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Abstract: Non-invasive techniques, such as close-range photogrammetry (CRP) and 3D ultrasonic
tomography complemented with optical and scanning electron microscopy and mercury porosimetry,
were applied to characterize the carbonate rock samples of the Calcari di Cagliari formation. The inte-
grated approach started with the computation of high-resolution 3D models of the carbonate samples
using the CRP technique to produce 3D high-resolution models texturized both with natural colors
and intensity. Starting from the 3D models from previous techniques, a 3D ultrasonic tomography on
each rock sample was accurately planned and carried out in order to detect the elastic properties of
such rocks and relate them to textural heterogeneity or internal defects. The results indicate that the
relationship between longitudinal velocity and rock properties is complex even in the same carbonate
formation. Understanding the relationship between the geomatic and geophysical responses in the
investigated rock properties, such as textural characteristics and especially structure and geometry of
pores, type of pores, tortuosity and cementing material, is important for many practical applications
and especially in the diagnostic process of the conservation state of monumental structures. The
integration of the above non-invasive techniques complemented by petrographical-petrophysical
data proved to be a powerful method to associate each lithotype with a different susceptibility to
degradation. The results presented in this paper demonstrate that the proposed integrated use of
complementary methodologies would guarantee the reproducibility of the measurements both at
the laboratory and field scale for the monitoring in time of the rock condition while giving a useful
contribution in making decisions on an appropriate remedial strategy.

Keywords: carbonate rocks; petrographic data; photogrammetry; ultrasonic tomography; integrated

interpretation

1. Introduction

This paper focuses on the integrated application of geomatic and geophysical non-
invasive techniques integrated with petrographical data for the experimental characteriza-
tion of significant samples of carbonate rocks known as the Calcari di Cagliari formation.
The integration of all data aimed to provide a better understanding of the possibility
of disintegration and alteration involving the Calcari di Cagliari, and ultimately for the
prevention and conservation of buildings of historical and artistic interest. In fact, most
of the buildings in the historic center of the town of Cagliari were built using the above
carbonate materials, which are comparable to other carbonate building materials used in
the Mediterranean Basin in both construction and ornamentation [1-6].
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Traditionally the characterization of carbonate materials has been carried out using
optical microscopy (OM) and scanning electron microscopy (SEM) to analyze thin sections
appropriately prepared from specimens [7-11]. Though indispensable for the important
information provided, this approach is clearly destructive and there is a limit to the number
of samples that can be lost. Furthermore, using traditional petrographic techniques alone,
we cannot analyze the evolving processes of degradation by observing the shallow and
in-depth conditions of the stone materials in time. In recent years, the use of non-invasive
techniques has been developed in many fields of applied research [12-15] and especially
in the analysis of stone materials [2,16-22]. Furthermore, non-invasive techniques are the
most appropriate for assessing the quality of stone building materials in monumental and
historic structures. For a successful on-site analysis, it is crucial to carry out a non-invasive
characterization of samples from the same quarries of origin as the construction materials.

As is known, the non-invasive analysis of rock samples is becoming ever more
widespread with the introduction of high-tech methods, such as X-ray computed tomogra-
phy (X-ray CT), X-ray micro-computed tomography (X-ray micro-CT), digital radiography,
micro X-ray fluorescence (u-XRF) [23-25] and others. X-ray CT is a very effective non-
destructive method for providing the three-dimensional structures of rock core samples [26]
or complex artworks [27,28]. X-ray micro-CT and digital radiography are non-destructive
techniques that provide high-resolution images of the internal structures of the investigated
stone materials. In addition, micro-CT images can be elaborated for the realization of high-
resolution 3D digital reconstructions and models. These high-tech methods provide a great
amount of microstructural information. Furthermore, these high-tech methods are exten-
sively used in hydrocarbon research to analyze the porous structure of rock samples, and in
scientific drilling to help the interpretation of lithology and structure while preserving the
digital record of the core prior to sacrificing it for subsequent destructive analyses [29-31].
Some degradation areas inside the materials can be also detected by means of neutron
diffraction [32] and neutron tomography [33,34]. However, the above recent techniques
involve very expensive equipment available in few technologically advanced laboratories.

In this study we have chosen to apply an integrated petrographic, geomatic and
geophysical approach for stone material characterization to provide accurate, fast and
reliable results at a resolution suitable for the preset scientific targets, but at the same time
more accessible and at low cost, thus making it available for technicians working in the
cultural heritage field.

Nowadays, among the geomatic methodologies used to compute high spatial resolu-
tion 3D models of objects of complex shapes, close-range photogrammetry (CRP) based on
structure from motion (5fM) and multi view stereo matching (MVS) algorithms derived
from computer vision are actually some of the most used methods in different fields of
geomatics like terrain surface modeling, digital elevation modeling (DEM), digital terrain
modeling (DTM), digital surface model (DSM) computations, architectural, historical and
modern building information modeling (BIM) and so on [35,36]. In fact, SEM-based tech-
niques have already proven to be successful for accurate 3D modeling of built structures,
bare geological substrates and fine spatial scale individual plant structures [37,38]. This
methodology can produce 3D models with properties similar to those of laser imaging
detection and ranging (LIDAR), but with red—green-blue (RGB) spectral attributes for
each point of the surface of the analyzed targets [39]. The technique consists essentially
of the computation of high-resolution point clouds and corresponding meshes texturized
with natural colors based on the inherent motion of numerous overlapping images taken
from different locations, in particular arrays of good quality 2D images like photographs
acquired with optical cameras in the terrestrial modality as well as in the aerial one with the
aid of low-cost unmanned aerial vehicles (UAV). The terrestrial modality is used when high-
resolution and performant optical cameras that are too heavy and bulky to be mounted on
drones must be used; conversely, aerial surveys are used when parts of a studied complex-
shaped object, like building roofs or areas of terrains of difficult access, are unreachable
from the ground [39]. In this work, we used a low-cost commercial grade digital camera to
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compute high spatial resolution 3D models of significative samples of carbonate facies of
the Calcari di Cagliari.

The above geomatic technique is very useful to analyze shallow parts of the stone
materials and holds vast potential for improving both the quality and efficiency of a 3D
digital model useful for the subsequent geophysical analyses. In fact, the high-resolution
(HR) 3D models of the investigated carbonate samples have provided accurate information
on their geometrical shape, for example, the presence of defects, small cavities of different
origins, fractures and alteration zones in the shallow part of the investigated materials.

Geophysical techniques, such as the ultrasonic tomography applied in this study, can
detect the elasto-mechanical conditions inside the materials while analyzing the propaga-
tion of elastic waves within them. The knowledge of the elastic properties of the carbonate
rocks is quite challenging due to their heterogeneity and complexity.

Many researchers [18,22,40—-45] have studied the relations between the longitudinal
and/or transverse velocities with petrographic and petrophysical characteristics of the
carbonate materials, using laboratory techniques based on the ultrasonic velocity test. An
accurate petrographic study using optical and electronic microscopy can improve the inter-
pretation of the non-invasive diagnostic techniques, and especially the deep understanding
of the behavior of the ultrasonic signal propagation [9,46-51].

The advantage of the ultrasonic method is that it is easy to use, less costly and non-
destructive. Furthermore, it can be used both in the laboratory and in the field and proves
useful in many sectors of the applied research. In this study, we carried out a laboratory
ultrasonic survey at a resonance frequency of 82 kHz by acquiring and processing 3D
ultrasonic travel-time tomography data (namely P-wave travel times) on the significant
samples of the Calcari di Cagliari formation. Three-dimensional ultrasonic tomography
(3D UT) represents a high-resolution technique to inspect the inner parts of the investigated
rock samples providing information on their elastic properties variations related to their
petrophysical and mechanical properties. In planning and interpreting the 3D UT, the above
geomatic techniques play an extremely important role, since they provide high-resolution
3D digital models to precisely locate a large quantity of measurements (e.g., locations of
the ultrasonic signal transmission and receiver points). Furthermore, the 3D digital model
obtained by SfM photogrammetry also represents an effective tool for the accurate and
effective representation of the 3D tomographic results, allowing the precise locations of
longitudinal velocity changes in relation to the textural variation of the materials and the
presence of defects or altered zones inside them.

Taking into account the aspects considered above, the aim of this paper was to provide
a framework for the applicability of some non-destructive techniques (NDT) supported
by OM and SEM observations of thin sections cut from the same samples used for the
non-destructive characterization. The OM and SEM have also been complemented by
mercury intrusion porosimetry (MIP) to obtain further information on the structure of the
porosity system of the investigated carbonate rocks.

2. Materials and Methods
2.1. Materials

The carbonate succession known as Calcari di Cagliari outcrops in the hills and along
the coast of the city of Cagliari [52,53].

The late Miocene transgressive succession of the Calcari di Cagliari is characterized
by a basal part in which Tortonian carbonate sediments (mudstones and wackestones) of
an external platform have been deposited. With the progressive decreasing bathymetry
that occurred in the upper Tortonian-lower Messinian, biogenic carbonate platforms of
the littoral environment developed. The change in the sedimentation environment due
to bathymetric variations led to three distinct carbonate facies, named from bottom to
top, Pietra Cantone, Tramezzario and Pietra Forte. These were the names given to these
lithotypes by the old quarrymen.
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The Pietra Cantone is a yellow, poorly stratified, bioclastic limestone with a mud-
supported texture due to a carbonate sedimentation that occurred at a paleobathymetry
of about 60-80 m, belonging to the circalittoral plane [54]. This rock is characterized by a
high content of planktonic and benthic foraminifera, and small amounts of iron oxides and
terrigenous components such as quartz, feldspars and biotite. The fossiliferous content has
allowed us to date this lithotype to the Tortonian age [52,55].

The Tramezzario is a white bioclastic limestone with a grain-supported (grainstone-
packstone) texture, characterized by a textural heterogeneity with both reef facies rich
in bioclasts and deeper sea facies rich in carbonate mud. However, the biocenoses that
characterize the Tramezzario indicate a paleobathymetry of sedimentation not exceeding
40 m, belonging to the infralittoral—circalittoral bathymetric plane [54]. Isotope analy-
ses performed with the 865r/87Sr method have provided an age referable to the end of
the Tortonian [56].

The Miocene carbonate succession of the Calcari di Cagliari ends with the Pietra Forte,
a cream-colored biohermal or biostromal massive limestone, typical of a littoral-infralittoral
depositional environment with high energy and a paleobathymetry less than 30 m [54]. The
deposition of the Pietra Forte is mainly due to the growth of Lithothamnium algae in which
bioclasts of a different nature were incorporated, mainly bivalves, gastropods, crustaceans
and colonies of bryozoans. Based on the faunas and the stratigraphic position, the Pietra
Forte can be dated back to the Tortonian, but due to some affinity with similar formations
in the Gulf of Oristano (Sardinia, Italy) it can also be referred to the Messinian [54,55].

The different intrinsic characteristics of each limestone facies affect the forms and
intensity of degradation. Pietra Cantone is a poorly cemented rock, characterized by a
microporous carbonate matrix which makes it hygroscopic and therefore susceptible to
aggressive forms of decay such as alveolization (Figure 1a). The outcrops and artefacts
made up of this lithotype are more susceptible than the other two lithotypes of the Calcari di
Cagliari formation to degradation due to salt-rich aerosols from the sea. The saline solution
permeates deeply into the rock and when the salts crystallize, they cause micro-fractures
and a loss of material in the form of dust. The Tramezzario is usually a hard, compact rock,
although in several cases it is characterized by the combination of weak cementation and
high secondary porosity that can cause severe degradation forms. In particular conditions,
such as high moisture levels, degradation occurs more intensely, causing detachment and
the complete disintegration of the rock into carbonate mud (powder) (Figure 1b).

Figure 1. Degradation forms of the Calcari di Cagliari limestones: (a) alveolization of the Pietra
Cantone; (b) loss of material and pulverization in a wall built with Tramezzario ashlars; (c) detachment
and oxidation in a Pietra Forte ashlar.

The Pietra Forte is generally a very compact, tenacious and hard limestone. Due to
its excellent cementation, it is less susceptible to decay. However, fractures, detachments
and oxidation could affect this lithotype (Figure 1c). Fractures are often caused by stress
exceeding the rock’s strength that causes a loss of cohesion along the weakest planes of the
rock. The detachment of material is generally due to the release of inner tensions after the
rock is quarried and reduced to ashlars for building. Especially within the fractures, the
Pietra Forte can present impurities containing iron minerals which, by oxidation, create red-
brown patinas that render the altered material brittle and favor its detachment. The Pietra
Forte is also affected by dissolution phenomena that produce macropores and superficial
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and hypogenic karst forms. The karst forms can be large and can extend over wide areas,
making the Pietra Forte the main aquifer of the city of Cagliari.

2.2. Optical and Scanning Electron Microscopy

Thin sections of the three facies of Calcari di Cagliari were analyzed by optical mi-
croscopy (OM) and scanning electron microscopy (SEM) in order to identify their textural
characteristics and the amount and type of pores, in particular micropores by SEM. OM
analysis was carried out by means of a petrographic microscope in polarized light (Carl
Zeiss Axioplan microscope—Carl Zeiss, Oberkochen, Germany). SEM was carried out by a
Zeiss EVO 50 VP model scanning electron microscope (Carl Zeiss, Oberkochen, Germany)
connected to an EDS X-Max (Oxford Analytical Instruments Ltd., High Wycombe, UK).
SEM was performed under a high vacuum with an electron high tension (EHT) of 20 kV, a
working distance (WD) of 10 mm, an Iprobe current of 200 pA, and a resolution of about
1-2 nm. The thin sections studied with OM were treated with blue dye epoxy resin to better
visualize the pore space [22,48,57,58] and their connection at the meso-scale [59], while
for SEM, the thin sections were metal-coated, creating a conductive 10 nm layer of gold
on their surfaces to inhibit charging, reduce thermal damage and improve the secondary
electron signal required for the morphology examination.

2.3. Mercury Intrusion Porosimetry

The knowledge on the textural features of the Calcari di Cagliari by OM and SEM was
implemented with quantitative information on the pore structures obtained by the mercury
intrusion porosimetry (MIP) technique. Fifteen cubic representative samples (with the
largest dimension of 1.5 cm per side), five from each carbonate lithotype (Pietra Cantone,
Tramezzario and Pietra Forte), were prepared and dried in an oven at 60 °C for 48 h for the
MIP analyses. A Micromeritics Autopore IV 9500 (Micromeritics Instrument Corporation,
Norcross, GA, USA) was used to measure the connected porosity for pore-throat diameters
that cover the 3 nm-360 pm range, applying an initial pressure of 0.5 psia and reaching a
maximum pressure of 60,000 psia to measure the smallest pore-throat diameters. Owing
to MIP analyses, it was possible to quantify the number of connected pores (effective
porosity), pore-throat size distributions (radii/diameters) and bulk and skeletal densities.
Besides this information, some key petrophysical parameters of the pore network, such
as permeability and tortuosity [60-62], were deduced. These parameters depend on the
size and arrangement of pores/throats and pore-to-pore connections. Mercury intrusion
porosimeter instruments can compute permeability and tortuosity using their specialist
software by applying the well-known relationship proposed by Katz and Thompson [59,60],
who introduced the K-T method to calculate permeability, and by Hager [61], who proposed
a relationship for the calculation of tortuosity.

2.4. CRP Method

Data Acquisition—Three prismatic-shaped significative samples of each investigated
lithotype, namely, Pietra Cantone, Tramezzario and Pietra Forte, of the Calcari di Cagliari
formation were prepared with an average volume of about 20 x 10 x 10 cm3. Two
terrestrial photogrammetric campaigns were performed on two different days in this study:
30 December 2022 and 2 January 2023. A single lens commercial digital camera model,
namely the Canon Power Shot 730 HS CMOS with a resolution of 20.3 Mpx, was operated
to acquire sets of about a hundred high-quality 2D photo images for every rock sample,
all around the samples under study, at short and predetermined distances (20-50 cm)
and at different station points evenly spaced at a mean distance of 10 cm between them
(about 80% overlapping). Finally, all images were collected under light conditions as
homogeneous as possible and after positioning the studied sample on a calibrated base
equipped with reference markers characterized by high reflectivity contrast and known
dimensions [9,18,42].
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Data Processing—At the pre-processing stage, the 2D images were first manually
trimmed to remove unusable photos; they were then pre-processed with release 2.0.2 of
the AgisoftMetashape® software (Agisoft LLC, St. Petersburg, Russia) based on structure
from motion (5fM) methodology to avoid the use of noisy data, to finely align poses and to
generate a highly dense point cloud.

Image alignment and sparse cloud generation—At the image orientation stage, the
position of the camera is detected, the photo orientation is determined using both intrinsic
camera parameters, such as focal length, coordinates of the image principal point and lens
distortion coefficients, and extrinsic orientation parameters, such as the three translation
components and the three Euler rotation angles estimated during the image orientation
process. After the image orientation procedure is successfully completed, an a priori model
in the form of a discrete point cloud is generated using essentially the reference points [63].

Dense cloud generation, meshing and texturing—At the following stage of dense cloud
generation, a multi view stereo matching (MVS)-styled process is started, by which depth
maps are calculated to perform the densification of points. The depth maps are computed
essentially using the image pairs that overlap and taking into account the intrinsic and
extrinsic orientation parameters derived from the bundle adjustment operations.

A combined depth map is generated, stacking pairwise depth maps computed for each
camera that are subsequently used to generate partial dense point clouds. These clouds are
then used to compute the final dense cloud. During this process, additional well-suited
noise filter algorithms are applied step-by-step to the overlapping regions [39].

At this stage of the processing, planes are routinely fitted to groups of neighboring
pixels of the combined depth maps in order to compute the normal of the partial dense
clouds; finally, clouds can be texturized using the colors extracted from the images.

The processing is followed by the meshing operation that consists essentially of a
3D surface reconstruction process for quickly transforming the dense point cloud into
a triangulated surface. Moreover, the necessary triangulated model optimization and
simplification is performed by means of the application algorithms well-implemented in
the AgisoftMetashape® software package [63].

An option to build the texture clouds is available in the recent versions of this package,
by which the natural color contents of the photographic images can be used to texturize
the 3D final models using an RGB color scale.

The three colorized, high density, registered point clouds computed using the proce-
dure described above and representing in detail the rock samples under study were format
converted into the e57 format (namely, the file format for 3D laser scanner data exchange)
and then processed with the JRC 3D Reconstructor® Vs 4.1.2 (Gexcel, Brescia, Italy) and the
CloudCompare Vs 2.12.4 free software. Clouds were also manually edited and then filtered
to remove noisy data; the resulting unified clouds were then converted into mesh models
texturized with both natural colors and light intensity to be useful as input for professional
engineering-style software such as CAD® [16,49].

2.5. Three-Dimensional Ultrasonic Tomography

Based on the 3D models obtained with the above described geomatic technique (CRP-
SfM), 3D ultrasonic tomography (3D UT) was planned on significative samples of each
investigated lithotype (Pietra Cantone, Tramezzario and Pietra Forte).

The 3D UT adequately describes the effects of rock properties on the ultrasonic signal
propagation and highlights the presence of potential defects such as cracks, fissures and
cavities inside the materials. The morphology of the shallow materials in each sample
was determined from the 3D high-resolution digital photogrammetric models in order
to design an optimal ultrasonic survey and provide a very good spatial coverage of the
investigated samples.

The carbonate samples were prepared in a prismatic shape with an average size
of 20 cm x 10 cm x 10 cm. Ultrasonic measurements were carried out by the trans-
mission method according to the ISRM 2007, 2014 [64,65] using a portable Ultrasonic
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Non-Destructive Digital Indicating Tester (PUNDIT Lab plus) device (Proceq, Schwerzen-
bach, Switzerland) that measures the time of propagation of ultrasonic pulses within the
0.1-9999.9 ps range with a precision of 0.1 ps. The PUNDIT Lab plus was interfaced with
the portable oscilloscope Fluke 96B for the acquisition of the digital signals emitted and
received from two transducers at a resonance frequency of 82 kHz. The silicone snug
sheets were used as the best coupling agent [66] to guarantee the best contact between the
transducers and materials. The transducers were placed on all faces of each sample with
25 mm of vertical spacing along parallel vertical profiles to surround the entire sample.
Each station (on average 72 stations per sample) was alternately used as a transmitter and
receiver. The transit time of the longitudinal ultrasonic waves between stations (source—
receiver path) was measured along a very large number of paths (approximately 2400) and
averaged over eight determinations. The mean of the measurements was computed not
considering values with a deviation higher than 3%. In this study, only the first arrivals for
each source-receiver path were considered and confidently associated to the longitudinal
wave (P-wave). The use of the ultrasonic longitudinal signal (P-wave) in velocity detection
is recommended in practical applications, since the first arrival of the ultrasonic signal can
be recognized unambiguously as a P-wave arrival. Generally, the quality of first-arrivals
is related to many experimental conditions and especially to the signal-to-noise (S/N)
ratio. In a few cases in which a low S/N ratio was found, a filtering operation was applied
to improve it. We preferred to hand-pick the first arrivals of the longitudinal waves for
the tomographic analysis. In fact, the accurate determination of the first-arrival times is
needed to guarantee the high quality of the tomographic solutions. In many experimental
conditions, the automated picking of first-arrivals can be a very difficult task especially in
the case of a low S/N ratio.

The propagation velocity of the P-wave is detected from the ratio of the length of the
ray-path (source-receiver distance) to the transit time of the longitudinal ultrasonic signal.

The 3D UT aimed to obtain a detailed elastic characterization of the carbonate samples
consisted of the 3D reconstruction of the longitudinal velocity distribution inside the
samples based on the P-wave travel times between the different source-receiver pairs
precisely located on the base of the 3D high-resolution digital photogrammetric models.
With many intersecting ray paths between different source and receiver positions around the
sample, it is possible to reconstruct a detailed 3D field velocity of the elastic waves. In this
study a tomographic inversion was applied to the ultrasonic data (measured travel times) to
produce the 3D velocity model. This was determined starting from the P-wave first-arrival
times as input data for the simultaneous iterative reconstruction technique (SIRT) [67,68],
considering curved ray tracing to account for the heterogeneous velocity structure. The
iterative reconstruction technique involves successive approximations to correct for an
arbitrary initial velocity model. In order to obtain a realistic and not an arbitrary starting
velocity model as input for the SIRT to invert travel-time data, a methodology based on the
cross-correlation function (CCF) was used [69]. Starting from the initial velocity model, the
SIRT algorithm is followed by computing the travel times for each source/receiver path.
After this, the calculated and picked times are compared and a correction factor for the
time discrepancy is applied to the velocity value of every cell (voxel) affecting the model.
In this way, the initial velocity model is modified by repeated cycles, and the iterative
process goes on until the necessary accuracy is achieved. In this study the entire processing
sequence was repeated for 20 iterations which allowed it to obtain the final velocity model.
This number of iterations was found appropriate to achieve the best representation of the
3D distribution of the longitudinal velocity within the investigated volumes and can be
considered a good compromise between the resolving power and the reliability of the final
velocity model.

The 3D rendering of the resulting velocity distribution inside the samples as a result
of the tomographic inversion procedure was carried out using the Voxler v. 4.3.771 by
Golden Software, which allows us to manipulate and organize large quantities of data in a
convenient and effective manner. The 3D representation of the field velocity and the possi-
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bility to visualize it through the 3D data volume facilitate the analysis and interpretation
of the results. The 3D volume visualization with zooming and rotation allows a better
understanding of the relationship between velocity variations and material properties for
analysis and accurate interpretation. Furthermore, it is possible to create in an interactive
manner as many slices as necessary, vertical or horizontal, that also help the interpretation.
By observing the development of the velocity variations from slice to slice, the interpreter
can acquire a good feel of their spatial development in the investigated volume.

3. Results and Discussion
3.1. Thin Section Analysis

The textural characteristics of the studied lithotypes were analyzed by optical mi-
croscopy, with reference to the presence of matrix or cement, as well as content, type and
arrangement of the allochems. OM observations were integrated and enhanced by SEM
in order to define the bioclast packing and the different grains-matrix or grains—cement
relationships, while pointing out the different types of primary and secondary pores. The
porosity detected by OM can be classified as mesoporosity [70], while the pores analyzed
by SEM can be classified as microporosity [70].

Pietra Cantone is a bioclastic limestone with a mud-supported or micritic texture,
mainly characterized by the remnants of foraminifera (Figure 2a) and other bioclasts
ranging from 100 um to 2.5 mm. The matrix is a carbonate mud made up of microcrystals of
micrite. Within the micrite cement, the presence of iron oxides and terrigenous components
such as quartz, feldspar and biotite is common (Figure 2b). The presence of iron oxides
gives this lithotype its typical yellow color. According to the carbonate rocks classification
of Dunham (1962) [71], the Pietra Cantone can be classified as mudstone-wackestone. The
mesoporosity values of Pietra Cantone observed with OM has values from 7% to 25%. The
mesoporosity is characterized by primary interparticle pores that can evolve into forms
of secondary porosity, such as vug porosity, due to dissolution processes (Figure 2c,d).
The SEM observations showed that Pietra Cantone is characterized mainly by a micropore
network of well-connected interparticle pores with a mean size of 2 um (Figure 2e,f),
concentrated in the micrite [18]. This primary microporosity in the mud matrix is the main
cause that makes this rock hygroscopic and highly susceptible to degradation.

Tramezzario is a grain-supported limestone rich in bioclasts with sizes ranging from
500 um to 4 mm. The bioclasts are mostly made from well-sorted, sub-rounded algal
fragments (Figure 3a) and bioclasts of other organism such as mollusks, bryozoa and
crustacea, supported by a sparry calcite cement (Figure 3b). Tramezzario, according to the
Dunham classification (1962) [71], can be defined as grainstone—packstone. In Tramezzario,
the porosity is 10% on average, but it can reach 20% in deep sea facies, richer in carbonate
mud. The mesoporosity observed at OM is a secondary porosity mainly of the channel,
moldic, intraparticle and fracture types (Figure 3c,d). Except for the fracture type, these
pores occur due to dissolution processes and are well connected. With SEM, the Tramezzario
is characterized by single subhedral-anhedral calcite microcrystals (sizes 2-3 um) or by
polyhedral aggregates of calcite. Intercrystal pores [72] with sizes between 4 um and 5 pm
(Figure 3e) represent the main microporosity of the Tramezzario. These pores, located
within the sparry calcite cement are generally interconnected, representing the preferential
path on which the phenomena of dissolution act. The dissolution, therefore, determines the
development of secondary pores such as vugs (Figure 3f) and channels.
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WD | Mag |Det| 7/29/2010 |Spot| HV  |Pressu HF\ 0.0pm: | WD
8.8 mm 6000x/LFD 12:35:30 PM| 4.0 20.0 kV|0.90 Torr 45.07 ym Pietra Cantone

Mag | Det 010 |Spot HV |Pres: v —5.0um—
10.0 mm 8000x LFD 1:20:08 PM 4.0 20.0 kV|0.90 Torr/33.80 ym Pietra Cantone

(e) ®

Figure 2. Textural characteristics of Pietra Cantone: (a) Mud-supported texture with bioclasts (Bc),
foraminifera (Foram) and iron oxide (Ox); OM cross polarized light. (b) Iron oxide (Ox) and biotite
(Bt) crystal; OM cross polarized light. (c) Vug secondary porosity (Vug); OM plane polarized light.
(d) Vug secondary porosity (Vug) in a particularly porous sector of the rock; OM plane polarized
light. (e) Micrite (Mic) microcrystals and calcite (Cal); SEM image. (f) Interparticle microporosity (Ip)
in the microcrystalline carbonate mud; SEM image.
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WD | Mag |Det 7/29/2010 |Spot HV |Pressure, HFW 50.0pm—— WD | Mag |Det| 7/29/2010 |Spot| HV |Pressure| HFW -50.0pm:
10.1 mm 1200x LFD|10:42:36 AM 3.5 |20.0 kV|0.90 Torr 0.23 mm Tramezzario 10.1 mm 1300x LFD|10:06:00 AM| 3.5 30.0 kV/0.90 Torr|0.21 mm Tramezzario

(e) 0]

Figure 3. Textural characteristics of Tramezzario: (a) Grain-supported texture with bioclasts of
Lithothamnium algae (Lith); OM cross polarized light. (b) Sparry calcite (Sc) among the bioclasts
of Lithothamnium algae (Lith); OM cross polarized light. (c) Vug, moldic (Mold) and intraparticle
(Inp) secondary porosity; OM plane polarized light. (d) Channel (Ch) and fracture (F) secondary
porosity; OM plane polarized light. (e) Intercrystal (Ic) pores among the calcite (Cal) crystals; SEM
image. (f) Vug and intercrystal (Ic) porosities and calcite (Cal); SEM image.

Pietra Forte has the characteristics of biohermal-biostroma limestones. This is a
rock-preserved biogenic texture, whose original components, mainly Lithothamnium
algae (Figure 4a,b), were bound and encrusted together during deposition and stayed
substantially in the position of growth. According to the Dunham classification [71], the
Pietra Forte is a boundstone, mainly made up of Lithothamnium algae, which embody
bioclasts of other organisms such as bivalves, bryozoans, etc., all cemented by sparry
calcite, which makes the rock very compact and scarcely porous at the microscopic level.
The porosity of Pietra Forte is about 1%—4%, mainly of the secondary type, due to post
diagenetic dissolution phenomena. The observed pores are of intraparticle, vug, channel
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and fracture types (Figure 4c,d). However, pores of the primary type, such as the growth
framework due to the growth structures of Lithothamnium algae, have been observed in a
few cases. The majority of these pores are now filled with sparry calcite (Figure 4c).

\

4 L} <
WD | Mag |Det| 7/30/2010 [Spot HV |Pressure| HFW | ——5.0um— WD | Mag Det 82/2010 Spot HV |Pressure| HFW | ———10.0um

10.3 mm|10000x LFD|10:12:42 AM| 4.5 20.0 kV|0.53 Torr27.04 um: Pietra Forte 10.0 mm 6210x LFD 11:00:19 AM 4.0 |20.0 kV|0.53 Torr|43.54 um Pietra Forte

(e) ®

Figure 4. Textural characteristics of Pietra Forte: (a) Biogenic texture rich in Lithothamnium algae
(Lith) well-cemented by sparry calcite (Sc); OM cross polarized light. (b) Another fossil of Lithotham-
nium algae (Lith) with sparry calcite (Sc); OM cross polarized light. (c) Vug and intraparticle (Inp)
secondary porosity. The primary porosity due to the growth structure of algae, called the growth
framework (Gf), filled by the sparry calcite; OM plane polarized light. (d) Channel (Ch) and fracture
(F) secondary porosity; OM plane polarized light. (e) Intercrystal (Ic) pores among the calcite (Cal)
crystals; SEM image. (f) Intercrystal (Ic) porosity in a more porous sector of the rock and calcite (Cal);

SEM image.
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Pietra Forte is exclusively made up of calcite [57], characterized by single subhedral
microcrystals (sizes 2-3 pm) or polyhedral aggregates of calcite. With SEM, Pietra Forte
is characterized by an intercrystal microporosity [72] with dimensions of pores smaller
than 4 pm (Figure 4e,f). This scarce microporosity is due to the presence of carbonate
cement, which during lithogenesis filled the spaces between the algal structures and
the other bioclasts, making this lithotype very compact. However, when the pores are
communicating, they allow the infiltration of water rich in CO, that causes dissolution and
enlargement of the pores up to the formation of karst cavities.

3.2. MIP Analyses

The results of the MIP study are summarized in Figure 5a—c, where three representative
curves showing the typical patterns of the pore-throat size (diameter) distribution of Pietra
Cantone, Tramezzario and Pietra Forte are reported. In Figure 5a we can observe that
in Pietra Cantone, the sizes of pore-throats are prevalently in the 0.2-7 um range. In the
MIP curve of Tramezzario (Figure 5b), the sizes of pore-throats range mainly from 1 pm to
90 um. The Pietra Forte representative MIP curve shows pore-throat diameters in the range
from about 0.04 um to 0.4 pm (Figure 5c).

0.27 4 0.27 -

(a) (b) (c)

0.18 A 0.18 A

0.09 A 0.09 A

Log Differential Instrusion (mL/g)
Log Differential Instrusion (mL/g)

2N

0.00 T n 0.00 T T T T T ] 0.00 T T J n
0.001 0.01 0.1 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000 0.001  0.01 0.1 1 10 100 1000
Pore Throat diameter (um) Pore Throat diameter (um) Pore Throat diameter (um)
Figure 5. MIP curves highlighting the pore-throat size distributions of three representative samples
of the Calcari di Cagliari: (a) Pietra Cantone; (b) Tramezzario; (c) Pietra Forte.
In Table 1, some of the most important MIP parameters of the pore structures of the
studied carbonate rocks are reported.
Table 1. MIP parameters of Calcari di Cagliari.
Calcari di dsg Bulk Density Skeletal N Permeability .
Cagliari Sample (um) (g/cm®) Density (g/cm®) Porosity (%) (mD) Tortuosity
PC1 1.69 2.07 277 25.35 8.16 21.23
PC2 8.85 1.62 2.65 38.71 215.10 5.34
Pietra Cantone PC3 1.03 1.89 2.66 28.86 0.37 16.01
PC4 1.78 1.89 2.72 30.41 9.16 20.20
PC5 2.45 191 2.68 28.72 10.93 23.25
TR1 12.06 1.58 2.67 40.85 557.92 3.01
TR2 3.06 2.33 2.69 13.40 26.02 3.73
Tramezzario TR3 10.67 1.99 271 26.61 506.42 4.45
TR4 17.58 2.09 2.73 23.25 702.28 3.90
TR5 14.70 1.89 2.75 31.00 1168.12 3.68
PF1 0.13 2.53 2.70 6.26 0.11 2.39
PF2 0.20 2.46 2.71 9.24 0.12 6.55
Pietra Forte PF3 0.15 2.46 2.70 8.74 0.11 6.21
PF4 16.13 2.51 2.69 6.66 1044.22 2.36
PF5 0.05 2.65 271 221 0.16 2.03

dsp = median pore-throat diameter.
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In the Pietra Cantone samples, the median pore-throat diameters (dsg), corresponding
to 50% of mercury saturation, range from 1.03 um to 8.85 um. They prevail in the range
of microporosity (Table 1) according to its textural features (Figure 2a,b). Bulk density
values are from 1.62 g/cm? to 2.07 g/cm?® and the values of skeletal density are between
265¢g/ cm? and 2.77 g/ cm3. All samples of Pietra Cantone show high values of effective
porosity ranging from 25.35% to 38.71%. The values of permeability from 0.37 mD to
10.93 mD in four samples (PC1, PC3, PC4 and PC5) are low (Table 1). On the other hand,
except for the PC2 sample (Table 1), the generally high tortuosity values (between 16.01 and
23.25) of these samples are compatible with the intrinsic nature of this lithotype and texture,
that is prevalently made up of small-sized particles (micrite matrix) as deduced by OM
and SEM. The PC2 has a high permeability value of 215.10 mD (Table 1) that is compatible
with its large size of pore-throats (d5p of 8.85 um). In this sample, the MIP results highlight
the highest value of effective porosity (at about 40%) related to meso- and macropores
(Figure 2c—f) interconnected by larger throats which favor the passage of fluids into the
rock. The low tortuosity value of 5.34 is compatible with its high permeability value.

In the Tramezzario samples, the median pore-throat diameters (ds), from 3.06 um to
17.58 um (Table 1), are generally higher than the pore-throat sizes measured in Pietra Can-
tone and Pietra Forte. They prevail in the range of mesoporosity as also highlighted by OM
observation (Figure 3c,d). Bulk density values range between 1.58 g/cm3 and 2.33 g/cm?
and skeletal density values are from 2.67 g/cm? to 2.75 g/cm? (Table 1). As for Pietra
Cantone, the Tramezzario shows high values of effective porosity (in the 23.25%—40.85%
range), except for TR2 sample (13.40%). Permeability values are in the 26.02-1168.12 mD
range. The low values of tortuosity, from 3.01 to 4.45 (Table 1), favor the circulation of fluids
into the pore network. The generally high permeability and low tortuosity are also related
to the interconnected porosity at the meso- and microscale as also observed by OM and
SEM (Figure 3c,f).

Pietra Forte limestone shows median pore-throat diameters (dsg) from 0.05 pm to
0.13 pm (microporosity), except for the PF4 sample with a median throat diameter of
16.13 um (Table 1). Bulk and skeletal densities range from 2.46 g/cm? to 2.65 g/cm? and
from 2.69 g/cm3 to 2.71 g/cm3, respectively. These samples show values of effective
porosity from 2.21% to 9.24% and permeability from 0.11 to 0.16 mD, except for PF4
(1044.42 mD), due to its large pore-throat size. The tortuosity of Pietra Forte is quite low
ranging from 2.03 to 6.55 and related to a pore network not articulated depending on the
intrinsic textural features of this rock (Figure 4a—f). In general, Pietra Forte is less porous
and better cemented than Pietra Cantone and Tramezzario [73] with low values of porosity
and permeability. Nevertheless, in some cases (e.g., the PF4 sample), the presence of
fractures and dissolution phenomena forming “karst” with caves and fissures can increase
its permeability [73].

3.3. CRP

Using the integrated procedure described above, the three high-resolution 3D unstruc-
tured filtered and aggregated prismatic-shaped point clouds were computed. They were
texturized with the natural colors represented in an RGB scale as detected from the 2D photo
images with the aid of the AgisoftMetashape photogrammetric package (Figure 6). These
point clouds were subsequently texturized also with the intensity of the light containing
the reflectance of the materials making up the samples under study, which can be directly
compared with the velocity patterns from the high-frequency ultrasonic methodology.

To account for the accuracy of the HR 3D models computed with the CRP methodology,
we first estimated the geometrical anomalies of the point clouds of the Pietra Cantone,
Tramezzario and Pietra Forte prismatic-shaped samples with the aid of the RANSAC
shape detector utility of CloudCompare. Six planes fitted to the faces of each sample
were automatically computed and then meshed. The residuals of the point cloud with
respect to the planes using the corresponding meshes as references were computed with
the “cloud to mesh” distance (C2M) function of the package. After aggregating the six
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(a) Side A

Pietra Cantone

faces’ geometrical anomalies with the merge function of CloudCompare, the statistical
Gauss function was subsequently applied in order to estimate the standard deviation of
the means of the geometrical anomaly aggregated clouds of the three samples [74]. The
results of this last computation are represented in the three histograms of Figure 7.

(b) Side A1

Pietra Forte Pietra Cantone Tramezzario Pietra Forte

0 5 10cm

Tramezzario

Figure 6. (a) Side A view of the HR 3D models of the three prismatic samples under study texturized
with natural colors. (b) Side A1l view.
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Figure 7. Statistical Gauss function applied to the geometrical anomalies of the three HR 3D models
of the prismatic samples under study. The standard deviations of the three models are computed to
account for the model accuracy.

As can be appreciated in the figure, the data appear to follow a Gaussian statistical
distribution, and the standard deviations of the three 3D models are 0.24, 0.18 and 0.17 mm
for the Pietra Cantone, Tramezzario and Pietra Forte sample clouds, respectively, testifying
to the great accuracy of the CRP methodology. Finally, considering that for a 3D Gaussian
distribution 99% of the confidence region is approximately reached by multiplying the
standard deviations by a factor of three, the accuracy of the corresponding 3D models
ranges from 0.7 mm for the Pietra Cantone lithotype to 0.5 mm for the Pietra Forte and
Tramezzario lithotypes. The greater the accuracy of the model, the smaller the standard
deviation. This comparison testifies that according to CRP results, the most compact
material of the Calcari di Cagliari formation is Pietra Forte followed by Tramezzario, while
Pietra Cantone actually appears to be the least compact.

3.4. Ultrasonic Tomography

The interpretation of the integrated geomatic and geophysical data proposed in this
study has been supplemented by petrographical and petrophysical data. The textural and
compositional characteristics of the carbonate rocks, as well as the quantity and size of
the pores, and the dominant pore types exert a profound influence on the geophysical
responses [49,51,75,76]. Therefore, in order to emphasize the benefit that derives from
applying the proposed non-destructive multi-technique approach in the characterization
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of stone materials, it is fundamental to understand the link between petrographical and
geophysical properties. Moreover, by understanding the link between petrographic and
geophysical parameters, certain ambiguities in geophysical interpretation can be avoided
in many practical cases. The composition, texture and type of porosity predispose a stone
material to different types and intensities of degradation, which can be recognized and
qualified both superficially and in depth by using the geomatic and geophysical methods
presented here.

The results of the 3D UT showing high-resolution images of the P-wave velocity distri-
bution on the three significative samples of the Calcari di Cagliari formation are presented
together with the 3D CRP high-resolution models and significative thin section images
in Figures 8-13. As tomographic results in the above figures, the horizontal tomographic
slices extracted from the 3D UT data volume are also reported. The location and orientation
of the slices were decided interactively for a detailed mapping of the internal distribution
of the elastic characteristics of the investigated samples. As a first result of the ultrasonic
evaluation, the velocity ranges were detected for each sample. The velocities range from
2320 m/s to 4390 m/s in Pietra Cantone, from 2750 m/s to 5480 m/s in Tramezzario and
from 3500 m/s to 7500 m/s in Pietra Forte. The differences in the longitudinal velocity
of the three lithotypes are justified by the complex physical and petrographical proper-
ties that characterize the carbonate rocks due to their complex pore system and textural
heterogeneities as seen in the results from OM, SEM and MIP.
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Figure 8. Results of the 3D analyses by the integrated approach for the Pietra Cantone sample. (a) Lo-
calization of the different faces of the sample. (b) 3D HR CRP model texturized with natural colors
and represented with an RGB scale. (c) 3D HR CRP model texturized with the intensity of ambient
light. (d) 3D ultrasonic tomography incorporated within the 3D HR CRP model. (e) Tomography
horizontal slices. (f) Isosurface of 2800 m/s with horizontal slices.

As a general remark, it can be observed that the shallow features (e.g., presence of
fractures of different origins, discontinuities and chromatic anomalies) of the examined
samples as observed in the CRP models (Figures 8b,c, 10b,c and 12b,c) match the longitudi-
nal velocity distribution in the shallow part of the materials (Figures 8d, 10d and 12d), and
in many cases they also influence the elastic conditions of their inner parts.

In the Pietra Cantone sample, the mechanical discontinuity and fracture that affect
its shallow part, which are highlighted well by the CRP models (Figure 8b,c), determine a
significant decrease in the longitudinal velocity (blue zones in Figure 8d,e). Furthermore,
the results of the 3D UT indicate that the above mechanical discontinuity evolves into the
inner part of the sample as a discontinuity of elastic characteristics along the longitudinal
development of the sample. The fracture observable in the CRP model (Figure 8b) does
not develop in depth as the low velocity zone is limited to the shallowest parts, as can
be observed in Figure 8e. The isosurface of 2800 m/s shown in Figure 8f represents the
boundary between high (red) and low (blue) velocity zones. Considering the OM, SEM and
MIP results, it can be deduced that discontinuity, fractures and other defects mainly occur
in sectors where the rock is most vulnerable on account of a high concentration of secondary
porosity of the vug type, which depletes the elastic properties of the carbonate material



Minerals 2024, 14, 501

16 of 23

(low velocity zones) (Figure 9a,b). The vug porosity is probably due to the dissolution
processes caused by a permanent presence of water in sectors rich in carbonate mud. As
observed by SEM, the mud is characterized by a high percentage of primary micropores of
the interparticle type which, when combined, form a porous network that negatively affects
the velocity of the ultrasonic pulses, and therefore the elastic characteristics of the rock.
However, in the analyzed sample, higher velocity values (approximately 3800—4300 m/s)
were also detected. They are related to more compact rock sectors, where the percentage
of pores, especially of the secondary type, is low (Figure 9a,c). This condition, due to
a better compaction in the diagenetic phase and almost absent dissolution phenomena,
enhances the elastic properties of the rock and favors the propagation of the longitudinal
ultrasonic pulses.

Figure 9. Pietra Cantone sample: integrated analysis of ultrasonic tomography and thin sections.
(a) Tomography horizontal slices incorporated within the 3D HR CRP model. (b) Microscopic features
of a porous sector of the sample; OM plane polarized light; thin section treated with blue dye epoxy
resin. Vug (vug secondary porosity). (c) Microscopic features of a compact sector of the sample; OM
cross polarized light. B (bioclast).

In the sample of Tramezzario, the fracture, which is well visible on the CRP models
(Figure 10b,c), mainly influences the elastic conditions of the shallow material since it does
not develop significantly in depth, as can be deduced from the limited extension of the
low velocity zones (blue zones in Figure 10d,e) detected by 3D UT. The isosurface of the
3800 m/s shown in Figure 10f represents the passage between high (red) and low (blue)
velocity zones. In the Tramezzario sample, the best cemented sectors, where the deposition
of carbonate cement prevailed with respect to the dissolution processes, are characterized
by higher velocity values (4700-5480 m/s) typical of a compact carbonate rock with good
elastic characteristics (Figure 11a,b).

The lower velocity values (approximately 2750-3500 m/s) detected in a few sectors of
the sample are attributable to a greater concentration of secondary pores of channel, vug and
fracture types. These secondary pores involve diffraction phenomena causing scattering
of the elastic waves, and consequently attenuation of the ultrasonic signal propagation
(Figure 11a,c) [77].

In the Pietra Forte sample (Figure 12a—f), which is characterized by higher velocity
values compared to previous lithotypes, the weak fracture highlighted by the 3D CRP
models does not produce significant variations in the elastic behavior of the rock. This is a
consequence of the fact that this fracture is partly cemented and limited to the shallow parts
of the material, as can be deduced from the 3D UT results (Figure 12d,e). The isosurface
of the 5200 m/s shown in Figure 12f represents the passage between high (red) and low
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(b)

(blue) velocity zones. It can be noted that in some sectors of the analyzed sample, the
ultrasonic signals propagate with lower velocity values (3500-4000 m/s). In these sectors,
different types of secondary porosity such as channel, fracture and karst microcavities
negatively affect the elastic behavior of the rock (Figure 13a,b). The elastic characteristics of
this rock are excellent in sectors characterized by high velocity values (6000-7500 m/s). In
these sectors, Pietra Forte is almost free of pores and very well cemented by spathic calcite
(Figure 13a,c).
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Figure 10. Results of the 3D analyses by the integrated approach for the Tramezzario sample.
(a) Localization of the different faces of the sample; (b) 3D HR CRP model texturized with natural
colors and represented in a RGB scale; (¢) 3D HR CRP model texturized with the intensity of ambient
light; (d) 3D ultrasonic tomography incorporated within the 3D HR CRP model; (e) Tomography
horizontal slices; (f) Isosurface of 3800 m/s with the horizontal slices.

10 cm

Figure 11. Tramezzario sample: integrated analysis of ultrasonic tomography and thin sections.
(a) Tomography horizontal slices incorporated within the 3D HR CRP model. (b) Microscopic features
of a compact sector of the sample; OM cross polarized light. Sc (sparry calcite); Lith (Lithothamnium
algae). (c) Microscopic features of a porous sector of the sample; OM plane polarized light; thin
section treated with blue dye epoxy resin. Vug (vug secondary porosity); Lith (Lithothamnium algae);
Ch (channel porosity); F (fracture).
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Figure 12. Results of the 3D analyses by the integrated approach for the Pietra Forte sample. (a) Lo-
calization of the different faces of the sample. (b) 3D HR CRP model texturized with natural colors
and represented with an RGB scale. (¢) 3D HR CRP model texturized with the intensity of ambient
light. (d) 3D ultrasonic tomography incorporated within the 3D HR CRP model. (e) Tomography
horizontal slices. (f) Isosurface of 5200 m/s with horizontal slices.

Figure 13. Pietra Forte sample: integrated analysis of ultrasonic tomography and thin sections.
(a) Tomography horizontal slices incorporated within the 3D HR CRP model. (b) Microscopic features
of a porous sector of the sample; OM plane polarized light; thin section treated with blue dye epoxy
resin. F (fracture secondary porosity). (c) Microscopic features of a compact sector of the sample; OM
cross polarized light. Lith (Lithothamnium algae); Sc (sparry calcite).

4. Concluding Remarks

The integrated non-invasive approach for the characterization of the carbonate rock
samples of the Calcari di Cagliari formation carried out in this study by different techniques
can effectively highlight the characteristics of the stone materials and reduce uncertainties
that may arise using a single methodology. The integration of different datasets demon-
strates that it is capable of solving ambiguities by linking different types of information.

With the aid of close-range photogrammetry (CRP) based on the structure from motion
(SfM) methodology, high-resolution 3D models of the studied samples with an accuracy of
better than 1mm were computed. For every prismatic sample, a cloud of about 10 million
points was computed and texturized, both with the natural colors derived from the 2D
digital images and the intensity of the backscattered natural light. The accuracy of the
models ranges from about 0.7 to 0.5 mm and was determined starting from the geometrical
anomalies computed as residuals with respect to the six planes fitting to the prismatic-
shaped sample faces. As a matter of fact, the greater the accuracy the lower the noise due
to the presence of defects like voids, cracks and discontinuities of the rock. In fact, the
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accuracy of the models of the studied samples is greater for Pietra Forte (RMSE = 0.51 mm),
while the Tramezzario is characterized by a comparable noise (RMSE = 0.54 mm). The least
consistent material appears to be Pietra Cantone that is characterized by an accuracy closer
to Imm (RMSE = 0.72 mm).

Therefore, the CRP methodology is very useful for the analysis of the shallow part of
stone materials and provides useful data suitable to different applied research branches.
Furthermore, the large amount of acquired metric information was useful for an accurate
planning of 3D ultrasonic tomography and for the locations of the ultrasonic sources
and receiver stations. The 3D high-resolution CRP models allowed us to reconstruct the
ultrasonic survey geometry precisely for an accurate processing of the 3D tomographic
data and effective restitution of the tomography results. In fact, the 3D ultrasonic volumes
were incorporated within the 3D high-resolution CRP models. This integration became a
tool for efficiently understanding the possible links between the conditions of the shallow
and inner parts of the sample.

The 3D ultrasonic tomography was effective in efficiently reconstructing a detailed
image of the longitudinal velocity distribution inside the samples. This technique, com-
plemented with geomatic and petrographic—petrophysical data, represents a powerful
high-resolution method for investigating the inner elastic condition of the stone materi-
als, while identifying heterogeneities, precise locations and sizes of defects or damaged
zones at a different scales. From the integrated analysis of the geomatic—geophysical data
with the petrographic—petrophysical data, it can be seen that factors such as mineralogical
composition, structure and geometry of the pores, type of pores, tortuosity and cementing
material need to be taken into consideration while interpreting the geomatic and geophysi-
cal responses of the carbonate rocks. Understanding the dependence of the longitudinal
velocity on the above rock properties may be important for many practical applications,
such as the diagnostic process of the conservation state of monumental structures, rock
mass qualification for engineering purposes, quarrying activities, mining and others.

From the integrated analysis carried out in the present study, it appears that the
carbonate lithotypes of the Calcari di Cagliari are considerably heterogeneous and charac-
terized by different elasto-mechanical conditions, as demonstrated by the velocity ranges
that characterize them. According to their different elastic behaviors, considering the
geomatic responses and their petrographical and petrophysical characteristics, it is possible
to associate each lithotype with a different susceptibility to degradation.

Pietra Forte is less porous and better cemented than Tramezzario and especially Pietra
Cantone. Therefore, Pietra Forte is the highest quality carbonate rock investigated in
this study because of its textural and petrophysical properties that enhance its elastic
behavior. Among the carbonate lithotypes under study, Pietra Forte appears to be the
most mechanically resistant even when used as a construction material, and it ensures
better performance than the other carbonate rocks under study. Therefore, this lithotype is
in general less susceptible to degradation, except for some situations in which there is a
prevalence of a secondary porosity of the vug type as a result of the dissolution process of
calcite. In these conditions, the dissolution process can lead to an increase in the size and
interconnection of the pores, which can favor its degradation at the microscale giving rise
to a karst system at the macroscale.

At the sample scale, the Tramezzario lithotype is unaltered and quite compact as
deduced from the geomatic and geophysical responses. Tramezzario is a grain-supported
limestone rich in bioclasts cemented by sparry calcite. This characteristic increases its
elastic behavior and thus its longitudinal velocity. In the Tramezzario lithotype, generally
characterized by well-interconnected macroporosity and microporosity, the process of
degradation mainly depends on the easy passage of the fluids (high permeability and low
tortuosity) into the well-interconnected pore network. Therefore, in this rock, degradation
processes do not occur homogeneously and are generally focused into localized zones
depending on the local condition of the pore network.
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The most vulnerable lithotype, and therefore most subject to degradation, appears
to be the Pietra Cantone lithotype. In this rock, in fact, there were high concentrations
of secondary porosity of the vug type, probably caused by the occurrence of dissolution
process. Moreover, the diffuse interparticle microporosity concentrated in the fine micrite
matrix tends to capture the fluids (e.g., moisture) and retain them in the pore network. Con-
sequently, Pietra Cantone is characterized by high hygroscopicity that favors its subsequent
chemical weathering and physical disintegration, as observed when used as a building
material. These characteristics worsen the elasto-mechanical behavior of the rock and favor
the presence of different types of discontinuities and weakness zones. Therefore, in a frame-
work of a monument protection project, the Pietra Cantone represents the construction
material whose conditions need to be constantly monitored over time.

The presented integrated approach aimed at characterize the carbonate rocks of the
Calcari di Cagliari formation and evaluate their susceptibility to degradation, can also be
useful to determine the effectiveness of restoration actions and to check the compatibility
between original and restoration materials.

The results presented in this paper demonstrate that the proposed integrated use
of non-invasive complementary methods, such as CRP and 3D ultrasonic tomography
complemented, where possible, with petrographic information, would guarantee the
reproducibility of the measurements both at the laboratory and field scales, giving valuable
information about potential changes in time in the rock condition. The integrated use
of CRP and ultrasonic tomography can be considered a preventive and non-invasive
conservation tool in line with current trends in the protection of cultural heritage, which
require iterative and flexible procedures as opposed to interventional conservation actions,
that are generally invasive and more expensive.
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