperature influence, at low HHC content all models show a reduction
of the predicted Vp by increasing temperature. In particular, with increasing simulated HHC
content, a significant transition from a linear to a more marked double trend behaviour can be
observed for the predicted Vp variation with increasing temperature at high HHC contents for
all the investigated porosities.

It is well known that seismic properties of a porous rock with different fluid types can be
usually predicted by applying Gassmann fluid substitution (Gassmann, 1951). One assumption
of the Gassmann model is that the shear modulus is independent on the fluid type. Because the
shear modulus of heavy hydrocarbon evolves with increasing temperature from a finite value
at low temperature to near zero value at high temperature, the predicted velocities by the
Gassmann model match the velocities fairly well at higher temperatures, but at lower
temperatures the velocities are drastically underestimated for bitumen-bearing samples, as
shown by Kato et al. (2008) for bitumen sands.

To discriminate between absolute and relative HHC content, | calculated the hydrocarbon

saturation (S ) with the following equation:

SHHC — HHC content 100 (1.15)

¢L’nitial

This parameter represents the fraction of the pore space occupied by hydrocarbon respect to the
total volume of sample. Starting from the sample with lower initial porosity (16%- Figure

1.21a), the so calculated hydrocarbon saturation spans from 0% to 94%, for sample with
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intermediate initial porosity (26%- Figure 1.21b) Syyc is in the range 0-58% and at higher
initial porosity (30%- Figure 1.21c) it varies between 0% to 50%.

Regarding hydrocarbon saturation, the variations of P-wave velocity as a function of
temperature show a non-systematic relationship. For example, if I consider the simulated HHC
content of 15%, the corresponding hydrocarbon saturations, calculated at 16%, 26% and 30%
of porosity, are: 94%, 58% and 50%, respectively. Therefore, in the interval of temperature 50
°C- 90 °C, the velocity changes (calculated with equation 1.9), show variations of 4.3%, 4.9%
and 5.3%, respectively. These data highlight that sample with same absolute HHC content, that
corresponds to different hydrocarbon saturations, depict a velocity change that increases
inversely respect to the hydrocarbon saturation. In particular, the velocity change is 5.3% at
50% of saturation and 4.3% at 94% of saturation. Consequently, the velocity change seems to

be more linked to the absolute volume of HHC respect to the sample saturation.
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Figure 1.21: Evolution of predicted P-wave velocity as a function of temperature at three distinct levels

of initial porosity for investigated samples of the Bologhano Formation: (a) Low porosity 16%; (b)
Intermediate porosity 26% and (c) High porosity 30%. For each level of porosity, | plotted the estimated
Vp simulating different HHC content within the sample (see color bar). | also reported the level of

hydrocarbon saturation for each investigated HHC content.
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1.6.3 Integration of laboratory and field data at regional scale

It is well known that the mechanical behaviour of the host rock is function of the
depositional facies, diagenetic processes, and fracture distribution, that affect the petrophysical
properties of carbonate-bearing reservoirs such as the Bolognano Fm of the Majella mountain.
Laboratory and field data presented in this work demonstrate that also the presence of infilling
material such as hydrocarbons in form of heavy oils severely affects the petrophysical properties
of host rocks, being all the studied rocks collected from the same depositional facies.
In particular, for the same porosity, HHC-bearing samples show higher Vp and Vs, lower
hysteresis, lower permanent strain, higher Young's modulus (both static and dynamic), lower
Poisson's ratio and higher compressive strength, thus, the presence of bitumen strengthens and
stiffens the Bolognano Fm. It is worth noting that low viscosity fluids such as water or light oil
weaken the host rock by decreasing its elastic properties (Baud et al., 2009; David et al., 2015;
Fabricius et al., 2010; Heap et al., 2011; Risnes et al., 2005; Stanchits et al., 2011), whilst for
very high-viscosity fluid such as bitumen | observed an opposite behaviour at room temperature
in the laboratory, in agreement with literature data (Trippetta and Geremia, 2019; Yuan et al.,
2018, 2016). This opposite behaviour is likely to be related to the fact that the HHC that fills
the studied samples, has a rigid and viscous structure and a shear modulus at temperature lower
than about 50° C (Han et al., 2008; Yuan et al., 2017) in contrast to a Newtonian fluid (Trippetta
and Geremia, 2019).

In the field, all the investigated outcrops, both clean and HHC-bearing, pertain to the same
structural domain (NW flank of the Majella Mountain) and thus they are likely to have
experienced the same tectonic history. This is confirmed by the observation that fractures
characterizing HHC-bearing and clean outcrops have very similar orientations suggesting that
they formed under the same stress ficld. Moreover, the measured orientations are also in
agreement with fractures previously measured on the Bolognano Fm and on older formations
(Lavenu et al., 2014). HHC-bearing outcrops are much less fractured respect to adjacent clean
outcrops indicating a different (stiffer) mechanical response respect to same applied stresses, in
agreement with laboratory data. The higher Young's modulus of the HHC-bearing portions
leads to a lower fracture density because of the larger stress-reduction shadow in full agreement
with theoretical models (Gross et al., 1995; Hobbs, 1967) and field data on limestones (Lézin
et al., 2009; McGinnis et al., 2017). Bearing in mind that the whole area has been exposed to
the same stress field and that low viscosity fluids should weaken the host rock (David et al.,
2015; Risnes et al., 2005), | can infer that, when the last stage of fracturing in the Majella Massif
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occurred, some portions of the host rock were already saturated in bitumen that prevented rock
fracturing. The high primary porosity of the studied formation is almost totally effective driving
to high permeability (Baud et al., 2017; Ehrenberg et al., 2006) that allowed the saturation of
the unfractured reservoir. | thus speculate that HHC migration predates the last stage of de-
formation of the Bolognano Fm, implying that the primary porosity of the reservoir (Bolognano

Fm) is the main factor driving the secondary migration of the HHCs.
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1.7 Conclusions

The petrophysical characterization conducted on carbonate samples with different HHC

contents, belonging to the Bolognano Fm (Majella, in Central Italy), allowed to measure and
compare the variations of petrophysical properties between HHC-bearing and HHC-free
samples.
Laboratory results highlight that the presence of HHC within the carbonate samples of the
Bolognano Fm affects both porosity and seismic velocities. Specifically, a linear inverse
relationship between porosity and wave velocities is shown for clean samples at ambient
conditions of temperature and pressure. While HHC-bearing samples are out of the Velocity-
Porosity trend and the presence of HHC increases P- and S-wave velocities. With increasing
temperature (from 25° to 90 °C) the average P- and S-wave velocities decreases of about 6.2%
and about 4%, respectively. Moreover, by comparing the variations of P- and S-wave velocities
at different temperature, P-wave velocity of the HHC-bearing samples appeared to be more
sensitive to temperature. On the other hand, the amount of HHC within samples has a significant
influence on the P- and S-wave velocity variations over the entire investigated temperature
range. In fact, for low HHC-bearing samples | observed a linear reduction of velocities with
increasing temperature, whereas the velocity variations in high HHC-bearing samples are
represented by distinct trends at around 50°-60 °C, suggesting a change of the physical
properties of hydrocarbon. Based on these laboratory observations, | developed a new model
for the estimation of the P-wave velocity as a function of temperature (from 30° to 90° C) and
testing this Vp model at different conditions of porosity, HHC content and/or HHC saturation.
The model suggests that the velocity change seems to be more linked to the absolute volume of
HHC respect to the sample saturation. Therefore, the results of this work on HHC-bearing
carbonate rocks provide a direct link between Vp variations and hydrocarbon content at
different temperatures, allowing in interpreting seismic properties variations as a direct
evidence of heavy oil presence. These results improve the seismic survey for hydrocarbon
detection, reservoir characterization and for production assessment and monitoring.

Moreover, | founded that P-wave velocity hysteresis measured at ambient pressure after 100
MPa of applied confining pressure, also suggest an almost ideal-elastic behaviour for heavy oil-
bearing samples and more inelastic behaviours for clean samples. These data are confirmed by

loading-unloading tests performed on the same lithology that show an average increase of both
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strength and Young's modulus for HHC-bearing samples respect to clean samples. Thus, the
presence of HHC strengthens and stiffens the reservoir.

The different measured mechanical properties from HHC-bearing to clean samples in
laboratory are in good agreement with outcrop observations showing a less fractured HHC-
bearing portions respect to clean outcrops. Fractures characterizing HHC-bearing and clean out-
crops differ in frequency but have very similar orientation suggesting that they formed under
the same stress field. This implies that when the fracturing occurred HHCs were already in place

limiting the formation of fractures.
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The role of shale content and pore-water saturation on
frictional properties of simulated carbonate faults

Abstract

In this Chapter | present the experimental dataset derived by frictional tests, designed to investigate the
frictional properties of carbonate-bearing faults. Faults are complex structure, and they experience a
broad range of slip behaviour, from aseismic creep to a seismic slip and this can be correlated with a
mechanical heterogeneity, such as the presence of clay minerals. In fact, the presence of clay minerals
in mature carbonate fault zones has been invoked to explain the slip behaviour of weak faults.
Notwithstanding the key role of heterogeneities in slip behaviour of faults, the relation between frictional
strength, fault stability, mineralogical composition, and fabric of fault gouge, composed of strong and
weak minerals, is poorly constrained. | used a biaxial apparatus to systematically shear different
mixtures of shale (68% clay, 23% quartz and 4% plagioclase) and calcite, as powdered gouge, at room
temperature, under constant normal stresses of 30, 50, 100 MPa and under room-dry and pore fluid-
saturated conditions, i.e., CaCO3-equilibrated water. | performed 30 friction experiments during which
velocity-stepping and slide-hold-slide tests were employed to assess frictional stability and to measure
frictional healing, respectively. Laboratory frictional data indicate that the mineralogical composition
of fault gouges significantly affects frictional strength, stability, and healing as well as the presence of
CaCOs-equilibrated water. Under room-dry condition, the increasing illite content determines a
reduction in frictional strength, from pu=0.71 to u=0.43, a lowering healing rates and a transition from
velocity-weakening to velocity-strengthening behaviour. Under wet condition, with increasing illite
content | observe a more significant reduction in frictional strength (u=0.65-0.37), a near-zero healing
and a velocity strengthening behaviour. Microstructural investigations evidence a transition from
localized deformation promoted by grain size reduction, in calcite-rich samples, to a more distributed
deformation with frictional sliding along clay-enriched shear planes in samples with shale content
greater than 50%. For faults cutting across sedimentary sequences composed of carbonates and clay-
rich sediments, these results suggest that clay concentration and its ability to form foliated and

interconnected networks promotes important heterogeneities in fault strength and slip behaviour.
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2.1 Frictional behaviour of carbonate-bearing faults

The frictional behaviour of fault rocks is controlled by the interaction of several factors,
such as mineral composition, hydraulic properties, state of stress and distribution of strain in
the surrounding fault rock and gouge layer (e.g., Sibson 1977; Faulkner et al., 2010; Fagereng
and Sibson, 2010; Collettini et al., 2019). In this study | examine the influence of mineralogical
composition, pore fluid presence and microstructural texture on frictional properties of
carbonate-bearing faults.

Early laboratory experiments conducted on a great variety of rocks showed that friction
is almost independent of rock type and it is in the range of p = 0.6-0.85 (Byerlee, 1978).
However, it is widely documented that along mature fault zones fluid-rock interaction can
promote fluid-assisted dissolution and precipitation processes characterized by the replacement
of strong granular mineral phases with weak platy phyllosilicates (Wintsch et al., 1995; Renard
etal., 1997; Vrolijk and van der Pluijm, 1999; Faulkner et al., 2003; Collettini and Holdsworth,
2004; Jefferies et al., 2006; Solum and van der Pluijm, 2009; Fagereng and Sibson, 2010;
Gratier et al., 2013; Collettini et al., 2019). Examples of fluid-assisted reaction softening from
carbonates are documented along strike-slip (Kaduri et al., 2017), normal (Collettini et al.,
2009; Hayman, 2006; Bullock et al., 2014; Smeraglia et al., 2017) and thrust faults (e.g., Tesei
etal., 2013; Viti et al., 2014). On these faults, fracturing, fluid-rock interactions and dissolution
of the carbonates facilitate the development of smectite-illite networks within fault gouges, with
increasing illite concentration with depth, i.e., for temperature above 100-150 °C (Pytte and
Reynolds, 1989; Saffer and Marone, 2003; Tesei et al., 2015).

A large number of laboratory experiments have documented that with increasing clay
content fault gouges exhibit a significant reduction in frictional strength and a more stable
sliding behaviour with little or no time-dependent friction re-strengthening (e.g., Marone et al.,
1990; Marone, 1998a; Saffer et al., 2001; Saffer and Marone, 2003; Ikari et al., 2009; Niemeijer
etal., 2010; Tesei et al., 2012, 2014; Collettini et al., 2019). However, despite the fact that clay-
rich fault rocks have long attracted attention of experimentalists (e.g., Morrow et al., 1992;
Tembe et al., 2010; Saffer and Marone, 2003; Ikari et al., 2009; Kohli & Zoback, 2013; Orellana
et al., 2018; Scuderi and Collettini 2018; Rabinowitz et al., 2018), the role of clay minerals in
the evolution of frictional properties of carbonate faults have not been systematically explored.
The role of clay content in the frictional properties of carbonate-bearing faults is of particular
interest since numerous faults, that cut across sedimentary sequences composed of carbonates
and clay rich sediments, are located in seismically active regions such as the Apennines in Italy

(Miller et al., 2004; Mirabella et al., 2008; Valoroso et al., 2014, Baccheschi et al., 2020), the
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Gulf of Corinth in Greece (Bernard et al. 1997) and the Wenchuan county in China (Burchfiel
et al., 2008). Cases of induced seismicity in carbonate lithologies have been documented at the
Val d’Agri oil field in southern Italy (Improta et al., 2017), at the Lacq gas field in southwest
France (Bardainne et al., 2008), in Oklahoma (e.g., Keranen et al., 2014) and in Canada (Eyre
etal., 2019).

To fill this knowledge gap, | carried out frictional experiments on binary mixtures
composed of calcite and shale mineral phases over a range of normal stresses, 30-100 MPa,
under room-dry and CaCOz-equilibrated water conditions. In these experiments, | conducted
velocity-stepping tests (0.1-300 pum/s) and slide-hold-slide tests (30-3000 s of hold) to evaluate
how various amounts of clay influence frictional stability and frictional healing, respectively.
Finally, I recovered sheared gouge samples for microstructural investigations which | linked

with mechanical data.
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2.2 Experimental Methods

2.2.1 Sample preparation

Experiments were conducted on simulated gouges prepared by mixing various
proportion of calcite mineral and shale rock. The calcite powder was obtained from natural
limestone from the Caramanica Formation (Gargano Promontory, near Monte Sant’Angelo
village) (Hairabian et al., 2015) and the grain density of this limestone is 2.72 g/cm?, in good
agreement with literature data for pure calcite rocks (Jaeger et al., 2007; Makvo et al., 2009).
The shale powder derived from the Rochester Shale, which is an illite-rich shale outcropping
in New York (the same rock as in Saffer and Marone, 2003). From X-ray diffraction analysis
this illite-rich shale is primarily composed of clay minerals (68%), quartz (23%) and plagioclase
(4%). The clay-rich fraction consists of 87% illite and 13% kaolinite/dickite. The starting
material of our experiments was obtained by crushing the rocks and passing through a 63 um
sieve.

All friction experiments were performed in double-direct shear configuration using a
servo-controlled biaxial testing apparatus, BRAVA (Collettini et al., 2014b) (Figure 2.1a). The
horizontal servo-controlled hydraulic piston was used to apply and maintain a constant load
normal to the gouge layers, while the vertical servo-controlled hydraulic piston was used to
apply shear load at constant displacement rate (Figure 2.1a). Loads were measured using two
strain gauged load cells (accuracy +0.03 kN), positioned at the end of the ram and in contact
with the sample assembly. Horizontal and vertical displacements were measured by LVDTSs
(linear variable differential transformers) with a resolution of +£0.1 um and were corrected for
the elastic stiffness of the loading frame. Double-direct shear configuration consists of two
identical layers of simulated gouges sandwiched between three stainless steel forcing blocks
(Figure 2.1b): a central forcing block and two stationary side blocks (e.g., Mair and Marone,
1999; Ikari et al., 2011). The surfaces of the steel sliding blocks in contact with gouge layers
were machined with grooves 0.8 mm high and spaced 1 mm to avoid slip at the interface
between gouges and steel and to ensure shear deformation within the gouges. Simulated gouge
layers were prepared by smoothing the powdered materials with a levelling jig in order to obtain
a uniform layer with an initial thickness of 5 mm and a nominal area of 5 x 5 cm, which was
maintained constant during each experiment. The composition of simulated gouge layers varied
between 100% and 0% wt. of calcite, within which Rochester shale (hereafter named Shale)
ranges from 0 to 100% wt. (Table 2.1).
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Figure 2.1: (a) Schematic diagram of the BRAVA rock deformation apparatus (Collettini et al., 2014b).
(b) Details of the double-direct shear configuration, where two identical layers of simulated gouges
were sandwiched between three stainless steel forcing blocks. For wet experiments, the CaCOs-
equilibrated water was added into a flexible, plastic membrane surrounding the sample (modified after
Mercuri et al., 2018).

61



Chapter 2: Frictional behaviour of shale-calcite mixtures

Room-dry conditions

Wet conditions

Experiment Calcite/Shale Normal stress,

Experiment Calcite/Shale Normal stress,

number [wt.%] o [MPa] number [wt.%] o [MPa]
b769 30 b799 30
b770 100/0 50 b806 100/0 50
b798 100 b811 100
b773 30 b800 30
b782 70/30 50 b807 70/30 50
b797 100 b812 100
b772 30 b801 30
b781 50/50 50 b808 50/50 50
b796 100 b814 100
b784 30 b803 30
b786 30/70 50 b809 30/70 50
b787 100 b815 100
b771 30 b802 30
b779 0/100 50 b810 0/100 50
b780 100 b816 100

Table 2.1: List of experiments under room-dry and wet conditions, mineralogical composition of gouges

and the applied normal stresses. The shale is primarily composed of clay minerals (68%), quartz (23%)

and plagioclase (4%). The clay-rich fraction consists of 87% illite and 13% kaolinite/dickite. The

starting material of our experiments was obtained by crushing the rocks and passing through a 63 pm

sieve.
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2.2.2 Testing procedure

I conducted 30 friction experiments over the range of normal stress from 30 to 100 MPa,
under both room-humidity (room-dry) and CaCOs-equilibrated water (wet) conditions, as
reported in Table 2.1. Wet experiments were performed under drained conditions. For
reproducibility and comparison purposes, all experiments followed the same experimental
protocol (Figure 2.2a). After positioning the sample assembly in the biaxial loading frame, |
started by applying normal stress with the horizontal ram, initially controlled in displacement
feedback mode until a small load force of 1kN was reached. At this stage, | switched the
horizontal piston control in a load feedback mode and normal load was increased with steps of
1kN every 20-10 seconds until the target normal stress was achieved. | left the sample to
compact until a steady value of the layer thickness was attained and | maintained normal stress
constant throughout the experiment. For experiments under wet conditions, before reaching the
target value of normal stress, | allowed sample to saturate for 40 minutes with a water saturated
in CaCOs at 1kN of horizontal force. This was necessary to ensure that the water penetrated
within the gouges. Subsequently, after the compaction of the sample, | applied shear stress by
advancing the vertical ram at constant displacement rate of 10 pm/s until a steady state shear at
constant friction was achieved (Figure 2.2a). After this phase “run-in”, velocity steps and slide-
hold-slide sequences were performed for each experiment to characterize the velocity and time
dependence of friction, respectively. In the velocity step sequences, the sliding velocity was
changed from 0.1 to 300 um/s with a shear displacement of 500 um during each step (Figure
2.2b). The slide-hold-slide (SHS) sequences were conducted at constant shear velocity of 10
um/s alternating with hold periods, where the sample was maintained under quasi-stationary
contact, of 30, 100, 300, 1000 and 3000 s with 500 um displacement after each hold (Figure
2.2¢). These procedures allow to attain a general steady-state friction for velocity steps and
slide hold slide. All digital data were recorded with a simultaneous multichannel analog to
digital converter at a sampling rate of 10 kHz and then down sampled to 1-100 Hz, depending
on the shearing velocity.

At the end of each experiment, | collected the deformed gouge layers and prepared thin
sections oriented parallel to the sense of shear for microstructural analysis using a Scanning

Electron Microscope (SEM) in backscatter mode.
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Figure 2.2: (a) The evolution of friction coefficient as a function of displacement for four representative
experiments, run at normal stress of 100 MPa. During the “run-in phase™, at loading rate v=10 #m/s,
friction increases until a steady state value is achieved. After the run-in phase, velocity steps are
performed to evaluate the frictional velocity dependence, followed by a slide-hold-slide sequences used

to measure the re-strengthening of the simulated fault gouge. (b) Details of the velocity steps (from 0.1

to 300 «m/s) and (c) Slide-Hold-Slide (from 30 to 3000 s) sequences.
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2.2.3 Data analysis
In the experiments, | calculated the friction coefficient (i) from the Coulomb criterion,
as the ratio of shear stress (t) and normal stress (on), assuming that the cohesion in the powdered
gouges is negligible.
To analyse the velocity dependence of friction and fault stability, | employed the
framework of the rate and state constitutive equations (RSF) (Dieterich, 1978, 1979; Ruina,
1983; Marone, 1998b):

v Vo 0
U= lo+aln (V_o) +b ln(DO—C (2.1)

ae vl vo
2 = o, () (2.2)

where p0 denotes the friction value before the velocity step (at sliding velocity VV0), whereas p
represents the friction after the velocity step (at sliding velocity V); 6 is the state variable, which
may be interpreted as an evolution of contact life time; Dc is the critical slip distance, which
refers to the slip necessary to regenerate a new population of contacts after the velocity change;
aand b are empirically derived constants, representing the direct effect and the evolution effect,
respectively. To account for the evolution of the state variable in this work | adopted the Ruina
“slip law” (Equation 2.2). Therefore, 1 model the velocity stepping data coupling the
constitutive law and the evolution equation (equations 2.1 and 2.2) with equation 2.3, which
describes the elastic interaction of the sample with the finite stiffness of the testing machine:

&= k(Vyp = V) (2.3)

where Kk is the stiffness of the testing apparatus and the sample blocks, normalized by the normal
stress, VIp is the load point velocity and V is the slip velocity. Therefore, the constitutive
parameters (a, b and Dc) were obtained as the best fit of our velocity step data by solving
equations (2.1), (2.2) and (2.3) and using an iterative, least-squares method (e.g. Reinen and
Weeks, 1993; Blanpied et al., 1998; Saffer and Marone, 2003).
To assess frictional stability, | defined the friction rate parameter (a-b):

Apss
a—b=—F% (2.4)

ln(VLO)
where Aug, indicates the change in the steady state friction coefficient following the change in

sliding velocity.
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Positive values of (a-b) indicate velocity strengthening behaviour (i.e., friction coefficient
increases with increasing sliding velocity) resulting in stable sliding and aseismic slip, whereas
negative values of (a-b) reflect velocity weakening behaviour which is a condition required to
develop slip instability (e.g., Ruina, 1983; Marone, 1998a). After velocity steps, to characterize
the recovery of frictional strength necessary to generate a new instability, SHS sequences were
performed. I refer to the frictional re-strength with the term of “frictional healing” (Au), defined
as the difference between the peak friction, u,, and the steady state friction, u,, (Figure 2.3b).
The steady state friction is the friction before the hold, whereas the peak friction is defined as
the maximum value of friction reached after a hold period, when the sliding velocity of the
simulated fault gouge is resumed at the same pre-hold rate (10 um/s). The rate of the fault

strength recovery (healing rates), 3, is given by:

B =k (2.5)

" log (tn)

where t, is hold time in seconds. Higher healing rates indicate material strengthening during
hold periods, whereas lower healing rates indicate time-dependent weakening (e.g., Marone,
1998b; Carpenter et al., 2011).
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Figure 2.3: (a) Details of a representative velocity step, from 30 to 100 «m/s, with raw data (black
line) and the best-fit of the modelled evolution of friction as a function of displacement; (b) Details of a
representative slide-hold-slide sequence for a 300 s hold. 4« s the difference between the peak friction

(44), reached after the hold and the steady state friction (s) in the pre-hold phase.
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2.3 Results

2.3.1 Frictional Strength

During our friction experiments, | recorded continuously shear strength (t) of the
simulated gouge and its evolution with sliding displacement. To compare our experimental
frictional data among all investigated mixtures, | picked the steady state friction values at the
end of the “run-in” phase for all gouges. Overall, the steady state sliding friction was reached
after displacements of ~ 6-8 mm for room-dry experiments and ~ 7-9 mm for water-saturated
experiments (Figure SB.1 in Appendix B).

In Figure 2.4, | show the steady state shear strength as a function of normal stress for
room-dry (Figure 2.4a) and wet (Figure 2.4b) experimental conditions. For all gouges, the shear
stress is characterized by a linear relation with the normal stress that is consistent with the
Coulomb failure envelope. The average coefficient of friction, calculated as the slope of the
Coulomb failure envelope of each calcite-shale mixture, shows the influence of both shale
content and water in fault strength. With increasing shale content, the coefficient of friction
decreases from 0.71, for pure calcite, to 0.43, for shale under room-dry condition and from 0.65
to 0.37 under wet condition. Furthermore, at constant shale content the presence of fluids causes

an average decrease of frictional strength of about 16%.
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Figure 2.4: Shear stress as a function of normal stress for all mixtures investigated under both (a) room-
dry condition (symbolized by circles) and (b) wet condition (symbolized by squares). Dashed lines show

the Coulomb failure envelope for each fault gouge type.
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2.3.2 Rate and State friction parameters

The relationship between the friction rate parameter (a-b), shale content and shear
velocity is illustrated in Figure 2.5 for room-dry (top panels) and wet (bottom panels)
experimental conditions at normal stress of 30, 50, 100 MPa. Experiments performed under
room-dry condition (top panels in Figure 2.5) show a strong dependence of the rate parameter
(a-b) as a function of shale content. At low shale content, up to 50%, and normal stress of 30
MPa (Figure 2.5a), | observed velocity-weakening behaviour (a-b<0) at low shearing velocity
that gradually evolves to velocity-strengthening as shear velocity increases. Above shale
content of 50%I document a persistent velocity-strengthening behaviour. Increasing normal
stress to 50 MPa suppresses the velocity-weakening behaviour observed at low shale content
andl observe an overall velocity strengthening response to increasing shear velocity (Figure
2.5b). At higher normal stress of 100 MPa (Figure 2.5¢), with increasing shearing velocity all
gouges exhibit a double trend of (a-b): up to 30 um/sl observe an increase of (a-b) from 0.0015
to 0.0032, then values of (a-b) start to slightly decrease up to 0.0011 at 300 um/s of sliding
velocities.

Under wet conditions (bottom panels in Figure 2.5), all mixtures exhibit velocity-
strengthening behaviour (a-b>0) over the entire range of both shear velocity and normal stress
(Figures 2.5d-5f). For shale-rich mixtures the friction rate parameter (a-b) is within a restricted
range, 0.0038<a-b<0.0063, showing a negligible variation within the range of applied normal
stresses. Pure calcite gouges show a velocity-strengthening behaviour within the entire range
of sliding velocities and applied normal stress. The friction rate parameter (a-b) increases up to

3 um/s in sliding velocity and then decreases with sliding velocity.
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Figure 2.5: Frictional constitutive parameters (a-b), shown as a function of sliding velocity for room-dry (symbolized by circles) and wet conditions
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shale content. The line at zero value of (a-b) represents the transition from velocity-weakening to velocity-strengthening behaviour.
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2.3.3 Frictional healing

After velocity stepping tests, | performed Slide-Hold-Slide (SHS) sequences. Frictional
healing data (Ap) are presented in Figure 2.6 as a function of the logarithm of hold time (t,) and
shale content for room-dry and wet experimental conditions at each investigated normal stress.
Overall, I observe that frictional healing depends both on hold time and mineralogical
composition of mixtures: Ap increases linearly with the hold time and reduces with increasing
of shale content. Moreover, the frictional healing measured in room-dry experiments are lower
in magnitude than in the wet experiments at the same conditions of hold time and mineralogical
composition.

The rates of frictional healing,  (equation 2.5), are also reported in Figure 2.6. For
room-dry experiments (top panels in Figure 2.6) | observe that the healing rates are in the range
of 0.0062-0.0023, slightly increasing with normal stress and slightly decreasing with the
addition of shale content. For samples with < 50% shale B is in the range of 0.0055-0.0045,
whereas when the samples containing > 50 % shale, 3 is in general slightly lower, spanning
between 0.0062 and 0.0023, with the lowest value of  corresponding to shale sample.

In wet experiments (bottom panels in Figure 2.6), healing rates are in the range of -
0.0045< B <0.0195 and show higher variations respect to the room-dry tested samples,
suggesting a strong influence of pore fluid on fault re-strengthening. Under wet condition, the
healing rates of the pure calcite gouge decrease from 0.0195 to 0.0099 at normal stress from 30
to 100 MPa (Figure 2.7). With the addition of shale content (> 50%), the rates of frictional
healing show a progressive reduction, reaching values of 0.0045<  <0.0007 for pure shale

gouges between normal stresses of 30 and 100 MPa (Figure 2.7).
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Figure 2.6: Frictional healing as a function of the logarithm holding time for room-dry (symbolized by circles) and wet conditions (symbolized by squares) at

different applied normal stresses of 30 MPa (a and d), 50 MPa (b and €) and 100 MPa (c and f). Different colours represent different shale content.
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Figure 2.7: Frictional healing rates () as a function of illite content for room-dry (symbolized by

circles) and wet (symbolized by squares) experiments at normal stresses of 30, 50 and 100 MPa.
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2.4 Microstructural observations

Microstructural observations were carried out on sheared gouges collected at the end of
the experiments performed at 100 MPa. These selected experiments were chosen to investigate
the microstructures stress values that are indicative of seismogenic depths within carbonate
rocks (e.g., Mirabella et al., 2008). | present microstructures for both dry and wet conditions
of three mixtures: 100% calcite gouge, 50/50 mixture of calcite and shale and 100% wt. shale
gouge. Laboratory experience on experimental faults composed of mixtures of weak and strong
mineral phases (e.g., Tembe et al., 2010; Moore and Lockner, 2011; Giorgetti et al., 2015)
suggests that the three selected end-members can capture the main differences in fault structure
and deformation mechanisms that influence the mechanical data. In the following
microstructural analysis, | refer to the entire width of the deformed gouge as experimental fault
developed during the experiment. Within experimental fault the localization of the deformation
occurs along different sliding surfaces, known as Riedel (R1), Y and boundary (B) shear planes
(Logan et al., 1992).

2.4.1 Microstructures of the dry deformed gouges

In the 100% dry calcite gouge, | observe numerous Riedel (R1) shear planes oriented
with en-echelon geometry and linked occasionally with sub-horizontal fractures (Figure 2.8a).
The orientation of Ry planes is not constant and, in some places, they are interrupted by sub-
horizontal Y shear planes or they merge into the B-shear planes. Along R and Y shear planes
the deformation tends to be more localized with intense grain size reduction in the order of
submicron scale (Figure 2.8b). Away from the shear planes the original grain-size is mostly
preserved and some angular calcite grains appear intensely fractured with structures indicating
rotation, translation, and frictional sliding at grain contacts (Figure 2.8c).

The 100% dry shale gouge shows a texture dominated by a minor amount of R shear
planes with respect to the calcite gouge (Figure 2.8d). Some clay minerals are aligned parallel
to shear direction and others describe a P foliation (Figure 2.8e). In some portions of the gouge,
clay lamellae are occasionally deformed by kinking and folding. More competent material (i.e.,
quartz) are inter-dispersed within the shale-rich foliation and some of them show intergranular

fractures and/or truncations (Figure 2.8e).

In the dry gouge of mixed composition, the microstructure presents features that are
intermediate between the two end-members (100% calcite and 100% shale) described above.

R1 and proto-B shear planes are present (Figure SB.2a in Appendix B) and granular mineral
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Experiments performed under room-dry conditions
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Figure 2.8: SEM images of the sheared gouge samples tested at 100 MPa normal stress and under
room-dry conditions for the end-members where we recognized a YPR geometry. (a) Simulated gouge
composed of 100% calcite. (b) Zoom of Y shear plane characterized by grain size reduction. (c) Detail
of intergranular fractures of calcite grains indicating rotation, translation, and frictional sliding at
grain contacts. (d) Simulated gouge composed of 100% shale. (e) R1 shear plane with some fractured
minerals and the iso-orientated clay minerals along R1 and P-orientations. (f) Detail of 50/50 calcite-
shale mixture where clay minerals form the interconnected and anastomosing network around more
competent calcite grains, which present some intergranular fractures.
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phases, such as calcite and quartz clasts, are occasionally fractured and surrounded by foliated
clay lamellae, which form an interconnected foliation wrapping around clasts (Figure 8f ).

2.4.2 Microstructures of the wet deformed gouges

In the 100% wet calcite gouge, | observe a network of R1 shear planes that extended
across the entire experimental fault (Figure 2.9a). As observed in dry calcite gouge, Ry shear
planes are linked with discrete Y-planes describing a staircase geometry. In this fault gouge, B
shear planes are more continuous and fully developed along both sides of the shear plane. Both
B and Rz shear planes are 100-200 um and 20-40 um thick, respectively, and are characterized
by intense grain size reduction (Figure 2.9b). Within and around the B and Ri shear planes,
calcite grains with dimensions up to around 50 um are characterized by pervasive intergranular
fractures often occurring along the pre-existing twinning planes (Figure 2.9c).

In the 100% wet shale gouge, deformation is homogeneously distributed within the
entire experimental fault, where Ry planes are mainly rotated into the Y orientation. Some
remnant Ry planes are formed at low angle to the shear direction (Figure 2.9d). Within the
experimental fault, the bulk microstructure consists of fine matrix with a few competent grains
(i.e., quartz) with dimensions in the order of 10-23 um and without intergranular fractures
(Figure 2.9¢). In some portions of gouge, clay minerals are deformed by kinking and folding,
while elsewhere they are oriented parallel to the shear direction or define a P foliation (Figure
2.9e).

The microstructure of the 50% shale samples shows intermediate features between the
two end-members. Across the fault gouge, R: planes are developed and are rotated in sub-
horizontal Y-direction or merge into the B plane, about 150 um thick (Figure SB.2b in the
Appendix B). Within the shear planes, the fine matrix consists of grains <lum in size, with
irregular boundaries. Granular mineral phases (i.e., calcite and quartz) are present within the
fine matrix, showing intergranular fractures. As observed in the dry gouge of mixed
composition, clay lamellae form an interconnected network enclosing granular mineral phase
(Figure 2.9f1).
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Experiments performed under wet conditions
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Figure 2.9: SEM images of the sheared gouge samples tested at 100 MPa normal stress and under
CaCO:s-saturated conditions for the end-members where we recognized a YPR geometry. (a) Simulated
gouge composed of 100% calcite. (b) Zoom of grain size reduction within R1 shear plane. (c) Detail of
R1 shear band and P foliation. (d) Simulated gouge composed of 100% shale. (e) Zoom of P foliation
along which clay lamellae are aligned. (f) Detail of 50/50 calcite-shale mixture where clay minerals are

around more competent grains (e.g., quartz and calcite), characterized by intergranular fractures.
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2.5 Discussion

2.5.1 Integration of mechanical and microstructural data

Laboratory data show that starting from a calcite gouge the increasing shale content
causes a reduction in frictional strength (Figures 2.4 and 2.10). This frictional weakening is
accompanied by significant differences in the experimental fault microstructures. The 100%
calcite gouges consist of a load-bearing framework of calcite grains where deformation occurs
by grain size-reduction and localization along BYR; shear planes (Figures 2.8a and 2.9a). On
the other hand, in shale-rich gouges clay minerals tend to form interconnected layers where Y
and rotated R1 shear planes are linked with a P foliation, formed by aligned clay lamellae
(Figures 2.8e-f and 2.9e-f). These microstructural observations, together with the documented
reduction of friction with increasing shale content and the linear relationship between normal
and shear stress (Figure 2.4), indicate that fault weakening is mainly due by frictional sliding
along the clay lamellae. However, experiments using a stack of single phyllosilicate crystal
sheets showed a coefficient of friction significantly below, i.e., << 0.1 (Okamoto et al., 2019),
the data documented in this study (Figure 2.4). This suggests that frictional sliding along the
phyllosilicate lamellae occurs in concert with other mechanisms, such as intergranular slip,
folding, grain cleavage, rotation, and breakage (Behnsen & Faulkner, 2012; Moore & Lockner,
2004). Wavy structure of phyllosilicates, kinking with closely associated layer faults and
flexures, interlayer delamination and phyllosilicate rotations are well documented at the
nanoscale on natural phyllosilicate-rich shear planes (Viti and Collettini, 2009; Viti et al.,
2014).

In Figure 2.10, I report our frictional data under room-dry and wet conditions within the
entire range of the applied normal stress and, for comparison, | also include frictional data
published by other studies analysing the role of weak phyllosilicates in frictional strength
(Crawford et al., 2008; Tembe et al., 2010; Moore and Lockner, 2011; Giorgetti et al., 2015).
Our data, at first approximation, are consistent with previous studies on mixtures composed by
strong mineral phases, such as quartz or calcite, and weak platy mineral phases, such as talc
and clays. The coefficient of friction for talc mixtures, investigated by Moore and Lockner
(2011) and Giorgetti et al. (2015), is lower than our frictional data on shale mixtures. This
difference can be attributed to the different strengths of the clay minerals and the presence of
quartz within the tested shales. Moreover, calcite-shale mixtures, investigated in this study,

present a more pronounced reduction in frictional strength for wet conditions.
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This is likely due to: 1) the reduction in frictional strength produced by the adsorbed or
interlayer water on sheet mineral structures (Morrow et al., 2000; Moore & Lockner, 2004) and
2) the higher strains achieved during wet experiments with the possibility to better develop the
interconnected weak layer of shale lamellae.

Fault stability, evaluated by the analysis of the friction rate parameter (a-b), defines a
dominant velocity-strengthening behaviour not influenced by wet and room-dry conditions and
applied normal stress. This is the typical velocity-strengthening behaviour documented for
shale gouges (Morrow et al., 2000; Suffer and Marone, 2003; Tembe et al., 2010; Tesei et al.,
2012, 2014; Scuderi and Collettini, 2018) and more in general for phyllosilicate-rich natural
fault gouges (e.g., Ikari et al., 2011; Collettini et al., 2019). Dry calcite-rich mixtures, with the
exception of a few velocity-weakening data at low normal stress and low sliding velocity, show
a velocity-strengthening behaviour. Under wet conditions for calcite gouges | observe a strong
velocity-strengthening behaviour at low sliding velocity, followed by a transition to velocity-
weakening friction behaviour at the highest sliding velocity. | interpret this as a transition from
a semi-brittle deformation, in part testified by folding and twinning (Figure 2.9c), favouring
rate-strengthening at low sliding velocity (Carpenter et al., 2016; Mercuri et al., 2018) to a
frictional dominated deformation at higher sliding velocity with localized deformation along B,
Y and Ri shear planes (Figure 2.9a). Temperature and therefore crustal depth also play an
important role on the friction rate parameter (a-b). Experiments on illite-quartz mixtures show
a transition from velocity strengthening at low temperature to a velocity weakening behaviour
for T > 250 °C (Den Hartog and Spiers, 2014). Calcite fault gouges show a similar velocity
strengthening to weakening transition at T > 100°C (Verberne et al., 2015).
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Figure 2.10: Evolution of the steady state coefficient of friction as a function of phyllosilicate mineral
content. | report experimental results obtained from this work (calcite-shale mixtures) for all the normal
stresses investigated (30, 50 and 100 MPa) under wet and room-dry conditions. For comparison, |
report data obtained by frictional tests on analogues mixtures, symbolized by empty symbols (Crawford
et al., 2008, Tembe et al., 2010; Moore and Lockner, 2011; Giorgetti et al., 2015). Q, C, I, T and K

represent quartz, calcite, illite, talc and kaolinite, respectively.
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To study the frictional healing of the simulated fault gouges | adopt the Slide-Hold-Slide
analyses. In room-dry experiments the healing decreases with the increase of shale percentage
and the healing rates slightly increases with applied normal stress. In wet experiments | observe
high healing rates for calcite and a significant reduction in the healing rates with increasing
shale contents. For high shale contents the healing rate is close to or below zero in agreement
with previous experiments on phyllosilicates (e.g., Beeler, 2007; Neimeijer and Spiers, 2006;
Tesei et al., 2013; Giorgetti et al., 2015; Okamoto et al., 2020). | speculate that this lack of
healing for shale-rich gouges is due toa reduction with hold time of grain contact strength,
which would also lead to low values of frictional strength of the fault gouges (Carpenter et al.,
2011). The comparison of dry and wet calcite-rich gouges suggests that the increase in healing
in wet calcite gouges is promoted by fluid-assisted diffusion mass transfer (Tesei et al., 2012,
2014; Carpenter et al., 2016). Whereas for wet 100% calcite gouges, | observed an opposite
trend, that is the reduction of healing rate with increasing normal stress (Figure 2.7). | propose
that this distinct trend is likely due to a wide cumulative contact area within the gouge at higher
normal stress that cannot grow significantly during the hold time. The reduction to null healing
rates for shale-rich mixture under wet conditions is interpreted to be related to the higher strains
achieved during these experiments. Increasing strains promote the development of continuous
weak layers where clay lamellae are parallel to the foliation and during hold periods the
lamellae quickly reach contact saturations with the resulting null healing (e.g., Saffer and
Marone, 2003; Ikari et al., 2009; Tesei et al., 2012).

2.5.2 Implications for the slip behaviour of calcite-illite rich faults

In many active tectonic environments, there are numerous faults that cut across
sedimentary sequences composed of carbonates and clay rich sediments: examples include the
Apennines belt in Italy (e.g., Barchi et al., 1998), the Shimanto belt in Japan (Kimura et al.,
2012), Hikurangi in New Zealand (Rabinowitz et al., 2018; Barnes et al., 2020), Cocos in
central America and Nazca in south America (Vannucchi et al., 2017) subduction zones and the
Longmenshan Fault Zone in the southwest China (Verberne et al., 2010). These faults are
characterized by structural heterogeneities that are influenced by protolith lithologies (e.g.,
Lacroix etal., 2011; Kimuraetal., 2012; Tesei et al., 2013; Smeraglia et al., 2017). In particular,
in carbonates, deformation is localized along principal slipping surfaces formed by cataclastic
processes (e.g., Smith et al., 2011; Collettini et al., 2014a; Smeraglia et al., 2017), whereas in
marly limestones, fluid assisted dissolution and precipitation processes tend to form thick shear

planes (e.g., Lacroix etal., 2011; Kimura et al., 2012; Tesei et al., 2013) made of interconnected
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illite-smectite networks where slip occurs by frictional sliding along the phyllosilicate lamellae
(Viti et al., 2014). Our laboratory and microstructural data can contribute to shading light on
possible fault slip behaviours. Therefore, starting from a heterogeneous fault zone structure,
consisting of thick portions dominated by clay lithologies and principal slipping zones formed
within carbonate rocks (e.g., Tesei et al., 2014), the clay-rich patches are more prone to initiate
slip during fault loading as they represent the weak fault portions (Figure 2.10). As these weak
regions exhibit velocity-strengthening frictional behaviour (Figure 2.5), the fault should
undergo stable sliding and aseismic fault creep. Continued creep, however, may increase shear
stress (e.g., Cappa et al., 2019) on carbonate fault portions that are locked due to high frictional
strength (Figures 2.4 and 2.10) and significant healing (Figure 2.6). If the shear stress reaches
the strength of the carbonate-hosted faults, frictional reactivation occurs on carbonate patches
too. There, the slip behaviour could be seismic due to the transition towards velocity-weakening
behaviour of carbonates at high normal stress (Figure 2.5) and the more pronounced velocity-
weakening behaviour of carbonates at temperature above 100 °C (Verberne et al., 2015). This
behaviour has been recently documented during hydraulic fracturing in Canada (Eyre et al.,
2019), where the integration of seismic reflection profiles with earthquake localization showed
that accelerated creep, induced by hydraulic stimulations of shales, promoted a stress increase

on adjacent fault patches hosted in carbonates where earthquakes nucleated.
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2.6 Conclusions

I performed 30 frictional sliding experiments on simulated gouges composed of

mixtures of shale and calcite under room-dry condition and in the presence of CaCOsz-pore fluid
within a range of normal stresses (30-100 MPa) and sliding velocities (0.1-300 pum/s).
Starting from a calcite-bearing fault gouge the increasing shale content determines a significant
reduction in friction from about 0.71 to 0.37. This frictional weakening is accompanied by an
evolution from a load-bearing microstructure in calcite gouges, where deformation occurs by
grain size-reduction and localization along BYR1 shear planes, to interconnected layers of clays
where Y and rotated Ry shear planes are linked with a P foliation formed by aligned clay
lamellae.

For gouges with a shale content > 50% in weight, fault stability analysis of demonstrated
a dominant velocity-strengthening behaviour that is not influenced by the presence of
pressurized pore water and applied normal stress. Calcite-rich gouges show predominant
velocity-strengthening behaviour at room-dry conditions, whereas pure calcite samples
saturated with CaCO3-equilibrated water show a transition from strong velocity-strengthening
to velocity-weakening with increasing sliding velocity. I associate this evolution to a transition
from semi-brittle to a frictional dominated deformation with increasing sliding rates. High
healing rates are observed for calcite gouges and a significant reduction in healing rates are due
to the increasing shale contents, mainly under wet conditions.

Our laboratory and microstructural data suggest an heterogenous frictional behaviour
that is controlled by the amount and connectivity of clay layers within the shear planes. In
particular, clay concentration and interconnectivity promote fault weakening, hence facilitating
fault reactivation. Upon reactivation the marked rate-strengthening behaviour of clay-rich shear

planes point to a slip behaviour characterized by aseismic creep.
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3D structural model and hydrocarbon migration of the
Burano-Bolognano petroleum system

Abstract

Typical final tasks in Petroleum System Modelling studies are building a 3D geological model from
field and subsurface data and developing an evolution of the petroleum system in time and space. So
that, after the investigation of the influence of the bitumen as infilling fluid on the petrophysical
properties of carbonate reservoir rocks and the evaluation of slip behaviour of carbonate bearing faults
in presence of fluid, in this chapter, | present a 3D structural modelling and 2D basin modelling
exercises. These regional-scale models are aimed to the understanding of the geological evolution of the
petroleum system and the related fluids movements through the geological time.

| focus here on the Burano-Bolognano petroleum system in the Abruzzo Region, and it extends from the
norther sector of the Majella mountain to the Cigno/Vallecupa oil fields. Even if these oil fields were
intensively explored during the past century, some uncertainties in geographical distribution of the
source rock and its maturity, timing migration and hydrocarbon-rock interactions, which have
contributed to the actual known hydrocarbon distributions, are still opened questions. To support this
understanding, a 3D structural model has been constructed for the main reservoir interval filled by
hydrocarbon, using the Petrel software, in the whole investigated area. Geometry of the surfaces, derived
from well correlations, depicts a coherent and continuous stratigraphic framework from the Majella
mountain to the Cigno/Vallecupa oil fields. Then, | have performed simulation models of hydrocarbon
generation and migration in time and space along two-dimensional geological sections, extracted by
Petrel project, using the PetroMod software. Preliminary simulation results show that the Burano source
rock is enough mature to generate oil and the best accurate representation of actual hydrocarbon
occurrences is reached when the source rock is placed at north of the Majella mountain. Moreover,
migration pathways evidence that in this petroleum system oil migration is firstly vertical, from the

source rock into reservoir rock and then the system is laterally drained with a gradual oil biodegradation.
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3.1 Basin and Petroleum System Modelling approach

Over the past decade, growing attention has been paid in the construction of accurate

reservoir models by integrating the available geological, geophysical and petrophysical data to
enhance the knowledge and production strategies of a petroleum system. To that purpose, in
reservoir characterization study, it is a common practice to develop dynamic models that can
describe the hydrocarbon flow behaviour within the reservoir.
Magoon and Dow (1994) defined a petroleum system as a geologic system that encompasses
the hydrocarbon source rocks and all related oil and gas accumulations, also including all of the
geologic elements and processes (i.e., deposition, erosion, hydrocarbon generation, and
migration) that are essential for a hydrocarbon accumulation to exist. Therefore, basin
modelling is a dynamic modelling that simulates these processes through geological time
starting with the sedimentation of the oldest layers until to reach the present-day basin
configuration and in the meantime the hydrocarbon generation from the source rock and
accumulation in reservoir rocks (Hantschel and Kauerauf, 2009).

In this work, | have applied the basin and petroleum system modelling study to the petroleum
system that extends from the norther sector of the Majella mountain to the Cigno/Vallecupa oil
fields (Figure 3.1). The whole area has received great attention by oil companies in the past for
its structural, stratigraphic, and geodynamic evolution, which has led to being an important
target for hydrocarbon exploration during the past century. These discovered reservoirs are
nowadays abandoned and for this reason the relative data is partially public (ViDEPI Project,
2012).

The northern sector of the Majella area was investigated by almost 160 wells drilled by
ALBA company in the Lettomanoppello- Fonte di Papa-Fonticelle (LFF) and Sterparo-
Cerratina (StC) areas at topographic elevation of 400-650 m and 700-1000 m, respectively
(Lipparini et al., 2018). These wells reached a maximum depth of 200 m drilling the Oligo-
Miocene carbonate deposits, as described in detail in the paragraph 1.2 of Chapter 1. These
carbonate deposits, from all different facies of the Bolognano to Santo Spirito Fm, were
reproduced in 3D modelling exercise with the exception of the thin marly interval, named
“Cherty hemipelagic marly limestone”, well recognized in the Majella mountain, but not in the
Cigno and Vallecupa oil fields, either because it is not distinguishable by composite well logs

or because it is absent.
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The Cigno/Vallecupa oil fields have also been intensively explored with almost 60 wells.
These wells have reached an average depth of 700 m below surface, except for two deeper
wells, Vallecupa 45 and Cigno 2 (location in Figure 3.1). These wells achieved the total depth
of 2422 m and 2969 m, respectively, and they intersected the most key reservoir intervals up to
older formations of the late Triassic and Jurassic age. Most of the other wells reached the
principal reservoir interval at the bottom, named “Civita limestone”, also known in literature as
“Lepidocyclina Calcarenites” and some other wells drilled the Santo Spirito Fm (Figure 1.3B).
In both study areas (Majella and Cigno/Vallecupa) the main reservoir interval is represented by
the Bolognano Fm and in particular by the Lepidocyclina calcarenites. In the Majella outcrops
are characterized by abundant heavy hydrocarbon within both primary and secondary porosity
(Agosta et al., 2009; Scrocca et al., 2013; Lipparini et al., 2018). This heavy hydrocarbon shows
a large density (1.14 g/cm®), as investigated in Chapter 1. On the other hand, in the
Cigno/Vallecupa oil fields several wells encountered the same reservoir interval at about 500-
700 m of burial depth and the discovered oil is characterized by low density (average value of
0.850 g/cm®). These hydrocarbon occurrences have been generally associated to a wider
petroleum system that extends from the onshore Abruzzo and Molise regions to the offshore
areas in central Adriatic Sea. Several authors pointed out that these hydrocarbon occurrences
are generated from the late Triassic source rocks (Mattavelli & Novelli, 1990; Cazzini et al.,
2015), but the actual geographical distribution of the sources is scarcely constrained, and
several (sometimes conflicting) hypotheses have been proposed over time (e.g., Scrocca et al.,
2013).

With the purpose to help constraining the location of the kitchen areas (i.e., area of the source
rock that has reached appropriate conditions of pressure and temperature to generate
hydrocarbons), the migration pathways and the properties of the generated hydrocarbons, | have
applied the basin and petroleum system modelling approach starting from the known
hydrocarbon occurrences in the whole study area.

In order to support this objective, a 3D structural model has been constructed using the Petrel
software for the main reservoir interval filled by hydrocarbon in the whole investigated area.
Geometry of the surfaces were constrained by the dense well dataset available for the northern
sector of the Majella mountain and for the Cigno/Vallecupa oil fields (ALBA campaign and
VIiDEPI Project). Then, I have conducted an analysis on simulation of hydrocarbon generation

and migration in time and space along two-dimensional geological sections.
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Figure 3.1: Base map of the study area at the front of the Apenninic chain (Abruzzo Region, Central
Italy). The analyzed oil fields in this study are reported: the north-western flank of the Majella Mountain
(LFF and StC Areas) and the Cigno/Vallecupa oil fields. Structural elements are shown, including major
Apenninic-related thrusts and faults, in red. In dark violet the boundary of the 3D regional model is
shown. 2D regional sections with NNW-SSE direction (A-A’ and B-B’) are drawn. Finally, exploration

wells are shown following standard layout (modified after Lipparini et al., 2018).
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3.2 Input data and Methods

To evaluate the dynamic evolution of the petroleum system, | started from the
reconstruction of the three-dimensional model of the Abruzzo onshore reservoir, from the
northern sector of the Majella mountain to the Cigno and Vallecupa oil fields (Figure 3.1).
This work is subdivided in three tasks:

1. Stratigraphic input data selection and well correlations
2. Static model building
3. Fluid flow simulations

In the model construction phase, surface and subsurface of the investigated petroleum system
were integrated with well data. The modelling was performed using the Petrel platform, mark
of Schlumberger, which provided a flexible powerful tool to re-create a consistent 3D
geological picture of the study area at different observation scales. This 3D volume
reconstruction represents the static model, which is a base for the subsequent dynamic model.
Accordingly, the geological surfaces, derived by the static model, have been used as input data
within the PetroMod software, mark of Schlumberger, to provide a hydrocarbon fluid flow

simulation.

3.2.1 Input Data

As a first step in building of the regional static model, | collected, re-classified and re-
organised a large number of available data of wells (about 60 wells), which refer to the oil and
gas exploration activities carried out across the 19" and early 20" century. All documentations
were downloaded from VIiDEPI dataset mainly related to the the Cigno and Vallecupa area
(VIDEPI Project, 2012). For each well an accurate stratigraphic analysis has been conducted,
defining well top depths of the key geological intervals that have been correlated with each
other in the whole area. For the northern sector of the Majella mountain, | found at the Eni SpA
Historical Archive an historical dense dataset of a drilling campaign executed over key bitumen
and asphalt-rich area (Lipparini et al., 2018). The recovered reports, letters, and attachments of
the geological and drilling campaign, conducted by a company called Azienda Lavorazione
Bitumi Asfalti (ALBA) in years 1942-1943, had been the input data for the reconstruction of
key intervals of the oil-bearing reservoirs and for the hydrocarbon distribution. This drilling
campaign has produced about 180 shallow wells with depths from 80 to 200 m and regularly
spaced over 100x100 and 200x200 m grids. Each well reported an accurate stratigraphy of the

top and base reservoir interval, an average hydrocarbon percent saturation (by weight) and a
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total-pay value. The results of the modelling exercise of the northern sector of the Majella
mountain have been presented in Lipparini et al. (2018).

Therefore, key input data for the construction of the principal surfaces of the investigated
petroleum system were:
- Key well tops which were interpreted and correlated with each other.
- Geological information over the investigated successions and lateral correlation, extracted
from reports of the ancient exploration activities.

On the base of these information, | defined a reference stratigraphic succession to develop well-
constrained stratigraphic levels, types, and characteristics, in terms of e.g., lithology,
hydrocarbon accumulation, porosity. These datasets were loaded into the Petrel project as a key
input in building the regional 3D model of the study area.

3.2.2 Static model

The building of the static model started with the reconstruction of the structural top of the
hydrocarbon reservoir and with the interpretation of the fault network that dislocates the
reservoir within the study area. For the Cigno oil field the reservoir top was developed by
digitalizing the contour map of the Orte fm (the Bolognano member, see paragraph 1.2 for a
detailed description), derived from the VIDEPI online dataset. To extend this surface to the
adjacent Vallecupa oil field, | have correlated the top of this surface with the reservoir top
depths, defined by stratigraphic analysis of all Vallecupa wells. In the northern sector of the
Majella area the reservoir surface was created based on densely well dataset of ALBA
campaign. The fault network, that affected the shallow stratigraphic succession, was directly
mapped from the structure contour map for the Cigno/Vallecupa oil fields, from the available
geological map (Foglio “Chieti 361”) and published papers (modified after Vezzani and
Ghisettti, 1998 and Agosta et al., 2009) for the remaining study area. Then, these faults were
reproduced within the 3D structural model.

The main steps to build a structural model are: 1) fault framework modelling, 2) pillar
gridding and 3) making horizons (Figure 3.2a-c).

1) Firstly, faults, mapped in the study area, were imported in the structural framework
module to build a reliable subsurface model. In this module | was able to define the cross-
cutting relation between the mapped faults (Figure 3.2a).

2) Then, the defined faults were converted from the structural framework module to a key

pillar-based fault model that was necessary to generate a grid. Following the pillar
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gridding approach, | created three structural grids with high resolution (25x25 meters
wide cells), each attached to the top, the mid and the base points of the fault key pillars
(Figure 3.2b). The created structural grid is based on the fault model and thus, each new
stratigraphic horizon, inserted in the model, follows the structural grid.

3) The subsequent step was to make horizons that are the principal stratigraphic surfaces,
and this process defines the vertical stratigraphic intervals of model. The horizons are
created inserting as input data the surfaces, previously created from the well tops, and
each horizon defined by the top and bottom of a zone (Figure 3.2c). In this case, | have

built five horizons that defined four zones (Figure 3.4).
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Figure 3.2: Schematic representation of the static and dynamic modelling workflows. For the
construction of the static model using Petrel software (Schlumberger), the main steps are: a) Definition
of faults and their relationships in structural framework modelling. b) Construction of a grid based on
the defined faults in the Pillar gridding process. c) Inserting of stratigraphic horizons to increase the
vertical resolution of the regional model. Simulation models were performed using PetroMod software
(Schlumberger) along 2D section: d) Definition of geometry and stratigraphy in the pre-grid view. €)
Gridding of the present-day basin configuration model. f) Simulation of generation-migration-
accumulation of hydrocarbons within the study petroleum system.
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3.2.3 Dynamic model
I performed a hydrocarbon flow simulation using the software PetroMod 2D, following the
methodological approach reported by Hantschel & Kauerauf (2009), and Allen & Allen (2013).
For simulation models | defined 2D geological sections across the regional model developed
using Petrel. Along these geological sections, 2D petroleum system model was built from
geometry of the key stratigraphic intervals in the study area using 2D PetroBuilder in PetroMod
software.
In Figure 3.2d-f | reported the basic model building workflow, which includes:
¢ Loading of digitalized horizons and faults (Pre-grid horizons and faults);
e Gridding process;
e Age and facies definition assignment;
o Fault properties assignment;
e Assign boundary conditions such as, paleo water depth (PWD), sediment water
interface temperature (SWIT) and heat flow (HF);
e Setting the simulator options and parameters, such as the resolution of each time steps,

migration method, petroleum kinetics, and the output data.

Firstly, the interpreted stratigraphy along the geological sections from Petrel software were

directly imported in PetroMod software as the geometric input for 2D basin modelling. I defined
the boundary of the model, and I checked the intersection between the pre-grid horizons and
faults, verifying also that pre-grid horizons reached the boundary of the model using PetroMod
software manually. Moreover, in 2D models | added deeper horizons that those in the Petrel
model to reconstruct all elements of petroleum system, from seal to source rocks. To do this, |
selected the deepest wells (Caramanico 1 and Cigno 2) drilled near the geological sections in
the study area and | imported the well top depths of the main stratigraphic intervals of the area
(see Table 3.1).
Subsequently, the fault model was created, and the gridding process is started, ensuring that
each node of a horizon or fault lies on a grid point (PetroBuilder2D User Guide, version 2020).
After the complete digitization, fault model creation and gridding of the faults and horizons
process, the section was ready for model development.

In the next step, age and facies properties were assigned to each layer of the model (Table
3.1). In PetroMod each facies is characterized by the defined petrophysical properties, and thus
with the definition of facies | assigned the petrophysical properties for layers, which is essential

for a realistic fluid-flow simulation.
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Moreover, the definition of the source rock properties, such as: thickness, lithology, Total

Organic Content (TOC) and Hydrogen Index (HI) values, is necessary for the generation of

hydrocarbons during the simulation.

Horizon Name | Age [Ma] Layer Name Lithology PetroMod PSE
Recent Deposits 0 Recent Deposits Conglomerate (typical) Overburden
Pliocene Deposits 2.5 Pliocene Siltstone Overburden
Gessosl(:)r-solflfera 5.33 Gessoso-solfifera Anhydrite Seal
. . . 0
Lithotamnium 6.9 Lithotamnium Lmst Limestone (Qhalk, 40% Reservoir
Lmst calcite)
Hemipelagic 11.6 Hemipelagic Marls Marls Seal
Marls
Lepldocygllna 17.6 Lepldocygllna Limestone (ooid, grainstone) | Reservoir
calcarenites calcarenites
Santo Spirito Fm. 31.2 Santo Spirito Fm. Limestone (shaly) Reservoir
Orfgg;zlli:;n& 66 Upper Cretaceous Limestone (shaly) Overburden
Marna a fucoidi 100.5 Lower Cretaceous Limestone (shaly) Overburden
Maolica + Aptici 120 Lower Cretacequs- Limestone (micrite) Overburden
Upper Jurassic
ROSS(.). 174 Mlddle/prer Limestone (micrite) Overburden
Ammonitico Jurassic
Cornl-ola.+ 182.7 Lower Jurassic Limestone (micrite) Overburden
Massiccio
Burano Fm. 201.3 Upper Triassic Dolomite (Organic rich) Source

Table 3.1: Input parameters necessary for building of 2D PetroMod simulation model are reported: the
principal interval obtained from the Petrel model and the deeper wells, their ages, name of the layer

within the PetroMod model and the corresponding petroleum system element (PSE).

Before running the simulation, the last step was the setting of boundary conditions, which
define the basic energetic conditions for temperature and burial history of the source rock and,
consequently, for the maturation of organic matter through time (PetroBuilder2D User Guide,
version 2020). Three main boundary conditions were designated (Figure SC.2 in Appendix C):
paleo water depth (PWD), sediment water interface temperature (SWIT) and heat flow (HF).

The PWD of the basin model were assigned for each stratigraphic layer based on published
information (e.g., Crescenti et al., 1969; Vecsei et al., 1998; Mutti and Bernoulli, 2003;
Rusciadelli, 2005; VIDEPI, 2012; Carminati et al., 2013).

Since the temperature at surface water interface and the paleo water depth are strongly
correlated, the SWIT trend was calculated starting from the PWD data using the semiautomatic

tool in PetroMod. This tool extracts a standard temperature at sea level over geological time
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setting the geographic location and the latitude, that are North Mediterranean and 42°,
respectively, for this study case (Figure SC.3 in Appendix C).

The last parameter to be defined for a basin modelling work is the HF, which represents the
thermal energy flux at the base of the model, measured in mW/m?. This parameter was set to
45 mW/m? as the present-day heat flow based on matching the paleo-thermal reconstruction
proposed by Ronchi et al. (2010) with the present-day thermal data of wells drilled in the study
area (ViDEPI Project, 2012; GeoThopica Project, in progress) and also considering the present-
day heat flow map proposed by Della Vedova, (2001).

After the definition of all properties, the model was opened in 2D simulator window to run
simulations. Hydrocarbon migration was modelled using the combined Darcy flow and
invasion percolation algorithm, that results to be faster and with the same resolution than the
other migration methods. This is because Darcy flow model is used in low permeability cells

and invasion percolation in high permeability cells.

3.2.4 Characterization of the petroleum system elements

In the previous paragraph, it was outlined the importance of facies assignment at
stratigraphic intervals that consists in defining the appropriate petrophysical properties, such as
porosity and permeability that influence the migration of fluid. Therefore, | used the default
properties of the PetroMod catalogue for the chosen lithologies except for the most important
reservoir interval, Lepidocyclina Calcarenites. This interval was well characterized by
laboratory measurements of porosity and velocity at ambient and increasing confining pressure
(Chapter 1), so that | decided to assign user-defined porosity property as a function of depth
with the following methodology.

In the Chapter 1, | shown the linear relation between porosity-velocity established for the
clean samples (Equation 1.7, Paragraph 1.4.3 Chapter 1) and therefore from this equation, the

porosity is equal to:

4= 5.6406—Vp
T 0.0817

(3.1)

To calculate the porosity values at different depths, | used the relationship between Vp and
confining pressure derived from laboratory measurements of the clean samples. Therefore, |
calculated the average values of Vp at defined confining pressure (i.e., 0, 25, 50, 70 and 100

MPa) and assuming a constant gradient pressure of 25 MPa/km, so that the selected pressures
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correspond to the depths of 0, 1000, 2000, 2800 and 4000 m, respectively. Subsequently,
replacing the Vp value at each confining pressure (or depth), I calculated the porosity at
different depths. With these porosity values, | defined the exponential relationship between

porosity and depth, in agreement with the Athy’s law (Athy, 1930), as reported in Figure 3.3.
By the following relationship:

z = —19082 In(¢) + 52928
(3.2)

where depth is in meters and porosity in percent, it is possible to calculate porosity at different
depths by using:

¢ = 15.96 e~ >25 1075 z

(3.3)

Therefore, in PetroMod Lithology editor, | assigned porosity property of the Lepidocyclina

reservoir interval calculated for the interested depths of the models with the equation 3.3.

Porosity [%]
13 14 15 16
0 | | | I | ]

1.000
g
= 20007 2= -19082 In(() + 52928
) ] R*=0.92
A

3.000

4.000 O Clean Samples (Bryozoan Calcarenites)

—— Porosity-Depth Trend

Figure 3.3: Porosity- Depth relationship for the clean samples belonging to the Lepidocyclina
Calcarenite derived by the laboratory measurements of porosity and Vp at increasing confining

pressure.

According to Cazzini et al. (2015), the Triassic evaporites have been supposed to be the

source rock for the hydrocarbon accumulation in the study area. The source rock depositional
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model, here adopted, has been firstly presented by Zappaterra (1990, 1994). The author has
supported the idea that the Late Triassic evaporitic rocks were deposed within anoxic intra-
platform lagoons and troughs, characterized by a shallow depth of water (i.e., 10-50 m) and
then they were prograded and sealed by platform carbonates. Therefore, I chose to add small
faults at the border of the source rock to reproduce a similar depositional environment and also
compartmentalize the source interval.

With the purpose to better understand the fluid-rock interactions and the known hydrocarbon
accumulations in the Majella and in the Cigno/Vallecupa oil fields, | tested different possible
locations where the source rock interval has reached the best conditions to generate
hydrocarbons. In particular, I simulated an active source rock: under Majella Mountain (named
SR_Majella), under Cigno/Vallecupa oil fields (named SR_Cigno) and further north (named
SR_NorthCigno).

The principal geomechanical characteristics of the Triassic source rock have been based on
literature works (Mattavelli & Novelli, 1990; Zappaterra 1994; Katz, 2000; Cazzini et al.,
2015). The Burano source rock is characterized by:

e Thickness of 100 m at the top of the Burano Fm.
e Total Organic Carbon (TOC = 4%),

e hydrogen index (HI=500 mg HC/g TOC)

e type of kerogen (type I1)

Moreover, for the source rock | assumed a kinetic model from the PetroMod software catalog
(Pepper & Corvi, 1995 T-11 S(A)), on the base of the source rock paleo-environment, organic

matter and generated oil.
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3.3 Results

3.3.1 Regional model

By integrating the results of the stratigraphic analysis, conducted along composite log of
both Majella and Cigno/Vallecupa wells and correlated all available well top depths, |
reconstructed accurate 3D stratigraphic surfaces at regional scale. The developed regional
model resulted to have total axial length of about 15 km and width about 6 km, located between
the northern sector of the Majella mountain and further north of the Cigno/Vallecupa oil fields.
In Figure 3.4, | reported a detailed representation of the developed model extracted by the 3D
model. The 2D sections cross the key discovered oil fields in the whole study area (see base
map on the bottom right). From a stratigraphic standpoint, the main reservoir interval is
recognized to be homogeneous in thickness and laterally continuous from the Majella mountain
and to the Cigno/Vallecupa oil fields, as well as for the underlying layer of Santo Spirito Fm.
The shallower stratigraphic levels (Lithotamnium Imst and Hemipelagic marls) are not
continuous because of erosive events linked to the late involvement of the Majella sector into
the Apennines chain deformation front (Ghisetti and Vezzani, 2002).

With the purpose to perform an analysis of the fluid-flow behaviour within the
investigated petroleum system, | extracted the two 2D sections, directly from Petrel regional

project:

1) An NNW-SSE striking section from the Sterparo-Cerratina area (north sector of the
Majella Mountain) to the Cigno and Vallecupa oil fields and it is closed to
Caramanico 1 well.

2) An NNW-SSE striking section, parallel and east of the section 1, extending, like
previous one, from the northern sector of the Majella Mountain, across the
Lettomanoppello-Fonte di Papa- Fonticelli area, to the Cigno and Vallecupa oil fields,

near the Cigno 2 well.
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2D model section from north of the Majella to Vallecupa/Cigno oil fields
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Figure 3.4: A detailed representation of 2D section that across the regional model from the northern
sector of the Majella Mountain to the Cigno/Vallecupa oil fields (see base map at the bottom right for
section location). The section derived by the building of the stratigraphic zones in Petrel project by
means of the correlations between key wells in the Cigno /Vallecupa area (Vallecupa 45, Cigno 12) and
in the Majella area (3XIV, M15).

The orientation of both sections is chosen for two reasons. The first one is that most of faults
are mainly northwest-southeast trending normal faults (Vezzani and Ghisetti, 1998; Agosta et
al., 2009), and they most likely guided the migration of hydrocarbon from the Cigno/Vallecupa
oil fields to Majella area. The second reason is related to the location of the deeper wells drilled
in the study area (Caraminico 1 and Cigno 2) through which | calibrated the stratigraphic
framework below the data of the model.

These sections have been imported in PetroMod and the present-day configuration is
reported in Figure 3.4, showing all key elements of the investigated petroleum system, from
source to seal rocks.
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The stratigraphic intervals, from top Lithotamnium to top Upper Cretaceous, were derived
from the 3D structural model and they result to be well constrained by the wells correlation
dataset. Whereas the stratigraphic framework below the Santo Spirito Fm the most key
intervals, from the Cretaceous to the Late Triassic, were reconstructed based on the deeper wells
drilled closed to the geological sections, as Caramanico 1 and Cigno 2 wells.

Since these two sections intersect the same main domains, the same stratigraphic intervals and
they have the same directions, | discuss the observations made along sections together from
north-west to south-east direction.

Figure 3.5 highlights that the horst and graben structure of the Cigno and Vallecupa oil fields
are overlaid by the Plio-Pleistocene deposits and the Messinian evaporites formations that
represent the seal for the below hydrocarbon accumulations. Moving toward to south, the
thickness of these deposits decreases and a gradual transition from basin marly facies to
carbonate ramp facies is observed. In fact, after about 7 km towards the south respect the
Cigno/Vallecupa oil fields, the same buried formations crop out in the northern sector of the
Majella mountain. Here, at around 1000 m above the sea level, the first stratigraphic interval
found at surface by ALBA drilling campaign was the Lithotamnium limestone, that represents
the upper member of the Bolognano Fm (Brandano et al., 2016).

From a geological point view, these sections allow to observe the transition from the Apulia
carbonate margin (at SSE) to the basin domain (at NNW) with a relatively undeformed and
continuous stratigraphic framework from the northern sector of the Majella mountain to the
Cigno/Vallecupa oil fields, as also suggest by several previous works over the geometrical and
stratigraphical relationships conducted in the study area (Crescenti et al., 1969; Vecsei et al.,
1998; Rusciadelli, 2005; Lipparini et al., 2018; Trippetta et al., 2020).
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Figure 3.5: Pre-grid model view of the digitized horizons and faults across the two 2D sections (see
base map in figure 3.1 for section location). Horizons and faults were derived from the regional model
and from literature review. Moreover, the tops of horizons were calibrated with the deeper wells drilled

near the regional sections (Caramanico 1 for regional section n.1 and Cigno 2 for regional section n.2).
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3.3.2 Simulation modelling results

The simulated models of the investigated petroleum system are displayed in 2D viewer
module of the PetroMod software.

Since it is well known that generation, migration, and accumulation processes within a
petroleum system occur after that the source rock is mature enough to produce oil, | started
presenting the preliminary results about the source rock maturity and then about the
hydrocarbon migration pathways and accumulations.

The simulation models in all three different locations of the active source rock show that the
Triassic source rock has reached the maturity to generate hydrocarbons and it is still in
maturated stage at present-day basin configuration (Figure 3.6a-b). The maturity of source rock
is defined with the vitrinite reflectance and temperature evolution, as output data of the model.
The temperature history shows that the Burano source rock has achieved in all three locations
a maximum temperature comprising between 98.5° and 114 °C in the regional section n.1 and
n.2, respectively. The vitrinite reflectance (Ro) values, modelled with the Sweeney and
Burnham (1990) easy% Ro model, is reported in Figure 3.6a-b for both regional sections.
Assuming the onset of oil window maturity at 0.55% (Allen & Allen, 2013), the simulation
models show that in both regional sections and in all the tested locations, the Burano source
rock can reach maturity. It is worth noting that the maturity of the source rock is not the same
for the different tested locations. When the possible source rock is placed below the Majella
mountain, lower values of Ro are observed (in the interval of 0.75-0.70%), while the Ro values
increase up to almost 0.90% if the active source rock is located further north, near the
Cigno/Vallecupa oil fields, especially for the regional section n. 2. This Ro evolution in space

is also consistent with the maximum temperature data, illustrated above.
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Figure 3.6: Present-day basin configuration modelled with the Sweeney and Burnham (1990) easy%
Ro model (a) for the regional section n. 1 and (b) for the regional section n. 2. At the top of the regional
section 1, | also reported points at which in each section | have extracted the TR properties for the three
different active source rocks.
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Another important parameter to be considered in the timing analysis of a petroleum system
is the critical moment, that is the time of highest probability of the entrapment and preservation
of hydrocarbons in a petroleum system (Schlumberger, Oilfield Glossary). Since the critical
moment occurs when the transformation ratio (TR) is greater than around 50%, | also analyzed
TR parameter in the source rock interval. TR is related to the production index and it is defined
as the ratio of the petroleum (oil and gas) actually formed by the kerogen to the total amount of
petroleum that the kerogen is capable of generating (Tissot and Welte, 1984). Values range
from 0 to 1.0 and high TR indicate that the source rock has already generated most of its oil and
gas, whereas low TR indicate immaturity.

The results about TR analysis are shown in Figure 3.7 for both regional sections and at three
different tested positions of the source rock as a burial-depth plot, derived by 1D extraction
along a pseudo-well at the middle of each active source (location is reported in Figure 3.6 for
each 1D extraction). The plots illustrate the deposition and burial of each layer over time
(diagonal lines upper left to bottom right) and in the only source rock interval the TR values are
illustrated.

For the regional section 1 (Figures 3.7a-b-c), at the different positions of the possible source
rock the average TR values range between 45 and 30% and they are influenced by the position
of the source rock. In agreement with the other parameters (temperature and Ro), previously
analyzed, when the source rock is located under the Majella mountain lower TR values are
recorded (TR around 30%; Figure 3.7 a). An increased TR value of about 33% is observed for
the source rock under and further north the Cigno/Vallecupa oil fields (Figures 3.7 b-c). In
section 2, the TR values are generally in the interval of 68-55.3% because of higher temperature
were reached. The increase of TR can be observed when the active source rock is progressively
moved from the SR_Majella, through SR_Cigno to SR_NorthCigno (Figures 3.7 d-e-f).
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Figure 3.7: Transformation ratio (TR) as a function of time in the source rock interval at different its
investigated locations (under Majella, under Cigno/Vallecupa and futher north of the Cigno/Vallecupa
oil field) for the regional section n.1 (a-c) and the regional section n.2 (d-f).
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According to these maturity data, all the models (2 section and the three active source rock
locations) show that the Triassic source rock has generated a significant hydrocarbon quantity,
accumulated mainly in the known reservoirs of the Cigno/Vallecupa and in the subsurface of
the Majella mountain (Figures 3.8-3.9). The oil expulsion started in both sections during the
Upper Cretaceous (~99.6 Ma) and the migration from the source rock towards the overlying
reservoir rocks is mainly vertical (see green arrows in the lower part of each model). This
hydrocarbon migration from the source is mostly controlled by the applied migration method,
which considers the pressure gradient-driven (Darcy Flow indicates by arrows in Figures 3.8-
3.9) and the buoyancy-driven flow (Percolation Flow indicates by dots in Figures 3.8-3.9).

In the simulation model all faults that dislocate the shallower carbonate sediments of the
Bolognano and Santo Spirito Fm., have been considered as possible conduits to fluid flow.
Starting from Early Pliocene, when the Bolognano Fm is overlaid by the regional seal of the
Messinian evaporites and marls, hydrocarbon migrations firstly occurred along faults. Then,
hydrocarbons laterally migrate through the Miocene reservoir rocks (Bolognano Fm) in
agreement with outcrop observations (e.g., Vezzani and Ghisetti, 1998; Agosta et al., 2009).

In both regional sections, some observations concerning the hydrocarbon accumulations can be
done:

1) when the source rock is located under the Majella mountain hydrocarbon accumulations
are lower and most of the fluid flow is limited towards traps vertically above the source
rock. Consequently, at the present-day configuration (Figures 3.8a and 3.9a),
hydrocarbons are entrapped in the Cretaceous formations and in the Miocene reservoir
rocks of the Majella subsurface. However, hydrocarbon accumulations in the
Cigno/Vallecupa oil fields are very limited, being close to zero. Moreover, little
accumulations of gas are presented in the shallower layers (Hemipelagic Marls and

Lithotamnium Lmst).

2) when the source rock is located under the Cigno/Vallecupa oil fields an important
quantity of hydrocarbon is accumulated into the main reservoir interval (Bolognano Fm)
in both areas of (Cigno/Vallecupa and Majella mountain). Once the hydrocarbons
reached the reservoir by vertical migration, a lateral migration through conduit faults is
established. From simulation models, it can be observed that not only an important
quantity of hydrocarbon is accumulated, but also a considerable quantity of gas is
presented above the main reservoir interval. At the present day-configuration (Figures

3.8b and 3.9b), the Cigno/Vallecupa structures entrapped gas that cannot migrate

104



Chapter 3: Structural and simulation models

3)

upwards because the Messinian evaporites and marls act as a seal. This seal gradually
decreases in thickness toward the Majella and thus, in the central part of the section,
some gas leakages are observed, caused by the presence of the Plio-Pleistocene deposits
characterized by sandstone-clay intercalations, resulting more permeable respect to the

Messinian evaporites and marls.

when the source rock is located further to the north with respect to the Cigno/Vallecupa
oil fields, hydrocarbon and gas accumulations seem to be analogous to the previous
model. Here, the hydrocarbons migrate vertically upward from the source rock to the
traps below Cigno/Vallecupa structure. Successively, a lateral migration is established
towards the Majella area (Figures 3.8c and 3.9c). In both section the hydrocarbon
migration is mainly driven by buoyancy. At the present-day configuration, a discrete
hydrocarbon and gas accumulations are found in the Majella subsurface and a little
wider hydrocarbon and gas accumulations are recorded in the Cigno/Vallecupa oil
fields.
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3.4 Data interpretation and Discussion

I discuss here some of key observations that can be drawn from the analysis both of static
and dynamic models and | present a hypothetical model of hydrocarbon migration from source
to reservoir of the study area.

In the 3D modelling exercise, | was able to reconstruct the stratigraphic framework of the
Oligo-Miocene carbonate formations at regional scale, from the northern sector of the Majella
mountain to the Cigno/Vallecupa oil fields (Figure 3.4). The coherent and laterally continuous
stratigraphy of the main reservoir interval was established in relation to the dense well dataset
(VIDEPI Project, 2012; ALBA, 1943), available for the study area and also it is in good
agreement with outcrop-based published works (Mutti and Bernoulli, 2003; Brandano et al.,
2016). Going at more regional scale, data of exploration wells drilled in the Central Adriatic
offshore confirm that the Oligo-Miocene carbonate interval is widespread and laterally
continuous, as demonstrated for example, by the oil accumulations within the Bolognano
reservoir found at Ombrina Mare and Katia oil fields (Lipparini et al., 2018), all belonging to
the same regional petroleum system (Mattavelli and Novelli, 1990; Bertello et al., 2010; Cazzini
etal., 2015).

The 2D basin modelling work has highlighted:

1) the Triassic Burano Fm as the best possible source rock, which has generated the
known hydrocarbon accumulations discovered in the Cigno/Vallecupa oil fields and
in the Majella mountain.

2) the Bolognano Fm, as the best reservoir interval, in agreement with the laboratory
porosity data, discussed in the Chapter 1.

Therefore, following the standard criteria for petroleum system name (source rock name-
reservoir rock name), | defined the petroleum system, investigated in this research, as the
Burano-Bolognano petroleum system.

In Figure 3.10, | reported the most important time steps to show the preliminary results obtained
by the modelling. To do this, | selected the section n.2 as the base of the conceptual model at
three key interval times. The same interpretations can be extended to the first regional section
because in both sections the same hydrocarbon accumulations at present-day configuration is

observed.

108



Chapter 3: Structural and simulation models

By analysing the TR (Transformation Ratio) values, the Upper Cretaceous can be considered
as time at which the active source rock has started the oil expulsion (Figure 3.10 A). This phase
is known as the primary migration during which oils migrate upward within the same source
rock. All simulation models have shown that the Burano source rock has reached a discrete
maturity along the whole section length, being entirely above the oil window (dashed line in
Figure 3.10 A), that is around 3000 m in the first investigated time step. This means that all
lithologies above this limit are enough mature to generate oil if favourable conditions, such as
the deposition of organic matter, occurred. Considering the model proposed by Zappaterra et
al. (1994) several isolated basins within Triassic/Jurassic sediments can reach sufficient TOC
to be potential source rocks, so that some other active source rock portions cannot be excluded
along the sections. For instance, the Lower Jurassic source rock can be productive due to the
intercalations of the dolomite rock that is rich in organic matter, as demonstrated by Grifone 01
well, drilled in the Puglia Region offshore near to the margin of the Apulia carbonate platform
(Campana et al., 2017). If Jurassic active source rocks would be present in the studied sections,
the oil expulsion would be simply delayed due to the shallower position with respect to the
Triassic formations and the consequent delay in reaching the oil-window. Conversely, models
seem to exclude any possible Cretaceous source rocks because the Cretaceous sediments always
remain above the oil window (Figure 3.6).

The oil migration is influenced by porosity and permeability of the rock and also by the presence
of fractures. Consequently, the hypothesized vertical migration is supported by the direction of
the minimum principal stress, o3, oriented in E-W direction as shown by the present-day stress
maps (Montone and Mariucci, 2016).

As shown in Figure 3.10B, the first oil and gas accumulations are recorded under the
Cigno/Vallecupa structure when the important seal formations are deposited, such as
Hemipelagic marls (Late Burdigaglian to Serravallian) and the Messinian evaporites. During
the Early Pliocene, secondary migration brings hydrocarbon within the Miocene reservoir of
the Cigno/Vallecupa area along faults that act as conduits to fluid flow. Then, hydrocarbon
migration continues laterally, as a tertiary migration, through the Miocene reservoir rocks
(Bolognano Fm) reaching the reservoir in the Majella area (Figure 3.10 C), in agreement with
outcrop observations (e.g., Vezzani and Ghisetti, 1998; Agosta et al., 2009). In this area, several
near-surface and outcropping reservoirs are found locally filled with a heavy-hydrocarbon
(bitumen) due to the migration within shallower reservoir (Demaison and Huizinga, 1994; Jones

et al., 2008), responsible for a gradual biodegradation of hydrocarbons.
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According to the biodegradation hypothesis, models show a decrease of oil density from the
Cigno/Vallecupa oil fields (~830 kg/m® and API <39°) towards Majella mountain (~900 kg/m?
and API<24°). This progressive decrease of API gravity toward the south and the consequent
increase toward the north seems to be confirmed by the Bonanno 1 well, drilled north to the
Cigno/Vallecupa oil fields. This well intersected the same reservoir, Bolognano Fm, and the
discovered oil show 36.4° APl (American Petroleum Institute gravity) that are larger with
respect to the API degrees recorded in the Cigno/Vallecupa oil fields (~25° API) and very much
larger with respect to those recorded in the Majella mountain (< 1° API, as observed in Chapter
1).

Finally, fluid-flow model suggests that the most likely position of the active source rock is
close to the Cugno/Vallecupa oil fields. This position explains the presence of oil reserves in
both reservoirs (Majella and Cigno/Vallecupa oil fields), in agreement with a hypothesized
allochthonous origin of the Majella bituminous field (Scrocca et al., 2013; Trippetta et al.,
2020). Furthermore, models indicate that a possible source rock exactly below the Majella
mountain is not feasible as demonstrated by the Caramanico 1 well (see location in Figure 3.1).
This well reached the Triassic Evaporites from ~2850 m down to the total depth of the well
where only bitumen traces are founded. However, as previously noted, since the whole
Triassic/Jurassic intervals reached the oil window the presence of other Triassic/Jurassic small
portions of active source rocks between Cigno/Vallecupa and Majella areas cannot be

completely excluded.
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Figure 3.10: Conceptual model at distinct time steps of the Burano-Bolognano petroleum system,
analyzed in this work for the section 2. Layer and three different locations of the source rocks are
reported (see colors in legend). A) The oil expulsion from the active source rock during the Late
Cretaceous and Mainly vertical migration upwards into the reservoir rocks. B) First accumulations of
heavier oil under Cigno/Vallecupa oil fields, occurred after the deposition of the Messinian evaporites
acting as a seal. C) Lateral migration from Cigno/Vallecupa area to Majella with subsequently
biodegradation of oils. Here | reported two key wells for the study area. Also, the API degree measured

in laboratory (Chapter 1) and reported for the Cigno/Vallecupa oil fields are shown.
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3.5 Conclusion

Although the basin modelling analysis are still in progress, some observations can be drawn
over the possible evolution experienced by the Burano-Bolognano petroleum system for which

I have proposed a conceptual model.

The dense well dataset available for the northern sector of the Majella mountain and the
Cigno/Vallecupa oil fields, has allow to reconstruct an accurate stratigraphic framework that
resulted to be laterally continuous and coherent with a ramp geometry. This ramp is extended
from the Majella area, where the margin of the Apulia carbonate platform is exposed, to distal
basin domain in the Cigno/Vallecupa oil fields, where a deeper burial due to a thicker foredeep

succession are characterized the evolution of the petroleum system.

The 2D modelling work, performed on the Burano-Bolognano petroleum system, indicates
very clearly that the oil occurrences known along the NW flank of the Majella mountainand in
the nearby subsurface oil fields of Cigno and Vallecupa, must been derived by Kkitchen areas
located to the north and more deeply buried below the Cigno/Vallecupa oil fields, although the
whole Triassic interval is mature. Modelling also suggest that after the oil expulsion occurred
in the Late Cretaceous, mainly efficient mechanism of fluid movement has been a vertical
primary migration, and hydrocarbons are entrapped in the Late Miocene when seal formations,
such as Hemipelagic Marls and Messinian evaporites, are deposited. Then, hydrocarbons have
migrated laterally along the pre-Pliocene fault systems, acting as conduit for fluid flow, and
within the Miocene reservoir intervals towards the Majella mountain. Here the migration in the
shallower reservoir has caused a gradual biodegradation of original hydrocarbon, as also

demonstrated by the decrease of oil density from northwest to southeast sectors.
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Conclusions

The work presented in this dissertation aimed to provide petrophysical studies and fluid-flow
simulations to reduce the uncertainty that affects carbonate reservoir characterization due to

their heterogeneities.

| reported a petrophysical characterization, conducted on carbonate samples with different
hydrocarbon contents, belonging to the Bolognano Formation, which represents the reservoir
interval of the Burano-Bolognano petroleum system, in Abruzzo Region. Laboratory results,
performed at ambient temperature and with increasing confining pressure, highlight that the
presence of hydrocarbon within the carbonate samples tends to increase P- and S-wave
velocities. Since hydrocarbon properties are temperature dependent, | also investigated the
variation of wave velocities with increasing temperature, from 25° to 90 °C. The analysis shows
that wave velocities decrease with increasing temperature and also the amount of hydrocarbon
within samples has a significant influence. In fact, | observed a linear reduction of velocities
with increasing temperature for low hydrocarbon-bearing samples, whereas for high
hydrocarbon -bearing sample a distinct trend at around 50°-60 °C, suggesting a change of the
physical properties of hydrocarbon. Based on these laboratory observations, | developed a new
model for the estimation of the P-wave velocity as a function of temperature (from 30° to 90
°C), suggesting that the velocity change seems to be more linked to the absolute volume of
hydrocarbon respect to the sample saturation. Moreover, the presence of viscous fluid
determined an almost ideal-elastic behaviour for heavy oil-bearing samples and more inelastic
behaviours for clean samples. These data are confirmed by loading-unloading tests performed
on the same lithology and from the outcrop observations that show a less fractured hydrocarbon-

bearing portions respect to clean outcrops.

Since the investigated reservoir is regarded as an analogue of a faulted and fractured reservoir,
| also investigated the influence of fluids on fault slip behaviour performing frictional
experiments on mixture of carbonate and clay fault gouges. The coupling effect of the fluid and
clay minerals tend to affect frictional strength, stability, and healing of fault gouge, composed
of strong and weak minerals, and it is still poorly constrained. Starting from a calcite-bearing
fault gouge the increasing shale content determines a significant reduction in friction from about
0.71to0 0.43.
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This frictional weakening is accompanied by an evolution from a load-bearing microstructure
in calcite gouges, where deformation occurs by grain size-reduction and localization along
BYR: shear, to interconnected layers of clays where Y and rotated Ry shear zones are linked
with a P foliation formed by aligned clay lamellae. This reduction in friction, determined by the
presence of clay, is also marked with the presence of saturated fluid. Under this condition, |
observe a more significant reduction in frictional strength (u=0.65-0.37), a near-zero healing
and a velocity strengthening behaviour, likely due to the adsorbed or interlayer water on sheet
mineral structures and develop the interconnected weak layer of clay lamellae. This means that
for faults cutting across sedimentary sequences composed of carbonates and clay-rich
sediments and under saturated conditions, the clay concentration and its interconnectivity
promote fault weakening, hence facilitating fault reactivation. Upon reactivation the marked
rate-strengthening behaviour of clay-rich shear zones point to a slip behaviour characterized by

aseismic creep.

As the last part of my research, | integrated laboratory results to better understand and constrain
the key factors, such as fluid properties and their influence on the petrophysical and frictional
properties, that can influence the geological evolution of the petroleum system and the related
fluids movements over the geological time. A 3D structural model has been constructed for the
main reservoir interval filled by hydrocarbon, using the Petrel software, and then | performed
simulation models of hydrocarbon generation and migration in time and space along two-
dimensional geological sections, extracted by Petrel project, using the PetroMod software.

Geometry of the surfaces, derived from well correlations, depicts a coherent and continuous
stratigraphic framework. This geometry can be associated with a ramp geometry that extended
from the Majella area, where the margin of the Apulia carbonate platform is exposed, to distal
basin domain in the Cigno/Vallecupa oil fields, where a deeper burial due to a thicker foredeep
succession are characterized the evolution of the petroleum system. The 2D modelling exercise
highlights that the source rock, responsible for the oil occurrences known in the study area, is
located to the north respect the Majella mountain, more deeply buried below the
Cigno/Vallecupa oil fields. After the oil expulsion from the active source rock occurred in the
Late Cretaceous, the most efficient mechanism for fluids movements is a vertical primary
migration hydrocarbon towards the overlying reservoir rocks. Hydrocarbons are entrapped into
the Late Miocene when seal formations, such as Hemipelagic Marls and Messinian evaporites,

are deposited.
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Then, a lateral migration is established through the pre-Pliocene fault systems and within
Miocene reservoir intervals towards the Majella Mountain. Here the migration in the shallower
reservoir has caused a gradual biodegradation of original hydrocarbon, as also demonstrated by

the decrease of oil density from northwest to southeast sectors.

To conclude, based on these results and considerations, this study provides input and possible
directions for future research to better constrain the geographical position of the source rock
that have caused the hydrocarbon distributions. For this scope, an important data, for instance,
is given by geochemical analysis of the generated oil. Thus, the results of my research will be
useful to other geologists, geophysics and explorationists as an integrated analogue to support
projects and exploration studies elsewhere. Moreover, this will improve the carbonate reservoir
knowledge that is still poorly understood due to high heterogeneities related to fabric, texture,

fractures that characterize those reservoirs.
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Supporting Information for Chapter 1

e Figure SA.1: Examples of the ultrasonic waveforms, recorded for a high HHC-bearing
sample at low (30°C) and high temperature (90°C) and the corresponding picking of the P-
and S-wave arrivals. The signal of a representative high HHC-bearing samples shows a
strong attenuation at higher temperature. The S-wave arrival has been picked when |

observed a change in amplitude and wavelength of the S signal.

o~ o
0.005 At temperature of ~30 °C
=
E
2 01
: f
| =
£
2
s S-wave
E - .
E-0.005
P-wave
0 5e-05 0.0001 0.00015 0.0002
Time (10 ps)
' -]
0.005 At temperature of ~90 °C
s
z ¢
s © \/
2
3 /
E‘ N
< =0.0051 S-wave
P-wave
0 5e-05 0.0001 0.00015 0.0002
Time (10 ps)

Figure SA.1: Example of waveforms recorded at ambient pressure with S-type piezoelectric transducer
at low (30°C-black line) and high temperature (90°C-red line).
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e Figure SB.1 illustrates the evolution of frictional strength as a function of displacement
for all experiments conducted on calcite-shale mixtures at normal stress of 30, 50 and 100
MPa. The friction tests have been carried out at room-dry (left side) and under CaCOs-

equilibrated waters (right side) conditions.

e Figure SB.2 provides SEM detailed images of mixtures composed of 50 wt.% calcite
and 50 wt.% shale that are sheared at normal stress of 100 MPa under room-dry and wet

conditions.
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Figure SB.1. The coefficient of friction (u=t/on) is plotted against displacement (mm) for all experiments

performed under different conditions: dry condition, i.e., room humidity, (left side) and CaCOs-

equilibrated water condition (right side). These experiments were performed on different fault gouge

samples: shale content is increased from 0% to 100% in weight respect to the calcite content.
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Figure SB.2. SEM images of 50/50 calcite-shale mixtures collected after friction experiments conducted
at normal stress of 100 MPa under (a) room-dry) and (b) wet conditions. A typical geometry of BYR:

shear planes can be observed within the entire gouges.
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igure SC.1 shows the depth map of the Orte formation top that represents the reservoir top
for the Cigno oil field.

Figure SC.2 reports the boundary conditions, necessary in the fluid flow simulations to
ensure the definition of the basic energetic conditions for temperature and burial history of
the source rock and, consequently, for the maturation of organic matter through time
Specifically, | reported the Paleo-Water-Depths, sediment water interface temperature
(SWIT) and heat flow (HF).

Figure SC.3 illustrates the evolution of paleo-temperature at the selected hemisphere and

latitude (Northern Mediterranean and 42°) over geological time.
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Cigno oil field (modified after Edison Gas, 1999).
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Global Mean Temperature At Sea Level (based on Wygrala, 1989)
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Figure SC.3: Paleo-temperature profile for the modelled area, reconstructed using the semiautomatic
tool with the PetroMod software. It is based on Wygrala, (1989) and extracts a standard temperature

at sea level over geological time setting the geographic location (North Mediterranean) and the latitude

(42°).
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List of experiments

D1. Petrophysical characterization with increasing temperature (Chapter 1)

ID Sample Measurements Description

ACF1-1 Porosity, P- and S-wave VeISCItISS at increasing temperature
(25°-90°C)

ACE1-2 Porosity, P- and S-wave velocities at increasing temperature
(25°-90°C)

i Porosity, P- and S-wave velocities at increasing temperature
ACF1-3 (25°-90°C)

i Porosity, P- and S-wave velocities at increasing temperature
ACF1-5 (25°-90°C)

CRI1b Porosity, P- and S-wave velocities at increasing temperature
(25°-90°C)

CRI1c Porosity, P- and S-wave velocities at increasing temperature
(25°-90°C)

CR1-2 Porosity, P- and S-wave velocities at increasing temperature
(25°-90°C)

CR3-1 Porosity, P- and S-wave velocities at increasing temperature
(25°-90°C)

CR3b Porosity, P- and S-wave velocities at increasing temperature
(25°-90°C)
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Appendix D List of Experiments

D2. Petrophysical characterization with increasing pressure (Chapter 1)

ID Sample Mesurements Description
Porosity, P- and S-wave velocities at increasing pressure
ACF2a (0.1-100 MPa)
Porosity, P- and S-wave velocities at increasing pressure
ACF3b (0.1-100 MPa)
. Porosity, P- and S-wave velocities at increasing pressure
ACF4a (0.1-100 MPa)
Porosity, P- and S-wave velocities at increasing pressure
ACF4b (0.1-100 MPa)
Porosity, P- and S-wave velocities at increasing pressure
ACF4c (0.1-100 MPa)
EDP1a’ Porosity, P- and S-wave velocities at increasing pressure
(0.1-100 MPa)
EDP1c Porosity, P- and S-wave velocities at increasing pressure
(0.1-100 MPa)
Porosity, P- and S-wave velocities at increasing pressure
CAP1d (0.1-100 MPa)
CR2a Porosity, P- and S-wave velocities at increasing pressure
(0.1-100 MPa)
CR2C Porosity, P- and S-wave velocities at increasing pressure
(0.1-100 MPa)
CR3a Porosity, P- and S-wave velocities at increasing pressure
(0.1-100 MPa)
CR3b Porosity, P- and S-wave velocities at increasing pressure
(0.1-100 MPa)
" Porosity, P- and S-wave velocities at increasing pressure
ACFoe (0.1-100 MPa)
Porosity, P- and S-wave velocities at increasing pressure
ACFba (0.1-100 MPa)
\ Porosity, P- and S-wave velocities at increasing pressure
ACF1f (0.1-100 MPa)
: Porosity, P- and S-wave velocities at increasing pressure
ACFle (0.1-100 MPa)
" Porosity, P- and S-wave velocities at increasing pressure
ACFle (0.1-100 MPa)
. Porosity, P- and S-wave velocities at increasing pressure
ACF1b (0.1-100 MPa)
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Appendix D List of Experiments

D3. Friction Experiments under room-humidity conditions (Chapter 2)

Experiment Configuration Description
number
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b769 L
Room Humidity
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b770 L
Room Humidity
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b771 L
Room Humidity
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b772 C
Room Humidity
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b773 o
Room Humidity
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b779 C
Room Humidity
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b780 L
Room Humidity
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b781 .
Room Humidity
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
h782 C
Room Humidity
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b784 L
Room Humidity
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b786 .
Room Humidity
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b787 C
Room Humidity
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b796 L
Room Humidity
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b797 C %
Room Humidity
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b798 L
Room Humidity
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Appendix D List of Experiments

D4. Friction Experiments under wet conditions (Chapter 2)

Experiment Configuration Description
number
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b799 .
Fluid Saturated
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b800 .
Fluid Saturated
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b801 .
Fluid Saturated
b802 double direct shear on gouge (5 cm x 5 cm nominal contact area)-
Fluid Saturated
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b803 .
Fluid Saturated
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b806 .
Fluid Saturated
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b807 .
Fluid Saturated
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b808 i
Fluid Saturated
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b809 .
Fluid Saturated
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b810 .
Fluid Saturated
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b811 .
Fluid Saturated
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
h812 .
Fluid Saturated
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
h814 .
Fluid Saturated
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b815 .
Fluid Saturated
double direct shear on gouge (5 cm x 5 cm nominal contact area)-
b816 .
Fluid Saturated
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