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Abstract: The petroleum industry has always been pursuing highly exploitable gas fields, which are
often hosted in carbonate rocks. However, carbonates are highly heterogeneous and show different
fabrics and structures as the result of sedimentation in various environments, and subsequent diagen-
esis and deformation. In this study, a multi-scale and multidisciplinary approach has been performed
on classical reservoir rocks from the subsurface of the Hyblean Plateau (Sicily, Italy). We aim at
unravelling the important and debated role of tectonic and diagenetic structures (mainly fractures
as well as stylolites) in enhancing or reducing the porosity. Black shales, limestones, and laminites
of intertidal environment represent the main lithologies. Structure cross-cutting relationships record
different stages of the basin geological history, which are related to the tectonic evolution of the area.
Our results show that porosity is uncommonly lightly affected by fractures and faults, because of
their mineralization, whereas stylolites, which are often considered as barriers to fluid flow, show a
certain porosity. Therefore, we want to highlight the importance of a multi-scale and multidisciplinary
approach in the analysis of heterogeneously porous, fractured- and stylolite-rich carbonate rocks, and
our study aspires to boost other similar gas reservoir studies in energy transition times.

Keywords: core investigation; porosity; carbonate reservoir rocks; Streppenosa and Noto Formations;
Late Triassic; micro-CT; well logging analysis

1. Introduction

For decades, the Hyblean Plateau in south-east Sicily has been the main target for
hydrocarbon exploitation, extraction of carbonate stone and ornamental materials impreg-
nated with bitumen, including the so-called “pitch stone” [1–5]. More than 60% of the
world’s oil and 40% of gas are found in carbonate reservoirs [6,7]. Such deposits can store
huge accumulations of hydrocarbons, and their microstructures can highly influence the
porosity of the rock [8–16]. The quality of these reservoirs is firstly controlled by petro-
physical properties of rocks (from primary processes to diagenesis) and distribution of
fractures [16,17]: in fact, networking of fractures usually improves pores interconnectivity
by forming paths within the same or different mediums, which is particularly relevant in
heterogeneous reservoirs [16,18–28]. The petrophysical characterization of carbonate depo-
sitional systems is challenging because of their intrinsic heterogeneity [29]. Additionally,
carbonates can be affected or changed with time by diagenesis, structural discontinuities,
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presence of infilling materials, and pressure/temperature conditions [30]. Therefore, the
fracture network can influence the storage, porosity, and flow direction of hydrocarbons,
and can sometimes affect other aspects [16,31]. Orientation, length, spacing, and opening
of fractures may change the secondary porosity of the medium [32,33]. In carbonates, two
different types of porosity can be distinguished: the first (primary), fabric selective, where
the fluid can flow through the matrix and, the second (secondary), non-fabric selective,
through fractures [16,30,34]. In geology, a fracture is defined as any discontinuity in the
rock where cohesion has been lost due to a brittle deformation process [28,35–38]. Such an
event is highly controlled by the mechanical properties of the rocks (e.g., cohesion, shear
strength, etc.) and by the stratigraphic records, for example, the thickness of the layers
and the layer surfaces [28]. Fractures can cut one or more layer, changing the porosity of
carbonate reservoirs [16,39]. Additionally, the permeation of different fluids (hydrocarbons,
water) can dissolve the matrix or fill the pores (secondary mineralization), thus reducing
the porosity and therefore permeability of the reservoir itself [16,39–41].

Other frequent diagenetic features influencing fluid flow within carbonate reservoirs
are stylolites [42–45]: rough dissolution surfaces, due to localized pressure [42,46], sur-
rounded by insoluble material (mainly clay minerals, oxides, and organic material), which
progressively accumulates replacing the more soluble portions [42,45,47]. Stylolites have
a typical suturing structure with teeth from a few mm to a few cm, which point at the
direction of maximum compression [48,49]. Bedding-parallel stylolites typically represent
the product of chemical compaction because of the overlying rocks load [42,46,50–55],
whereas tectonic stylolites, which form perpendicularly to the main compressive stress axis,
are predominantly vertical or sub-vertical [48].

The hydrocarbon industry has grown its interest in stylolites because of their anoma-
lous porosity and permeability values compared to the host rock [42,50], which highly affect
the hydrocarbons flow. In recent decades, they have been considered either as valid barriers,
due to their insoluble clay residues and the surrounded reduced permeability [42,56,57], or
as conduits where fluids can flow [22,42,58,59].

Therefore, the study of discontinuities in carbonate reservoirs (such as faults, fractures,
veins, and stylolites) is a great challenge for the oil industry [60,61]. Fractures network,
their geological history, and their diagenetic evolution are thus fundamental to characterize
reservoirs and improve drilling operations and production management [13,16,62,63]. All
these factors may change the pore space and fabric of the rock and control the petrophysical
properties of carbonates and therefore reservoir quality [64,65].

Several works deal with this topic, but not many focus on micro-scale characterization
of gas-producing rocks, now playing a pivotal role in the world energy scenario (e.g., in [29]
and the references therein). The main aim of this study is therefore to explore rock fabric
and tectonic and diagenetic structures at the multi-scale. Excellent carbonate rocks, that are
gas-prone and contain oil, come from the Hyblean Plateau (southern Italy) and provide
interesting examples.

2. Geological and Tectonic Setting of the Hyblean Area

The Hyblean Plateau, in south-eastern Sicily, is the emerged portion of the foreland
domain which, together with the allochthonous belt of the Appenninic-Maghrebian chain
and the Gela Foredeep, represents one of the main structural domains that control the current
orography of south-eastern Sicily (Figure 1) [66]. The Hyblean Plateau is a culmination of the
Mesozoic-Cenozoic carbonate sedimentary successions of a larger crustal sector, known as
Pelagian Block [66], representing the northernmost margin of the African Plate. Apart from
Malta Island [67,68] and the Lampedusa-Lampione Islands [69,70], this plateau is the largest
emerged portion of the Pelagian Shelf, which occupies the entire area of the Strait of Sicily.

Although the Hyblean Plateau is a foreland, it is strongly affected by faults. A main
system of NE-SW-oriented normal faults with big offset cuts the flexured plateau towards
the Gela Foredeep, partially occupied by the allochthonous units of the frontal wedge of
the Appenninic-Maghrebian chain, called Gela Nappe [71] (Figure 1).
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To the East, the plateau is bordered by the Malta Escarpment, which separates the Pela-
gian shelf from the abyssal Ionian plain. This crustal sector, during the Mesozoic, underwent
a typical evolution of continental rifting, without registering significant crustal shortening
during the Alpine compression [72]. From the Late Miocene to Quaternary, extensional
oblique and dip-slip structures have been documented along the escarpment [5,73,74].
Additionally, a dextral strike-slip system, the Scicli Line, almost entirely cuts the plateau
from north to south, inducing a limited offset of less than 3 km [75,76].

From Cretaceous times, the Hyblean Plateau can be divided into two distinct sectors
(Figure 1): the eastern and the western domains, which, respectively, can be approximated
with the administrative provinces of Syracuse and Ragusa. The eastern domain is charac-
terized by a Cretaceous-Miocene succession of neritic deposits interbedded with volcanic
deposits, while the western domain preserves deep-sea facies [71]. Considering the Meso-
zoic succession, drilling data show two adjacent domains: the basin and the platform,
respectively, represented by the Ragusa and the Siracusa districts [72]. The Siracusa domain
hosted a shallow water sedimentation throughout the Triassic-Jurassic interval, with an
evolution from carbonate platform to a condensed succession of pelagic platform [71,72].
The Ragusa sector is characterized by carbonate platform deposits evolving into Jurassic
basinal successions. A substantial change in paleogeography was linked to the growth of
upper Cretaceous volcanic seamounts in the eastern sectors of the plateau including both
parts of the ancient Ragusa and Siracusa domains. The growth of volcanoes determined
the paleo-bathymetry of the overlying carbonate sequences. According to the existing
literature, volcanism, which probably had a prominent role on organic matter maturation,
started in Late Triassic in the Hyblean sector. During the Jurassic and the Cretaceous,
volcanic activity occurred in the eastern part of the plateau and was probably related to
extensional tectonics. Although no volcanic activity is documented in the time interval
spanning between approximately 70 and 15 Ma, three major post-Cretaceous cycles have
been recognized: (a) Upper Miocene, (b) Pliocene, and (c) late Pliocene–Pleistocene, the
latter mainly produced subaerial lava flows [77,78]. The lowermost lithospheric sectors of
the Hyblean Plateau have been reconstructed based on deep-seated xenoliths hosted in
Miocene tuff breccias and Pleistocene lavas [79–81].

The subsidence tectonic history of the Hyblean plateau, as well as other domains in the
central and eastern Mediterranean basins [82], may be summarized in four main phases:

Figure 1. Geological-structural map of the Hyblean Plateau area modified after the works in [83,84]
and location of the Eureka 1 well (red dot).
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(a) Neotethyan rifting during Late Triassic-Early Jurassic age;
(b) a slow thermal subsidence from Early Jurassic until Late Cretaceous time, leading to

the formation of widespread Mesozoic carbonate platforms;
(c) compressional phase during Late Cretaceous-Palaeogene time, which resulted in the

formation of fold systems;
(d) uplift and subsidence events during the middle Tertiary, as the result of the continued

collision of the European-African plates. After the Early Pleistocene an uplift occurred
in the northern Hyblean plateau following the Upper Miocene-Lower Pleistocene
massive volcanic activity. This uplift is probably associated with the latest stages of
thrusting along the frontal part of the Maghrebian thrust belt.

3. Carbonate Reservoirs in the Hyblean Plateau

In Sicily, hydrocarbons have been known for centuries thanks to some superficial
manifestations as bitumen-impregnated limestones, highly easy to work, thus employed
for constructions in south-eastern Sicily [5,85,86]. Many important hydrocarbon fields in
Sicily are stored in structural traps in the Hyblean Plateau subsurface [5].

The subsurface of the Hyblean area has been extensively explored for hydrocarbon
research, and numerous wells have gone through complete successions spanning in time
from the Miocene to the Late Triassic [72]. The first discovered oil well was Ragusa-1, in
1953, producing a Mesozoic reservoir. Other subsequent wells, from Cenozoic and Mesozoic
reservoirs, were Gela, in 1956; Cammarata-Pozzillo in 1959; and the first offshore Gela-21, in
1959. In total, about 350 wells were drilled, of which 21 offshore [5], and just c.170, between
oil and gas, are still productive (from UNMIG data).

In the Hyblean Plateau, two lithostratigraphic units, different in age and depositional
significance [72], have been distinguished: the lower “Noto Formation” and the upper
“Streppenosa Formation”, both recently ascribed to the Rhaetian based on palynofacies asso-
ciation [87]. The Noto Fm. is made of various types of dolomites and dolomitic limestones,
deposited in an intertidal organic-rich environment [72,88,89], and is the main reservoir rock
for oil [88,90–92]. It was initially considered to be part of the Streppenosa Fm. Auct. [72].
The latter is a sequence of upper Triassic-Lower Jurassic basinal organic-rich black shales,
deposited adjacent to a Triassic carbonate-dolomite platform, and considered the source rock
and seal of the petroleum system.

The Noto Fm. is characterized by two facies: one present in the Hyblean Plateau,
composed of laminated black shales, laminated limestones, often recrystallized and with algal
mats, recrystallized mudstones and wackestones, and dolomitic breccias; the other found only
at the edges of the plateau, composed of packstones, grainstones and wackestones with oolites,
and infrequent laminated black shales [72,88]. This formation was deposited during a phase
of continental rifting, which affected the carbonate shelf during the opening of the Alpine
Tethys [92,93]. The Streppenosa Fm. (meant here as the upper part of the old Streppenosa
Fm. Auct.) is also characterized by two facies that have the same areal distribution as the
ones of Noto Fm. The first facies is mainly represented by compact and laminated silty
clays, mudstones, packstones, and turbiditic wackestones, while the second one is marked by
packstones and wackestones (often pyritized, with fragments of fossils, gastropods, and lithic
fragments), silt, mudstones with gastropods, and more rarely black shales [72,88].

The latter is considered the source rock of the hydrocarbons of the Hyblean area, but
also represents the cap rock of the oil fields of Ragusa and Gela [71]. Its eastwards thinning,
until its definitive disappearance, could explain the absence of traps and, therefore, the
mineralization in the Siracusa area [71,93]. According to [94,95], hydrocarbon formation
could have been favored by circulating hydrothermal fluids in the Hyblean serpentinized
peridotite basement.

The boundary between the two formations is diachronous: during the Rhaetian, the
deposition of the Streppenosa Fm. had already begun in the deepest part of the basin,
while the Noto Fm. continued to accumulate at the edge of the basin [88,96]. The thickness
of the Noto Fm. is fairly constant and does not exceed 300 m, while the thickness of the
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Streppenosa Fm. is extremely variable, especially in the south-eastern part of the basin,
where it reaches more than 3000 m in thickness [92].

4. Materials and Methods

We analyzed 165 m of cores intercepted by the Eureka 1 well, located north of Ragusa
town, at 37◦00′40.050′′ N 02◦15′55.481′′ E geographical coordinates. The multidisciplinary
and multiscale approach started with a sedimentological and structural survey carried out
on Noto and Streppenosa Fms. from the cored interval between 1992 and 2157 m.

4.1. Mesoscopic and Microscopic Description of Cores

The cores were first described macroscopically (with naked eye and lens). Subse-
quently, 22 thin sections collected at different depth from representative cores of Strep-
penosa and Noto Fms. have been obtained from University of Milan and Catania thin
section lab and analyzed using a petrographic microscope Zeiss Axiolab at the University
of Catania. All thin sections have been half stained with alizarin red to reveal the presence
of dolomite. The main macroscopically recognized facies have been later subjected to an
accurate petrographic analysis. Dunham classification [97] was used for the identification
of textures at the meso-scale. Cores description comprised the following information:
sedimentary texture and structures, microstructures, lithology, and color.

The results from direct observations of cores and thin sections, corroborated by data
extrapolated from geophysical logs, were used to carry out a detailed description of the
rocks and to draw up stratigraphic columns of the interval intercepted by coring.

4.2. Petrophysical and 3D Image Investigation

Direct seismic measurements were carried out on selected cores. On oven-dried speci-
mens, an ultrasonic wave velocity test was carried out at laboratory standard conditions
according to the ASTM designation (D2845-00). The device used for measurements of
transit time (µs) is the A500UM device MAE, with transducers operating at 55 kHz and an
accuracy of ±0.3 µs.

The 3D study of the samples was performed by high-resolution SR-CT in phase-contrast
mode at the SYRMEP beamline of the Elettra synchrotron laboratory (Trieste, Italy).

Samples with a parallelepiped shape and size of 4 × 4 × 10 mm3 were illuminated by
a polychromatic X-ray beam in transmission geometry. The contribution of low energies
in the beam spectrum was suppressed by applying 1 mm Si + 1 mm Al filters. Sample-to-
detector distance was set at 200 mm and experiments were done collecting 1800 projections
over a total scan angle of 180◦ with an exposure time of 2 s per projection. The employed
detector was a 16 bit, air-cooled, sCMOS camera (Hamamatsu C11440 22C, Hamamatsu,
Japan) with a 2048 × 2048 pixel chip and an effective pixel size = 0.9 × 0.9 µm2, yielding
a maximum field of view of 3.39 mm2. Scans were acquired in local area mode [98]
as the lateral size of the samples was larger than the field of view of the detector. The
2D tomographic slices were reconstructed using the Syrmep Tomo Project (STP) house
software suite [99], applying a single-distance phase-retrieval algorithm [100] based on the
transport of intensity equation (TIE) to the sample projections to improve the consistency
of the morphological analysis. To extract the different phases composing the samples,
3D Volumes of Interest (VOIs) were segmented by manual thresholding using the Fiji
freeware software [101], which was employed to quantify the voids/fractures and the
impregnation abundance (vol.%) from each sample. Quantitative analysis on the extracted
pore and pore + impregnation phases was performed using Pore3D software library [102].
Three-dimensional renderings were obtained by VGStudio Max 2.2 software [103,104].

4.3. Microstructural Survey and Reference System of Cores

The data related to sedimentary, tectonic, and diagenetic structures were obtained
from direct observation of the cores. Analyses were carried out on the archive-half core,
while samples were taken for analyses from the working half.
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A line marked along the main axis of each core was used as a reference for the
orientation of measurements (Figure 2). Since the cores were not oriented, a reference
system was established for the measurements as illustrated in the schematic Figure 2. On
the plane orthogonal to the axis of the drilling (vertical plane of light gray color in Figure 2,
therefore the plane sub-parallel to the ground level at the well) an angular reference from
0◦ to 360◦ as the direction from a “pseudo-north” was considered. Therefore, the cut
surface of the half-core constitutes the “east–west” plane (blue in Figure 2), while the plane
orthogonal to the latter and containing the reference line is the “north-south” plane (in
orange in Figure 2). Then the apparent dip angles of the structures on the cut surface of
the half-core were measured, i.e., on the named “east–west” plane. The analysis of the
fractures was carried out in selected intervals of the Noto and Streppenosa Fms. crossed
by the Eureka 1 well between 2014 and 2149 meters under the ground level. The well is
vertical for all its length (Figure 3). A spreadsheet of all measurable parameters (bedding,
fractures length, aperture, filling, frequency, and orientation) was created (Supplementary
Materials). The measurement methodology takes inspiration from the work in [32], but
changing the measurement of the second apparent dip angle: instead of measuring it in a
surface parallel to the N-S plane [32], obtained by further cutting the half-core, in this work,
when possible, we used as a reference surface the horizontal plane, i.e., the semicircle (red
in Figure 2) delimited upwards by the W-E plane, of the several pieces of core. In such way,
all clearly visible structures were measured.

Figure 2. Schematic drawing of the convention used for the measurement of azimuths and dip angles
of the different structures present in the cores and techniques used for the measurement of the structural
planes in the three dimensions in the interim reference system in the archive half-cores. On the E-W
plane (of the interim reference system), the apparent immersions (0–180◦) of the planes of the various
structural elements were measured, where 0◦ referred to a horizontal line, perpendicular to the vertical
reference line, and 90◦ to a vertical line, parallel to the vertical reference line. A second apparent dip
angle (90–270◦) was measured on the half semicircle of the archive half-core, placed on a horizontal
plane perpendicular to both the interim E-W and N-S planes, where 90◦ referred to a horizontal line,
perpendicular to the N-S plane, and 180◦ to a vertical line, perpendicular to the E-W plane.

The measurement of two different apparent dip angles related to the same plane led to
calculate the real orientation of discontinuities (e.g., fractures, joints, and stylolites) planes
(and related poles), referred to the reference system described above, through Stereonet
software [105]. Then, calculated data from Stereonet were reported on Dips software [106]
to generate a rose diagram to represent the dip directions of the various structures, while
histograms were used to indicate the frequency of the various dip angles and the number
of fractures per linear meter. Other data frequency of the length of the fractures, opening,
etc.) were reported in histograms (see Section 5.4).
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Fracture density per linear meter and cumulative length of the fractures per meter,
measured in this work were correlated with well logs.
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4.4. Well Logging Analysis

In this work, we used the available well logging datasets, gently provided by Maurel
et Prom, to estimate and compare the petrophysical characteristics obtained with different
methodologies and at different scales (micro-CT, P-wave velocity on core specimens).

The analysis of the available well-logging dataset has been aimed at estimating the
main petrophysical features and, especially, to draw the porosity variation with depth, and
relate it to the above-mentioned tectonic or diagenetic features within selected intervals of
the Noto and Streppenosa Fms.

The spontaneous potential (SP), gamma ray (GR), density (D), porosity (P), and sonic
(S) logs are the main inputs in this analysis. A velocity log (Vp) was added as a “log derived”
from the Sonic log, to compare it with the Vp values measured in laboratory on about 20
samples along the entire section studied. In fact, the sonic value—called interval transit
time (∆t)—was used to calculate the Velocity per meter, as reciprocal of ∆t. Considering
that 1 microsecond µs = 1 × 10−6, the necessary conversions have been made to extract the
metric velocity, thus

Vp = 1/(∆t × 10−6) (1)

Furthermore, the number of fractures (per meter) and cumulative length of fractures
(per meter) provide further constraints to improve the precision and accuracy of the petro-
structural characterization of the section studied. To highlight the correspondence of this
petro-physical variability with the main significant lithological variations, the volumetric
ratio between shale and limestone (per meter) was calculated applying Steiber’s 1970
empirical equation [107]:

Vshale =
IGR

3− 2× IGR
(2)

IGR =
GRlog −GRmin

GRmax −GRmin
(3)

where GRlog is the gamma-ray reading of a given point, and GRmin and GRmax are the
minimum and maximum gamma-ray values in the measured interval.

5. Results
5.1. Description of Facies

Eureka 1 well crossed the Streppenosa Fm. from 1992 to 2035 m below the ground level
(thickness 43 m) and Noto Fm. from 2035 to 2157 m (thickness 123 m), although drilling did
not reach the base of Noto Fm. The cored interval of the Streppenosa Fm. consists mainly of
an alternation of black shales (facies C), laminated limestones (facies B2), wackestones with
gastropods (facies B1), and laminated wackestones (facies A, Figure 3).

Conversely, Noto Fm. shows a higher facies variability: it is made of laminated lime-
stones and massive limestones (facies B3), stromatolites (facies G), black shales (facies C),
algal laminated limestones (facies E), microbialites (facies B2–D), and grainstones (Facies F).
Facies are reported in detail on cores photographs (Figure 4) and on Table 1 for depositional
environment interpretation.

In detail, macroscopic observations of the cores permitted distinguishing the following
different facies from Streppenosa and Noto Fms. (Figure 4 and Table 1):

Facies A, typical of Streppenosa Fm., consists of beige claystones, with disk-shaped
bioclasts up to 5 mm in diameter. Upper and lower boundaries are irregular and locally
with flame structures. Facies A passes up and downwards to Facies B1, made of light-gray
limestones (wackestones-mudstones) with scattered sub-angular intraclasts (average di-
ameter: 1 cm; maximum diameter: 5 cm) and fossils’ fragments (mainly mollusk, dwarfed
gastropods). Facies B2, typical of both formations, is made of light-gray, finely laminated
limestones (wackestones-mudstones). Lamina-set are mainly plane-parallel and occasion-
ally inclined to form cross-stratifications. Facies B3, typical of Noto Fm., are light-gray,
structureless limestones (wackestones-mudstones). Facies C, common in both formations,
are dark gray-black laminated mudstones. Lamina-set are locally undulated with flame
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structures. Facies D–I are common in Noto Fm. Facies D is given by convoluted beige
siltstones in beds up to 2 cm thick. Facies E consists of brownish, undulated algal-mat
laminae. In some samples, it is possible to see big (up to 1–1.5 cm) crystals deforming the
laminae. Facies F is represented by grainstones. Facies G is made of microbial-algal mats
with planar lamina sets. In some samples it is also possible to observe calcite crystals (prob-
ably evaporite pseudomorphs) interspersed with the laminae and swallow-tail gypsum
crystals. Facies H consists of convoluted algal laminae. Pervasive voids are filled with
calcite and large carbonatic clasts up to 5 cm in diameter are present. Facies I is represented
by limestones (wackestones-mudstones) with rare convoluted algal laminae. Facies L is a
matrix-supported breccia, with sub-angular clasts ranging for 1 to 5 cm in diameter, floating
in carbonate mudstones.

Figure 4. Core photos of representative facies from the Eureka 1 well (capital letters are referred to
the facies described in the text and summarized in Table 1). (A) beige claystones; (B1) Light gray
bioclastic limestone; (B2) Light gray microbialite; (B3) Light gray limestone; (C) Dark gray/black
shale; (D) Brown microbialite; (E) Brown algal mats; (F) Brown carbonate; (G) Brown algal mats;
(H) Brown algal mats; (I) Gray limestone; (L) Light gray/light brown carbonate breccia.

Table 1. Facies description and depositional environment/process interpretation of Streppenosa and
Noto Fms. sampled from the Eureka 1 well.

Facies Description Texture
(Dunham, 1962) [97] Main Elements Sedimentary

Features
Depositional Environment/

Process Interpretation

A Beige claystones M Disk-shaped mud
clasts

Irregular upper and
lower boundaries

Carbonate platform subject to
tidal currents and drowning

B1 Light gray bioclastic
limestone M-W

Scattered intraclasts
and bioclasts
(gastropods)

No gradation Carbonate platform. Dwarfed
gastropods: anoxic conditions?

B2 Light gray microbialite B (framestone) Microbialite Lamination
Tidal flats/Biologically

influenced/Biochemical
calcification

B3 Light gray limestone M-W – Structureless Carbonate platform/inorganic

C Dark gray/black shale M Organic shales Lamina-sets locally
undulated

Lagoon/organic-rich shale
deposition

D Brown microbialite B (framestone) Microbialite Convoluted beds
Tidal flats/Biologically

influenced/Biochemical
calcification

E Brown algal mats M-W Stromatolites Undulated algal
laminae

Tidal flats/Sediment trapping
and precipitation
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Table 1. Cont.

Facies Description Texture
(Dunham, 1962) [97] Main Elements Sedimentary

Features
Depositional Environment/

Process Interpretation

F Brown carbonate G Graded beds Carbonate platform/Storm-tide
dominated

G Brown algal mats M-W Algal mats and
swallow tail gypsum

Local planar
laminaset

Supra-inter-tidal lagoon,
evaporite precipitation

H Brown algal mats M-W Algal mats
Convoluted laminae,

voids filled with
polycrystalline calcite

Tidal flats/Sediment trapping
and precipitation

I Gray limestone M-W Rare algae Rare convoluted
algal laminae

Tidal flats/Sediment trapping
and precipitation

L Light gray/light brown
carbonate breccia M-W Subangular clasts in

mudstone Structureless Carbonate platform/
re-sedimentation processes

5.2. Facies Interpretation

The described facies point out a shallow water intertidal carbonate environment rich in
algal mats and stromatolites, subjected to tidal currents (Table 1). The presence of gypsum
swallow tail crystals (Figure 5e), in association with algal and microbial mats, probably in-
dicate a supratidal-intertidal lagoon sabkha environment, like modern supratidal–intertidal
sabkha of the Al-Kharrar area, Red Sea Coast, Saudi Arabia [108]. In modern tidal flats
pools and lagoons, microbial mats usually flourish next to sabkha evaporites. Evaporite
minerals may thus precipitate through displacive, inclusive, and replacive growth within
mud and microbial/algal mats.

5.3. Thin Section Analysis
5.3.1. Microstructure

The facies description from thin sections has revealed similar findings of the works
in [88,92]. In particular, the main facies are characterized by beds of massive gray to light
brown carbonates (mudstones or wackestones) alternated with dark to black marls or
shales; laminites are represented by decimetric beds of purely carbonate laminites (light
brown) alternating with dark brown laminites, rich in organic matter (Figures 4 and 5).
Carbonate facies include some syn-sedimentary breccias. The carbonate laminites are
characterized by regular alternating light (sparitic) and dark (micritic) laminae and by the
presence of probable cellular alignments (Figure 5d, Sample ERK1-17). A second type of
carbonate laminites are algal mats with the occurrence of swallow-tail gypsum (Figure 5e,
Sample ERK1_22), but also pseudomorphosed evaporite crystals (probably gypsum), which
are replaced by polycrystalline calcite (Figure 5a, Sample ERK1-13). Sulfate crystals are
supposed to grow within the soft sediment being indicative of prolonged emergence
in a lagoonal/shallow water environment. These microbial laminites and algal mats
interbedded with evaporites confirm the interpretation, obtained by core sedimentological
description, of a supratidal-intertidal sabkha environment [108].

5.3.2. Porosity Types

Two main porosity types have been recognized:

1. Fabric selective (primary porosity)

Grains and crystals control the porosity, and the pores are restricted to grain bound-
aries. This kind of porosity is the image of different possible depositional environments
and biological imprints.

To obtain a complete characterization of pore system, the use of multiple methodolo-
gies is here required [29]. This can be obtained through 2D (thin sections) and 3D (CT)
image analysis, the latter based on the electron densities difference in the porous material.
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Figure 5. (a–g) Main microfacies and associated sedimentary, diagenetic and tectonic structures
described in thin section. Vertical axis unit is in meters. (a) (ERK1_13): plane-polarized light
photomicrograph showing stromatolite laminae and polycrystalline pseudomorph after gypsum;
(b) (ERK1_14): crossed nicols thin section scan showing stromatolites convoluted laminae with
interspersed polycrystalline calcite (probably pseudomorphs after gypsum) bitumen impregnated;
(c) (ERK1_16): crossed nicols thin section scan showing micritic brown algal mat laminae alternated
with light brown (sparite) laminae. Micro-extensional faults offsetting laminae, big veins filled with
calcite; (d1) (ERK1_17) plane polarized light microphoto showing a tectonic stylolite cutting the
laminae; (d2) (ERK1_17): plane polarized light microphoto showing a sub-vertical fracture filled with
bitumen and a load stylolite parallel to the bedding; (e) (ERK1_22): crossed nicols thin section scan
showing a laminite formed by microbial mats, micritic and microcrystalline layers, calcite veins, and
pseudomorphs after gypsum; focus: detail of swallow-tail geminated gypsum layers; (f1) (ERK1_24):
plane polarized light photomicrograph showing cross-cutting relationship between tectonic stylolites
and calcite veins; (f2) (ERK1_24): plane-polarized light photomicrograph showing a tectonic stylolite
partially filled with calcite and bitumen; (f3) (ERK1_24): crossed nicols thin section scan showing a
mudstone-wackestone with tectonic and load stylolites partly filled with brown clay, bitumen and
calcite. Organic matter is present; (g) (ERK1_25): plane polarized light thin section scan showing
microbial algal mat rich layers alternating with carbonate (sparite) rich levels (nodular-boudins), and
microfractures and veins filled with calcite.
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2. Non-fabric-selective (secondary porosity)

Secondary porosity, in the Noto Fm., is mainly due to fractures and joints. The brittle
nature of the carbonates is evident in their inclination to fracturing, which, however, is
higher in some intervals (see next paragraph). Fracture porosity is evident in most of the
thin section examples (Figure 5c) but also from core pictures (Figure 4). Micro-fractures
are both extensional and compressional, often filled with secondary polycrystalline calcite.
Joints, with no offset are also present.

5.3.3. Diagenetic Features

Diagenetic features include (1) calcite cementation infilling fractures (Figure 5c), (2) com-
paction and tectonic stylolites, and (3) residual hydrocarbons and secondary calcite along
stylolites. Diagenetic features are compaction and tectonic stylolites (Figure 5(d1–f2)). Com-
paction stylolites are common in laminites and stromatolites, and generally follow the same
plane of lamination that is created by alternating layers of spar and micrite (Figure 5(d2)).
However, tectonic stylolites, cutting lamination, are also present (Figure 5(d1,f1,f2)). The
shape of stylolites varies from rectangular, seismogram type, suture, and sharp-peak type.
Stylolites often bear clay minerals, bitumen, and secondary calcite (Figure 5(d1,f1–f3)).

5.3.4. 3D Image Investigation
Fabric and Primary and Secondary Porosity

The image analysis of 3D volumes (by SR-µCT) allowed to visualize the three-dimensional
distribution of pores, fractures, mineralization, bitumen impregnation within selected
samples and facies. Quantitative analysis was performed to retrieve the abundance of these
phases. Pores display a wide size range, from few cubic microns (minimum observable size
by employed µCT technique) to 0.0035 mm3. Their distribution is linked to facies, fabric,
lamination, diagenetic, and tectonic features. Qualitative visualization of the void phase
shows that it is mainly constituted by fractures, whereas isolate voids (pores) are rare and
dispersed within the investigated volumes (Figures 6 and 7). Quantitative analysis was
performed to retrieve the abundance of the pore and pore + impregnation phases, so as to
evaluate the volume of each pore and of the sum of pores + impregnation (Tables 2 and 3).
The sum of volume occupied by pores and fractures ranges between 0.01 and 1.13 vol.%.
Although pores + impregnation is generally present within the whole volume, and ranges
between 0.66 and 20 vol.%, it is particularly abundant within layers, parallel to stromatolitic
laminae (Figure 7, Sample ERK1_22).

The size distribution for selected samples is shown in Figure 6 where volume distri-
bution and number distribution [109] are reported for both pore and pore + impregnation
phase.

In particular, pore phase volume in ERK1_b, ERK1_13, and ERK1_24 is mainly given
by small voids (<10−5 mm3), whereas the majority (>70%) of ERK1_17 and ERK1_22 pore
volume is constituted by voids of 10−3 mm3 (Figure 6a). The same trend is confirmed by the
pores number density diagram (Figure 6b), indicating that ERK1_b, ERK1_13 and ERK1_24
have a high number of small pores, whereas the other samples increase their number of
large ones. The pore + impregnation distributions (Figure 6c,d) indicate a similar trend
except for ERK1_13, that was most likely interested by large voids that where massively
filled by impregnation.

The pore + impregnation is often distributed along planes that can be mineralized
micro-faults and veins (Figure 7 Samples, ERK1-17 and ERK1-22).

The porosity type is mainly interparticle, but also intraparticle in the wackestone with
dwarfed gastropods of Noto Formation (Sample ERK 1_1 of Streppenosa Fm.). Porosity
is also due to cracks and joints, stylolites, and vugs in microbial and algal laminites with
evaporite crystals (calcite pseudomorphs after gypsum, sample ERK1_22). Stylolites seem
not acting as fluid barriers, as they are filled not only with clay, but in part with bitumen
and secondary calcite.



Geosciences 2022, 12, 149 13 of 28

Figure 6. Results of the pores (a,b) and pores + impregnation (c,d) morphology analysis: Volume
Fraction (a,c) is calculated as the sum of the volume of the single elements (pores or pores + impreg-
nation) having a given size range over the total volume of the investigated phase; Number Fraction is
computed as the number of pores or pores + impregnation having a given size range over the total
number of pores.

Figure 7. Microstructural features of some representative specimens. From left to right column:
(a–d) main microstructural features (optical microscope); (e–h) volume renderings of extracted
Volumes of Interest (VOIs) in grayscale from SR-µCT; (i–l) segmented pores and fractures from the
same VOIs; (m–p) mineralization array (yellow) along the fractures. ERK1_1b: bioclastic wackestone;
ERK1_13: detail of polycrystalline calcite within algal mats; ERK1_17: load and tectonic stylolites;
ERK1_22: swallow tail gypsum interbedded within the laminae and cut by fracture filled with
secondary calcite.
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Table 2. Results of quantitative analysis on 3D images from a selection of representative specimens.

Pores Pores + Impregnation

Sample Investigated
Volume (mm3) Amount (%) Number Density

(#/mm3)
Average Volume **

(mm3) Amount (%) Number Density
(#/mm3)

Average Volume **
(mm3)

ERK1_1b 0.79 0.01 386 1.627 × 107 0.66 241,485 3.755 × 105

ERK1_13 * 1.33 0.11–0.85 22379 4.097 × 107 3.45–20.00 191,877 1.2843 × 106

ERK1_17 0.47 1.13 5525 2.044 × 106 5.9 32,357 1.9831 ×106

ERK1_22 * 1.18 0.15–1.12 1859 5.754 × 106 2.06–2.90 12,764 3.7138 × 106

ERK1_24 0.74 0.04 4363 9.589 × 108 3.58 103,400 1.0217 × 107

* analysis performed on two extracted volumes. ** average volume of pores or pore + impregnation.

Table 3. Porosity results of quantitative analysis, based on 3D images from samples at different depth,
versus sedimentary facies, P-waves velocities obtained from core samples, and type of porosity.

Samples Depth (m) Formation Facies Pores
(%)

Total
Porosity (%)

Pores + Impregnation
(%)

Vp
(km/s) Porosity Type

ERK1_1b_Z0mm 2014.9–2015 Streppenosa B1 0.03 0.60 0.57 6.00 Interparticle and
intraparticle

ERK1_1b_Z9mm 2014.9–2015 Streppenosa B1 0.00 0.05 0,05 6.00 Interparticle and
intraparticle

ERK1_9 2039.50–2039.58 Noto G 0.63 3.04 2.41 2.30 Fractures, interparticle

ERK1_13_Z0mm 2044.85–2044.94 Noto G 0.11 3.56 3.45 3.58 Fractures, interparticle

ERK1_13_Z2.5mm 2044.85–2044.94 Noto G 0.90 20.87 19.97 3.58 Fractures, interparticle

ERK1_15 2047.66–2047.77 Noto B2 0.21 9.00 8.79 2.08 Fractures, interparticle

ERK1_17 2060.40–20,160.50 Noto B2 1.13 5.71 4.58 3.51 Fractures, stylolites,
interparticle

ERK1_22_Z0mm 2100.90–2101.00 Noto G 0.16 3.06 2.90 1.96
Fractures, veins,

pseudomorphs after halite,
interparticle, vugs

ERK1_22_Z2.5mm 2100.90–2101.00 Noto G 1.12 3.21 2.09 1.96
Fractures, veins,

pseudomorphs after halite,
interparticle, vugs

ERK1_24 2107.66–2107.77 Noto G 0.04 3.62 3.58 5.62 Stylolite, fractures,
interparticle

5.4. Petrophysics: Seismic Wave Measured on Cores

The compressional wave velocities, measured on cores specimens, assigned to both
the Streppenosa and the Noto Fms., respectively, the seal and reservoir rocks, show some
noticeable variations, generally regardless of depth (Table 3).

Samples from the Streppenosa Fm. (Facies B1) show compressional wave velocities
values of 6 km/s. In the Noto Fm., velocities range from 1.96 to 5.62 km/s, showing
a heterogeneous distribution of elastic properties. Such variations are likely related to
facies and type of porosity that affect at various extents the studied cores. This is also
confirmed by microtomography investigation. Bitumen impregnation, particularly relevant
at certain intervals, may also determine the decrease of P-wave velocity. Comparing the
porosity results, obtained by micro-CT, and the measured Vp velocity on the same samples,
a good match is achieved. In fact, Samples ERK1_1 and ERK 1_24 with low values of pores
(between 0.00 and 0.04%) record high Vp velocities (5.62–6 km/s). The increase of pores
and pores + impregnation in other samples lowers the P waves propagation velocities.

5.5. Sedimentary, Diagenetic, and Tectonic Structures and Their Depth Distribution on Cores

A detailed analysis, considering bedding, joints, faults, veins, load stylolites, and
tectonic stylolites, was carried out on cores.

Bedding and load stylolites are mainly sub-horizontal with an apparent dip angle
between 0◦ and 25◦, but on average 3◦. The dip angle of the load stylolites is between 0◦

and 25◦, but on average 5.5◦. Load stylolites are bedding-parallel, and amplitude varies
between 1 mm and 5 mm, with an average of about 2.5 mm.
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Most lithofacies are cut by fractures, identified along all the studied interval. Black
shales are characterized by very low competence, and they appear highly broken with
perforation induced bedding parallel fractures.

The analysis of the fracture planes highlights essentially bidirectional azimuths, with
poles concentrated approximately towards “east” and “west” (referring to the interim
reference system described previously) (Figure 8a,b).

Figure 8. (a) Stereoplot (lower hemisphere; multiple uniform distribution contouring), (b) rose
diagram of the main fracture planes, and (c) the related legend, and (d) stereoplot (lower hemisphere;
multiple uniform distribution contouring), (e) rose diagram of the tectonic stylolite planes, and (f) the
related legend, measured from the cores extracted from the Eureka 1 DEV well.

The dip angles of fractures are between 0◦ and 90◦, with an average of 79◦. Most of
the fractures and veins are therefore vertical or sub-vertical (Figure 9a).

Figure 9. Cont.
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Figure 9. Frequency of the dip angles (a) of the fracture planes and (b) of the tectonic stylolite planes
measured from the cores extracted from the Eureka 1 DEV well.

The maximum fracture opening is 28 mm, while the minimum is 0 mm, when com-
pletely closed, and less than 1 mm for open or cemented ones. Openings smaller than 1 mm
are by far the most abundant, while only 21 fractures showing an opening greater than
5 mm (Figure 10a). On average, fractures are approximately 33 mm long. The minimum
length is 2 mm, while the maximum length is 350 mm. (Figure 10b). On average, the
fracture density is approximately 30.8 fractures per linear meter. The maximum density is
144 in the 2070–2071 depth interval and the minimum is 2 in the 2045–2046 depth interval.

Figure 10. Cont.
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Figure 10. (a) Frequency of fracture opening; (b) frequency of fracture length.

Most fractures do not have offset: in fact, only 1% of total fractures show it. Extensional
structures are fifteen, whereas just five are compressional (examples in Figure 11). The
minimum measured offset is 1 mm, the maximum is 18 mm, with an average of 4 mm.
Among normal structures, offset is between 1 mm and 10 mm, with 4 mm average; among
the reverse ones it is between 2 mm and 18 mm, with an average of about 6 mm. Four
extensional structures form small centimetric horst and grabens (Figure 11a), with an offset
ranging from 3 mm to 10 mm, with 5 mm average. A single large sub-vertical fracture, in
the depth interval 2111–2112, shows a significant offset, not measurable on the core as it is
larger than the core itself. Considering the high angle, it is probably a normal micro-fault,
with an azimuth towards ESE and a dip angle of 90◦. This fault is 320 mm long and has a
maximum opening of 28 mm. Furthermore, it is cemented by calcite and angular clasts,
recalling the morphology of a damage zone (Figure 11c).

The orientation of the best-fitting planes containing tectonic stylolites also shows
bidirectional azimuths, with poles concentrated mainly towards WNW and ESE of the
reference axis (Figure 8d,e). Dip angles of the tectonic stylolites are between 40.4◦ and
90◦, with an average of 78.4◦ (Figure 9b), therefore they are sub-vertical. This indicates a
sub-horizontal and towards WNW-ESE of the reference system major stress axis (σmax).
The amplitudes of these tectonic stylolites vary between 1 mm and 13 mm, with an average
of 5 mm, while lengths are between 10 mm and 150 mm, with an average of 52 mm. Cross-
cutting relationships (Figure 11d,e) show that tectonic stylolites cut fractures and veins,
while fractures and veins cut load stylolites. Therefore, compressional micro-structures are
younger than extensional ones.
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Figure 11. Examples of (a) normal micro-faults with small horst and grabens; (b) a reverse micro-fault
with an 18 mm offset. Partially cemented fractures are also present; (c) a portion of the 2111–2112
core containing the normal fault, cemented by calcite and angular clasts, reminiscent of a damage
zone; (d) a tectonic stylolite cutting a fracture (red arrows indicate stylolites), (e) a fracture cutting a
load stylolite (red arrows indicate stylolites), and (f) sub-vertical tectonic stylolites.

5.6. Well Logging Analysis

All previously obtained data have been plotted against V Shale (%) per meter, SP,
Gamma-Ray, limestone porosity, formation density, delta t from Master Log, Vp from
Master Log and from cores, and number of fractures per meter. The comparison between
all the available logs has allowed to identify four clusters, whose boundaries represent
the most important variations in the general trend (Figure 12). Starting from top to base,
cluster 1 (C1) and cluster 2 (C2) were recognized within the Streppenosa Fm., while cluster
3 (C3) and cluster 4 (C4) were identified within the Noto Fm.

A detailed description of the logs for each cluster is shown below.
Cluster 1 (C1)—From 2000 m to 2016 m:
C1 is bounded to the top from the highest value of SP (119.2 MV), medium-high

values of GR (90.18 GAPI) and medium-low values of p (23.18 PU), D (2.49 g/cm3) and S
(83.5 µ/ft). Downward, the SP, GR, S and p trend is markedly descending and reaches the
minimum value (SP = 75.3 MV; GR = 32.63 GAPI; p = 8.6 PU; S = 64.31 µ/ft) in proximity
of the base of C1. High Gamma ray values (up to 150 GAPI) are related to high organic
content (black shales). Conversely, the D trend is weakly increasing (2.62 g/cm3), and, in
accordance with the estimated Vshale (from 46.9% to 6.1%), it highlights a gradual increasing
of the carbonate component downwards. This is linked to a deepening upwards trend of
Streppenosa Fm.

Cluster 2 (C2)—From 2016 m to 2036 m:
The upper portion of C2 shows a sudden variation in the trend of all logs. SP, S, GR

and p values increase, reaching, respectively, SP = 100.6 MV; GR = 97.64 GAPI; p = 19.76 PU;
S = 92.89 µ/ft; instead, the D value weakly decrease, reaching 2.48 g/cm3. At the depth
of 2019 m, the trend reverses and reaches low values at about 2028 m (SP = 74.8 MV;
GR = 59.42 GAPI; p = 15.43 PU; S = 83.62 µ/ft; D = 2.56 g/cm3) in proximity of the C2 base,
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showing a good correspondence with the estimated shale volumes, which are increasing
downwards (Vshale top C2 = 7.1%; Vshale base C2 = 73.9%).

Figure 12. Evaluation log suite includes spontaneous potential, gamma ray, porosity, density, and
sonic curves for the interval 2000–2148 m of the Eureka 1 well. The derived “Vp log” was also added
and compared with the Vp values measured on 14 samples (red dots). Contextually to the counting
of the fractures for some intervals of the Eureka 1 well, a qualitative estimate (cemented, uncemented,
partly cemented) was carried out.

Cluster 3 (C3)—From 2036 m to 2099 m:
The upper portion of C3 shows the transition from Streppenosa Fm. (greater volume of

shales, seal) to Noto Fm. (lower volume of shales, reservoir), as evidenced by the decrease
in SP values (21.1 MV), p (11.54 PU), and S (61.2 µ/ft), and roughly constant D values
(D = 2.55 g/cm3). C3 represents the largest portion of available data characterized by
a medium regular trend with medium value in the Vshale (27.7%) that shows overall a
predominance of carbonate component. However, locally C3 is interrupted by some spiky
SP, GR and p positive values and some spiky D and S negative values. In particular, at
2060 m: PS = 30 MV, GR = 95 GAPI; p = 14.39 PU; D = 2.51 g/cm3; S = 63.9 µ/ft; at 2067 m:
SP = 37.9 MV, GR = 94.96 GAPI; p = 22.45 PU; D = 2.49 g/cm3; S = 57.76 µ/ft; at 2084 m:
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SP = 30.7 MV, GR = 101.7 GAPI; p = 12.75 PU; D = 2.49 g/cm3; S = 68.07 µ/ft; at 2096 m:
SP = 23.09 MV, GR = 115.76 GAPI; p = 35.79 PU; D = 2.45 g/cm3; S = 63.28 µ/ft.

These peaks mostly coincide with depths of the well where the shales are volumetri-
cally more abundant Vshale (75%).

Cluster 4 (C4)—From 2099 m to 2148 m:
At 2099 m, the Noto Fm. shows an abrupt variation in the logs trend. Especially, in the

upper portion the PS shows the lowest values of the whole analyzed section (PS =−55.4 MV)
and low GR (40.48 GAPI) and S (65.2 µ/ft) values, which fit well with a low amount of
Vshale (9%). Downwards, these values remain roughly constant. In fact, C4 represents the
portion of Noto Fm. with the maximum amount of carbonate. Only at 2106 m and 2118
m there is a significant increase in p (respectively, p = 28.42 PU and p = 19.03 PU) and GR
(respectively GR = 113.16 GAPI and GR = 90.19 GAPI) and a decrease in D (respectively,
D = 2.37 g/cm3 and D = 2.53 g/cm3), which coincide with two isolated peaks in the Vshale
(respectively Vshale = 100% and Vshale = 95.6%).

The Vp log trend, derived from the Sonic log, matches well the same four clusters
(Figure 12). However, as shown on Figure 12, the compressional wave velocity (Vp)
measured in laboratory on core specimens (13 samples, from ERK1_1 to ERK1_27) shows
generally lower values (on average about 2.8 km /sec) and, therefore, located outside the
Vp log curve. The difference between the values of Vp measured in the samples (Vpcore)
and the Vplog shows an average value of about 1.65 km/sec and a significant increasing
value with the depth (Figure 13; R2 ∼= 0.5). This marked and constant decrease in the Vp
values is ascribed to the fact that cores are not subject to overburden pressure.

Figure 13. Correlation of the difference between the Vp Log values (Vplog) and Vp measured values
in 13 samples (Vpcore) of the Eureka 1 well. The R2 values are rounded to the first decimal place.

In synthesis, C1 is characterized by highest SP, GR, and p values that gradually decrease
with depth and is interpreted as a portion of the Streppenosa Fm. with a progressive
decrease of the shale content downwards (deepening upwards).

C2 is characterized by increasing SP, GR, p values, and medium S and D values and is
interpreted as a portion of the Streppenosa Fm. with a progressive increase in the shale
portion downward. In general, C2 represents the range of the entire section with the lowest
volumetric content of the carbonate portion.

C3 is characterized by a general decreasing of SP value and a constant response of
others logs associated locally to spiky GR, D, p, and S values. Overall, C3 is interpreted as a
large interval within the Noto Fm. characterized by a high average volume of the carbonate
portion with the presence of numerous shale intercalations.
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Finally, C4 is characterized by lowest SP, GR and p response and medium S and D
values and is interpreted as a sector of the Noto Fm. characterized by a further increase
in the carbonate portion, whose continuity is sporadically interrupted by some shale
intercalations.

6. Discussion
6.1. Different Stages in Diagenetic versus Tectonic Structures Formation

Most of high-angle analyzed fractures and joints, as well as micro-faults, relate to
the extensional event. The small reverse-faults and tectonic stylolites, on the other hand,
formed during one compressive event. Examining the cross-cutting relationships, the
compressive structures are younger than the extensional ones. Consequently, we can
establish the relative age of the two tectonic events: an older extensional one; a younger
compressive one. The first is linked to the Late Triassic-Early Jurassic rifting event, coeval
with the opening of Tethys. It led to the subsidence and high sedimentation rates in the
area, also determining the formation of compaction stylolites [71,72,82], whereas reverse
faults and tectonic stylolites indicate a change in the stress field regime: the onset of the
continental convergence and collision between Africa and Europe and the beginning of
the Alpine orogeny in the Mediterranean area [82,110], during Late Cretaceous-Paleogene
up to the middle Tertiary. Bedding parallel joints may be related to unloading following
erosion. Vertical ones, abutting against layer boundaries and dissecting layered rocks in
blocky elements, may be due to decompression, too.

The load and tectonic stress can be reconstructed using the amplitude of the stylolites
(i.e., the distance between peaks of the longest “tooth” in both directions), according to some
studies [49,51,111,112]. In this study, amplitudes of tectonic stylolites are approximately the
double of loading stylolites, which means that the continental collision stress was higher
than the lithostatic one. However, such evaluation may result unprecise if considering
the non-linearity in stylolite “teeth” growth and the reliability of numerical simulations,
according to [112]. Only a minimal part of the contractional deformation [49], i.e., less
than 20% [113], evaluated by measuring the amplitudes of stylolites, is accommodated
by their formation. This means that most of the deformation is accommodated by other
processes [113] such as fractures, joints, and faults at regional scale (i.e., the Scicli Line).

6.2. The Impact of Fracturing and Diagenetic Features on Porosity

Primary porosity depends mainly on lithology (Volume of shale%): along the studied
section, the Vshale, indeed, linearly correlates to porosity (R2 ∼= 0.6; Figure 14). High
porosity values (>50%) are related to high Vshale (volume up to 100%). Looking at Figure 14,
porosity ranges from 0% to 53%, however, a cluster with low porosity (between 0% and
20%) is related to a low Vshale content (<30%) and higher carbonate fraction. Despite a
small number of cases, the greatest variability of porosity (between 5% and 53%) occurs
at intermediate Vshale/carbonates values (ca. 40% < Vshale < 70%), where highly fractured
shales alternate to carbonate rocks. This large variability (between 2.2 and 2.6 gr/cm3) is
also observed on the density graph (R2 ∼= 0.5; Figure 14).

Our results are in good agreement with other studies showing that porosity in mi-
crobial laminites and stromatolites is generally very low. The primary microbial calcite
precipitation and its resistance to compaction influence porosity, preserving the native pore
system during the burial history [29].

From the integrated analysis, data show that Streppenosa and Noto Fms. are charac-
terized by heterogeneous sedimentary, diagenetic, and tectonic features, which determine
characteristic petrophysical properties. This study highlights that fracture properties, in-
cluding aperture, length, frequency, and secondary mineralization, play an important role
in controlling the rocks porosity. Rashid et al. 2020 [16], as well as our study, show that
type of fractures and stylolites, and their reciprocal cutting relations, point at two opposite
evolutionary stages: one extensional, related to rifting, and the other compressional related
to a collisional phase, both linked with the regional geodynamics.
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Figure 14. Correlation between the Vshale and Porosity-Density values. The R2 values are rounded to
the first decimal place.

Additionally, it is well known that fractures play a very important role in carbonate
reservoirs rocks, as they often act as preferential flow pathways for hydrocarbons [28]. Con-
versely, our data show that most of fractures (85%) are cemented and, thus, do not enhance
the porosity of the rock. Only 15% of fractures are partially cemented with secondary calcite,
and/or impregnated with bitumen, especially in the depth range from 2069 to 2072 m.
Looking at Figure 12, gamma-ray log and limestone porosity versus the number of fractures
per meter, it appears that porosity is not much controlled by density of fractures.

Stylolites as well have been analyzed on cores, thin sections, and, on small repre-
sentative specimens, on micro-CT: some of them are partly impregnated with bitumen
(especially visible under the microscope), partly with secondary calcite and clay minerals.
Therefore, like fractures, they exhibit a little residual porosity. According to more recent stud-
ies [42,114,115], stylolites have been considered as barriers for hydrocarbon flow, however,
these structures are permeable in most cases, [42,115] and they represent a preferential con-
duit for fluids to flow. Overall, laterally extended load stylolites can play a significant role in
controlling the regional fluid flow through relatively slightly deformed fractured carbonate
rocks [42,115]. In some case, when enriched with minerals, stylolites represent a barrier,
capable of reducing the porosity. The latter can reduce the permeability of the formation and
constitute an obstacle for the regional fluid migration [114]. Our data regarding stylolites
are, therefore, in good agreement with Heap et al. [114], who noted that the porosity of the
samples containing stylolites is nearly higher than their stylolite-free counterparts (see Sam-
ples ERK1_17 and 1_24) and that stylolites often serve as conduit for calcium carbonate-rich
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fluids enhancing later calcite precipitation. Therefore, our data suggest that stylolites may
act as partial conduits for fluid flow, while a lack of significant density contrast is registered
in thin stylolites. Although the heterogeneity of analyzed rocks may be described by a
coefficient of variability and a larger number of samples is recommendable for reservoir
characterization and simulation [116], our work successfully characterizes the heterogeneity
of Hyblean reservoir rocks and its implications at the pore scale.

7. Conclusions

In this work, our multi-scale and multidisciplinary results on the analysis of well-
known reservoir rocks from subsurface of the Hyblean Plateau (Sicily, Italy), can be sum-
marized as it follows:

• The dominant sedimentary and diagenetic features are bedding and burial stylolites.
Tectonic features are mainly mineralized fractures, veins, faults, and tectonic stylolites.
The dominant extensional tectonic features are steeply inclined fractures and faults
related to the main upper Triassic rifting event. Compressional tectonic structures
and tectonic stylolites are related to a younger compressional event linked to tectonic
inversion and Europe-Africa plate collision;

• The qualitative analysis of voids shows a dominance of joints, and fractures instead of
isolate pores, which are rare and scattered within the investigated volumes;

• Depositional and diagenetic processes led to the formation of a micro-dominated pore
system with a low residual porosity;

• Fractures are mainly mineralized (85% of the total amount); thus, they do not con-
tribute to the overall porosity. Stylolites may partially increase it, showing permeation
by secondary fluids;

• Log analysis confirm the good match between Vshale, gamma ray, spontaneous poten-
tial, density, Vp measured on core, and sonic log;

• High gamma-ray values (150 GAPI) are related to high organic content (black shales);
• Compressional P wave velocity values, measured on cores, are consistently lower than

those measured along the well. This is likely due to removal of the overburden and,
therefore, lithostatic pressure;

• Streppenosa and Noto Fms. have been subdivided, respectively, into two main clusters:
the Streppenosa Formation, acting as seal, shows higher shale volume and a fining
upward trend linked to the flooding of the platform; the Noto Fm. displays two
different clusters with higher carbonate content and peaks, related to black shales
intercalations.

Finally, in our opinion, our multi-scale, multidisciplinary study was successful in de-
picting the facies, microstructures, and main petrophysical characteristics of heterogenous
carbonate reservoir rocks. Such methodology stresses the significance of investigating the
sedimentary, diagenetic, tectonic features, and their genesis and evolution over geological
times. This work paves the way for further thorough estimations of permeability and fluid
pathways in both fracture- and stylolites-rich rocks. Therefore, it may be adopted by other
studies focused on gas reservoirs in energy transition times.
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