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Abstract: The results provided by this study contribute to the geological characterization of a potential
caprock-reservoir system for CO2 storage in the experimental area of the mining district of the Sulcis
Coal Basin (south-western Sardinia, Italy). The work is aimed to improve the knowledge of the
petrographic and petrophysical characteristics of the siliciclastic and carbonate geological formations
that make up the potential caprock-reservoir system. Core samples from a number of wells drilled
in the study area for mining purposes were analyzed especially for texture and physical properties
(longitudinal velocity, density, porosity, and permeability). The preliminary integrated petrographic
and petrophysical characterizations indicate that the Upper Paleocene to Early Eocene potential
carbonate reservoir is heterogeneous but presents suitable reservoir zones for CO2. A preliminary
analysis of the potential caprock siliciclastic lithologies of the Middle Eocene to Lower Oligocene
suggests that they appear suitable for CO2 confinement. Finally, to account for the stability of the
investigated area, an accurate geodynamical study of south-western Sardinia was carried out using
global navigation satellite system and advanced differential interferometric synthetic aperture radar
methodologies in order to estimate vertical and horizontal crustal displacements. The study area
results stable, since it is characterized by surface crustal horizontal and vertical velocities smaller
than 1 mm/year and few mm/year, respectively.

Keywords: petrophysical properties; carbonates; siliciclastics; GNSS DinSAR; crustal displacements

1. Introduction

The need to minimize the amount of CO2 in the atmosphere is becoming greater and greater and
carbon dioxide capture, utilization, and storage (CCUS) technologies are recognized by the scientific
community as one of the essential approaches to contain global warming [1]. CO2 can be captured from
several kinds of concentrated sources (e.g., power generation and industrial plants) and, depending
on the peculiarity of each specific site, it can be converted into valuable products [2] or permanently
stored in geological basins. Consequently, sequestration of industrial emissions in adequate geologic
formations—as well as the development of CO2 capture and utilization technologies—has become
a current necessity. Several CCUS technologies (such as CO2 capture with amine-based solvents and
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CO2 injection in depleted oil or gas fields) are currently fully commercial, even though they are still
characterized by very high capital and operating costs [3,4]. This is the reason why further technology
development is still essential.

Because the geological reality is very complex, it is important to describe it in a multidisciplinary
way. Therefore, complementary information can help the acquisition of the knowledge of geological
conditions suitable for the injection and storage of CO2 [5–7]. In geological areas suitable for CO2

storage, the stability of the land surface must also be checked [7,8] both before injection and during
and after storage, which also includes during the characterization of the site.

The evaluation of a CO2 geologic storage site requires a robust experimental database, especially
regarding the spatial petrophysical heterogeneities, built on inputs from specific investigations by
means of a detailed characterization of the rocks making up the possible caprock-reservoir system.
In this way, a reliable model can be built to estimate CO2 storage capacity. In this paper, an integrated
analysis of minero-petrographical, physical, and geophysical parameters of the rocks that make up the
potential caprock-reservoir system in an experimental area in the mining district of the Sulcis Coal
Basin (south-western Sardinia, Italy) (Figure 1) [9–12] was carried out.
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Figure 1. Geological setting of the Sulcis Coal Basin (SW Sardinia, Italy).

The aim of this analysis was to substantially contribute to reducing the geologic uncertainty both
in storage site characterization and in geological and numerical modelling to evaluate the suitability
of the study site for pilot-scale CO2 sequestration experimental tests. In the study area, the Middle
Eocene to Lower Oligocene Cixerri Fm. made up of siliciclastic continental rocks [13–15] has been
identified as a potential caprock [9–12]. The Upper Paleocene to Early Eocene Macroforaminifera
limestones and Miliolitico Auct. have been identified as a potential carbonate reservoir in early
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studies [9–12,16]. From these studies and mining activities [17], it was identified the carbonate rocks
have poor primary porosity, but they are interested in their widespread secondary fracturing. In this
framework, we also considered it of interest to examine the carbonate lithologies of Produttivo Auct.
in the interval between Miliolitico Auct. and Cixerri Fm. (Figure 2) in order to evaluate their suitability
for possible experimental-scale CO2 storage. We would like to point out that the pilot-scale CO2

sequestration experimental tests could be carried out on the southern part of the Sulcis Coal Basin,
where an important normal fault zone (Monte Ulmus Fault; Figure 1) causes the deepening towards
south of the formations that make up the potential caprock-reservoir system. The deepening is testified
by borehole 37–87 (Figure 1) south of the Monte Ulmus fault.Energies 2019, 12, x FOR PEER REVIEW 4 of 39 
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Figure 2. Typical stratigraphic sequence of the Sulcis Coal Basin: Sedimentary, volcanic sequence
(Permian–Triassic); Macroforaminifera limestones and Miliolitico Auct. (Upper Paleocene–Early
Eocene); Produttivo Auct. (Early Eocene); Cixerri Formation (Middle Eocene–Lower Oligocene);
Volcanites (Early Miocene–Middle Miocene) [13].

For the integrated petrographic and petrophysical analyses of the potential caprock-reservoir
geological formations, 51 samples were considered at dry and water saturated conditions, both from
siliciclastic and carbonate rocks, from a number of core wells drilled in the study area (Figure 1) and
provided by Carbosulcis S.p.A. This study focused on the effect of cement types, rock fabric, texture,
pore type, and size on the physical properties of the rocks, especially the acoustic properties as already
proposed in several studies [18–27]. The relations between acoustic velocity, carbonate rock fabric, and
texture are strategic in the interpretation of reflection seismic data or data from acoustic logs [20,28].

The observation carried out under optical and scanning electron microscopy (OM/SEM) analyses
were integrated with the mercury intrusion porosimetry (MIP) technique to obtain information, such
as the pore size distribution, total pore volume, and bulk and skeletal densities of the study rocks.
Besides this information, other important parameters (permeability and tortuosity) were deduced from
the MIP analyses. The textural characteristics of the investigated rocks were also compared with the
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longitudinal velocity in order to analyze the influence of the textural and petrophysical parameters on
the propagation of the longitudinal acoustic waves. This analysis is effective in evaluating the possibility
of extracting petrophysical information from seismic data and predicting porosity from velocity.

In the investigated carbonate rocks of the potential reservoir, secondary porosity, especially of the
fracture and channel types, is dominant with respect to primary porosity and favors fluid circulation.
In the carbonate lithologies, the comparison between acoustic velocity (Vp) and thin-section analysis
by optical and scanning electron microscopy indicates that the longitudinal velocity is strictly affected
by the porosity and textural characteristics of the investigated rocks.

A preliminary analysis of the potential caprock siliciclastic lithologies of the Cixerri Fm. suggests
that they are characterized by a discreet heterogeneity of their intrinsic characteristics but, in general,
appear suitable for CO2 confinement. However, the conglomerate facies characterized by a friable,
porous, and permeable matrix could make the sealing action of the Cixerri Fm. less effective. For this
reason, the analysis on a larger number of samples will be expanded to the conglomerates. In the
siliciclastic rocks of the Cixerri Fm., the comparison between acoustic longitudinal velocity (Vp) and
thin-section analysis indicates that the longitudinal velocity is mainly affected by their composition,
type of cement or matrix, sorting, packing, and subordinately porosity.

In order to detect potential present active tectonics, a detailed study of the evolution in time of
the surface ground displacement of the selected area is necessary. For this purpose, we suggest the
synergistic use of information of a different nature, such as global navigation satellite system (GNSS)
and advanced differential interferometric synthetic aperture radar (A-DinSAR), in order to acquire
useful knowledge about the stability of the potential geological storage site.

In fact, as is well known in the literature [29–36], high-quality GNSS station vertical and horizontal
position time series together with sites aselines time series in addition to multiple SAR images must
be used to detect very small (few mm) horizontal and elevation changes even in very large areas as
wide as 100 × 100 km2 or more. The extreme sensitivity of these techniques to minimal height and
horizontal variation, especially when applied in parallel, means that they can be used to monitor the
evolution in time of many geophysical and environmental phenomena.

In this work, to account for the stability of the investigated area, in particular the ground
vertical and horizontal component of displacement and deformation, a geodetic study was carried out
integrating GNSS and A-DinSAR technologies [31,37–39]. Although the broad kinematics of Sardinia
and South-Sardinia is mainly known (see, for example, Devoti et al., 2017 [40]), the present work
has provided available data for a better understanding of the details of how tectonic motions are
accommodated on more regional and local spatial scales and on monthly and daily temporal scales.

In particular, we used the data available and distributed free of charge by some permanent GNSS
stations maintained by a number of institutions (Leica Geosystems Italy®, TOPCON POSITIONING
ITALY S.r.l.; European Permanent Network, EPN; Agenzia Spaziale Italiana, ASI; and University of
Cagliari-Italy), all located around and inside the study area, together with many SAR interferometers
computed using imagery from the Sentinel-1 A and B of the European Space Agency (ESA-Copernicus®)
C-band satellites. The data of these satellites are made available on the Internet for download free
of charge and are useful for measuring and monitoring the temporal evolution of the horizontal
and vertical components of local ground surface deformation. The GNSS and DinSAR data analysis
indicates that the study area is stable, since the surface crustal horizontal and vertical velocities are
smaller than 1 mm/year and a few mm/year, respectively.

All the experimental data acquired during the study represent a useful dataset to aid the geological
characterization of the experimental site and to improve the geological and numerical modelling of the
area. The research unit will follow to expand on the work presented here and focus on further detailed
analyses of some facies of the potential sealing lithologies and reservoir in order to integrate the
petrographic and petrophysical studies with the geochemical and geomechanical ones for a complete
geological characterization of the study area. The latter will be functional to the installation of a field
laboratory and a test site for pilot-scale CO2 injection.
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2. Geological Setting

The Sulcis Coal Basin (Figure 1) is located in the south-western sector of Sardinia (Italy). The Sulcis
Coal Basin represents one of the most important Italian coal reserves characterized by great mining
potential. The stratigraphic succession of the basin is characterized by rocks dating back to the Paleozoic
up to the Quaternary (Figure 1).

The Paleozoic lithotypes belong to the Sardinian metamorphic basement considered a residue of the
South European Hercynian Chain, which continues through the Provence (France) and Catalonia (Spain)
regions [41,42]. In the Sulcis basin, the Paleozoic succession consists of an alternation of conglomerates,
sandstones, and claystones intercalated with several volcanic episodes [13]. This volcano-sedimentary
succession has been referred to the Permo-Trias. The sedimentary-volcanic Permo-Triassic sequence
is covered by a Triassic carbonate succession in Germanic facies [43]. These sequences are overlaid
by fluvial sediments and by Jurassic and Cretaceous carbonate complexes present in the island of
Sant’Antioco both in the subsoil [44] and the outcrop [45].

During the Paleogene a transgressive-regressive sedimentary cycle occurred. This succession,
about 150 m thick, is marine at the bottom and paralic-continental at the top. The first marine sediments
are represented by about 40 m of limestones with Macroforaminifera, such as Alveolines and Orbitolites,
that date back to the Upper Paleocene–Early Eocene [46]. Over the Macroforaminifera limestones, the
fossiliferous content is represented almost exclusively by Miliolidae (Miliolitico Auct.). Above the
Miliolitico Auct., approximately 70 m [13] to 90 m [9] thickness, marly limestones and lagoon marls
exist with a decreasing salinity environment, with a fossiliferous content represented by Ostracods and
Characeae [13], followed by marsh clays and limestones of freshwater with pulmonate gastropods.
In the lagoon and marsh levels, several layers of coal are interbedded. This entire sequence is named
Produttivo Auct., also called “Lignitifero” [47]. This formation is well documented in several wells
that have been drilled by Carbosulcis S.p.A for coal exploration and mining in the area of Carbonia
(Sulcis Coal Basin). The Produttivo Auct., which dates back to the Early Eocene [48–50], lies directly
on the Paleozoic or on the Miliolitico Auct. and is covered by the Cixerri Fm. [51]. The Cixerri
Fm. is characterized by terrigenous continental deposits as siltstones, sandstones, and subordinated
conglomerates from the dismantling of the Pyrenean chain [14,52,53]. The depositional environment of
the Cixerri Fm. is represented by a system of alluvial plains, with proximal characteristics at West and
distal at East [52,54]. The age of this formation is between the Middle-Eocene and Lower Oligocene [54].

A large part of the Sulcis basin is characterized by the presence of a wide and thick (up to 900 m)
covering of calco-alkaline Miocene volcanites, linked to the detachment of the Sardo-Corso massif from
Europe and its counter-clockwise rotation towards east [55]. This volcanic sequence is unconformable
on the Cixerri Fm. The sequence consists of volcanic products of dacitic and comenditic composition,
mainly in ignimbritic facies and subordinately in lavic facies. This calc-alkaline sequence begins with
the emplacement of the dacites and rhyodacites, followed by: (1) an emplacement of pre-comenditic
products with rhyolitic composition; (2) comenditic products; and (3) a post-comenditic magmatism
with rhyolitic composition [56].

Above the Miocene volcanites, Pleistocene and Holocene sediments have been deposited.
The Pleistocene deposits are characterized by alluvial gravels, sands and aeolian sandstones, and
alluvial fan deposits that belong to the Portovesme synthem [57], while the Holocene sediments consist
of lacustrine sediments, alluvial deposits, and eluvial-colluvial coulters.

3. Data and Methods

3.1. Petrographical and Petrophysical Laboratory Tests

The characterization of the rocks that make up the potential caprock-reservoir system in the study
area started from a detailed analysis of both the petrographic and main physical characteristics of the
terrigenous continental rocks of the Cixerri Fm. and of the carbonate rocks from the Produttivo Auct.,
the Miliolitico Auct., and Macroforaminifera limestones.
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The physical properties, such as acoustic longitudinal velocity, bulk density, porosity, and
permeability, of the rocks under study were analyzed in light of their petrographic characteristics and
in particular their texture. Knowledge of the texture is important because of its relationship with the
primary and secondary porosity, which affect both the permeability and geomechanical properties of
the rocks.

The laboratory measurements were performed on 51 samples provided by Carbosulcis S.p.A.,
the company responsible for the maintenance of the coal mine in south-western Sardinia, drilled in
different boreholes between 370 m and 490 m of depth for the potential caprock, and between 410 to
641 m of depth for the potential reservoir. In total, 34 samples from Produttivo Auct., Miliolitico Auct.,
and Macroforaminifera limestones and 17 samples from the Cixerri Fm. were considered, representing
all major lithologies.

The measurements of the physical properties were performed on regular cylindrical samples of
an average length of 20 cm and a diameter of 7 cm [58–60]. A part of each was used to prepare both the
thin sections for the optical and scanning electron microscopy (OM/SEM) analyses, and a small cubic
sample (1.5 cm in size) for the mercury porosimetry injection.

The petrographical characterization of the analyzed lithotypes representing the different facies
of the potential caprock-reservoir system was carried out, starting from a detailed analysis of the
petrographic features by means of optical and scanning electron microscopy.

For the optical microscopy analysis, the thin sections were impregnated with blue-dye epoxy [27,61]
to better visualize the pore space and their connection at the meso-scale [62]. The microporosity and the
compositional characteristics, such as the nature of the cement and/or matrix, were evaluated by SEM.
The analyzed carbonate rocks were classified according to the depositional texture classification of
Folk (1959) [63] and Dunham (1962) [64], while the clastic rocks of the Cixerri formation were classified
following Blair and McPherson (1999) [65] and Pettijohn et al. (1987) [66].

The observations carried out under optical microscopy (OM) and SEM analyses were integrated
with the mercury intrusion porosimetry (MIP) technique to obtain further information on the porosity
of connected pores (effective porosity) and on pore-throat size distributions (radii/diameters), bulk, and
skeletal densities. Besides this information, some topological parameters of the pore structure, such as
permeability and tortuosity [67–69], which depend on the size and arrangement of pores/throats and
pore-to-pore connections, were obtained by MIP analyses [70–72].

A Micromeritics Autopore IV 9500 (Micromeritics Instrument Corporation, Norcross, GA, USA) to
measure the connected porosity for pore-throat diameters in the range 3 nm–360 µm was used. For this
analysis, cubes with the largest dimension of about 1.5 cm were prepared and dried at 60 ◦C for 48 h.

MIP analyses were carried out in two phases: Low pressure (LP) and high pressure (HP). In the
LP analyses, the penetrometers were filled with mercury to a maximum of 30 psia and the larger
pore throats were invaded by it. In the HP analyses, pressures were increased stepwise from 30 to
60,000 psia. The final pressure value, which allows the mercury to invade pore throats as small as 3 nm
approximately, was chosen considering that it is suitable to analyze small pores typical of lithotypes
with finer grain sizes.

The longitudinal wave velocities (P-wave velocity) measurements were performed under dry and
water saturated conditions and at atmospheric temperature and pressure, following the NORMAL
22/86 guidelines [58].

The experimental device for the acoustic measurements includes a set of ultrasonic transducers
with an 82 to 150 kHz central frequency for P waves that propagate along the longitudinal axis of the
cylindrical samples. Based on different tests, the range of 82 to 150 kHz frequencies was considered
an acceptable compromise between the resolving power and a tolerable attenuation of the ultrasonic
signal. For the ultrasonic measurements, the ends of the cylinders were prepared to be free from
morphological irregularities, and flat and parallel following the American Society for Testing and
Materials (ASTM) guidelines [60].
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A portable ultrasonic nondestructive digital indicating tester (PUNDIT LAB Plus) device (Proceq,
Schwerzenbach, Switzerland) was employed for the tests. A constant mild contact force was applied
during the ultrasonic measurement, and the silicone snug sheets [73] were used to guarantee a good
coupling between the transducers and the core sample.

To improve the signal/noise ratio and then the data quality, a stack of 10 waveforms was carried
out for each measurement. Then, the transit time of the propagation of the longitudinal ultrasonic
signal from the transmitter to the receiver through the samples (direct transmission mode, ISRM 2007,
2014) [59,74] in dry and water-saturated conditions was measured at ambient temperature and pressure.
The transit times were measured by locating the first break of the longitudinal-received stacked signal
as a result of the analysis of the waveforms recorded and displayed by the portable oscilloscope Fluke
96b [27]. The longitudinal velocity (Vp) was computed considering the ratio between the length of the
specimen (L) and the transit time of the longitudinal ultrasonic signal (T). The accuracy of the velocity
measurements was ±1%.

The dry and saturated density of the analyzed core samples were calculated as the ratio of the dry
and saturated weights to the sample bulk volume. The samples were accurately weighed, and the bulk
volume was accurately detected by the caliper method according to ISRM 2007 [59].

The effective porosity (Φeff) data, expressed as the ratio of the connected pore volume (Volp) to the
total bulk volume (Vol) [59] of each cylindrical sample, were obtained by the imbibition method using
water that accessed only the connected pores within the samples. Each sample was weighed before
and after imbibition following the procedure outlined by ISRM, 2007 [59]. Thanks to the difference
in weight, given by %Volp, where (%) is the water density considered at ambient temperature, it was
possible to calculate the pore volume (Volp). The bulk volume was calculated as already specified for
density determinations.

3.2. Geodesy GNSS SAR

3.2.1. SAR-Data

Hundreds of images of Sentinel-1 A and B ESA-Copernicus® (European Space Agency) satellites
synthetic aperture radar (SAR), C-band (0.056 m wavelength), Single Look Complex (SLC), image-wide
swath (IW), and TOSAR (Terrain Observation by Progressive Scans) were downloaded and saved [75,76].
In particular, the archived images belong to the scenes of the descending 168 track, and of the ascending
88 track, covering an area as wide as 150 × 100 km2 in the time interval lasting from October 2014 to
October 2018. The images were distributed free of charge by Copernicus® and the relatives satellites
Sentinel-1 A/B are operated and maintained by European Space Agency (ESA). The used SAR imagery
illuminates mainly the area of south Sardinia; in this way, we were able to build a robust archive of
suitable SAR images.

3.2.2. SAR-Method

In a second step of the procedure, the archived images were processed using advanced DinSAR
(A-DinSAR) (differential interferometric SAR) [31,37,77] methodology and ESA Step 6.0 (SNAP-Python
module of ESA’s Sentinel Application Platform (SNAP) [78], and GMT5SAR software [79,80]. The two
software packages are optimized also for Linux operative systems (OSs) and can operate in the
background and using a cluster of central processing units (CPUs). It can an also process TOPS
Sentinel-1 A and B data using stochastic algorithms implemented in the Generic Mapping Tools
graphic-mathematic library [81,82]. After de-bursting and the application of precise post-calculated
orbital information distributed by ESA, the pair of co-registered images illuminating the same scene
were stacked to create several interferograms. The data were successively corrected by the phase
topographical effect using the SRTM3 (Shuttle Radar Topographic Mission 3) [83] high-resolution
(3 arcseconds, 90 × 90 m2) digital elevation model (DEM) of south Sardinia, which can be generated
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and made available free of charge also using the interactive facility (Generate DEM) provided for
GMTSAR users at the web site link: http://topex.ucsd.edu/gmtsar/ [84].

Many interferograms were calculated using the previously described co-registered stack of images
pairs that illuminates the same area (scene) in different epochs and corrected for atmospheric noise,
filtered and unwrapped using the statistical-cost and network-flow algorithm for phase-unwrapping
(SNAPHU) [85–87] implemented in the packages, and finally suitably filtered and geocoded.

The time trend of the vertical displacement was computed using the full-resolution interferograms
with the technique SBAS (small baseline subset) by differencing the interferograms derived with the
application of the above-described A-DinSAR methodology and taking into account only the baselines
less than 100 m and 60 days using the data base of all available baselines [31,37].

Many unwrapped DinSAR interferograms of the entire period (November 2014–April 2018)
were stacked by selecting the shortest baselines subset (SBAS) following the schemes represented in
Figure 3 to compute a velocity pattern of many extended backscatter points 90 × 90 m2 wide. The most
significant pixels are characterized by higher reflectivity and were distributed in the study area by
projecting the LOS (satellite line of sight) direction on the vertical with the aid of STRM3-computed
DEM [83]; the resulting vertical velocities are expressed in mm per year.Energies 2019, 12, x FOR PEER REVIEW 9 of 39 
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3.2.3. GNSS-Data

The RINEX data distributed by Leica-Geosystems for the Italpos/SmartNet GNSS (Global
Navigation Satellite System) network [88] and NetGEO (TOPCON POSITIONING ITALY S.r.l.) [89]
together with some better quality Euref Permanent GNSS Network (EPN) [90] Italian Space Agency
(ASI), International GNSS Service (IGS), and University of Cagliari (Italy) permanent stations (namely,
CAG1, UCAG, MATE, NOT1, PADO, ZOUF, GENO, GRAZ, WTZR, and POTS) were used to compute
the position time series of some permanent GNSS station sites operating continuously in the Sulcis
Iglesiente Region: ANTI, ARBU, CA02, CA04, IGLE, and TEUL corresponding to the Sant’Antioco,
Arbus, Senorbì, Pula, Iglesias, and Teulada sites, respectively (Figure 4). We added the previously
described permanent network sites to our solutions to define the internal constraints of the analyzed
GNSS network, in order to facilitate the robust combination process with SOPAC solutions and to
account for the active movements of the study area to be compared later with the A-DinSAR results.
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Figure 4. Horizontal residual Eurasian intra-plate velocities of the permanent GNSS station computed
in this work for the area of south Sardinia (Cagliari district). The velocity values are expressed in
mm/year and are represented as red arrows together with the corresponding error ellipses in black.
The velocity values range in the interval ±0.3 mm/year (see reference velocity of 0.5 mm/year in the
lower right corner of the Figure). The study area is represented by a red rectangle.

3.2.4. GNSS-Method

A multi-step procedure based on the distributed-sessions approach [91–93] was applied starting
with the least square adjustment of the GNSS network solutions (hfiles) using the Gamit 10.7 package
in order to estimate site coordinates and covariance of the permanent sites [94,95]. The next step in this
procedure was to assess the horizontal and vertical velocity of GNSS sites of the Cixerri Sardinian cluster
(called CIXE) adjusted in the IGB14 (international core boundary 2014) global reference frame [96], and
subsequently the Eurasian Intra-Plate residual velocities. These velocities are represented in Figure 4
with red arrows together with the corresponding error ellipses (area of confidence of the estimated
velocities), and the reference velocity of 0.5 mm/year together with the error ellipse of 0.5 mm/year
(in black) are represented as a reference in the lower right corner of the figure for a comparison
with the velocity vectors of the GNSS network sites. At this stage, the baselines and the baseline
component of the GNSS permanent sites of the Cixerri cluster were also computed in order to perform
a robust estimate of the vertical and horizontal displacement affecting the study area (Figure 5).
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The repeatability of the time series of baselines of the Cixerri GNSS cluster was taken into account
together with the velocity uncertainties exploited adopting the first-order Gauss–Markov (FOGMEX)
estimation procedure suitably implemented by Herring in the corresponding interactive Matlab Tools
package [35,36,97].Energies 2019, 12, x FOR PEER REVIEW 11 of 39 
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Figure 5. Baselines and baselines variation in mm/year from Sant’Antioco to Cagliari and Iglesias, and
from Iglesias to Cagliari. As for the residual, horizontal velocity values are comprised in the interval
+/−0.3 mm/year, testifying the small strain rate acting in this area.

4. Results

4.1. Siliciclastic Cixerri Fm.

4.1.1. Textural and Compositional Characteristics

The texture and grain composition of the rocks of the Cixerri Fm. were analyzed from the thin
sections by OM and SEM analyses. These analyses highlighted that the studied rocks of the Cixerri Fm.
are of a siliciclastic nature and heterogeneous in terms of grain size and composition. These lithologies
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were classified as siltstones, wackes, sandstones, and conglomerates. The siltstones have a pelitic
texture, made up of silt granules of different composition: Quartz, calcite, dolomite, and, in some cases,
ankerite, all connected by a clay matrix (ranging from 2% to 8%). In many cases, the analyzed samples
of siltstones are oxidized (Figure 6a). The sediment is dimensionally well sorted, with particles of silt
ranging from 5 to 7 µm (Figure 6b).

The wackes (samples C2-borehole 57–90 and C1-borehole 59–90) have a mud-supported texture
and a composition characterized by lithic fragments of calcite and dolomite, crystals of ankerite, and
quartz granules, bonded by a silt-clay matrix (Figure 6c). The clay content, about 7% to 10%, denotes
a texturally immature sediment, and characterizes the sectors of the rock where the microporosity
is concentrated.

The sandstones have a grain-supported texture and are generally made up of sub-rounded grains
of carbonate lithic elements and quartz (Figure 6d). Due to the above textural characteristics, these
rocks can be classified as litharenites [66]. The grains range from 200 to 500 µm (fine sand to medium
sand). A sample of sandstone (C2-borehole 37–87) contains about 10% of K-feldspar (Figure 6e) and
can be classified as subarkose [66].

In the sandstones, the binder material is a cement mainly made up of sparry calcite sometimes
enriched in dolomite (Figure 6f). However, in a few samples classified as litharenites (C9-borehole
57–90 and C2-borehole 59–90), little amounts (5%) of pelitic matrix not replaced by the cement are
still present, indicating a texturally submature sediment. In sample C9-borehole 57–90, pelitic levels
are interbedded with well-cemented arenaceous levels. From the SEM analysis, it was observed that
the pelitic matrix contains a clay content of about 2%, localized both in some intergranular spaces
and within the micro fractures (Figure 6g). At water saturation conditions, sample C9-borehole 57–90
developed swelling phenomena, due to clay–water interaction, and the formation of new fractures.
In sample C2-borehole 59–90, the pelitic matrix is confined in the intergranular spaces and is present in
isolated spots of the rock. Therefore, in this case, significant swelling or fracturing does not occur as in
the previous sample, C9-borehole 57–90. In sandstones, the sutured contacts among the grains ensure
tighter packing, which, combined with the low clay content and carbonate cement, causes a reduction
in porosity and a tight compactness.

The analyzed conglomerates (samples C1 and C3-borehole 37–87) are less consolidated than the
sandstones because they are characterized by polygenic pebbles supported by a friable sandy-pelitic
matrix (Figure 6h). In some cases, this matrix can be more compact due to the occasional presence of
carbonate cement. According to Blair and McPherson (1999) [65], these rocks can be classified as sandy
muddy conglomerates. The presence of fine grains of sand, silt, and clay among the pebbles is typical
of poorly sorted and texturally immature sediments.

4.1.2. Thin Section Porosity

Generally, in siliciclastic rocks, the porosity depends on the textural maturity of the sediment,
mainly controlled by the depositional process and sedimentation environments [98]. The primary
porosity increases as the grain sizes increase, the sediment is well sorted and loosely packed, the
grains are rounded, and the clay content decreases. In texturally immature rocks, such as the analyzed
wackes, the presence of clay in the intergranular spaces causes a decrease in the primary intergranular
porosity. The intergranular clay matrix of the analyzed samples of the Cixerri Fm. is characterized by
small primary pores, where the capillary forces prevent the flow of fluids, causing a decrease in the
permeability, as also described by other authors [98].
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Figure 6. Textural and compositional characteristics of the Cixerri Fm. samples: (a) Oxidation (Ox) in
a siltstone, Optical Microscopy (OM) in plane polarized light; (b) Compositional features of a siltstone:
calcite (Calc), clay minerals (Clay), and ankerite (Ank), SEM image; (c) Clay matrix (Clay) and calcite
(Calc) in a wacke, SEM image; (d) Texture and composition of a litharenite, characterized mainly by
lithic elements (Lit) and quartz (Qz), OM in cross-polarized light; (e) Altered potassic feldspar (K-Feld)
in a subarkose, SEM image; (f) Quartz granules (Qz) in a sandstone cemented by calcite (Calc) and
dolomite (Dol), SEM image; (g) Clay minerals (Clay) inside the intergranular spaces and within the
fractures (F) in a sandstone, SEM image; (h) Conglomerate characterized by lithic elements (Lit) and
quartz granules (Qz) bonded by a clay matrix (Clay), OM in cross polarized light.
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In addition to the primary porosity, the secondary porosity can also affect the sealing effectiveness
of a siliciclastic caprock. The development of secondary porosity, generated by mineral dissolution
during diagenesis, is ordinary in rocks that contain feldspars (as subarkose sample C2-borehole 37–87)
or carbonate lithic elements (litharenites), because feldspars and calcite are dissolved by acidic pore
fluids [99].

In general, after deposition, most siliciclastic rocks, in particular sandstones, show a gradual
decrease in porosity and permeability with depth [98]. However, also in this condition, the composition
of the sediment, mainly in the presence of K-feldspar and calcite, as for the studied Cixerri Fm.
lithologies, is the main factor affecting the evolution of secondary porosity especially if the dissolution
process dominates.

Except for the conglomerates, most of the analyzed samples of the Cixerri Fm. are characterized
by lithotypes with a good degree of compaction and visible porosity values lower than 5%. During
the diagenetic processes, these rocks were subjected to compaction, minor K-feldspar dissolution
(subarkose), clay minerals growth, and carbonate cementation (sandstones), affecting the primary and
secondary porosities.

In the analyzed samples, the primary porosity types are intergranular, intragranular, and
interparticle. Small amounts (about 1%) of intergranular pores (Figure 7a), with sizes ranging from 100
to 400 µm (samples C1-borehole 55–90, C1-borehole 62–90, and C10-borehole 57–90), are present in the
sandstones. In these lithologies, the carbonate cement is volumetrically significant in the authigenic
phase, and therefore the majority of the intergranular spaces is filled by carbonate cement.

An intragranular porosity (<1%), with pore sizes between 2 µm and 100 µm, was also observed in
the sandstones. This primary porosity is uncommon, but it can be detected in the individual granules
of quartz in the form of resorption gulfs (Figure 7b).

The interparticle primary porosity (1%) is concentrated in the clay matrix of conglomerates, wackes,
and siltstones, as shown as examples in Figure 7c and d (samples C2-borehole 57–90 and C1-borehole
59–90). The interparticle pores have sizes of about 1 µm. In these cases, the fine sediment ensures low
permeability because the capillary forces hinder the flow of fluids through the small capillaries.

The secondary porosity observed in the Cixerri Fm. is mainly of fracture, intercrystal, and
intracrystal types. The fractures (about 1%), 200 nm to 100 µm wide (Figure 7e,f), can be observed in
almost all the analyzed rocks. In the sandstones, the rare fractures are located in the carbonate cement
while in wackes and siltstones, they are present in the clay matrix. In the conglomerates, the fracture
porosity is concentrated in the sandy-pelitic matrix and is interconnected with the interparticle primary
pores. The presence of this effective porosity within the heterogeneous and poorly cohesive matrix
causes a loss of material, especially when the rock is saturated.

The intercrystal porosity can be observed in some samples of sandstones (samples C1-borehole
55–90 and C1-borehole 62–90), within the carbonate cement, just among the crystals of calcite and
dolomite (Figure 7g). The sizes of these pores range between 3 µm and 50 µm.

Intracrystal porosity was observed in the subarkose within the K-feldspar crystals. These pores,
ranging between 3 µm and 50 µm, are the product of the alteration and dissolution of the K-feldspar
crystals (Figure 7h).

From the results of the OM and SEM analyses, it can be deduced that based on the textural
and petrophysical characteristics, the Cixerri Fm. can be considered a potential caprock. In fact, the
low porosity values and the presence of intergranular crystalline cement in the sandstones and clay
minerals in siltstones and wackes favors the sealing effectiveness of this formation. The efficiency of
the sealing action could be less effective in conglomerates characterized by friable and porous matrix.
For this reason, the analysis on these lithologies should be enhanced by a larger number of samples.
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Figure 7. Porosity of the Cixerri Fm. samples: (a) Intergranular porosity (Ig) among the granules of
quartz (Qz) in a sandstone, OM in plane polarized light, thin section treated with blue dye epoxy resin;
(b) Intergranular porosity (Ig) among the granules and intragranular porosity (In) within a granule of
quartz (Qz) in a sandstone, OM in plane polarized light, thin section treated with blue dye epoxy resin;
(c) Interparticle porosity (Ip) among the particles of calcite (Calc) and clay minerals (Clay) in a siltstone,
SEM image; (d) Interparticle porosity (Ip) within the clay matrix in a conglomerate, Qz (quartz) SEM
image; (e) Fracture porosity (F) in the calcite cement (Calc) of a sandstone, SEM image; (f) Fracture
porosity (F) in a siltstone, OM in plane polarized light, thin section treated with blue dye epoxy resin;
(g) Intercrystal porosity (Ic) between the dolomite (Dol) and calcite (Calc) crystals that make up the
cement of a sandstone, SEM image; (h) Intracrystal porosity (In) within a crystal of K-feldspar (K-Feld)
in a subarkose, Qz (quartz), Clay (clay minerals), SEM image.
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4.1.3. MIP Analyses.

The curves obtained from MIP analyses, plotted as a logarithm (log) of the differential intrusion
volume of mercury versus pore-throat diameter, are shown in Figure 8. This representation highlights
the pore-throat size distribution in the analyzed samples.
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Figure 8. Mercury Intrusion Porosimeter (MIP)curves highlighting the pore-throat size distributions
of three representative samples of the siliciclastic Cixerri Formation: (a) C2 of borehole 37–87; (b) C5 of
borehole 57–90; and (c) C1 of borehole 62–90.

The main parameters obtained from the MIP analyses are reported in Table 1. The typical patterns
of the MIP curves of the Cixerri samples highlight a unimodal distribution of pore-throat diameters.

Table 1. Siliciclastic Cixerri formation: MIP data.

Borehole Sample
Core

Depth
(m)

d50
(µm)

Bulk
Density
(g/cm3)

Skeletal
Density
(g/cm3)

Porosity
(%)

Permeability
(mD) Tortuosity

37–87 C1 502.00 0.15 2.38 2.62 9.27 9.17 9.12
37–87 C2 646.70 0.06 2.49 2.70 7.78 30.44 7.84
37–87 C3 649.80 0.16 2.39 2.64 9.72 8.20 22.42
55–90 C1 453.95 0.04 2.58 2.65 2.65 4.30 2.84
57–90 C1 452.00 0.02 2.61 2.71 3.62 <0.01 69.11
57–90 C2 453.45 0.02 2.51 2.61 3.81 0.27 5.50
57–90 C3 457.85 0.03 2.49 2.69 7.33 <0.01 50.67
57–90 C4 465.50 0.02 2.56 2.73 6.17 3.54 1.26
57–90 C5 469.43 0.02 2.49 2.65 6.12 2.44 3.57
57–90 C6 472.20 0.02 2.66 2.72 2.12 4.52 14.55
57–90 C7 476.80 0.01 2.60 2.73 4.78 3.57 1.26
57–90 C8 478.80 0.02 2.44 2.73 10.45 <0.01 48.37
57–90 C9 485.85 0.01 2.64 2.70 2.15 2.54 1.33
57–90 C10 486.60 0.02 2.46 2.58 4.73 2.27 1.46
59–90 C1 490.80 0.05 2.51 2.62 4.13 6.40 2.62
59–90 C2 513.85 0.02 2.61 2.69 2.83 2.50 4.05
62–90 C1 370.13 0.23 2.53 2.69 5.80 7.76 2.68

d50 = median pore-throat diameter.

As an example, in Figure 8a–c, three representative MIP curves of the Cixerri samples are shown.
In the MIP curve of the C2 sample (borehole 37–87) shown in Figure 8a, the pore-throat diameters are
mainly in the range 0.02–0.20 µm. The MIP curve of the C5 sample (borehole 57–90) shows pore-throat
diameters mainly in the range 0.01–0.02 µm (Figure 8b). In the curve obtained for the C1 sample
(borehole 62–90), pore-throat diameters are mainly in the range 0.07–0.60 µm (Figure 8c). Considering
the entire dataset (Table 1), the median pore-throat diameters, corresponding to 50% of mercury
saturation, range from 0.01 µm to 0.23 µm. Pores with the above-mentioned sizes can all be classified
as micropores according to Amaefule et al. (1993) [100], Cantrell and Hagerty (1999) [101], and Lønøy
(2006) [62].
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The measured bulk densities range from 2.38 g/cm3 to 2.66 g/cm3 (Table 1). The skeletal densities
range from 2.58 g/cm3 to 2.73 g/cm3 (Table 1). The effective porosity values, from 2.12% to 10.45%,
are related to rocks with porosity from negligible to fair [102]. In general, the permeability ranges
from values below 0.01 up to 9.17 mD. Only one sample (C2-borehole 37–87) with a permeability of
30.44 mD (Table 1) can be related to rocks with moderate permeability [103]. This permeability value,
which is higher than those obtained for the other Cixerri samples, can be related to the weathered
conditions of the K-feldspar present in this sample as recognized by SEM analyses. The tortuosity
ranges from 1.26 to 69.11 (Table 1). Three samples (C1, C3, and C8) from the borehole 57–90 show the
highest tortuosity values (Table 1) and the lowest permeability values (<0.01 mD). In these samples,
the tortuosity has a great influence on the interconnectivity of the pore networks. In these conditions,
the pore space morphology influences the tortuosity parameter because the presence of very articulate
pores can form stagnant pockets that are practically formed by dead-end pores in which the fluids are
practically immobile. Moreover, high values of tortuosity together with small-sized pores hinder the
circulation of fluids in the rocks.

4.1.4. Acoustic Velocity, Bulk Density, and Porosity

The results of the longitudinal wave velocity (Vp) measurements, bulk density, and effective
porosity on the samples of the Cixerri Fm., the potential caprock [12], are given in Table 2.
The longitudinal velocities (Vp) for the samples of the Cixerri Fm. that include a spectrum of
lithologies, such as siltstones, wackes, sandstones and conglomerates, as can be seen from the optical
microscopy (OM) and SEM analyses, range from 3070 to 5162 m/s for dry rocks and from the 2640 to
5344 m/s for water-saturated rocks.

From an integrated analysis between the petrographical characteristics and acoustic properties, it
was found that the large variability in the longitudinal wave propagation velocities within the studied
rocks of the Cixerri Fm. reflects the variation in their elastic characteristics. The latter are related to the
mineralogic composition, the textural characteristics (especially grain contacts, sorting, types of matrix
or cement, textural maturity), and the different types of primary and secondary porosity.

The lithologies with the higher velocity, in the range 4860–5162 m/s (Table 2) in dry conditions, are
the sandstones classified as litharenites according to Pettijohn et al. (1987) [66]. The high longitudinal
velocities are a consequence of the presence of carbonate cement between their grains. Cementation
enhances the contact between the rock components, decreasing the porosity and facilitating longitudinal
wave propagation. In these rocks, the longitudinal velocity generally increases from the dry to the
water-saturated conditions. Only in one sample (C9-borehole 57–90) is a decrease in saturated
longitudinal velocity the consequence of the presence of pelitic levels interbedded with well cemented
arenaceous levels, as can be seen from SEM analyses. During the saturation process, water causes
clay hydration and swelling, with a consequent volume expansion and the formation of new fractures
(Figure 9) causing the elastic properties to worsen.

The siltstones are characterized by velocities ranging from 3070 to 4012 m/s in dry conditions
(Table 2). Due to their clay content, during saturation, many of the analyzed samples of siltstones
(C1, C3, C4, C8–borehole 57–90) underwent a process of disaggregation that did not allow ultrasonic
measurements. The samples C5 and C7 of borehole 57–90 are well characterized by the presence of clay
minerals among the particles of silt and present a decrease in velocity from dry to saturated conditions.
This decrease is due to the fact that in these rocks, during the saturation process, a mechanism of
expansion of the clay matrix favored the aperture of fractures worsening their acoustic behavior.
This process can also be observed at the macroscale in the above-mentioned core sample C7 (borehole
57–90) after saturation (Figure 10). In the wackes, the velocity values, range 3836–3958 m/s in dry
conditions (Table 2), are influenced by the presence of an intergranular silt-clay matrix, typical of
a texturally immature sediment. That kind of matrix containing 7% to 10% of clay rich in interparticle
porosity does not make a compact self-supporting rock frame and does not allow fast propagation of
the longitudinal waves as occurs in the sandstones.
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Table 2. Laboratory measurements of the Siliciclastic Cixerri formation.

Borehole Sample Lithology
Core

Depth
(m)

Vp(Dry)
(m/s)

Vp(Sat)
(m/s)

Dry Bulk
Density
(g/cm3)

Sat Bulk
Density
(g/cm3)

Acoustic
Impedance

(106 kg/m2 s)

Porosity
(%)

37–87 C1 Congl 502.00 3100 3160 2.51 2.57 7.78 8.0
37–87 C2 Subark 646.70 3490 3953 2.59 2.67 9.04 7.9
37–87 C3 Congl 649.80 3297 3361 2.52 2.60 8.31 8.3
55–90 C1 Sandst 453.95 5082 5344 2.72 2.74 13.82 2.0
57–90 C1 Siltst 452.00 3968 / 2.62 / 10.40 3.3
57–90 C2 Wacke 453.45 3836 3930 2.62 2.69 10.05 7.0
57–90 C3 Siltst 457.85 3070 / 2.31 / 7.09 6.5
57–90 C4 Siltst 465.50 3670 / 2.56 / 9.41 5.1
57–90 C5 Siltst 469.43 4012 2640 2.64 2.71 10.59 7.2
57–90 C6 Sandst 472.20 4860 5035 2.71 2.78 13.17 2.0
57–90 C7 Siltst 476.80 4160 3038 2.66 2.73 11.07 4.3
57–90 C8 Siltst 478.80 3320 / 2.41 / 8.00 8.4
57–90 C9 Sandst 485.85 5034 4773 2.77 2.84 13.94 1.9
57–90 C10 Sandst 486.60 5162 5289 2.74 2.81 14.14 4.2
59–90 C1 Wacke 490.80 3958 3927 2.59 2.64 10.25 4.9
59–90 C2 Sandst 513.85 4890 4958 2.68 2.70 13.11 2.7
62–90 C1 Sandst 370.13 4958 5043 2.66 2.69 13.19 3.4

Petrophysical measurements of the analysed lithotypes of Cixerri Formation, Congl (conglomerates), Subark
(subarkoses), Sandst (sandstones), Siltst (Siltstones). Vp(Dry) and Vp(Sat) (longitudinal velocity of dry and saturated
samples). Dry bulk density and Sat bulk density (density of dry and saturated samples).
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The conglomerates have velocity values ranging from 3100 to 3297 m/s in dry conditions (Table 2).
These lowest longitudinal velocity values compared to the other lithotypes of the Cixerri Fm. can be
related to their textural characteristics. As a matter of fact, the friable sandy-pelitic matrix between
the polygenic pebbles that characterizes the analyzed conglomerates makes a rock frame that allows
slower longitudinal wave propagation compared to rocks, such as sandstones, where the presence of
the intergranular carbonate cement favors longitudinal wave propagation.

The bulk density of all samples of the Cixerri Fm. ranges between 2.31 and 2.77 g/cm3 for dry
samples and between 2.57 and 2.84 g/cm3 for water-saturated samples (Table 2). The measurement
of the saturated density was not possible on some samples of siltstones (C1, C3, C4, C8-borehole
57–90), due to their disaggregation during the saturation process as already described in the case of the
longitudinal velocity measurements. In all other samples, a general increase in the density values from
dry to saturated conditions can be observed.

The effective porosity from the laboratory measurements on core samples ranges from 1.9% to 8.4%
(Table 2). The crossplot of the effective porosity (φeff) versus saturated longitudinal velocity (Vpsat)
is shown in Figure 11. The considerable scattering of the porosity–longitudinal velocity values can
be related to the different shape, size, amount, and typology of primary (intergranular, intragranular,
interparticle) and secondary (fracture, intercrystal, intracrystal) porosities observed by OM and SEM
analyses. However, the petrophysical properties of the siliciclastic lithologies of the Cixerri Fm. and
thus the porosity–velocity relations are also influenced by the mineralogical composition (e.g., clay
content in the intergranular spaces, quartz, calcite, dolomite, and more rarely, ankerite).
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4.2. Carbonate Lithologies (Produttivo Auct., Miliolitico Auct., Macroforaminifera Limestones)

4.2.1. Textural and Compositional Characteristics

In the present study, the mineralogical-petrographic and textural features of the carbonate
lithologies underlying the Cixerri Fm. were considered, in light of the different depositional
environments that characterize the Sulcis Coal Basin. In this context, a detailed analysis in OM
and SEM were carried out on 34 representative samples of the carbonate rocks in order to assess
their textural and compositional characteristics. These characteristics together with the porosity
and permeability values determined by mercury porosimetry and laboratory measurements on core
samples contribute to the evaluation of the efficiency of these materials as a potential reservoir [12].

The Macroforaminifera limestones and the Miliolitico Auct., characterized mainly by whole
or broken skeletons of Macroforaminifera (Alveolines and Orbitolites, Figure 12a) and Miliolids
(Figure 12b) cemented by sparite and/or dolosparite, can be classified as grainstones [64] or
biosparites [63]. From the SEM analysis, it is seen that the same rocks can be classified, from
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a compositional point of view, as limestones and dolomitic limestones (Figure 12c). In the samples
where dolomitization occurred, the dolosparite is characterized by an idiotopic texture (Tucker,
2001) [98] and by an intercrystalline porosity [104] due to the dissolution of the relict calcite as observed
in sample C5-borehole 59–90. In all the analyzed samples of the above geological formations, small
amounts of accessory minerals (less than 10%) are present. These minerals, such as quartz, clays, and
pyrite, are usually accumulated in fractures and stylolites (Figure 12d–f).

The carbonate lithotypes belonging to the Produttivo Auct., located between Miliolitico Auct.
and Cixerri Fm. [14], are characterized by a mud-supported texture with a fine-grained carbonate
matrix. From the textural point of view, they can be classified as mudstones (Figure 12g) and
wackestones (Figure 12h) according to the classification of Dunham (1962) [64] or biomicrites following
the classification of Folk (1959) [63]. Their bioclastic components are mainly represented by whole
or broken skeletons of Ostracods. These fossils often appear as intact bivalves, which indicates
autochthonous deposits of a low energy environment.

From the compositional point of view, the lithologies of the Produttivo Auct. can be classified as
limestones, and, in a few cases, as dolostones. These rocks also contain small amounts (<5%) of quartz,
clay minerals, and pyrite.

4.2.2. Thin Section Porosity

The physical behavior of the studied carbonate rocks strictly depends on the interaction between
the solid phase and the pore network. Generally, in the carbonate rocks, the porosity system manages
their permeability and mostly represents the result of depositional history, compaction, and diagenesis,
including cementation, dissolution, chemical alteration and clay formation, fracturing, weathering,
and dolomitization [98].

In the studied carbonate lithologies, a primary porosity, associated with the original depositional
texture of the sediment, and a secondary porosity, related to the post-depositional processes, were
distinguished. It should be considered that an original primary pore may be enlarged by dissolution
or reduced in dimension by cementation, giving rise to secondary porosity [105].

The SEM analyses highlighted that the primary porosity is more common in the mud-supported
limestones of Produttivo Auct.. The pores (Figure 13a), mostly of the interparticle type [104], are
located among the particles of micrite that make up the matrix of these rocks. This type of porosity is
about 3% on average and the size of the pores is about 2 µm on average.

The interparticle primary porosity is also present in Miliolitico Auct. and Macroforaminifera
limestones (Figure 13b), but it is confined within the bioclasts. In this case, the pores range between
100 nm and 1 µm.

The secondary porosity, as intercrystal, intracrystal, intraparticle, moldic, fracture, channel, and
vug types [104], predominate in Miliolitico Auct. and Macroforaminifera limestones. The secondary
porosity is mainly associated with the carbonate cement and fossil organisms.

The intercrystal pores (Figure 13c) are mainly located in the carbonate rocks where dolomitization
processes occurred. The replacement of calcite by dolomite caused an increase in the porosity.
The amount of the intercrystal pores is about 2% on average. Their sizes range between 1 µm and
10 µm.

In some samples of Miliolitico Auct., where dolomitization occurred (particularly for samples
C3-borehole 6–79 and C5-borehole 59–90), the dolomite crystals are affected by dissolution phenomena
that gave rise to intracrystal pores (Figure 13c) of about 1%. Their sizes range between 2 µm and 20 µm.
As shown in Figure 13d, the dissolution phenomena and the connection among the intercrystal and
intracrystal pores can result in porosity of the channel type (1%).
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Figure 12. Textural and compositional characteristics of the carbonate lithologies: (a) Alveolines (Alv)
and Orbitolites (Orb) in a Macroforaminifera limestone, OM in plane polarized light; (b) Miliolids
(Mil) in a sample of Miliolitico Auct., OM in plane polarized light; (c) Calcite (Calc) and dolomite (Dol)
crystals in a sample of Macroforaminifera limestone, SEM image; (d) Quartz (Qz), pyrite (Pyr) and clay
minerals (Clay) within a fracture in a sample of Miliolitico Auct., SEM image; (e) Clay minerals (Clay)
within a fracture in a sample of Miliolitico Auct., Calc (calcite), SEM image; (f) Pyrite crystals (Pyr) in
a sample of Miliolitico Auct., SEM image; (g) Intact Ostracods (Os) in a mudstone of the Produttivo
Auct., OM in plane polarized light; (h) Disarticulated valves of Ostracods (Os) in a wackestone of the
Produttivo Auct., OM in plane polarized light.
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Figure 13. Porosity of the carbonate lithologies: (a) Interparticle porosity (Ip) and an Ostracod (Os) in
the micrite matrix of a mudstone of the Produttivo Auct., SEM image. (b) Interparticle porosity (Ip)
within a shell of a Miliolid in a sample of Miliolitico Auct., Calc (calcite), SEM image; (c) Intercrystal (Ic)
and intracrystal (In) porosities respectively among and within the dolomite (Dol) crystals in a sample
of Miliolitico Auct., SEM image; (d) Intercrystal (Ic) and channel (Ch) pores in the carbonate cement of
a Miliolitico Auct. sample, Calc (calcite), SEM image; (e) Open fracture (OF) and fracture partially filled
(PF) by terrigenous minerals and oxides in the carbonate cement of a Miliolitico Auct. sample, OM in
plane polarized light, thin section treated with blue dye epoxy resin; (f) Filled fracture (FF) by calcite
and open fracture (OF) in a sample of a Miliolitico Auct., OM in plane polarized light, thin section
treated with blue dye epoxy resin; (g) Moldic porosity (M) in a sample of Miliolitico Auct., OM in plane
polarized light, thin section treated with blue dye epoxy resin; (h) Vug porosity (Vug) in a mudstone of
the Produttivo Auct., OM in plane polarized light, thin section treated with blue dye epoxy resin.

The fracture porosity (2%) is present in all analyzed carbonate rocks (Macroforaminifera limestones,
Miliolitico Auct., and Produttivo Auct.). These fractures can be open or partially filled by terrigenous
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minerals and oxides (Figure 13e) or totally filled by carbonate cement (Figure 13f). In the mud-supported
lithologies of Produttivo Auct., the secondary porosity of the fracture type is interconnected with the
interparticle primary porosity. The width of the fractures (200 nm–100 µm) depends on the presence
of terrigenous minerals inside them. The presence of accessory minerals, such as clay and quartz, in
limestones can increase pore types and weakly increase pore size and fracture aperture [106].

The intraparticle and moldic porosities are mainly present in the lithotypes with high fossiliferous
content (wackestones and grainstones) and depend on the dissolution processes of the bioclasts.
Partial dissolution of the bioclasts causes intraparticle porosity, while their total dissolution generates
moldic porosity (Figure 13g). The small amount of such porosities (about 2%) in the mentioned high
fossiliferous rocks points out that the dissolution had a lower impact on porosity than cementation.
The sizes of the pores are approximately 40 µm for intraparticle porosity and about 250 µm to 400 µm
for moldic porosity.

The vug porosity (1%) is another consequence of the dissolution phenomena that occurred in the
analyzed carbonate lithologies (Figure 13h). It is common in mudstones and wackestones and rare in
grainstones. The vugs have sizes between 5 and 400 µm.

In synthesis, the pore system of the investigated rocks is very complex both for typology and
distribution. The visible porosity is around 12%. Based on the OM and SEM analyses, the carbonate
rocks under investigation are relatively compact at the meso-microscale due to carbonate cement in the
Macroforaminifera limestones and Miliolitico Auct. and to the carbonate matrix in the Produttivo Auct.
However, the secondary porosity of fracture type that affects the carbonate cement and matrix can
favor the reservoir role in the above formations. In fact, when the fractures are not totally open, they
are partially filled with quartz, pyrite, and mostly clay minerals, which cause a swelling phenomenon
and thus an increased fracture aperture.

4.2.3. MIP Analyses

The typical patterns of the MIP curves of carbonate lithologies show a unimodal distribution of
pore-throat diameters. As an example, in Figure 14a–c, three representative MIP curves are shown.
In the curve obtained for the C3 sample-borehole 6–79 (Figure 14a), the pore-throat diameters mainly
fall in the range 0.20–0.70 µm. In the curve referred to C2 sample-borehole 57–90 (Figure 14b), the
pore-throat diameters are mainly in the range 0.04–0.25 µm. In the curve relating to C3 sample-borehole
62–90 (Figure 14c), the pore-throat diameters mainly fall in the range 0.02–0.07 µm.
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Figure 14. MIP curves highlighting the pore-throat size distributions of three representative samples of
carbonate lithologies; (a) C3 of borehole 6–79; (b) C2 of borehole 57–90; and (c) C3 of borehole 62–90.

The main parameters obtained by the MIP analyses of carbonate lithologies are summarized in
Table 3. The median pore-throat diameters of all the carbonate samples range from 0.01 to 0.42 µm
(Table 3). Pores with the above sizes are classified as micropores according to Amaefule (1993) [100],
Cantrell and Hagerty (1999) [101], and Lønøy (2006) [62]. The bulk densities range from 2.10 to
2.88 g/cm3 (Table 3). The skeletal density values range from 2.25 to 2.94 g/cm3 (Table 3).

The highest values of densities can also be due to the presence of accessory minerals, such as
pyrite. The porosity values, from 0.94% to 20.77% (Table 3), are related to reservoirs with porosity
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classified from negligible to very good [102]. Permeability, with values lower than 0.01 up to 209.03 mD
(Table 3), is related to reservoirs classified from poor to good [103].

Table 3. Carbonate lithologies: MIP data.

Borehole Sample
Core

Depth
(m)

d50
(µm)

Bulk
Density
(g/cm3)

Skeletal
Density
(g/cm3)

Porosity
(%)

Permeability
(mD) Tortuosity

6–79 C1 487.55 0.01 2.67 2.72 1.60 <0.01 7.04
6–79 C2 509.40 0.42 2.16 2.73 20.77 0.03 6.77
6–79 C3 509.70 0.41 2.10 2.60 19.44 111.25 3.84
6–79 C4 536.80 0.02 2.62 2.67 1.67 <0.01 25.22
6–79 C5 537.10 0.02 2.63 2.68 1.97 1.19 33.17

36–87 C1 609.25 0.01 2.61 2.70 3.24 <0.01 5.26
36–87 C2 609.55 0.02 2.53 2.61 3.18 15.23 8.55
36–87 C3 617.25 0.01 2.60 2.65 1.90 10.03 14.93
55–90 C1 479.20 0.06 2.58 2.69 3.88 <0.01 6.43
55–90 C2 479.50 0.05 2.56 2.69 4.83 23.59 12.69
55–90 C3 485.40 0.02 2.55 2.69 4.58 2.71 2.33
55–90 C4 485.90 0.06 2.45 2.70 9.08 1.01 32.88
55–90 C5 493.80 0.35 2.44 2.80 12.95 0.03 6.48
55–90 C6 494.10 0.15 2.61 2.76 5.53 209.03 4.04
55–90 C7 508.80 0.03 2.55 2.71 5.80 <0.01 42.41
55–90 C8 516.10 0.05 2.46 2.64 6.89 1.45 35.35
55–90 C9 516.40 0.03 2.57 2.71 5.05 <0.01 10.46
57–90 C1 577.50 0.05 2.57 2.70 4.75 1.34 43.97
57–90 C2 579.34 0.12 2.57 2.69 4.55 72.39 4.33
59–90 C1 606.65 0.02 2.45 2.61 6.08 2.44 1.44
59–90 C2 606.95 0.01 2.49 2.66 6.51 4.75 20.87
59–90 C3 616.30 0.09 2.64 2.68 1.59 2.26 1.43
59–90 C4 632.55 0.01 2.70 2.72 0.96 <0.01 8.78
59–90 C5 632.85 0.01 2.62 2.68 2.20 4.27 17.48
59–90 C6 633.50 0.04 2.65 2.73 2.90 2.27 1.28
59–90 C7 636.50 0.03 2.63 2.69 2.52 2.28 1.41
59–90 C8 641.60 0.11 2.50 2.81 11.02 7.14 20.63
62–90 C1 409.90 0.01 2.23 2.25 0.94 <0.01 15.19
62–90 C2 410.20 0.06 2.34 2.63 11.13 2.48 38.14
62–90 C3 416.60 0.04 2.60 2.74 5.34 <0.01 43.87
62–90 C4 422.00 0.01 2.66 2.73 2.58 <0.01 10.27
62–90 C5 424.40 0.01 2.88 2.94 1.80 2.78 1.32
62–90 C6 434.40 0.01 2.65 2.69 1.91 1.12 2.32
62–90 C7 439.00 0.01 2.65 2.68 1.21 2.59 1.29

d50 = median pore-throat diameter.

A number of samples with tortuosity values from 15.19 to 43.97 (Table 3) are characterized by
poor to fair permeability [103]. This highlights the influence of tortuosity on the interconnectivity of
the pore networks.

4.2.4. Acoustic Velocity, Density, and Porosity

In Table 4, we report the results of the longitudinal wave velocity (Vp) measurements, bulk
density, and effective porosity from the samples of the carbonate lithologies, the potential reservoir [12],
underlying the Cixerri Fm.

The velocity values of the longitudinal waves (Vp) in the investigated carbonate lithologies
(Produttivo Auct., Miliolitico Auct., and Macroforaminifera limestones) are included in the
4348–6190 m/s range for dry rocks and in the 4641–6580 m/s range for water-saturated rocks (Table 4).
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Table 4. Laboratory measurements of the Carbonate rocks.

Borehole Sample Lithology
Core

Depth
(m)

Vp(Dry)
(m/s)

Vp(Sat)
(m/s)

Dry Bulk
Density
(g/cm3)

Sat Bulk
Density
(g/cm3)

Acoustic
Impedance

(106 kg/m2 s)

Porosity
(%)

6–79 C1 Wacke 487.55 5259 5323 2.68 2.70 14.09 1.2
6–79 C2 Wacke 509.40 4920 5000 2.62 2.68 12.89 7.7
6–79 C3 Wacke 509.70 4908 5000 2.60 2.67 12.76 7.9
6–79 C4 Grainst 536.80 5690 5800 2.75 2.77 15.65 1.4
6–79 C5 Grainst 537.10 5685 5829 2.75 2.76 15.63 1.2

36–87 C1 Mudst 609.25 4964 5244 2.64 2.66 13.10 2.5
36–87 C2 Mudst 609.55 5067 5341 2.65 2.67 13.43 2.4
36–87 C3 Mudst 617.25 6067 6258 2.72 2.73 16.50 0.9
55–90 C1 Grainst 479.20 5380 5630 2.60 2.70 13.99 3.0
55–90 C2 Grainst 479.50 5393 5680 2.60 2.70 14.02 3.2
55–90 C3 Mudst 485.40 5734 5942 2.70 2.74 15.48 4.4
55–90 C4 Mudst 485.90 5949 6149 2.70 2.74 16.06 4.3
55–90 C5 Mudst 493.80 6154 6519 2.77 2.79 17.05 1.5
55–90 C6 Mudst 494.10 6165 6580 2.76 2.78 17.02 1.6
55–90 C7 Mudst 508.80 4665 4826 2.65 2.69 12.36 4.4
55–90 C8 Grainst 516.10 4348 4641 2.57 2.61 11.17 4.3
55–90 C9 Grainst 516.40 4490 4770 2.57 2.60 11.54 4.1
57–90 C1 Grainst 577.50 5259 5283 2.65 2.70 13.94 5.0
57–90 C2 Grainst 579.34 5676 5645 2.66 2.70 15.10 4.2
59–90 C1 Wacke 606.65 5202 5223 2.59 2.61 13.47 2.0
59–90 C2 Wacke 606.95 5200 5265 2.60 2.61 13.52 2.1
59–90 C3 Grainst 616.30 6190 6280 2.71 2.72 16.77 0.9
59–90 C4 Grainst 632.55 5810 5890 2.66 2.68 15.45 2.3
59–90 C5 Grainst 632.85 6178 6186 2.67 2.69 16.50 2.2
59–90 C6 Grainst 633.50 6360 6223 2.61 2.63 16.60 2.0
59–90 C7 Grainst 636.50 5686 5847 2.71 2.73 15.41 1.9
59–90 C8 Mudst 641.60 5158 5175 2.61 2.70 13.46 9.1
62–90 C1 Wacke 409.90 4820 5170 2.62 2.77 12.63 4.4
62–90 C2 Wacke 410.20 4770 5143 2.62 2.77 12.50 4.5
62–90 C3 Wacke 416.60 5349 6021 2.67 2.70 14.28 3.0
62–90 C4 Grainst 422.00 5466 5900 2.68 2.70 14.65 3.0
62–90 C5 Mudst 424.40 5588 5793 2.72 2.73 15.20 0.4
62–90 C6 Mudst 434.00 4958 4970 2.70 2.71 13.39 0.6
62–90 C7 Wacke 439.00 5269 5326 2.75 2.77 14.49 2.2

Petrophysical measurements of the analyzed carbonate lithologies. Wacke (wackestones), Grainst (grainstones),
Mudst (mudstones), according Dunham (1962) [64]. Vp(Dry) and Vp(Sat) (longitudinal velocity of dry and saturated
samples). Dry bulk density and Sat bulk density (density of dry and saturated samples).

The high variability of the longitudinal wave propagation velocities within the carbonate rocks
under examination is linked to the variation in elastic characteristics. From a comparative analysis
between longitudinal velocity values and mineralogical–petrographic characteristics of the carbonate
lithologies under study, it results that, in general, the longitudinal velocity (Vp) is affected by their
fabric [19,20,107–109] and, in particular, by the contact between bioclasts, the presence and type of
matrix or cement, and the distribution and the type of porosity in the matrix or cement as already
observed in previous studies [9,10]. In the grainstones (Miliolitico Auct. and Macroforaminifera
limestones), the lower velocities (e.g., samples C8 and C9-borehole 55–90) are a consequence of
a secondary porosity mainly of the fracture type (Figure 13e) in their cement while the higher velocity
is related to the presence of compact cement, which, by filling the primary and secondary pores
(Figure 13f), causes a decrease in the effective porosity. The compact cement enhances the elastic
properties of the rock, favoring propagation of the acoustic wave [109]. In the mud-supported
limestones of the Produttivo Auct., the lower longitudinal velocities depend mainly on a primary
porosity of the interparticle type [104] in their matrix (Figure 13a). These primary pores between the
mud particles cannot form a continuous self-supporting frame and consequently, the elastic properties
of the rock get worse. In a few cases, the mudstones with a high percentage of dolomite recognized by
the SEM analyses (e.g., samples C5 and C6-borehole 55–90) have higher velocities. They are compact
with a poor bioclast content and low porosity (1.5–1.6%). In some samples of the mud-supported rocks
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classified as wackstones [64], the higher proportion of bioclasts (>10%) (Figure 12h) does not favor the
propagation of acoustic waves and causes a velocity decrease.

In a few analyzed carbonate samples, both of grainstones and mudstones, the replacement of
calcite by dolomite can cause a dolomite cement with low porosity (1.5–1.6%) [18]. This condition
improves their elastic behavior and increases the velocity values. In any case, in some other cases, the
dolomitization process was observed to increase the amount of secondary porosity of the intercrystal
and intracrystal types (Figure 13c), worsening the elastic behavior of the rock. It was also observed
that in the investigated carbonate rocks, the longitudinal velocity can be influenced not only by the
dolomite content but also by the presence of some accessory minerals, such as clay, quartz, and pyrite
(Figure 12d–f), recognized in OM and SEM analyses.

From Table 4, a general longitudinal velocity increase can be observed in the transition from the
dry to the water-saturated state of the carbonate samples as well as a wide variability in the saturated
velocity values. This variability confirms the wide variation in texture, porosity, and especially
shape and arrangement of the pores and in the tortuosity of the investigated carbonate rocks. Only
two samples (C2-borehole 57–90 and C6-borehole 59–90) present a decrease in the propagation of
longitudinal velocity from the dry to the saturated state. Most likely, this decrease is caused by the
presence of stylolites and fractures (see, for instance, Figure 12d) in which residual minerals, mainly
clay minerals, were accumulated (Figure 12e). The clay minerals, in the presence of water, can cause
swelling phenomena inside the fractures, thus increasing their aperture and the rock volume, with
a consequent worsening of the acoustic properties of the rocks, which was also recognized in earlier
studies [110,111].

The integrated analysis of the petrographic data with density and effective porosity values (Table 4)
performed by the previously described laboratory tests has shown that these parameters are strictly
related to the presence and mineralogical composition of the matrix or crystalline cement between the
bioclasts. For the carbonate lithologies, the bulk density ranges between 2.57 g/cm3 and 2.77 g/cm3

for dry samples and between 2.61 g/cm3 and 2.79 g/cm3 for water-saturated samples. In general, the
density values increase from dry to saturated conditions. It should also be mentioned that in addition
to the longitudinal velocity, the density is also influenced by the dolomite content and the presence of
some accessory minerals.

The effective porosity was within the range 0.4–9.1%. In general, in the analyzed carbonate
samples, porosity does not show a good correlation with the longitudinal velocities. Figure 15
shows the relationship between the saturated longitudinal velocity (Vpsat) and effective porosity (φeff).
The distribution of the porosity–velocity values for the carbonate lithologies highlights a considerable
scattering, indicating a wide variability in the porosity of these rocks. In fact, considering that all the
analyzed carbonate samples are characterized by similar mineralogical and chemical compositions, the
scattering of the porosity–velocity values can be attributed to the different primary or secondary types
of porosity and dimensions of the pores rather than to their compositional differences [18,28,107,112].
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In Figure 15, it can also be observed that the carbonate lithologies are characterized by different
behaviors, i.e., rocks with similar longitudinal velocities are characterized by different porosity values,
while others with more or less the same percentage of porosity are characterized by longitudinal
velocities that differ by around 1500 m/s.

4.2.5. Acoustic Impedances

The longitudinal wave velocity (Vp) and the bulk density from laboratory measurements in
dry conditions were considered to calculate the acoustic impedances (AIs) (Tables 2 and 4) of the
investigated geological formations. The impedances range from 7.78× 106 Kg/m2 s to 14.14× 106 Kg/m2

s in the Cixerri Fm. (potential caprock) (Table 2) and from 11.17 × 106 Kg/m2 s to 17.05 × 106 Kg/m2

s in the carbonate lithologies (potential reservoir) (Table 4). From previous studies [9,10], in the
pre-tertiary basement [13] below the potential carbonate reservoir, the acoustic impedances vary from
4.98 × 106 Kg/m2 s to 5.06 × 106 Kg/m2 s. Since changes in acoustic impedance cause the reflection
of elastic waves, the great difference of AI between the pre-tertiary basement and the carbonate
lithologies can produce good reflections. Therefore, the contact between the lower part of the potential
reservoir (Macroforaminifera limestones) and the pre-tertiary Permo-Triassic basement mainly made
up of conglomerates, sandstones, siltstones, and claystones can be considered an acoustic marker in
the reflection seismic data analysis. On the other hand, it needs to be considered that despite the
lithological differences between the siliciclastic Cixerri Fm. and the underlying carbonate lithologies
(Produttivo Auct., Miliolitico Auct., and Macroforaminifera limestones), there are no great differences
in their acoustic impedance values. Therefore, recognition of the transition from the Cixerri Fm.
(potential caprock) to the underlying carbonate lithologies (potential reservoir) in the reflection seismic
sections [9] may not be easy.

4.3. Geodynamic Characterization of the Study Area

Geodetic techniques, such as GNSS and DinSAR, are valuable tools for measuring medium-term
deformations and also allow the detection of a deformation on a centimeter and millimeter scale of
a vast area of territory. As previously described, an integrated application of GNSS and A-DinSAR
methodologies was performed to account for the geodynamics active in the study area.

The computed GNSS time series of baselines of permanent stations were taken into account,
evidencing very little horizontal and vertical trends, and testifying the stability of the study area as
shown in Figure 5. Secondly, the computed vertical velocity obtained after the application of A–DinSAR
data processing was taken into consideration, described previously for comparison, which shows good
agreement with the vertical velocity of the GNSS permanent stations in the area computed by means of
Gamit/Globk 10.7 [94,95] (Figure 16).

As is well known [33–36,113], a comparison of the GNSS-derived velocities and A-DinSAR
computed velocities is needed. As a matter of fact, vertical and horizontal GNSS velocities are
stabilized and registered into the [96] ITRF2014 (International Terrestrial Reference Frame 2014) and
consequently on the IGS Core Boundary IGB14 [96]. Conversely, the derived vertical and horizontal
velocities of the Sentinel–1 A and B images are not stabilized; as a matter of fact, Sentinel–1 A and
B vectors are equipped with twin GNSS receivers, and observations are corrected and constrained
using suitable precise orbits at the pre-processing level (POD Service). Moreover, spatial geodesy data
in general are affected by orbital and tropospheric biases (in particular, the wet part of tropospheric
diffraction) that also affect GNSS data, and must be modeled and corrected. Some authors adjust
the A-DinSAR data in the least square sense using GNSS observations [35,36,114]; nevertheless, in
our opinion, this process must be applied with particular care as it can result in a drastic covering or
reduction of the amplitude of environmental effects that need to be better modelled and analyzed.

In the solutions obtained in this study, indeed, the GNSS vertical velocities are in good agreement
with the A-DinSAR SBAS (small baselines subset technique)-computed ones (Table 5).
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Figure 16. Vertical velocities of the Cagliari district (south Sardinia) estimated with A-DinSAR SBAS
methodology (values range in the interval +/−2 mm/year as confirmed by Global Navigation Satellite
System (GNSS)). The study area is represented by a red rectangle.

Table 5. Comparison between sites’ vertical velocity estimated with GNSS and A-DinSAR, respectively.

GNSS-A-DiNSAR Vertical Velocity Comparison

Site Name VH GNSS mm/Year σ VH mm/Year VH SAR mm/Year

Sant’Antioco 1.1 ±0.2 � ~0.5 ÷ 1.5
Iglesias 1.4 ±0.3 � ~1 ÷ 2
Cagliari −1.2 ±0.2 � ~−1 ÷ −2

Ca02 −0.6 ±0.3 � ~0 ÷ −1
Ca04 0.6 ±0.3 � ~0 ÷ 1

Arbus 1.9 ±0.2 � ~2 ÷ 3
Teulada 1.2 ±0.3 � ~1 ÷ 2

�—Pixel color of the SAR image indicating the mean velocity in mm/year.

In fact, apart from a little subsidence signal in some areas (100 × 100 m2 pixel), in the plane
of Campidano (few mm/year), the city of Cagliari, and the town of Sarroch, where there is a large
chemical power plant, values are positive and vary in the 0–2 mm/year range, essentially on account of
ground water over exploitation and consolidation of modern urban expansion [115]. Concerning the
investigated horizontal movements, as pointed out also by other authors [30,40,91–93,116–118], it can
be asserted that as for the entire Sardinian-Corsican block, the Cixerri horizontal absolute velocities
follow the general motion of the Eurasian plate and the intra-plate residual velocities are negligible
and always in the range +/–0.3 mm/year. As stated above, the vertical velocities of the south Sardinian
cluster are positive and vary between 0 mm/year and 2 mm/year as in the Sulcis-Cixerri area, denoting
a good vertical stability in general, except for those few previously described areas that are subjected
to subsidence and hydro-geological instability, and where the vertical velocity values are negative and
above 2 mm/year to 3 mm/year [40,113].

5. Discussion

As can be deduced from the OM and SEM analyses, the samples belonging to the Cixerri Fm.
potential caprock [11,12] are characterized both by a primary porosity formed during the deposition of
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sediments, and a secondary porosity, which is related to a phase following the lithogenesis and which
developed due to fractures and chemical dissolution.

As regards the analyzed samples at least, the Cixerri Fm. is mainly characterized by low values
(1–2%) of primary porosity. The reduction in primary porosity is mainly caused by the growth of
pore-filling clay minerals, mainly in siltstones, wackes, and conglomerates, and carbonate cementation,
mainly in sandstones.

The primary pores in siltstones and wackes are mainly localized in the clay matrix, which,
when saturated, hinders the circulation of fluids. Furthermore, the presence of the carbonate cement
as a binder material in the sandstones guarantees a high degree of compactness and an effective
barrier against the passage of fluids. In the Cixerri Fm., the secondary porosity is characterized
by fractures, intercrystal, and intracrystal pores. The fractures are related to physical phenomena
and affect the matrix of the siltstones, wackes, and conglomerates and the carbonate cement in the
sandstones. The intercrystal and intracrystal porosities depend on chemical processes, such as the
incomplete carbonate cementation (intercrystal) in sandstones or the dissolution processes of K–feldspar
(intracrystal) in the subarkose. The dissolution phenomenon was exclusively observed in the feldspar
crystals of the subarkose sample, while the carbonate lithic elements in the litharenites do not present
the effects of dissolution processes. It is noteworthy to point out that the subarkoses are quite rare in
the Cixerri Fm. Therefore, based on these observations, in the Cixerri Fm., the cementation processes
are predominant over those of dissolution, thus affecting secondary porosity evolution.

The presence of clays in the siltstones, wackes, and conglomerates as well as the intergranular
carbonate cement in the sandstones and the low primary and secondary porosity values of the above
lithologies facilitate the sealing efficiency of the Cixerri Fm. Moreover, the small sizes of the pore
throats measured by MIP analyses and ranging from 0.01 µm to 0.23 µm represent a further obstacle
to fluid circulation. In a few samples, the fluid circulation is also hindered by high tortuosity values
that influence the interconnectivity of the pore network and thus rock permeability. Moreover, these
characteristics are in agreement with the results of a hydrogeological study where the Cixerri Fm. was
defined as impermeable [119].

Based on these characteristics, the Cixerri Fm. could be considered a potential caprock. However,
the sealing action of this formation could be made less effective by the conglomerates that are
characterized by a friable, porous, and permeable matrix, as observed from the SEM and OM analyses.
For this reason, the analyses on the conglomerates should be enhanced with a larger number of samples.

As deduced from the analyses of samples from different boreholes in the study area, the variations
in the elastic properties of both dry and water-saturated siliciclastic rocks of the Cixerri Fm. are
linked to variations in textural maturity, different types of porosity, sorting, packing, mineralogical
composition (mainly clay content), and cementation. The clay content and the presence of intergranular
carbonate cement play an important role in the porosity and propagation of the acoustic signals.
The investigated relationship between porosity and acoustic velocity present a wide scattering despite
the small porosity range (1.9% to 8.4%) detected in the laboratory measurements on the core samples.
Consequently, if this condition should be confirmed by further studies on a larger number of samples,
the use of the seismic velocities to build a porosity distribution model for the Cixerri Fm. could
be critical. This subject will be the topic of further research. It is important to emphasize that the
textural differences between the lithologies of the siliciclastic Cixerri Fm. exert a great influence on
their acoustic behavior and determine the considerable spatial heterogeneity of this formation. This is
to be carefully considered in the geological and numerical modelling of the study area (Sulcis Coal
Basin) in order to evaluate the caprock reservoir system quality.

As regards the grain-supported carbonate lithologies (Macroforaminifera limestones and
Miliolitico Auct.), which is a potential reservoir, the interconnected porosity is mainly of the
secondary type, because the primary porosity was reduced by cementation and compaction during
post-depositional burial. These secondary pores affect the carbonate cement, especially through
fractures, which may be partially filled by allogenic minerals, such as quartz, or by authigenic minerals,
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such as clay and pyrite. Due to its attitude to swelling in the presence of water, clay especially can
increase the fracture width, worsening the elastic characteristics of the rock, as observed in some
analyzed samples.

On the other hand, a number of fractures filled with carbonate cement suggests that the old crack
system was well interconnected and allowed the passage of saturated calcite fluids. These fluids
determined a cementation and therefore a partial occlusion of the porous system at the microscale.
Cementation favored the local compactness of the rock, and as a result the analyzed samples where the
fractures are filled by sparry calcite were characterized by the highest Vp values.

Dolomitization was another factor that influenced the secondary porosity of the studied carbonate
lithologies due to the neoformation of intercrystal and intracrystal pores. The interconnectivity between
these pores depends on the degree of dolomitization of the rock and influences the effective porosity.

The mud-supported carbonate rocks (Produttivo Auct.) are characterized by a fine matrix mostly
affected by a primary interparticle porosity. The interparticle pores are often interconnected with
secondary porosities of the fracture and vug types. The interaction between the primary interparticle
porosity and the fractures improves fluid percolation. The permeability due to fractures depends on
their characteristics, whether they are open or partially filled with accessory minerals, such as clay,
quartz, and pyrite, which can increase their aperture. Also, in the Produttivo Auct. lithologies as
well as in the Macroforaminifera limestones and the Miliolitico Auct. lithologies, fractures completely
filled with calcite are not rare. Based on the above features, the Produttivo Auct. can be considered
a potential tight and fine-grained reservoir following Nelson (2009) [120] and Zou (2017) [121] and
could contribute to increasing the thickness of the potential reservoir identified in the Miliolitico
Auct. [12] and Macroforaminifera limestones.

Despite the fact that OM and SEM analyses detected pores with sizes from 100 nm to around
400 µm, the MIP analyses showed that the pore-throats are generally small, ranging from 0.01 µm
to 0.41 µm. Consequently, even large pores can be connected by the small pore-throats. In many
samples, the small throats are characterized by high tortuosity values that reduce permeability. Based
on the MIP analyses, the values of permeability, which are mostly within the range below 0.01 mD to
10 mD, are related to poor to fair permeability reservoirs [103]. Subordinately, the permeability values
that range from 10 mD to 209 mD can be related to moderate to good permeability reservoirs [103].
In conclusion, all the achieved results suggest that the carbonate lithologies are heterogeneous with
a generally low permeability, but some zones could be considered suitable reservoir zones [10].

From the integrated analysis of acoustic and petrographical data, especially textural features,
it was also observed that pore types and pore sizes are the main factors that affect acoustic wave
propagation in the analyzed carbonate lithologies, as already recognized by other authors [18,22,107]
in the study of carbonate lithologies. The analysis of the relationships between longitudinal velocity
(Vp) and effective porosity and the scatter between the above two parameters is a demonstration of the
complexity of this relation and confirms the complexity of the pore network in the studied carbonate
lithologies. Such complexity could make it difficult to predict porosity from seismic data.

It should also be pointed out that in the investigated carbonate lithologies, the fractures range
from the microscopic scale observed by OM and SEM to the sample scale (see Figure 17) and to the
outcrop scale [16,17]. The fault zones detected by geological and geostructural studies [12,14,50]
and by seismic interpretation regarding the northern part of the Sulcis Coal Basin [9,10] can act as
preferential pathways for fluids, improving the porosity and permeability of the investigated carbonate
lithologies. Therefore, the carbonate lithologies take on the characteristics of a reservoir for the purpose
of geological storage of CO2, particularly in light of the widespread fracturing related to the fault
zones [12].



Energies 2019, 12, 4524 30 of 37

Energies 2019, 12, x FOR PEER REVIEW 31 of 39 

 

permeability values that range from 10 mD to 209 mD can be related to moderate to good 

permeability reservoirs [103]. In conclusion, all the achieved results suggest that the carbonate 

lithologies are heterogeneous with a generally low permeability, but some zones could be 

considered suitable reservoir zones [10].  

From the integrated analysis of acoustic and petrographical data, especially textural features, it 

was also observed that pore types and pore sizes are the main factors that affect acoustic wave 

propagation in the analyzed carbonate lithologies, as already recognized by other authors [18,22,107] 

in the study of carbonate lithologies. The analysis of the relationships between longitudinal velocity 

(Vp) and effective porosity and the scatter between the above two parameters is a demonstration of 

the complexity of this relation and confirms the complexity of the pore network in the studied 

carbonate lithologies. Such complexity could make it difficult to predict porosity from seismic data.  

It should also be pointed out that in the investigated carbonate lithologies, the fractures range 

from the microscopic scale observed by OM and SEM to the sample scale (see Figure 17) and to the 

outcrop scale [16,17]. The fault zones detected by geological and geostructural studies [12,14,50] and 

by seismic interpretation regarding the northern part of the Sulcis Coal Basin [9,10] can act as 

preferential pathways for fluids, improving the porosity and permeability of the investigated 

carbonate lithologies. Therefore, the carbonate lithologies take on the characteristics of a reservoir 

for the purpose of geological storage of CO2, particularly in light of the widespread fracturing 

related to the fault zones [12]. 

 

 

Figure 17. Image of a core sample of Macroforaminifera limestone showing fractures developed 

during the water saturation process. 

In an experimental study aiming to characterize a geological context with a potential caprock 

reservoir system, it is also crucial to know the stability of the investigated area. In this study, the 

stability of the area under study was confirmed by our analysis. As previously described, the 

integrated application of GNSS and DinSAR methodologies allows for hypothetical horizontal and 

vertical displacements presently active in the study area of the Sulcis Coal Basin to be accounted for. 

Moreover, evidence of the geodynamical stability of this area is provided by the small horizontal 

intra-plate residual estimated velocities that range in the interval of ±0.3 mm/year. Owing to the 

resulting feeble and non-significant strain rates characterizing this area, a study of the baseline time 

series was necessary, and confirms the very small horizontal displacements. Regarding the vertical 

movements, the integrated application of DinSAR and GNSS methodologies provides comparable 

vertical velocities ranging in the ±2 mm/year interval, and the resulting negative trends were 

detected in particular in the coastal areas of the Cagliari town district, where water extraction is 

probably performed daily for industrial and civilian usage. Conversely, negative vertical trends 

Figure 17. Image of a core sample of Macroforaminifera limestone showing fractures developed during
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In an experimental study aiming to characterize a geological context with a potential caprock
reservoir system, it is also crucial to know the stability of the investigated area. In this study, the
stability of the area under study was confirmed by our analysis. As previously described, the integrated
application of GNSS and DinSAR methodologies allows for hypothetical horizontal and vertical
displacements presently active in the study area of the Sulcis Coal Basin to be accounted for. Moreover,
evidence of the geodynamical stability of this area is provided by the small horizontal intra-plate
residual estimated velocities that range in the interval of ±0.3 mm/year. Owing to the resulting
feeble and non-significant strain rates characterizing this area, a study of the baseline time series was
necessary, and confirms the very small horizontal displacements. Regarding the vertical movements,
the integrated application of DinSAR and GNSS methodologies provides comparable vertical velocities
ranging in the ±2 mm/year interval, and the resulting negative trends were detected in particular in
the coastal areas of the Cagliari town district, where water extraction is probably performed daily for
industrial and civilian usage. Conversely, negative vertical trends were not observed in the area of the
Sulcis Coal Basin, where a lower vertical velocity trend of about +1 mm/year was observed in the time
series of the permanent GNSS station of Sant’Antioco.

It can finally be concluded that the area of the Sulcis Coal Basin is characterized by a great
geodynamical stability as for the entire region of Sardinia. As a matter of fact, the closer GNSS
permanent stations of Cagliari (CAG1, CAGL, CAGZ, UCAG) have been used in the past and are
still used as internal constraints to improve the definition of the European Terrestrial Reference
Frame (ETRF).

All the experimental data acquired during this study and the achieved results represent
an experimental and useful dataset to aid the geological characterization of the experimental site, in
order to improve the geological and numerical modelling of the area, and to analyze any reflection
seismic data available.

6. Conclusions

The analysis of all the experimental data acquired during this study provides an essential
contribution to the geological characterization of the caprock–reservoir system made up respectively of
the Middle Eocene to Lower Oligocene continental siliciclastic Cixerri Fm. and the Upper Paleocene to
Early Eocene carbonate lithologies of Macroforaminifera limestones, Miliolitico Auct., and Produttivo
Auct. of the Sulcis Coal Basin (SW Sardinia).
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The study allowed an evaluation of several petrographical and petrophysical parameters of the
potential caprock–reservoir system in the Sulcis Coal Basin. The following points, among others,
are important:

The siliciclastic lithologies of the Cixerri Fm are heterogeneous in terms of grain size, texture, and
composition. Four representative facies were identified by OM and SEM analyses: Siltstones, wackes,
sandstones, and conglomerates;

The Cixerri Fm. lithologies are characterized by a good degree of compaction and low porosity
values due to the presence of intergranular crystalline cement in the sandstones and to the clay matrix in
siltstones and wackes. These characteristics facilitate the sealing efficiency of the Cixerri Fm. However,
the sealing action of this formation could be made less effective by the conglomerates characterized
by a friable sandy-pelitic and porous matrix and average permeability values (8.7 mD) greater than
the average permeability of siltstones (1.6 mD), wackes (3.3 mD), and sandstones (3.9 mD). For this
reason, the petrographic and petrophysical analyses on the conglomerates should be enhanced with
a larger number of samples. The investigated relationship of porosity versus acoustic longitudinal
velocity reveals a considerable scattering that can be related to the different shape, size, amount, and
typology of the primary and secondary porosities and the mineralogical composition of the Cixerri
Fm. lithologies;

The carbonate lithologies are heterogeneous in terms of textures and porosity:
The Macroforaminifera limestones and Miliolitico Auct. are characterized by grain-supported bioclastic
carbonate rocks (grainstones), while the Productivo Auct. is made up of mud-supported bioclastic
limestones (mudstones and wackestones). At the microscopic level, the Macroforaminifera limestones
and the Miliolitico Auct. lithologies are poor in primary porosity due to their high degree of cementation.
The primary porosity is present in the carbonate matrix of the Produttivo Auct. lithotypes and is
interconnected to secondary porosity of the fracture type. This condition favors the permeability of the
Produttivo. In fact, the average permeability (18.6 mD) of this formation is greater than the average
permeability (7.9 mD) of the Macroforaminifera limestones and Miliotico Auct. Consequently, the
Produttivo Auct. could contribute to increasing the thickness of the potential carbonate reservoir
identified in earlier studies as Macroforaminifera limestones and Miliolitico Auct.

The analysis of the relationships between longitudinal velocity (Vp) and effective porosity and the
scatter between the above two parameters is a demonstration of the complexity of this relation and
confirms the complexity of the pore network in the studied carbonate lithologies. This complexity
could make it difficult to predict porosity from velocity.

In summary, especially, the petrophysical characteristics of the investigated carbonate rocks are
low and not attributable to a good-quality reservoir. However, as can be seen from the thin section
analyses, from earlier studies, and from mining activities, the presence of fractures ranging from the
microscopic scale to the sample scale and to the outcrop scale significantly enhances the permeability
of the investigated carbonate lithologies. Therefore, for the purpose of pilot-scale CO2 injection, the
latter take on the characteristics of a reservoir, particularly in light of the widespread fracturing related
to fault zones.

The integrated application of GNSS and A-DinSAR methodologies allowed the detection of
vertical and horizontal velocities in the study area. The small values of the above-obtained velocities
demonstrate the geodynamical stability of this region, since the detected velocities were in the interval
+/−0.3 mm/year in the horizontal and showed a vertical trend of few mm/year in south Sardinia, and
less than 1 mm/year in the study area.
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