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Abstract: Natural zeolite occurrences have been recognized in several Cenozoic pyroclastic
deposits in central Sardinia. This study concerns the mineralogical and geochemical
characterization of the zeolitized tuffites in the Asuni area (Oristano province) and aims to
complement information regarding the zeolitization processes developed in the nearby Allai
deposits. Optical and scanning electron microscopy, X-ray powder diffraction, qualitative vs.
quantitative microanalyses and bulk-rock geochemistry were performed. Analytical results allow
defining the mineral distribution, textural relationships and geochemical features of the
zeolite-bearing rocks. The most abundant secondary minerals are Ca-Na mordenites. Contrarily to
the most common worldwide clinoptilolite + mordenite paragenesis, mordenite is dominant and
occurs in different morphologies, rarely coexisting with clinoptilolite in the studied volcanic
tuffites. Glauconite and dioctahedral smectite complete the authigenic assemblages. The primary
volcanic components mostly include plagioclase, quartz and glass shards, roughly retaining their
original appearance. The tuffites range in composition from dacite to rhyolite. The collected dataset
shows that zeolitization is most abundant in coarser-grained deposits and points to a genetic
process that mainly involves an open hydrothermal environment governed by aqueous fluids with
significant marine component, in post eruption conditions.
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1. Introduction

Sardinia has been a very important mining region of the Mediterranean area with a large
variety of metalliferous deposits, among which the Pb-Ag-Zn (Ba-F) ores were the most important
exploited resources in the past centuries [1-4]. In more recent times, the general overview of the
mining industry on the island has changed profoundly, with the closure of the Pb-Ag-Zn districts
and the focus on industrial minerals (i.e., feldspars, silica sands, granites, marbles, etc.) [5-10],
gold-bearing ores (Cenozoic porphyry/epithermal Au-Cu-Te and Au-Ag, and Paleozoic
mesothermal “orogenic” Au deposits [11], albitite belt (central Sardinia [12]) and zeolite minerals
deposits [9,13].

Natural zeolites have a peculiar framework structure characterized by channels and cages
among the oxygen atoms linking the constituting SiOs and AlOs tetrahedra. These cavities have
molecular-sizes and are usually occupied by H20 molecules and extra-framework cations [14],
resulting in selective properties for circulating substances on dimensional and charge basis.

Zeolitic minerals, due to the above characteristic structure, are of great industrial interest for
their well-known use in several application fields [15], such as filtering [16], chemical sieve [17], odor
removal [18], water softening and gas absorption [19], in cement and brick production [20], in
agriculture [21], and in medicinal purposes (i.e., gastroenterology [22]).
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The literature [13,23-30] provides mineralogy and areal distribution of zeolitized deposits in
Sardinia and the processes of zeolitization as well. The high-silica zeolites detected in the
volcano-sedimentary Oligo-Miocene successions of central Sardinia [9,26,27,30,31] should be
considered potential natural resources.

Here, we focus on the Asuni area, central Sardinia, in order to (1) complete the mineralogical
characterization of zeolitized deposits in the province of Oristano, i.e., those developed in the nearby
Allai area [30]; (2) propose a possible scenario involving the zeolitization process and (3) give a
background for potential exploitation of natural zeolites at a regional scale.

Despite the investigations carried out on Anglona [6,26,32], Logudoro-Goceano
[13,23,25,28,33-35], Planargia [23], Sarcidana-Marmilla, Nureci-Fordongianus [25-27,32,36,37] and
Allai areas [30], little is known about the mineralogical features and the zeolitization genetic process
of the epiclastic deposits in the Asuni Unit.

Hence, we have investigated the Asuni zeolite-rich deposits by optical and scanning electron
microscopy with energy dispersive spectrometry, X-ray powder diffraction, and bulk-rock
geochemistry. We present the mineralogical results of zeolite-bearing rocks as well as their
petrographic and geochemical features, with the final aim of describing the textural relationships of
the main zeolite types throughout the epiclastic deposits and discussing the minerogenetic models.

2. Geological Background

The island of Sardinia (Figure 1) records a long geological history with a Paleozoic basement
widespread from SW to NE, dissected from the later rifting phases and the magmatism [38—40]. The
transtensive-extensional regime followed Eocene-Early Oligocene Alpine compressive phases and
caused faulting and rifting thus leading to: (i) formation of the Oligo—Miocene rift system crossing
the whole island from North to South and (ii) translation southwards and counterclockwise rotation
of the Sardinia-Corsica continental microplate, with coeval opening of the Balearic back-arc basin
[41,42]. Based on Cherchi et al. [43] the latest Oligocene (Chattian—Aquitanian) time corresponds to a
rapid deepening of the Oligo-Miocene graben. The authors showed that during the rifting stage
(Aquitanian, late Miocene), a deep marine trough already existed along the graben system axis,
except in areas where the volcanism was particularly important such as in central Sardinia.
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Figure 1. Simplified geological map of Central-Western Sardinia (modified by [44]), showing the

outcrop area of the Oligo—Miocene volcano-sedimentary succession and the studied sites. In the area,
the older Variscan basement corresponds with the Nappe Zone that consists of marine silico-clastic
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successions equilibrated under greenish facies. Sampled sites and labels used hereafter: P, E and I for
Pranu; M and N for Asuni; H and F for Pardu.

Volcanism occurred during Oligocene-Miocene (32 to 13 Ma) and Plio-Pleistocene (5 to 12 Ma)
times with different petrographic and geochemical features of produced, mostly ignimbritic, rocks
[39,45,46]. The Oligo-Miocene volcanism essentially includes acid “andesitic” pyroclastic deposits
and characterizes for plateau-distributed ignimbritic formations, with minor effusive rocks and
epiclastic units.

The Asuni Unit is a dominant epiclastic formation of this period. It belongs to a major
volcano-clastic succession of the eastern Sardinian Rift (Fordongianus-Nureci area, central
Sardinia). This volcano-sedimentary succession up to ca. 300 m [47,48] includes five pyroclastic
ignimbrites. Two of them are rhyolite-rhyodacite ignimbrites of the Luzzana and Allai units, both
related to highly explosive phreatomagmatic episodes. These units are lowermost in the succession,
overlaid by the sedimentary episclastic terrigenous-tuffaceous complex, and, in turn, by dacite lava
domes and flows. The Ruinas Unit, a poorly consolidated to welded dacite ignimbrite, up to 40m
thick, starts the sedimentary succession and is buried by the Asuni Unit. This latter Unit, about 50 m
thick, consists of poorly welded epiclastites with composition ranging from rhyolite to dacite. It is
overlain by an epiclastic arenaceous sequence formed by erosion of previous volcaniclastic
formations. The latest pyroclastic products in the area form the Monte Irone Unit, a welded dacitic
ignimbrite, ca.10-20 m thick.

The rhyolitic to dacitic volcanoclastic deposits often show evidence of zeolization and welding.
However, studies about zeolites in the deposits from central Sardinia, are scarce [26,27,30]. In the
Allai deposits, the neoformed zeolites have been related to specific physicochemical conditions
(water content, temperature) of fluids circulating in the pyroclastic flows during and just after its
emplacement [30]. More information exists for zeolites in the northern Sardinia. For example, in the
Logudoro region zeolitization is due to circulation of hydrothermal fluids favored by the fault
systems of the area [28]. In the Anglona district, fluids were either percolating groundwaters or
trapped volcanic water-gas mixtures [49]. The Bosa region was affected by syn- and post-
depositional zeolitization due to the phreatomagmatic fluid components [26,50].

3. Materials and Methods

Our studies were conducted on a total of 25 samples, representative of the epiclastic deposits of
the Asuni Unit, found between the villages of Allai and Laconi (Figure 1).

The investigated sequences were sampled at different stratigraphic heights in seven outcrop sites
(labelled H, F, P, I, E, N, and M in Figure 2), albeit stratigraphic correlation was impossible due to the
absence of interbedded paleosols or discontinuities, and recognized marker levels. Sampling was
based on different sedimentological and lithological appearances, in order to investigate the possible
relationships between the primary volcanological features and the secondary mineral assemblages.

The samples were ground to ca. 5 mm and divided in two halves, similar for texture and
lithology. The first half was used to prepare polished sections and stub-positioned portions for optical
microscopy (OM), electron microscopy and microanalysis; the second one was pulverized for X-ray
diffraction and whole-rock geochemistry.

X-Ray powder diffraction (XRPD) made use of a Panalytical X'Pert PRO PW 3040/60
diffractometer equipped with a pyrolitic graphite analyzer crystal at the “Istituto per i Polimeri,
Compositi e Biomateriali”, Centro Nazionale delle Ricerche, Pozzuoli, Italy. We used unfiltered
CuKa radiation in the following conditions: accelerating voltage 40 kV, tube current 40 mA, 3°-70°
20 range, steps of 0.02° 20, counting time in 30 s/step, 0.5 mm divergence slit, 0.1 mm receiving slit,
and a 0.5° anti-scatter slit. Few samples were analyzed at the Dipartimento di Scienze della Terra,
dell’Ambiente e delle Risorse (DiSTAR) University of Naples Federico II (Napoli, Italy). In this case,
we used a Seifert—GE ID3003 diffractometer (Napoli, Italy), with CuKa radiation, Ni-filtered at 40 kV
and 30 mA, in the 3-70° 20 range, a 0.02° 20 step scan, time of 10 s/step and the RayfleX (GE)
software package (Inspection Technologies, 2004). All powdered samples were side-loaded to
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minimize eventual preferred orientation effects. The qualitative identifications were carried out
through the search-match software and the ICDD PDF2 database (version 2012, Napoli, Italy).

Optical microscopy (OM) on thin sections was performed using a Leica DFC280 microscope
(Leica, Wetzlar, Germany) to observe the textural features and the petrographic composition of
samples.

A JEOL JSM 5310 scanning electron microscopy (SEM) integrated with an energy dispersion
spectrometry (EDS) operating at Dipartimento di Scienze della Terra, dell' Ambiente e delle Risorse,
DiSTAR, University of Naples Federico II (Napoli, Italy), was used for micro-morphological and
chemical study both on fragments and polished thin sections. Fragments were fixed onto aluminum
stubs with double-stick carbon tape, whereas thin sections were positioned on aluminum planar
holder after coating by carbon about 10 nm thick under a vacuum evaporator, observed by SEM and
analyzed by EDS. The following conditions were adopted: 15 kV electric current, 50-100 pA filament
current, variable spot size and 20 mm working distance. EDS based an automated qualitative
elemental analysis mode by Oxford (INCA) with ZAF matrix correction, using standards of
anorthoclase for Si, Al and Na, diopside for Ca microcline for K, rutile for Ti, fayalite for Fe, olivine for
Mg, serandite for Mn, sphalerite for Zn. Detection limits of the analyzed elements are below 0.1%.

Whole-rock geochemistry was carried out at Bureau Veritas Commodities Canada Ltd
(Vancouver, Canada). Major elements were determined on dried sample powders mixed with lithium
tetraborate/metaborate flux followed by fusion and casting into glass discs, by X-ray fluorescence
(XRF; method XF701). Minor elements were determined by inductively coupled plasma-mass
spectrometry (ICP-MS) after LiBO2/Li2B4O7 fusion of powdered sample (method LF100; Bureau Veritas
Commodities Canada Ltd., Vancouver, Canada). Moisture and loss on ignition (LOI) were determined
separately at 105 °C and 1000 °C.

H ; Legend
~-~:| Welded pyroclastites

Pixina
Pardu

Paleozoic basement

:| Clinoptilolite -bearing rocks
. :| Mordenite -bearing rocks

Mo Mordenite ClI Clinoptilolite
A A increasing
** Decreasing

P
Su Pranu

1)
1H2 | Mo

50 m

Constant ! ' Not found

|
Pranu
de Cresia

50 m

50 m

Figure 2. Sketch of sampled stratigraphic sections at the sites in Figure 1, arranged from North-West
to South-East and completed by qualitative abundance of secondary minerals. Underlined sample
names highlight clinoptilolite and mordenite coexistence. In the legend, the deposits are
distinguished based on dominant zeolite. Note: The relative abundance in collected samples allows
to infer the vertical trend in the zeolite stratigraphy.
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4. Results

4.1. Sedimentological, Petrographic and Mineralogical Descriptions

The sampled sequences of the Asuni Unit are mostly epiclastic tuffites, with an extensive
brown-yellowish appearance (Figures 3a,c and 4) and a cohesive to hard consistency (Figure 4a,c). The
sequences consist of a series of coarse sandy-to-ashy layers with variable thickness of down to ca. few
centimeters, showing planar-to-medium angle lamination and locally characterized by greenish (most
common) and blackish or reddish (occasional) tones (Figures 3c and 4c). Coarse (grain size up to dm)
dense fragments are widespread in the deposits with an abundance between 25 vol % (upper portion)
and 40 vol % (lower portion); the denser blocks are highly to poorly welded ignimbrites, andesite lavas
and Paleozoic crystalline basement rocks. Pumices occur in low amounts. They are usually broken and
represented by brown to white and light gray colors; elongated vesicles often aligned to a tube
structure are also observed. Overall, pumices are coarser in the uppermost levels with size of 1 to 5 mm
in diameter. Based on bulk-rock geochemistry of selected samples, the Asuni tuffites are dacites,
rhyodacites to rhyolite (Tables 1 and 2).

Figure 3. The Asuni Unit: (a) and (b) interbedded whitish and laminar ashy-to-sandy deposits (F
sequence in Figure 2); (c) typical outcrop showing greenish layering (I sequence in Figure 2); (d) and
(e) photomicrographs obtained under plane-polarized transmitted light showing the altered
ashy-to-sandy matrix and widespread mordenite.
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Table 1. Summary of mineralogical and petrographic features of the studied Asuni samples.

. . Secondary
Sample Locality Petrographic Type Phenocrysts Mineralogy
Pardu
H1 Pixina Pardu Rhyodacite pl, K-fd, qz, bt Sm, mo
H2 Pixina Pardu Rhyodacite pl, K-£d, gz, bt Sm, mo
H3 Pixina Pardu Rhyodacite pl, K-fd, qz, bt Sm, mo
F3 Pixina Pardu Rhyodacite pl, K-fd, gz, bt, hem Sm, mo
F2 Pixina Pardu Rhyodacite pL qz K-fd, bt, hem Sm, cl, mo
F1b Pixina Pardu Rhyodacite pl, K-fd, gz, bt, hem Cl, sm
Fla Pixina Pardu Rhyodacite pl, gz, bt, hem Cl, sm, mo
Pranu
E2 Pranu Pirastru Rhyolite pl, K-fd, qz, bt Sm, cl
Ela Pranu Pirastru Rhyolite pl, K-£d, gz, bt Sm, mo
Elb Pranu Pirastru Rhyolite pl, K-fd, qz, bt Sm, mo
Elc Pranu Pirastru Rhyolite pL K-d, gz, bt Sm, mo
E1d Pranu Pirastru Rhyolite pl, K-fd, qz, bt Sm, cl
12 Prca;:sli:e Rhyodacite-dacite pl, K-fd, gz, bt, hem Sm, mo
I1 P?;Ei:e Rhyodacite-dacite pl, K-fd, gz, bt, hem Sm, mo
P4 Su Pranu Rhyolite pl, K-fd, gz, bt, hem Sm, cl
P3 Su Pranu Rhyolite pl, K-fd, gz, bt, hem Sm, cl
P2 Su Pranu Rhyolite pl, K-fd, gz, bt, hem Sm, cl
P1 Su Pranu Rhyolite pl, K-fd, gz, bt, hem Sm, cl
Asuni
M3 Asuni Rhyodacite pl, K-fd, gz, hem Sm, mo
M2 Asuni Rhyodacite pl, K-fd, qz, hem Sm, mo
M1 Asuni Rhyodacite plL, K-fd, gz, hem -
N4 Asuni Rhyolite pl, K-fd, gz, bt, px, mt ~ Sm, cl, mo
N3 Asuni Rhyolite pl, K-fd, qz, bt, px, mt Sm, cl
N2 Asuni Rhyolite pl, K-fd, gz, bt, px, mt ~ Sm, cl, mo
N1 Asuni Rhyolite pl, K-fd, gz, bt, px Sm, mo

* Abbreviations: pl: plagioclase, K-fd: K-feldspar, qz: quartz, bt: biotite, px: pyroxene, mt: magnetite,
hem: hematite, cl: clinoptilolite, mo: mordenite, sm: smectite, based on XRPD analyses, corroborated
by EDS-SEM investigations.
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Table 2. Major (wt. %) and minor (ppm) elements concentration of studied samples, obtained by

means of ICP analysis.

oxidewt % Ela E1b E1d E2
SiO: 6798 6453 7092 67.27
Al20s 12.84 13.06 1030 11.66
Fe203 1.54 2.47 3.48 1.97
MgO 0.36 0.76 0.79 0.97
CaO 1.65 2.34 1.64 2.82
Na:0 1.16 2.04 0.67 0.93
K20 6.50 3.51 3.15 291
TiOz 0.40 0.39 0.38 0.39
P205 0.05 0.03 0.07 0.11
MnO 0.04 0.04 0.02 0.02
LOI 740 1090 840 10.90
Tot 99.98 100.01 99.78 99.95
Element in ppm
Ba 714.00 367.00 519.00 827.00
Be 1.00 2.00 2.00 2.00
Co 1.40 1.10 260 2.80
Cs 2.90 4.10 2.30 1.50
Ga 1190 1240 1140 11.20
Hf 6.60 640 5.00  6.00
Nb 12.10 12.10 940 11.70
Rb 109.40 111.00 71.60 62.70
Sn 2.00 2.00 1.00 2.00
Sr 19790 216.30 286.80 592.60
Ta 0.80 0.80 0.60 0.70
Th 1020 11.10 9.70 10.40
U 2.40 2.40 3.40 2.30
v 14.00 16.00 29.00 15.00
W 0.80 0.60 0.80 0.50
Zr 209.40 196.50 143.50 183.50
Y 3290 26.00 26.10 4590
La 28.00 30.70 26.30 29.90
Ce 57.80 48.50 49.50 58.90
Pr 7.82 7.72 6.50 8.39
Nd 2720 2690 26.10 32.20
Sm 5.53 4.78 4.72 6.42
Eu 1.02 1.04 0.90 1.19
Gd 4.44 4.01 4.07 6.64
Tb 0.86 0.77 0.72 1.11
Dy 520 473 416 656
Ho 1.20 1.05 0.98 1.43
Er 3.43 2.80 2.54 3.80
Tm 059 048 046  0.63
Yb 3.52 2.66 2.62 3.77
Lu 0.61 0.44 0.47 0.70
Mo 0.10 <0.1 1.40 0.30
Cu 500 370 1590 1250
Pb 1040 710 16.60 14.20
Zn 38.00 25.00 44.00 49.00
Ni 0.50 0.40 3.00 0.40
As <0.5 0.80 27.00 840
Cd <0.1 <0.1 0.30 0.40
Sb <0.1 <0.1 0.30 <0.1
Bi <0.1 <0.1 0.10 <0.1
Ag <0.1 <0.1 <0.1 <0.1
Au* 7.80 12.70 7.80 44.90
Hg 0.02 0.01 0.02 0.03
Tl <0.1 0.10 1.40 0.20
Se <0.5 <0.5 0.70 <0.5

Note: * ppb.
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Figure 4. The Asuni unit at Pranu Pirastru (Pranu in Figure 1). (a) Representative laminated outcrop
deposit; (b) reconstructed “E” lithostratigraphic sequence and relative zeolites vertical distribution;
(c) photos of selected samples arranged base-upward to show the vertical textural change. The scale
bar is 5 cm. See Supplementary Materials Figure S1 for XRPD patterns of the zeolite-bearing
samples.

Under the optical microscope, the samples show variable textures and colors, even though they
share common features. Their primary crystalline component is represented by fractured and altered
plagioclase grains (Figure 5a,b), alkali-felspars, rounded quartz (Figure 5c) and altered biotite laths
(Figure 5d). Rare pyroxene and accessory apatite, hematite and/or magnetite crystals are also
recognized. The glassy component is widespread, forming the bulk matrix and the cuspidate shards
(Figures 5d,£, and 6a,b). Moreover, the dark brown, greenish and reddish colors of the bulk matrix can
be seen, together with other evidence of post-depositional and alteration processes, i.e., (1) zeolite and
minor clay minerals growing in the rock cavities (i.e., vesicles, voids, fractures), on the crystals and/or
at the expense of glassy component (Figure 5f); (2) pervasive greenish formations running for few mm
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across the bulk-matrix (Figure 5e) or thinly coating the glass component (Figures 5f and 6f); (3) rock
fractures filled by greenish and whitish mineralization (Figure 5g,h); (4) dissolution areas in quartz
(Figure 5c). We attribute the above green aggregates within the veins and widespread in the bulk
matrix of the samples to glauconite, as constrained by microanalyses performed on well crystallized
minerals within fracture (Figure 5g,h). Voids can host small k-feldspar and quartz that coexist with
the dominant zeolites and cannot be considered primary but are later secondary phases.

Figure 5. Microphotographs showing textural and mineralogical features of selected samples under
OM: (a) and (b) Feldspar with alteration signs in I1 sample under plane polarized light; (c) rounded
quartz with several micro-voids in H2 sample, under cross polarized light; (d) cuspate glassy
y-shaped shards partially transformed into clinoptilolite aggregate in the H3 altered epiclastites
under cross polarized light; (e) glauconite in ashy sample Ela, under plane polarized light; (f) vugs
filled by clinoptilolite crystals in E2 sample, under plane polarized light; (g) glauconite and (h) its
particular grown in veins crossing the reddish matrix of the sample E1d, under plane polarized light.
Note the vein-filling or fluid-miming aspect of glauconite mineralization in (e) and (h).
Abbreviations: Fsp: feldspar; Qz: quartz; Glt: glauconite; Bt: biotite.
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Table 1 reports the mineralogical composition of both primary and secondary minerals derived
by combined XRPD analyses and OM-SEM observations.

Primary minerals, i.e., plagioclase and quartz, amounts are prevailing phases, associated with a
ubiquitous amorphous fraction.

Zeolites are the most important and widespread secondary ore minerals, and are mainly
represented by mordenite and subordinate clinoptilolite (Table 1, Figures 2 and 6wz rigues).

Zeolite abundance seems to depend on the glass matrix availability. Mordenite forms mostly
acicular crystals growing at the expense of the glass components such as shards, cineritic matrix
and/or spherical cavities (Figure 6d—frgu a rgue o ngue o ). Despite the low content, euhedral tabular
clinoptilolite crystals fill the spherical cavity where they grew upwards (Figure 6a), deeply
transforming the cuspate glass shards (Figure 6b) and locally replacing the glassy matrix (Figure 6c).
Tabular clinoptilolite can coexist with acicular mordenite, particularly in vugs of coarser aggregates
(Figure 6a). In association with clinoptilolite plats, mordenite appears to determine spherulitic
aggregates (Figure 6a) and is likely a later phase. Clay minerals are subordinate [26].

Figure 6. Microphotographs of zeolites in samples observed under a plane-polarized transmitted
light: (a) armored lapilli altered into clinoptilolite aggregate and spherulitic mordenite, sample N2;
(b) felt-shaped aggregates made up of well-developed clinoptilolite crystals, sample N3; (c) voids in
the glassy-shards bearing tuff matrix filled by euhedral crystals of clinoptilolite, sample P1; (d)
glassy component transformed by acicular mordenite, sample Elb; (e) sub-spherical vesicle disperse
in the tuff matrix containing radiating mordenite crystals, sample H2; (f) detail of radial mordenite,
sample HI1.
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Figure 2 shows the seven Oligo-Miocene volcanic sequences and the distribution of zeolites.

The occurrence of mordenite and clinoptilolite is variable, both among sequences and inside
along a single outcrop. On the basis of the OM and XRPD we observe that (i) the strongly cohesive
ignimbrites are unzeolitized; (ii) mordenite is the most abundant zeolite and increases towards the
high stratigraphic levels (i.e., sequences N, F, E, M); (iii) clinoptilolite seems to increase proceeding
downwards (i.e., sequence N, F); (iv) H and I sequences are characterized by mordenite only; (v)
dioctahedral smectite is ubiquitous, but its content is low (see Cappelletti et al. [26]). However, an
inverse correlation between the clinoptilolite and mordenite may be observed. Furthermore, the
relation is positive considering coarse-grained layers where the authigenic phases are more
abundant.

4.2. SEM Observations and EDS Microanalysis

Dioctahedral smectite occurs as thin plates along the outer side of the glass shards and precedes
the zeolite crystallization, as assumed by textural relationships.

Mordenite displays three main morphologies that coexist in the same sample and, based on
observations, we confidently associate with the alteration stage.

The first mordenite type consists of tiny crystals emerging from the glassy component and/or
from its substratum smectite coating (Figure 7a). This mordenite can represent an embryonic stage of
zeolite growth; it produces limited replacement of the glass phase that still shows the proper
primary or early argillification features. The second mordenite type is a stubby fibrous microcrystals
that assembly in characteristic “inter-twinned bundles” (Figure 7b,c). In this occurrence, mordenite
is finely intergrown with smectite, crystallizing at the expense of the clay mineral (Figure 7d). Figure
7b—d displays this second morphological type within vugs of both the pumice and host matrix. The
mordenite is rarely covered by plate-like smectite (Figure 7f). The third mordenite (Figure 7g)
arranges in tuft and occurs on euhedral clinoptilolite crystals. In this latter case, mordenite has an
acicular shape with slender fibers, which can reach up to 40 um in length. Otherwise, in the first and
in the second types, mordenite is very small and rarely reaches 5 pm in length.

Contrarily to mordenite, clinoptilolite always shows a well-developed crystal habit (Figure
7h,i). In coarse-grained assemblages, clinoptilolite laths reach their largest size of 30 pm along the ¢
axis and thickness of ca. 5 um, showing characteristics of monoclinic symmetry. When grown on
glassy shards, clinoptilolite forms radial arrangements.

Chemical composition of the studied mordenite and clinoptilolite is in Supplementary
Materials Tables S1 and S2. Plotted in a (Ca + Mg)-Na-K ternary diagram (Figure 8a,b), these zeolites
display wide chemical variations. In particular, the clinoptilolites have (Mg + Ca) in the range
1.69-2.72 (atoms per formula unit, hereafter apfu), Na at 0.48-2.59 apfu, and K at 0.16-0.64 apfu;
while the mordenite yielded (Mg + Ca) values of 1.53-4.01 apfu, Na of 0.84-3.77 apfu, and K of
0.28-3.33. Therein, clinoptilolite that was studied here is characterized by a lower K content and a
higher Ca/K ratio with respect to mordenite (Ca/K at 0.44-8.43 vs 2.22-10.19, respectively; Figure
8b,c). Furthermore, together with mordenite, it manifests high Ca content (1.4-1.95 in clinoptilolite
and 1.44-2.54 apfu in mordenite). The average chemical composition of the two zeolites portrayed
their calcic character, with Si/Al ratios at 4.43-5.01 and 4.13-5.42, respectively. These values fit the
theoretical estimates (Si/Al = 5 [51]), although the ratios are lower for clinoptilolite).

Mordenites and clinoptilolites measured in the Allai unit [30] and those studied here perfectly
overlap in terms of building major oxides (Figure 8d) and extra framework cation contents (Figure
8a). However, when compared to literature data ([52-54] and reference therein), the Asuni zeolites
are characterized by lower Na (Figure 8e,f) and higher Ca + Mg content (Figure 8a). Notably, the Mg
cation of clinoptilolite is mostly at around lapfu (Figure 8f).

Furthermore, the mordenite in sequence I (see envelop by dashed line in Figure 8e) is richest in
K (i.e., ca. 3 apfu for those in shards and cavities, respectively). The mordenites occurring in
sequence H exhibit a higher Na content (up to 3.77 apfu) compared to others (see envelop by dashed
line in Figure 8e). However, the Na cations decrease moving upwards along the sequence (arrow in
figure 8f).
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Finally, OM and EDS analyses (Figure 5g,h) show glauconite occurring in veins and often in the
bulk matrix, as well as being responsible for the greenish color of the studied deposit.

%2, oap

h):w:u X2,880 veph

Figure 7. B-SEM (Back Scatter Electron Microscope) images of selected zeolite-bearing samples. (a)
Incipient dissolution of the cuspate shards to mordenite in aggregating crystals, sample E1b; (b) and
(c) from volcanic glass dissolution nucleated and growth acicular crystals of mordenite with
characteristic ““intertwined bundles”, sample Ela; (d) shards altered to acicular mordenite, sample
Elb; (e) and (f) micro-cavities filled by acicular aggregating mordenite crystals, sample Elb; (g)
mordenite with acicular shape grown on the glassy component, sample F3; (h) small cavity filled by
clinoptilolite laths on which rare acicular mordenites occur, sample F2; (i) cavity filled by euhedral

clinoptilolite, Fla.
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Figure 8. Zeolite composition of the Asuni samples plotted into triangular diagrams (Ca + Mg)-Na-K
(a,b) and binary diagrams of measured content in cations (c,e,f) and oxides (d) and compared with
literature data [25,53,55]; the arrow shows main trend along sequence. The plots allow the
comparison with literature on clinoptilolite and mordenite chemistry, namely, from Allai Unit [30]
and other Si-rich zeolites worldwide. Errors are within symbol size.

5. Discussion

The XRPD and EDS-SEM results indicate that the Asuni tuffites are altered but moderately
zeolitized. The studied deposits contain more than half of the primary mineral components, i.e.,
plagioclase, quartz and K-feldspars (Table 1). It is also possible to recognize several glass shards
with a broad primary structure and characteristic cuspate shapes (Figures 5d and 6b). The authigenic
minerals are subordinate (as found by [26]), and mainly represented by mordenite and clinoptilolite,
with subordinated smectite and glauconite (Tables 2; Figures 5 and 6rgues, mres). Similarly to other
deposits of central Sardinia [9,26,27,30,31], mordenite is the most widespread and can be the sole
zeolite phase. Glauconite is instead uncommon in this area.

The Asuni Unit was deposited in a sub-aqueous environment [44,47]. More in detail, Assorgia
et al. [47] indicated a lacustrine-type depositional environment for the Asuni Unit, on the basis of
sedimentological and stratigraphic evidence. These authors suggest that the unit consists of
fluvial-lacustrine sediments that derive from erosion, reworking and short transport of previous
volcanoclastic formations. Moreover, Cherchi et al. [44] proposed a detailed Oligo-Miocene
chronology of the tectonic and of the sedimentary events, also defining environment and deposition
depth based on chrono-biostratigraphical considerations. In specifying the timing of pre-, syn-, and
post-rift stages in the Oligo-Miocene graben system of Sardinia, the authors dated the first marine
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ingression in latest Oligocene and, by further considering seismic reflection profiles, indicating a
rapid subsidence and deep-water sedimentation during Oligo-Miocene in central Sardinia. There is
substantial textural and mineralogical evidence corroborating these geological and
paleo-environmental reconstructions.

Evidence of the sub-aqueous environment is the diffuse greenish color of the studied sequences,
both in the field observations and at macro-to-microscale investigations; which also show a
characteristic layered arrangement (Figures 3 and 4sws nges). OM and EDS microanalyses on thin
sections (Figure 5e,g,h) show that these greenish formations contain glauconite. According to
literature [56-60], glauconite growth derives from (i) alteration of the clay component through
addition of Fe, (2) supply of K to the growing smectites (with glauconite- smectites transformation).
The two processes are favored in K-enriched rocks and generally occur in marine or hypersaline
aqueous environments. Although oversimplifying, we are confident in recommending that propose
that the lacustrine environment basin, in which the Asuni tuffites are deposited, was produced by
the marine ingression in the central Sardinia subject to the extensive tectonics. In these regards,
Cherchi et al. [44] showed that during the rifting stage (Aquitanian, late Miocene), there was already
a deep marine environment in the graben, except for the areas subject to the volcanism-derived
sedimentation, like central Sardinia.

The mineralogical data obtained on zeolites provides further evidence for an active
hydrothermal system and points to the circulation of fluids depending on permeability over other
parameters. As a matter of fact, the type and abundance of zeolites cannot be related to differences in
rock components (i.e., lithic clasts, juvenile elements, minerals) that are homogeneously distributed
in all the studied Asuni sequences. The zeolite chemistry is independent from bulk-rock
compositions (rhyolite, rhyodacite and dacite; Tables 1 and 2 rw.: r.z) and location (Figures 1 and 2 g
» mare2). HlOwever, clinoptilolite and mordenite contents are higher in very coarse-grained layers
compared to the other, fine-grained, levels (Figure 4b). Clinoptilolite occurs abundantly in the
lowermost and intermediate levels of the stratigraphic sequences, with an apparent increase in
clinoptilolite contents moving from top downwards. Contrarily, mordenite occurs more frequently
in the upper layers and sometimes tends to disappear towards the bottom, particularly in
successions where it coexists with clinoptilolite. The described distribution of zeolites is testified by
the sequence E (Pranu Pirastru, Figure 4). Here, the very coarse-grained aggregates, which
corresponds to the maximum zeolite content, as confirmed by OM and SEM investigations (in
Section 4.1).

In open hydrological systems, the vertical zoning of zeolites is explained in terms of progressive
chemical-physical variations of percolating solutions, leading to formation of different zeolite
species [61]. This process justifies the vertical zonation of authigenic minerals in the Asuni Unit,
supporting the possible formation of zeolite in an open hydrologic system, as also hypothesized by
Cappelletti et al. [26]. This type of system also accounts for the cations in the analyzed zeolites that
have content too high with respect to those in the bulk epiclastites and the Na trend of zeolite
chemistry (Table 2; Supplementary Materials Tables S1 and S2). In addition, Asuni bulk epiclastites,
if compared to those Allai and free-zeolites [62], showed an enrichment in CaO (and K:0) and a
depletion in Na20 content (Figure 9a,b), so that three distinct fields can be suggested: Asuni, Allai
and free-zeolite. We think that this distribution has a genetic significance and can offer important
information to distinguish minerogenesis in various zeolitic rocks. There are few constraints to
explore the Ca distribution. The experiments by Wirshing et al. [63] suggest that the kind of calcium
zeolites strongly depends on the presence of an open system. In particular, products increasingly
rich in calcium required a Ca-rich external reactant solution, which provided available Ca?" and thus
justified the formation of calcium zeolites.

Our data, therefore, corroborate the hypothesis about a major contribution from external fluids.
It is also remarkable that the REE concentrations are higher in Asuni epiclastites with respect the
Allai pyroclastic Unit. The Asuni patterns are shifted-upward, even if mutual fractionations among
REEs are roughly similar. Rock compositions cannot explain this difference, as the two units are
similar in SiOz, Al:Os and alkali contents (Figure 9b).
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Figure 9. Plots showing the geochemistry of Asuni and Allai bulk-rocks and the related
evolutionary trends: (a) CaO vs Na20 and (b) SiO2 vs Na:0O; the dashed line confines the Asuni and
Allai zeolitized from zeolites-free rocks; (c) REE patterns of Asuni and Allai samples normalized to
chondrites. Data from Table 2 and [30,62]. Chondrite values from [64].

However, Allai deposits tend to be rich in LREE relative to HREE, contrary to the Asuni rocks
that show nearly flat patterns. In our opinion, the REE patterns and the alteration type provide
evidence for the limited involvement of primary fluids in the Asuni tuffites which instead was
dominant in the Allai pyroclasts. This is in agreement with the lithology of the deposits.
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Additional support to the open system model comes from the textures of some zeolites, which
form cement around denser and residual mineral fragments in the studied Asuni sequences (Figure
7h,i) and in other volcanic products of central Sardinia affected by a post-depositional alteration [29].

The possible zeolitization sequence for the Asuni Unit is schematized as follows:

glass > smectite > mordenite (I-II type) and/or clinoptilolite +— mordenite (III type)

This sequence of zeolite crystallization is very common in natural open system environments
and is in agreement with literature data from Sardinia [28,30,34,65] and elsewhere [52]. At Asuni, it
is also supported by morphology of mordenites (e.g., mordenite type in Section 4.2).

The early mordenites are first and second types (e.g., embryonic and fibrous, respectively)
which originated as a direct expense of volcanic glasses under the action of alteration fluids (Figures
7 and 10rgwer rarew). In this case, the zeolitization is peripheral to vugs and y-shards, which likely
trapped original fluid at the moment of deposit emplacement. By considering previous studies
[66-68], the Si and (mainly alkalies) cation contents of mordenite depends on the Si and cation
contents of the glass and on the pH of the permeating solutions (being at ca. 7 in "open systems")
(Figure 10a,b).

The later third mordenite type (tuft morphology) followed the clinoptilolite crystallization
and/or the external supply (Figure 10c). SEM investigations show that web-like fibers of mordenite
have grown both on the glassy components (i.e., Figures 6e and 7g) and between clinoptilolite
crystals (Figure 7h). Clinoptilolite seems to form in response to the progressive chemical changes of
fluids towards higher Ca/K ratios and perhaps the availability of Mg?" cations of marine water
origin. It rarely forms crystals with traces of dissolution, indicating equilibria condition and/or a
relatively small change in the physical condition of the system.

Figure 10. Proposed conceptual model of the zeolitization process (modified by [30]) and supporting
textures in the rocks imaged by electron microscopy. Three steps are hypothesized: (a) hydration and
hydrolysis of the volcanic glass with smectite formation; (b) transformation in mordenite and
subordinate glauconite development; (c) clinoptilolite formation [52].



Minerals 2020, 10, 268 17 of 20

6. Conclusions

Field observations and analytical investigations on zeolite-bearing epiclastites of Asuni units
allow to suggest a mineralogical and genetic model that may have implications for mineral
exploration in central Sardinia and paleo-environmental reconstructions as well.

The different types, distribution and abundance of the zeolites can be explained by considering
an open hydrologic system, continuously evolving due to water-rock interaction and supply of
marine waters after eruption. As result, a different concentration and chemistry of the zeolite
minerals occurred at specific levels in the sequences. In particular, we can identify a clinoptilolite
enrichment in the lower part of the Asuni Unit, which unlike the higher levels is enriched in
mordenite.

The data presented in this study on the Asuni tuffites improves the existing background about
the areal distribution of zeolite occurrences in central Sardinia. Considering that this study may
contribute to an evaluation of the quality and the reserves of zeolite mineralization, it is aimed at a
possible future exploitation and potential use in the Mediterranean area.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: XRPD
patterns of samples from Pranu Pirastru, where the most representative zeolite-bearing unit of the Asuni
deposit occurs, with enlargements related to the ranges 5-15° 20-38° and 42-60°. Abbreviations: CI,
clinoptilolite, Mo, mordenite, Qz, quartz; Fls, feldspar (Fl, fluorite, is an internal standard)., Table S1:
Composition of oxide (wt %) for selected clinoptilolite crystals by EDS; Table 52: Composition of oxide (wt%)
for selected mordenite crystals, obtained by EDS analyses. References [69] are cited in the supplementary
materials.
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