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Abstract: We report the occurrence of natural calcium silicate hydrates (C-S-H) from the
Grolla quarry in the Lessini Mountains of Northern Italy. These minerals are formed by
basic and ultrabasic magma interacting with carbonate rocks. The mineral assemblage
includes thaumasite, xonotlite, tobermorite, and plombierite, often intergrown with other
silicates, as well as minor amounts of carbonates and sulfates. Common zeolites in this area
include chabazite, phillipsite /harmotome, natrolite, and thomsonite. Although less abun-
dant, these zeolites are typically associated with calcite, fluoroapophyllite, and barite. The
Grolla quarry outcrop allows for the study of the in situ complex crystalline overgrowths
and specific crystal chemistry of rare natural mineral phases, such as C-S5-H minerals,
formed under metasomatic to hydrothermal conditions.
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1. Introduction

Calcium silicate hydrate minerals (C-S-H, the dashes denoting their versatile stoi-
chiometry) [1] are natural and synthetic phases that are of great scientific and technological
interest. In particular, C-S-H (according to cement shorthand, C = CaO, S = SiO; and
H = H;0) are the main binding phases in many artificial materials, such as aerated concrete
(with or without additives), mortars and cement paste, making up 60%-70% of a fully hy-
drated paste. Due to their critical role in the safety of building structures and construction,
C-S-H minerals have been extensively studied, as reflected in the abundant literature [2-6].
C-5-H minerals have a variable composition, are often X-ray amorphous, and can include
aluminum and other guest ions. Aluminum incorporation likely affects the chemical and
mechanical properties of C-S-H [7]. Improving the strength and durability of hydrated
cement—by addressing factors like porosity, creep, shrinkage, and aging—requires a deep
understanding of the C-5-H structure at the crystalline level and the atomic scale up to
100 nm [8,9].

Although C-S-H crystalline phases are the main components of artificial materials
such as cement, they are rare as minerals of natural origin, especially due to their particular
environment and condition of formation. Only a small number of restricted geological
environments are known for their natural C-S-H phases, and the main occurrences come
from ultrabasic rocks associated with ophiolite complexes involved in low-temperature
serpentinization process, or hornfels (contact metamorphic zones with high temperature
and low pressure) around igneous intrusions in limestones and calcareous shales [10-12].
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During the metasomatic processes that take place in these conditions, significant quantities
of volatiles (especially water) can be mobilized, inducing the formation of C-S5-H phases
such as xonotlite, tobermorite, plombierite, afwillite, hillebrandite, and scawtite [13-15].
This family of minerals is particularly interesting for their various structural arrangements
and the peculiar transformation processes in which they are involved (e.g., dehydration).
For example, the natural mineral tobermorite is often used as a model to study the molecular
structure of C-S-H [16]. Investigating the long-term alteration and carbonation (10s or 100s
of thousands of years) of these minerals also makes it very important to simulate man-
made Portland cement alteration and, for example, to the sealing performance of well
cement systems [4,12]. Moreover, C-S-H minerals are able to exchange cations and have
potential applications in waste disposal [17]. Therefore, obtaining data on the crystallization
of C-S5-H under natural conditions and its transformations is particularly important for
understanding cement mixtures” hardening and durability mechanisms.

In this study, different samples of C-S-H phases naturally crystallized in the Lessini
Mountains, Northern Italy, were mineralogically and chemically characterized to describe
the mineralization within a rare and unusual geological context. Various methodologies
were employed, including binocular microscope observations, environmental scanning
electron microscope (ESEM) observations, chemical composition analysis (SEM-EDS), and
X-ray powder diffraction (XRPD) analysis. The origins of the natural C-S-H phases and
potential toxicological aspects are also discussed.

2. Geological Background

The Veneto Volcanic Province covers about 2000 square kilometers in Northern Italy
(Figure 1). Due to tectonic tension in the South Alpine foreland, volcanic activity began in
the Tertiary period, mostly underwater [18]. Volcanic eruptions happened in bursts from
the Late Paleocene to the Miocene, each lasting briefly and separated by inactive phases
with shallow-water carbonate deposits [19-21]. This volcanic area has four main districts:
the Lessini Mountains, Marostica Hills, Berici Hills, and Euganei Hills. The main rock
types include volcaniclastic rocks, hyaloclastites, pillow lavas, and lava flows of mafic to
ultramafic composition. In the Euganei Hills, acidic rocks like rhyolite are also found.
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Figure 1. Simplified geological map of the Veneto Volcanic Province highlighting the Lessini Moun-
tains and the location of the Grolla quarry.
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The Lessini Mountains stretch from Mt. Baldo in the west to the Schio-Vicenza tectonic
line in the east, within a north-northwest-oriented extensional structure called the Alpone-
Agno graben. The western fault defines the Castelvero boundary, which was key in
shaping the region’s environment from the Late Paleocene to the Middle Eocene. This fault
separated a sediment-dominated western area with thin volcanic layers from an eastern
area rich in volcanic rocks. With layers up to 400 m thick, the Lessini Mountains form
the largest volcanic sequence in the Veneto Volcanic Province [20]. The area’s volcanism
includes mainly tuffs and lava flows, with column-like eruptive necks, hyaloclastites, and
pillow lavas. Common rock types are basanite and alkali olivine basalt, with smaller
amounts of transitional basalts, nephelinite, hawaiites, trachy-basalt, and basaltic andesites.
Studies indicate that the magmatism here has within-plate characteristics, likely forming in
a tensional setting as a foreland response to the Alpine orogeny [22-24].

The volcanic rocks of the Lessini Mountains are often extensively altered by intense
hydrothermal activity. This process results in significant secondary mineralization, fill-
ing numerous cavities and vesicles within the volcanic rocks and forming new mineral
phases [25]. Among these, zeolites are the most abundant group, including minerals such
as analcime, chabazite, phillipsite, harmotome, and gmelinite. Rare zeolites with distinc-
tive features, such as willhendersonite and yugawaralite, have also been identified in the
area [25-27]. Additionally, in recent years, other fibrous zeolites (including carcinogenic
erionite, and potentially toxic offretite, mordenite, and ferrierite) have been discovered
in several localities of the Lessini Mountains, highlighting their particular importance in
toxicological research [28-33].

A rare but significant type of mineralization in the Lessini area is associated with
thermometamorphism, a process occurring at very high temperatures and low pressures.
This phenomenon affects sedimentary rocks near volcanic bodies, creating a contact zone
(or aureole) around the magma. New minerals often form within this aureole, influenced by
the type of rocks present, the chemical composition of circulating fluids, and the prevailing
P-T conditions. A distinctive form of thermometamorphism occurs when basic magmas,
hydrothermally altered volcanic rocks, and carbonate rocks interact. During metasoma-
tism, chemical exchange between rocks releases volatile substances, mainly water. This
likely leads to the formation of hydrated calcium silicates like xonotlite, tobermorite, and
plombierite, making the Grolla quarry a globally important site for studying these minerals.

3. Materials and Methods
3.1. Materials

All the samples analyzed in this study were collected from the Grolla quarry in
Cornedo Vicentino (VI), Lessini Mountains, Italy. Grolla quarry is an active site that
produces calcareous materials for construction, prized for their excellent technical and
mechanical properties. Large veins and volcanic conduits were uncovered during quar-
rying operations, cutting through a sequence of carbonate sedimentary rocks. Tertiary
basic magmatism led to the formation of abundant crystals in the contact zones between
hydrothermally altered basic rocks and calcareous rocks. These crystals range in size from
macroscopic (>1 cm) to microscopic (<<1 mm) and are found growing in veins, cavities,
and vesicles within deeply metasomatized rocks. The cavities and vesicles vary from
millimeters to centimeters and may be fully or partially filled with secondary minerals. In
some cases, a single mineral species occupies the space, while in others, multiple species
coexist in paragenetic associations. Over 150 samples were collected from various quarry
sectors, with 20 selected for detailed investigation to represent the diversity observed in
the field.
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3.2. Optical and Scanning Electron Microscopy

Observations of the morphology and physical properties were conducted directly on
the cavities and vesicles using a Leica Wild Mod. M10 binocular optical microscope at
the Department of Pure and Applied Sciences, University od Urbino, Italy, with IntraLux
5000-1 fiber optic illumination, and a DCM-510 Digital image acquisition system.

Small-scale morphological observations were conducted using an environmental
scanning electron microscope (ESEM) FEI Quanta 200 FEG, at the Department of Pure
and Applied Sciences, University od Urbino, Italy, equipped with an energy-dispersive
X-ray spectrometer (EDS) for qualitative microchemical analysis. The settings included a
25 kV accelerating voltage, adjustable beam diameter, a working distance of 10-12 mm,
and a tilt angle of 0°. The ESEM operated in low vacuum mode, with the chamber pressure
between 0.80 and 0.90 mbar. Images were captured using a single-shot detector (SSD)
or an Everhart-Thornley secondary electron detector (ETD). Microchemical analysis was
conducted using a JEOL 6400 SEM at the University of Parma, Italy, following the methods
outlined in the references [34,35]. The operating conditions were voltage 15 kV, beam
current 1.2 nA, and counting time 100 s. The errors are 2%-5% for the major elements and
5%-10% for the minor ones. Compositions of elements, oxides, and silicates were used
as standards.

3.3. X-Ray Powder Diffraction

Pure crystals were carefully selected from each sample under a binocular microscope,
then disaggregated, finely ground in an agate mortar, and placed in a 0.7 mm side-opened
aluminum sample holder. X-ray powder diffraction (XRPD) data were collected using a
Philips X'Change PW1830 powder diffractometer at the Department of Pure and Applied
Sciences, University od Urbino, Italy, set to 35 kV accelerating voltage and 30 mA beam
current, with CuKa radiation (A = 1.54506 A). Measurements were made in Bragg-Brentano
geometry from 2° to 65° at 20, with a 0.01° step size and 2.5 s per step to obtain high-
intensity patterns. The diffractometer used a 1° maximum divergence compensating
slit, a 0.2 mm receiving slit, and a graphite crystal monochromator. Semi-quantitative
XRPD analysis was conducted using X'Pert Quantify and X'Pert HighScore Plus software,
version 5.2 release, with quartz as the internal calibration standard. Peak width variations
were minimal (within +2% of the average value), and each sample was measured three
times. Detailed X-ray diffraction analyses with extended exposure times (up to 24 h)
were performed for each sample to determine the mineralogical composition, assess the
separated crystals” quality, and rule out the presence of impurities.

4. Results and Discussion

A summary of the investigated samples and their related mineralogical composition
is reported in Table 1. The minerals identified at the Grolla quarry are predominantly
silicates, with smaller amounts of carbonates and sulfates. The most common silicates
belong to the zeolite group, including chabazite, phillipsite/harmotome, natrolite, and
thomsonite. Though generally minor, these zeolites are typically associated with varying
amounts of calcite, fluoroapophyllite, and barite. This mineral assemblage is consistent
with similar occurrences reported from other parts of the Lessini Mountains [25]. However,
unlike other mineralized areas in the Lessini Mountains, the Grolla quarry uniquely yields
calcium silicate hydrate minerals (C-S-H) alongside the previously mentioned minerals.
Specifically, we identified thomsonite, xonotlite, tobermorite, and plombierite (Table 1).
The powder XRD patterns of these C-S-H natural phases are shown in Figure 2. The narrow
peaks indicate high crystallinity. Table 2 lists their chemical compositions, which match
the ideal stoichiometry. Backscattered electron imaging during ESEM analysis showed
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no unusual grains or secondary phases in the investigated samples. The C-S-H minerals
described below were positively identified using X-ray powder diffraction, optical data, and
chemical microanalyses. While stoichiometries and optical data resembling other phases
(e.g., afwillite, scawtite, jennite, clinotobermorite) were obtained, definitive identification
was not possible due to the absence of clear X-ray data.

Table 1. Summary of the investigated samples from Grolla quarry and their related mineralogical
composition, identified through optical microscope, environmental scanning electron microscope
(ESEM), and X-ray powder diffraction (XRPD) analyses. Calcium silicate hydrates are in bold.

Sample Mineralogical Composition

CG1 Phillipsite, Thomsonite, Chabazite, Calcite
CG2 Barite, Chabazite

CG3 Chabazite

CG4 Xonotlite, Apofillite, Chabazite, Calcite
CG5 Apofillite, Natrolite, Calcite

CG6 Thomsonite

CG7 Xonotlite, Chabazite, Thomsonite

CG8 Chabazite, Phillipsite/ Armotomo

CG9 Chabazite, Apophyllite, Calcite

CG11 Thaumasite, Xonotlite

CGI12 Thomsonite, Calcite

CG13 Xonotlite, Calcite

CGl14 Tobermorite, Plombierite, Xonotlite, Calcite
CG16 Thomsonite, Chabazite, Calcite

CG17 Xonotlite, Tobermorite, Fluorapophyllite
CG18 Thomsonite, Calcite

CG19 Tobermorite, Plombierite, Thomsonite, Calcite
CG20 Thaumasite, Fluorapophyllite, Chabazite, Calcite
CG21 Natrolite, Calcite
CG30 Chabazite
CG39 Tobermorite, Plombierite, Calcite

4.1. Xonotlite CagSigO17,(0OH),

Xonotlite was first identified by Rammelsberg in 1866 in carbonate rocks that had
undergone contact metamorphism with magma in Tetela de Xonotla, Mexico (whence the
mineral is given its name) [36]. Since then, although it is a rare mineral, xonotlite has
been discovered to fill veins and cavities in heat-altered rocks, and less commonly due
to metasomatic reactions in rodingites [37]. Xonotlite has a monoclinic crystal structure,
typically forming thin, needle-like (acicular) or fibrous crystals a few millimeters in size. Its
structure consists of chains of tetrahedra alternating with calcium-oxygen layers [38]. These
layers contain calcium ions in two coordination types: seven-fold (CaOy) and octahedral
(CaOg) [39]. This arrangement allows xonotlite to exist in at least six structural variations
(four ordered and two disordered forms) or polytypes [40,41].

Xonotlite is common in the Grolla quarry and appears in various forms (Figure 3a,b).
It often forms very thin, needle-like crystals grouped into silky, fibrous clusters. These are
generally white inside but may appear white to pink on the surface. Another frequent
type is small, transparent needle-like crystals sometimes found in small bundles. Xonotlite
also forms isolated, silky-looking spheroidal clusters with glassy crystals. The crystals
sometimes grow in parallel, forming fibrous white layers that follow the rock’s surface.
In other cases, the crystals are so fine that they appear as white, earthy coatings visible
only under a microscope. Under an electron microscope, xonotlite crystals are always thin
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and fibrous, ranging from a few microns to hundreds of microns in length, with diameters
smaller than one micron (Figure 4). Larger crystals sometimes show their monoclinic
shape, dominated by prism-like features. In samples from the Grolla quarry, xonotlite
is often found in aggregates, alongside large fluoroapophyllite crystals and small calcite
rhombohedrons. In all investigated samples, xonotlite always forms on the surface of other
minerals and seems to develop in the final stages of crystallization.

Table 2. Representative chemical composition of the natural C-S-H minerals from the Grolla quarry.
H,O has been calculated by difference.

Thaumasite

Xonotlite
CG11- CGl1- CGl11- CG20- CG20- CG20- CG20- CG20- CG17-  CGl7-  CGl17-  CG17-  CGl7-  CGl17-
01 02 03 01 02 06 07 08 01 02 03 04 08 09
SiO, 9.85 9.81 10.02 9.98 9.75 9.91 9.88 10.05 50.15 49.61 49.24 50.44 50.25 49.98
AlL,O3 bdl bdl bdl bdl bdl bdl bdl bdl 0.05 bdl 0.04 0.02 0.05 0.02
FeOyot 0.1 0.11 0.23 0.1 0.25 0.2 0.12 0.2 0.07 0.21 0.04 0.11 0.15 0.05
MnO 0.04 0.02 bdl 0.04 bdl bdl bdl 0.05 bdl bdl bdl bdl bdl bdl
MgO bdl bdl bdl bdl bdl bdl bdl 0.02 0.12 bdl 0.22 0.21 0.15
CaO 26.95 26.94 26.55 26.78 26.81 26.88 26.64 26.88 47.45 46.66 47.17 48.13 47.74 47.61
P,0s5 0.42 0.41 0.55 0.38 0.42 0.46 0.35 0.44 bdl bdl bdl bdl bdl bdl
SO;3 12.27 12.29 12.21 12.43 12.77 12.35 12.21 12.85 bdl bdl bdl bdl bdl bdl
CO, 7.1 7.51 6.85 7.88 7.41 7.15 6.55 6.97 bdl bdl bdl bdl bdl bdl
(E,CD 0.25 0.28 0.3 0.18 0.22 0.24 0.35 0.21 bdl bdl bdl bdl bdl bdl
H,O 43.02 42.63 43.29 42.23 42.37 42.81 439 42.35 2.31 34 3.55 1.1 1.65 2.21
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Tobermorite Plombierite
CG19- CG19- CG19- CG19- CGl14- CGl4- CGl14- CGl4- CGl4-  CGl4-  CGl14-  CG39-  CG39-  CG39-
01 02 03 06 01 02 04 05 09 10 11 01 02 03
SiO, 45.12 45.31 45.22 45.19 45.41 4453 45.68 44.84 43.81 4412 43.05 41.91 41.76 41.05
TiO, bdl 0.02 bdl 0.02 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
AlL,O3 0.31 0.39 041 0.38 0.31 0.25 0.28 0.26 0.15 0.11 0.23 1.05 1.14 1.05
CaO 35.11 34.22 34.06 34.52 35.15 34.18 34.55 34.61 30.47 31.09 32.6 33.12 33.17 33.84
H,0O 19.46 20.06 20.31 19.89 19.13 21.04 19.49 20.29 25.57 24.68 24.12 23.92 23.93 24.06
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Counts
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Figure 2. XRD patterns of the natural C-S-H minerals from the Grolla quarry, with the indication of
D-spacing. (a) Xonotlite with minor calcite (FF-CF13); (b) thaumasite with minor fluoroapophyllite

(FF-CG20); (c) Tobermorite with subordinate thomsonite from (FF-CG19); (d) plombierite (FF-CG14).
The d-spacing values of minor minerals are in blue.

The chemical analysis of xonotlite from Grolla quarry shows a composition close to its
ideal formula (Table 2). It is a hydrated calcium silicate, with 49.24-50.44 wt% SiO, and
46.66—48.13 wt% CaO. Other elements, such as Al,O3, FeO, and MgO, are only present

in trace amounts, and no significant variations in composition were observed across the
different crystal forms.
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Figure 3. (a) Fibrous xonotlite crystals grouped in millimetric silky-looking spheroidal to botry-
oidal clusters (CG11); (b) needle-like xonotlite crystals grouped into silky, fibrous clusters (CG13);
(c) prismatic vitreous crystals of thaumasite with a pseudo-hexagonal section (CG20); (d) tober-
morite in sub-spherical, fibrous-radial forms creating white, silky, botryoidal aggregates (CG19);
(e,f) plombierite in white botryoidal aggregates with a silky sheen, formed by small, sub-spherical
fibrous-radial crystals (CG19).

HV |Mag| WD | HFW |Det| Pressure
11.8 mm|0.75 mm|SSD|0.85 mbar

Figure 4. Typical morphologies of xonotlite crystals from the Grolla quarry. The crystals vary
from flattened prismatic shapes to highly elongated acicular forms, with some developing into
strongly fibrous structures. The co-growth of xonotlite with fluoroapophyllite crystals is visible, with
fluoroapophyllite appearing in the left part of the image.
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4.2. Thaumasite CazSi(OH)4(CO)3(504)-12H,0

Thaumasite is a rare, naturally occurring mineral discovered in 1878 by Baron von
Nordenskiold at the Areskuta copper mine in Sweden. Its name comes from the Greek word
thaumazein, meaning “to be surprised”, due to its unusual composition, which includes car-
bonate, sulfate, and hexahydrosilicate groups. A very particular crystal chemical formula
characterizes thaumasite: it contains ~42% H>O, 7% CO,, 13% SOj3, 28% CaO, and 10% SiO,,
giving it a very low density (~1.89 g/cm?). Thaumasite formation requires a source of
these ions. The crystal-chemical structure of thaumasite was solved only recently (late
1900s) through X-ray diffraction analysis of single crystals [42—44]. It consists of columns
of [Ca3Si(OH)s(H,O)10]* parallel to [001] and linked to CO3%~ and SO4*~ groups and
water molecules via hydrogen bonds. Thaumasite is the only known mineral with silicon
in six-fold coordination with hydroxyl groups (OH) under low-pressure conditions [45,46].
Thaumasite belongs to the ettringite group and forms a secondary phase at low tempera-
tures in mafic igneous and metamorphic rocks. It is often found alongside minerals like
ettringite, zeolites, calcite, gypsum, and tobermorite. In concrete, thaumasite is significant
due to its role in sulfate attack, where sulfate ions react with cement compounds (C-S-H,
portlandite) to form gypsum, ettringite, or thaumasite [47-50]. These reactions degrade
concrete in sulfate-rich environments.

Thaumasite in the Grolla quarry is typically found in small, fibrous to acicular crystals
or prismatic shapes with a hexagonal section (Figure 3c). The more common forms are
fibrous-radial aggregates, whitish in color, forming sub-spherical or botryoidal shapes, and
chaotic clusters of acicular crystals, transparent to translucent, forming fan-like or inter-
twined aggregates, especially with calcite, barite, and fluorapophyllite crystals (Figure 5).
Microscopic observations show that thaumasite is one of the first minerals to crystallize on
cavity and vesicle walls, along with calcite and fluoroapophyllite. Less commonly, thauma-
site can form thin, whitish patinas or crusts with a silky sheen, often hard to distinguish
from minerals like xonotlite or plombierite without detailed analysis.

Label A: CG20

Figure 5. Thaumasite crystals associated with fluoroapophyllite from the Grolla quarry exhibit a very
elongated prismatic to acicular habit, indicating their fibrous nature and growth patterns. The EDS
spectrum is related to thaumasite crystals, with the typical chemical composition given by silicon,
calcium, carbon, and sulfur.

Thaumasite from the Grolla quarry is chemically consistent (Table 2). Calcium is
always the most abundant cation (CaO ~26-27 wt%), while SiO is in the order of 10 wt%.
The SO3 group is present in significant quantities (12-13 wt%), as is CO, (7-8 wt%). The
H,O content is between 42 and 43 wt%, and the halogen (F, CI) content is less than 1%, as is
that of phosphorus and iron.
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4.3. Tobermorite (Tobermorite-11 A) CasSigO77 5H,O

Tobermorite was first identified by Heddle in 1880 in samples from several locations
in Scotland, especially near Tobermory on the Isle of Mull [51]. X-ray diffraction studies
confirmed its status as a distinct mineral in the mid-20th century, revealing a characteristic
basal reflection at 11.3 A [52-54]. Significant progress has been made in understanding
the structure of minerals in the tobermorite group over the past few decades. Studies by
Merlino et al. [55,56] and Bonaccorsi et al. [57] have determined their crystal structures,
providing insights into this group’s chemical and structural differences.

The minerals in the tobermorite group are hydrated calcium silicates similar to the
crystalline phases (C-S-H) formed during cement hydration. Structurally, tobermorites
consist of layers of calcium polyhedra (with seven-fold coordination) arranged parallel
to the (001) plane [11]. These layers are connected to single chains of “wollastonite-type”
tetrahedra on both sides. Their classification is based on water content, which affects
the spacing between layers (basal distance) and, thus, their structure. Three types of
tobermorites were named based on hydration levels: plombierite (highly hydrated, 14 A
basal distance), tobermorite (moderately hydrated, 11 A basal distance), and riversideite
(low hydration, 9 A Dbasal distance). Recently, advances in understanding their crystal
chemistry have led to a standardized naming system and the creation of the Tobermorite
Supergroup, named after the most common mineral in this category [11,58]. According
to IMA (International Mineralogical Association), the Tobermorite Supergroup includes
tobermorite group minerals (obermorite and kenotobermorite), clinotobermorite group
minerals (clinotobermorite, kenoclinotobermorite, and kalitobermorite), and two additional
minerals (plombierite and riversideite). Although plombierite and riversideite are not
officially recognized names, they are widely used in the scientific literature and considered
reference species [58].

Recent research has clarified tobermorite’s crystal chemistry and thermal
behavior [59,60]. Its calcium content varies between 4 and 5 atoms per formula unit (apfu).
Lower calcium levels may result from non-homogeneous material or calcium-poor phases,
while higher levels may occur due to associations with calcium-rich phases like xonotlite or
calcite. Aluminum can also replace silicon in the structure, reaching up to 1 apfu, though
aluminum-free samples are rare and found mainly in South Africa’s Kalahari Manganese
Field [61]. Tobermorite mixes two end-member compositions: CasSigO15(OH),-5H,0 and
Cas5SigOq7-5H0. The slight difference in composition influences its thermal behavior: a
higher calcium content corresponds to “normal” thermal behavior, while low-Ca samples
behave “anomalously” [60].

In the samples from the Grolla quarry, the tobermorite appears in several forms. It
can form as (1) colorless needle-like crystals, transparent to translucent, often in fibrous-
radial aggregates; (2) whitish fibrous crystals exhibiting pseudo-radial growth or small
bundles (Figure 6a); (3) sub-spherical, fibrous-radial forms creating small, silky, botryoidal
aggregates (Figure 3d); (4) intertwined needle-like crystals forming chaotic aggregates; and
(5) thin coatings or vein fillings, appearing fine-grained, whitish, and silky to earthy in
luster. Like thaumasite, microscopic evidence suggests that tobermorite also forms during
the early stages of crystallization in mineralized cavities.

The chemical composition of Grolla quarry tobermorite is uniform and matches its
theoretical formula (Table 2). It contains ~45 wt% SiOy, 34-35 wt% CaO (4-5 apfu), and low
aluminum (<1 wt% Al,O3), indicating minimal silicon—aluminum substitution. Its water
content ranges between 19 and 21 wt%.
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Figure 6. (a) Prismatic to fibrous crystals of tobermorite forming small bundles; (b) prismatic-
acicular crystals of plombierite displaying a striking extremely fibrous termination, reflecting their
characteristic morphology.

4.4. Plombiérite (Tobermorite-14 A) CasSigO15(OH), 7H,0

Plombierite belongs to the Tobermorite Supergroup, as noted in the nomenclature
guidelines of the CNMNC (Commission on New Minerals, Nomenclature and Classifi-
cation) and the IMA (International Mineralogical Association). While minerals in the
tobermorite and clinotobermorite groups are officially recognized, plombierite and river-
sideite are not fully acknowledged. Still, they are considered reference species due to their
established use in the scientific literature.

Plombierite was first used in 1858 to describe a silicate gel formed by thermal waters in
Roman-era cementitious materials in Plombiéres, France [62]. In the mid-1900s, McConnell
analyzed a similar material from Ballycraigy, Ireland, using X-ray diffraction [52]. The
material was identified as a hydrated calcium silicate (C-5-H) group member, with the most
hydrated phase classified as plombierite. It was later found that plombierite is a variety of
tobermorite with a basal spacing of 14 A, now known as tobermorite-14 A. Despite this, the
name plombierite remains widely used.

The structure of plombierite has been solved using a specimen from Crestmore (Cali-
fornia, USA) [57]. Like other hydrated calcium silicates, plombierite consists of layers of
calcium polyhedra (CaOy) parallel to (001). These layers are linked by single tetrahedra
(5i04) chains, arranged along the b-axis, and stacked along the c-axis. The layers are con-
nected by extra calcium ions and water molecules, which fill cavities in the structure. The
water content of plombierite determines its basal spacing, giving it the highest hydration
level among the phases in the Tobermorite Supergroup, with a basal distance of 14 A [60,63].
In this structure, the layers are separated by calcium ions and nearly double the water
molecules found in the less hydrated 11 A phases (five water molecules versus three).
Concerning the ideal chemical formula, the composition of plombierite shows limited
variability, with minor changes in the calcium content (usually 4.5-5 atoms per formula
unit) and small aluminum-silicon substitutions.

In the Grolla quarry, plombierite generally appears as colorless needle-like crystals,
transparent to translucent, often forming fibrous-radial aggregates (Figure 3e,f), or whitish
acicular crystals, sometimes in pseudo-radial clusters or small bundles displaying striking
extremely fibrous termination (Figure 6b). More frequently, plombierite forms botryoidal
aggregates with a silky sheen, formed by small, sub-spherical fibrous-radial crystals, or it
can be found as thin coatings or vein fillings, fine-grained with a silky to earthy luster, and
whitish in color. Plombierite forms later than other minerals in all observed samples and
often appears at the ends of tobermorite crystals.
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Plombierite from the Grolla quarry shows slight variability across samples, and two
main groups can be distinguished based on the major element composition (Table 2).
The first group shows slightly higher silica (SiO, 4344 wt%) and lower calcium
(CaO 30-33 wt%) and aluminum (Al,O3 0.1-0.2 wt%) contents, while in the second group,
silica varies from 41 to 42 wt%, calcium is in the range 33-34 wt% and aluminum is more
than 1 wt%. The water content in all the samples ranges between 19wt% and 21wt%.

4.5. Origin of C-S-H Minerals and Potential Implications

Natural C-5-H minerals typically form through heat-driven metamorphic reactions
in contact zones between silicate and carbonate rocks [63,64]. Recent research highlights
significant carbonation reactions in calcium silicate hydrate-bearing rocks [13,65]. These
reactions generally occur in low-temperature hydrated calcium and aluminum silicate
minerals surrounding high-temperature metamorphic calcium or aluminum silicate cores.
Basic and ultrabasic magmas, rich in calcium, magnesium, and iron silicates like olivine,
serpentine, pyroxene, and plagioclase, are especially reactive with dissolved CO, in water,
making them well suited for forming solid carbonates [66-68]. Unfortunately, the data
collected from the investigated samples do not allow for the reconstruction of a precise
genetic crystallization sequence of the C-S-H minerals, as additional information is re-
quired. However, based on the data and observations of the samples and their growth
conditions, an early crystallization phase of C-S5-H minerals at the Grolla quarry, possibly
linked to high-temperature metasomatic events, can be proposed. These events can occur
in the contact zones between basic and ultrabasic melts associated with the magmatism
of the Veneto Volcanic Province and the surrounding carbonate rocks. Thaumasite and
tobermorite likely crystallized during this phase, along with calcite and fluorapophyl-
lite. Later, a lower-temperature phase, possibly linked to hydrothermal processes that
have already been widely described in this area [25], could have led to the formation of
xonotlite and plombierite, along with sulfates (e.g., baryte) and zeolites such as chabazite,
phillipsite/harmotome, natrolite, and thomsonite.

Finally, a final consideration emerges from the discovery, in the Grolla quarry samples,
of C-5-H minerals with an extremely fibrous appearance. These characteristics raise worries
about potential adverse health effects. Small particles, especially those with a fibrous shape,
are known to cause toxic and cancerous lung effects [69-72]. Most scientific knowledge
about the toxicity and cancer-causing effects of fibrous particles comes from research on
asbestos, the most extensively studied mineral fiber. However, recent studies on erionite
and other fibrous zeolites have grown significantly, providing new insights into the toxicol-
ogy of fibrous particles [73-75]. The presence of fibrous minerals is particularly relevant for
carbonate and volcanic rocks, which are widely mined and processed in the same quarries,
with the finished products distributed for various uses. The discovery of C-S-H minerals
with a highly fibrous habit in the Lessini Mountains suggests the need for future studies to
quantify potentially airborne fibers for a preliminary risk assessment.

5. Concluding Remarks

This study provides a comprehensive analysis of natural calcium silicate hydrates
(C-S-H) from the Grolla quarry in the Lessini Mountains of Northern Italy. The main
conclusions are as follows:

e  The minerals identified at the Grolla quarry are predominantly silicates, with sub-
ordinate carbonates and sulfates. The most common silicates are zeolites, including
chabazite, phillipsite/harmotome, natrolite, and thomsonite, often associated with
calcite, fluoroapophyllite, and barite.



Minerals 2025, 15, 26 13 of 16

e  Unlike other mineralized areas in the Lessini Mountains, the Grolla quarry uniquely
yields calcium silicate hydrate minerals (C-5-H) such as thomsonite, xonotlite, tober-
morite, and plombierite. Most of the C-S-H minerals exhibit an acicular to extremely
fibrous habit.

e  The origin of the main phases in the Grolla quarry can be linked to metasomatic events
and hydrothermal stages. This site offers a unique opportunity to study complex
crystalline overgrowths and the specific crystal chemistry of rare natural mineral
phases, such as C-5-H minerals.

e  Finally, the presence of C-5-H phases with a highly fibrous structure raises concerns
for human health, especially given the number of quarries and mining activities in the
Lessini Mountains.
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