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INTRODUCTION

The secondary mineral assemblages in the Tertiary basalts from the Lessini Mountains are
mainly clay minerals and zeolites, and result from multistage alteration processes. In the
earliest Stage I, clay and silica minerals precipitate along the inner walls of the vesicles,
followed by the deposition of the fine-grained zeolites of the Stage II (erionite, offretite,
analcime, natrolite, heulandite and stilbite). The final Stage 111 is marked by a new generation
of large, well-shaped zeolites (phillipstite-harmotomo, gmelinite, chabazite, willhendersonite
and yugawaralite), followed by extensive crystallization of calcite. New morphological and
chemical data are presented herein in order to reveal the chemical compositions of Lessini
zeolite species, which have never been analyzed before. Textural and chemical observations
indicate that the chemical elements for Stage I and II alteration minerals derived from the
alteration of the basaltic glass and the primary phases in the volcanic host rocks. The final
mineral assemblages of the Stage III suggest a variation in the crystallization conditions,
probably related to the presence of new, late-stage fluids enriched in Ca and (CO;)* leached
from the surrounding calcareous rocks.

Keywords: Lessini; Basaltic rocks; Hydrothermal alteration; Secondary minerals; Zeolites.

hydrothermal alteration events (Mas et al., 2006; Marktsson

The secondary mineral assemblages of basaltic rocks,
often characterized by clay minerals and zeolites, are useful
indicators of the thermal history of volcanic provinces
and alteration processes (e.g. Robert et al., 1988; Wise
and Kleck, 1988; Schenato et al., 2003; Weisenberger
and Bucher, 2011; Weisenberger et al., 2014). Detailed
textural (i.e. cross-cutting relationships), mineralogical and
geochemical investigations on a small scale can provide
helpful information about the thermal evolution of basaltic
rock piles (Neuhoff et al., 1999; Franzson et al., 2008;
Kousehlar et al., 2012), whereas a careful study of mineral
assembles of individual stage can give information about
the fluid evolution with time (Robert, 2001; Graham et al.,
2003; Weisenberger and Selbekk, 2008).

Secondary minerals in the amygdales, vugs and veins of
basaltic lava flows are commonly considered the result of

and Stefansson, 2011) or low-grade metamorphic reactions
during the burial stage (Walker, 1960a; 1960b; Neuhoff et
al., 1999; Weisenberger and Selbekk, 2008). In particular,
clay minerals in basalt alteration systems are believed to
have formed from the interaction of residual fluids during
immediate post-eruptive cooling with primary phases and
mesostasis glass (Degraff et al., 1989; McMillan et al.,
1987; Marescotti et al., 2000; Schenato et al., 2003). The
crystallization of zeolites in the vugs of basalt was sometimes
thought to result from reactions of the glass with meteoric
waters slowly percolating in the rock-fractures at surface
temperature (Nashar and Davies, 1960; Nashar and Basden,
1965). Alternatively, it was assumed that they formed via
an interaction of volcanic glass (or detrital clays) with
saline alkaline lake water (Hay, 1970; Mees et al., 2005).
Alteration processes of basaltic rocks involves several
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processes such as dissolution of primary phases, deposition
of authigenic minerals, ionic exchange and sorption. These
processes are mainly dependent on (i) the chemistry and
mineralogy of the rocks, and (ii) the chemical features of
the interacting fluids (Robert et al., 1988; Franzson et al.,
2008; Weisenberger and Bucher, 2011; Gysi and Stefansson,
2012; Kousehlar et al., 2012).

The Tertiary basalts of the Lessini Mountains (Veneto
Volcanic Province, Northern Italy) are known to be suitable
host rocks for the development of secondary mineral
associations (Mattioli et al., 2008; Cenni, 2009). Some
zeolites such as gmelinite, analcime, chabazite and phillipsite
have already been observed in vesicles of the basaltic rock of
Monte Calvarina (Galli, 1972), whereas offretite, chabazite,
phillipsite, harmotome, analcime and smectite were
discovered in the vugs of volcanites outcropping near Fitta
(Passaglia et al., 1996). However, integrated regional studies
of the Lessini basalt alteration have yet to be undertaken, and

none of the previous studies describe the habits, compositions,
mineral associations and paragenetic sequences of the full
secondary mineralization in these rocks.

In this paper we present a detailed characterization of
the mineralogy, chemical composition, and occurrence of
secondary mineral assemblages (mainly zeolite and mafic
phyllosilicate) developed within vesicles and veins in the
basaltic rocks of the Lessini Mountains. The objectives of this
investigation are: 1) to establish the origin and paragenetic
sequence of the zeolites and mafic phyllosilicates in this
area, and 2) to discuss the geochemical evolution of the
basalt system that may possibly account for the pattern of
alteration observed. Descriptions and paragenetic sequences
are based on a larger sample set (more than 300 samples),
although the analyses were conducted on a set of selected
samples. We also report here a comparative geochemical
study between the fresh (or less-altered) host rocks and
their altered equivalents, coming from the same lava flows.
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Figure 1. Simplified geological map of the Veneto Volcanic Province (modified from De Vecchi and Sedea, 1995) showing the Lessini
Mountains and location of the studied samples.
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Although the study of these samples can not be considered
as representative for all rock units present at the Lessini
Mountains, it is pertinent to note that such a methodology
(study of a single lava flow having both “fresh” and
“altered” parts) has been highly successful to study the
mineralogical and chemical effects of low-temperature
alteration in oceanic basalts (Verma, 1981; 1992).

GEOLOGICAL SETTING

The Veneto Volcanic Province is located in Northern Italy
and extends over an area of about 2000 km? (Figure 1). Due
to its tensional tectonic setting, which developed in the South
Alpine foreland (Zampieri, 1995; 2000), extensive volcanic
activity occurred from the Tertiary, with the greatest part
of the eruptions taking place in submarine environments.
Several magmatic pulses occurred between the Late
Paleocene and the Miocene, all of which were of a short
duration and separated by periods of magmatic inactivity
during which shallow-water carbonate sedimentation took
place (Piccoli, 1966; De Vecchi et al., 1976; Barbieri et al.,
1982; 1991; De Vecchi and Sedea, 1995).

On the basis of different tectono-magmatic features, the
Veneto Volcanic Province can be subdivided into four main
volcanic districts (Figure 1): the Lessini Mountains, the
Marostica Hills, the Berici Hills and the Euganean Hills.
The main products are volcaniclastic rocks, hyaloclastites,
pillow lavas and lava flows of a mafic to ultramafic
composition. Subvolcanic bodies and rocks of more acidic
compositions (up to rhyolite) only occur in the southern-
most part of the region (Euganean Hills).

The Lessini Mountains extend from Mt. Baldo to the
west and the Schio-Vicenza tectonic line to the east, and
are located within a NNW-trending extensional structure,
namely the Alpone-Agno graben or semi-graben (e.g.
Zampieri, 1995; 2000), which is bounded to the west by
the NNW-SSE Castelvero normal fault (Figure 1). This
fault was crucial for the structural and palaeoenvironmental
evolution of the Lessini Mountains in late Paleocene-
middle Eocene times (Papazzoni and Trevisani, 20006), as
it was a threshold separating a western area with dominant
sedimentary rock and discontinuous, thin volcanic deposits
from an eastern area where volcanic rocks prevail. With a
thickness up to 400 m, the Lessini Mountains constitute
the most representative volcanic sequence of the Veneto
Volcanic Province. Volcanism is mainly characterized by
tuffs and lava flows, with several column-jointing eruptive
necks and subordinate hyaloclastites and pillow lavas. The
most abundant rock-types are basanite and alkali olivine
basalt, whereas transitional basalts, tholeiites nephelinite,
hawaiites, trachy-basalt and basaltic andesites are less
abundant (De Vecchi and Sedea, 1995; Tuchschmid, 1992;
Milani et al., 1999; Bonadiman et al., 2001). Petrological
and geochemical data from the literature (e.g. De Vecchi

N

and Sedea, 1995; De Vecchi et al., 1976; Milani et al., 1999;
Bonadiman et al., 2001; Beccaluva et al., 2001; 2007) attest
that magmatism has a within-continental-plate character,
in accordance with regional geodynamics, suggesting that
the magmatic activity may have occurred in a tensional
system as a foreland reaction to the Alpine orogenic phase.
The small volumes of erupted volcanics, together with the
high percentage of undifferentiated magmas spanning a
wide compositional spectrum, resemble the volcanological
characteristics of a low-volcanicity rift (Barberi et al.,
1982).

FIELD DESCRIPTION, SAMPLING AND ANALYTICAL METHODS

The studied samples come from several localities along
the Alpone Valley near Verona (Figure 1), where a thick
sequence of basaltic lava flows containing a variety of
secondary mineral assemblages in veins and vesicles
extensively crops out. On the basis of the distribution pattern
of the vesicles, three different zones can be distinguished
from the base to the top of the major investigated basaltic
flows: a lower, thin vesicular zone, an inner massive zone,
and an upper, highly vesicular, zone. The lower zone often
represents the basal part of the lava flow that is in contact
with the sedimentary rocks. It consists here of a thin (up
to 30 cm thick), discontinuous, vesicular interval with
vesicles of less than 10 vol% that range from 1 to 5 cm
in diameter. This zone grades into the massive zone that
forms the central and main part of the flow. It consists of
a thick (up to 20 m), massive fresh unit in which vesicles
are absent or very scarce, and is often cross-cut by multiple
joint sets that define narrow columns. In contrast, the upper
zone is characterized by: altered facies with a huge quantity
of vesicles that induce significant porosity, and important
concentrations of secondary minerals. In this zone, which
is 5 to 10 m thick, the abundance of vesicles seems to be
inversely proportional to their average size. At the top of the
flow, the vesicularity is approximately 40 vol%, with vesicle
diameters from 0.1-1 cm. Meanwhile, at the base of the
upper zone, the diameters of the vesicles increase to up to
20 cm and the associated porosity is in the range 5-10 vol%.
These vesicles commonly interconnect to form frameworks.
In the inner and upper zones, secondary minerals are also
found in elongated pipe-vesicles and veins.

Secondary mineral assemblages from veins and vesicles,
and their host rocks (both fresh lavas and their altered
equivalents), were collected during several field trips. A
large number of samples (~300) were collected in the field,
sixty-five of which were analysed in detail, including twenty-
one from whole rock samples and forty-four from veins and
cavities for secondary mineral assemblages. Samples were
petrographically studied through optical microscopy, major
elements chemical analyses, X-Ray Powder Diffraction
(XRPD) and Scanning Electron Microscopy (SEM).
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Chemical analyses of the bulk samples were performed
by the Activation laboratories (Ancaster, Canada) according
to Code 4Litho package following lithium metaborate/
tetraborate fusion (www.actlabs.com); quality control was
carried out with the international geochemical reference
standards. Weight loss on ignition (LOI) was determined by
standard gravimetric techniques, after igniting the powder
at ~1100 °C for 5 h. The reported LOI values are the sum
of LOI+ (representative of the structural H,O and CO,
content) and LOI- (humidity content of the powder).

The XRPD was used to identify the very fine-grained
crystals, including clay minerals. The XRPD patterns
were recorded using a Philips X’Change PW 1830 X-ray
diffractometer (Philips X’PERT; Cu Ka radiation). The
samples were run between 2° and 70° 26. The analytical
conditions were a 35 kV accelerating potential, a 30 mA
filament current, a 0.02° step, and a counting time of | s/step.
All of the powder samples were prepared by side-loading an
aluminium holder to obtain a quasi-random orientation.

Morphology and chemical composition of the secondary
minerals were investigated by a SEM Philips 515 equipped
with Energy Dispersion Spectroscopy (EDS) EDAX 9900
at the University of Urbino (Italy), and a Jeol 6400 with an
Oxford Link Isis located at the University of Parma (Italy).
The operating conditions applied were a 15 kV accelerating
potential and a 2 to 15 nA beam current.

Zeolites were analyzed with a defocused beam (20 pm)
and a shortened accumulation time (from 100 s down to
50 s). Other minerals were analyzed with a beam diameter
of 5 or 10 um. Na and K were measured first, to minimize
the effect of Na and K loss during determination. Natural
and synthetic standards were used for calibration. The
charge balance of zeolite formulas is a reliable measure
for the quality of the analysis. It correlates with the extent
of thermal decomposition of zeolites during microprobe
analysis. A useful test is based on the charge balance
between the non-framework cations and the amount of
tetrahedral Al (Passaglia, 1970). Analyses are considered
acceptable if the balance error E%=[(Al(+Fe3")-Alycor)/
Aliheor]¥100, where Alyeo=(Nat+K)+2(Ca+Mg+Sr+Ba), is
less than +£10% (Passaglia, 1970).

RESULTS
Composition of the host rock
Petrography

Petrographic observations were made on 21 samples.
All of the studied rocks are of basaltic composition.
Hydrothermal alteration is essentially made up of two
components: (a) replacement of primary components in
the rocks by alteration minerals, and (b) precipitation of
alteration minerals into voids in the rock. Based on field
and petrographic data, the samples are classified into two
main types; (1) relatively fresh lavas containing very few

secondary minerals (F-type), (2) hydrothermally altered
lavas with clay minerals and/or zeolites (A-type). The
details of the microscopic characteristics of each group are
described below.

The fresh lava (F-type) samples (n=10) in the hand
specimens are sub-aphanitic volcanic rock, which is
black to dark grey in colour, and contain very few or
no secondary minerals. Under the microscope, these
samples are mainly fine-grained and weakly phyric, with
a hypocrystalline to pilotaxitic texture (Figure 2 a,b). In
the F-type, there is only one phenocryst assemblage of (in
order of abundance) forsteritic olivine, Ca-rich plagioclase,
clinopyroxene (augite) and opaques (magnetite-ilmenite),
which are commonly euhedral to subhedral in shape. The
groundmass is composed of plagioclase laths, anhedral
olivine and clinopyroxene grains, opaque minerals such as
titanomagnetite, which is locally altered to hematite, and
devitrified glass with intersertal to hyalo-ophitic textures.

The hydrothermally altered lava (A-type) samples
(n=11) are dark grey to light grey in colour (Figure 2 b,c).
In some samples, reddish parts occur as millimeter- to
centimeter-wide halos along rock margins and fracture
surfaces, and a spatially restricted region (alteration halos)
around the vesicles can be observed. Under the microscope
phenocrysts are dominated by olivine and euhedral
plagioclase (Figure 2 c,d); opaque minerals locally occur
in several samples, whereas small amounts of subhedral
clinopyroxene phenocrysts are recognized in only four
samples. The groundmass of most of the A-type samples
is commonly composed of plagioclase laths, anhedral
olivine, clinopyroxene and opaque grains, locally with
intergranular to sub-ophitic textures, and volcanic glass.
The A-type samples are characterized by the presence
of Fe-oxyhydroxide, clay minerals and zeolites. Clay
minerals and Fe-oxyhydroxide, which mainly fill veins and
vesicles, are greenish and brownish in colour, respectively.
Microfractures in plagioclase phenocrysts are also partly
lined with these minerals. Although primary igneous
minerals are preserved in most of the samples, olivine
phenocrysts are partly to completely replaced by iddingsite
and/or yellowish clay minerals, frequently as pseudomorphs
after the primary crystals. In contrast to the olivine, the
clinopyroxene is very clear and shows no signs of alteration.
Plagioclase (phenocrysts and microlites) is partially altered
to phyllosilicates, whereas opaques are replaced by hematite.
The volcanic glass is affected by alterations and replaced
by clays and iron oxides. The secondary mineralogy of the
A-type samples clearly indicates that they were subjected
to low-temperature hydrothermal alteration (Alt et al.,
1986; Teagle et al., 1996; Talbi and Honnorez, 2003). It is
important to note that high- temperature alteration minerals
such as chlorite, actinolite, albite, epidote, sphene, quartz
and sulfides were never found in the A-type samples.
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Figure 2. Photomicrographs of the tertiary basaltic rocks from the Lessini Mountains. (a,b) Weakly phyric, hypocrystalline texture in the
F-type basalts. (c,d) Clay minerals replacing glass and Fe-oxyhydroxide pseudomorphs after olivine phenocrysts in the A-type basalts.

Mineral abbreviations: Cpx=clinopyroxene, P1 = plagioclase.

Major elements

Bulk rock analyses of relatively fresh samples and their
altered equivalents (Table 1) have been used to estimate
the element budget during low-temperature hydrothermal
processes.

The F-type samples appear to be relatively fresh or poorly
affected by alteration, and are thus expected to retain their
original chemical compositions. These samples have typical
basaltic abundances of SiO, (45.5-46.4 wt%) and low alkali
element concentrations (K,O 1.32-1.48 wt%, Na,O 2.64-
2.82 wt%). The MgO and Cao contents are high (10.5-11.9
wt% and 9.05-10.44 wt%, respectively), the Fe,O5 varies
from 10.04 to 11.44 wt%, while the TiO, is in the range
of 2.22-2.65 wt%. The LOI content is low (~1.3 wt%),
reflecting the lack of secondary hydrous minerals in these
samples.

The SiO, content of the A-type (45.02-45.81.wt%,
respectively) is almost the same as that of the F-type,
although the former has a relatively minor decrease.
Compared to the F-type, the K,O concentrations in

N

the A-type are slightly higher (1.59-2.01 wt%), while
those of the Na,O are relatively lower (1.12-1.43 wt%),
giving the A-type rocks a basaltic composition. MgO
and CaO are lower in the A-type samples (9.18-9.61
wt% and 8.23-9.46 wt%, respectively), while the TiO,
content increases (2.87-3.43 wt%). In addition, the
LOI content of the A-type samples (3.29-4.81 wt%)
is significantly higher than in the F-type samples,
reflecting the presence of various amounts of secondary
hydrous minerals. It is important to note that the Al,O;
content of the A-type samples (13.18-13.87 wt%) is the
same as that in the F-type versions, meaning that it can
be regarded as an immobile element during the low-
temperature hydrothermal processes.

Secondary mineral assemblages

Tertiary basalts from the Lessini Mountains are affected
by low-temperature hydrothermal alteration. Secondary
mineral assemblages are dominated by clay minerals and
zeolites, with minor silica phases and calcite. On the basis
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Table 1. Bulk rock composition (major elements) of relatively fresh samples (F-type) and their altered equivalents (A-type) of the Lessini
basaltic rocks. LOI=Loss of ignition. Fe,O5 (tot)*=total iron as Fe,Os.

Sample Type WR- WR- WR- WR- WR- WR-
BV6f BVI2f BV14f BVo6a BV612a BV614a
F-type (massive, fresh samples) A-type (altered samples)
SiO, 45.65 4551 46.41 45.04 45.02 45.81
TiO, 2.61 2.50 222 3.01 3.43 2.87
Al,O4 13.15 13.83 13.87 13.18 13.87 13.80
Fe,05(tot)* 11.21 11.44 10.04 11.99 11.81 10.78
MnO 0.16 0.15 0.15 0.11 0.10 0.12
MgO 10.91 10.85 11.88 9.18 9.61 9.32
CaO 10.44 9.71 9.05 9.46 9.06 8.23
Na,O 2.64 2.82 2.64 1.12 1.43 1.27
K,O 1.32 1.44 1.48 1.59 1.87 2.01
P,05 0.61 0.77 0.42 0.44 0.46 0.22
LOI 1.21 1.01 1.73 4.86 3.29 4.81
Total 99.91  100.03 99.89 99.98 99.95 99.24

of macroscopic and microscopic observations and XRPD
and SEM-EDS data, three paragenetic stages can be
distinguished with respect to the differences in texture and
mineralogy. The textural characteristics of these stages and
the sequence of mineral precipitation during each stage are
shown in Figure 3.

In Stage I, concentric layers of clay and silica minerals
(chalcedony and quartz) are precipitated along the inner
walls of vesicles as early phases. Stage II mineralization
immediately follows the Stage I products, and is
characterized by the crystallization of various fine-grained
zeolite species (erionite, offretite, analcime, natrolite,
heulandite and stilbite). If the vesicles are very small (1-2
mm), the minerals of these stages will be the only ones to
fill the space. In the case of larger voids (>1 cm), the core
of the vesicles commonly contains a new generation (Stage
IIT) of coarse-grained, well-shaped zeolites (phillipstite-
harmotomo, gmelinite, chabazite, willhendersonite and
yugawaralite). In addition to the minerals mentioned,
calcite, when present, is generally the last mineral deposited
in larger cavities. Later minerals are often deposited on
corroded crystal surfaces of already-existing crystals from
the previous stages.

Paragenetic Stage I: clay and silica minerals

Paragenetic Stage I is the earliest alteration in the Lessini
volcanic rocks and is characterized by linings of primary
pore spaces by clay and silica minerals (Figure 4). The
distribution on the outcrop scale of the Stage I alteration
is largely a function of the distribution of primary porosity
in the lava. All the other mineral assemblages are either
precipitated on top of or cross-cut the Stage I alteration
phases. Clay minerals typically form layers along the
walls of pore spaces with layered or botryoidal habits and
appear in a wide range of colours varying from white,
pink, yellow, brown and green to black (Figure 4a).
Petrographic observations in the thin section reveal that
clay minerals are present in three different microdomains:
(1) as the earliest filling of primary voids such as vesicles
and veins; (2) as pseudomorphs after primary minerals;
and (3) in the groundmass replacing glass. These types
of clay mineral have also been distinguished on the basis
of their optical features. Type 1 minerals occur in the
A-type lava as fibro-radial assemblages lining and filling
the veiscles. They have an intense grass-green colour that
resembles that of celadonite (Figure 4 b,c). They always
precede the crystallization of zeolites in the open voids.
Type 2 is colourless, has a mica-like appearance due to
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high birefringence colours, and occurs as a replacement
of primary phenocrysts in the A-type lava. The type 3 clay
minerals have a brown to reddish-brown colour and mainly
occur as groundmass replacements and rarely as vesicle
fillings.

A precise identification of clay minerals requires both
X-Ray powder diffraction (XRPD) studies and electron
microprobe analyses as exemplified by several authors (e.g.
Bettison and Schiffman, 1988; Bettison-Varga et al., 1991;
Robinson et al., 1993). The XRPD patterns of the selected
samples reveal a weak and broad reflection at ~14 basal
spacing. With ethylene glycol treatment, this reflection

becomes more distinct and sharper, and shifts to about 17
A, suggesting the presence of smectites. The reflections
at 6.41, 4.55, 3.36 and 2.59 A with ethylene glycol
correspond to saponite with a tri-octahedral structure.
SEM observations of the saponite (Figure 4d) revealed a
radial, petalous crystal growth, which overall takes on a
globular shape or vermicular aggregates. The globules
often agglutinate and the diameter of each one is about 10
to 20 microns, whereas the crystals are very small (~1-2
um). The celadonite had a d(001) value of 9.8-10.1 A; the
d(002) peak was obscured by destructive interference, as
is characteristic of high Fe micas, including celadonite
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Figure 3. (a) Example of vesicles containing secondary mineral assemblages in the tertiary basaltic rocks from the Lessini Mountains and
relative sketch illustrating the three recognized paragenetic stages. (b) Relative timing of mineral paragenesis and sequence of mineral

precipitation during the multistage alteration processes.
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Figure 4. Photomicrographs (a,b,c) and scanning electron microscopy image (d) of the earliest Stage I alteration minerals. (a) Brownish
to red tri-octahedral clay minerals (saponite) with botryoidal shape. (b) Celadonite-silica-saponite sequence along the walls of the sub-
millimetric vesicles. (c¢) Detail of Stage I celadonite-saponite rims preceding Stage 11 fine-grained zeolites in a pore space. (d) Aspect of a

sub-spherical globe with petalous crystal growth of clay minerals.

(Odom, 1984). The di-octahedral nature of the celadonite
was indicated by its strong d(060) reflection of 1.507A with
no evidence of a 1.496 A peak of a di-octahedral, aluminous
smectite (e.g. montmorillonite). Some samples provide
instances of the XRPD characteristics of the 9.8-10.1 A
phyllosilicate and celadonite, although there is evidence
that a possible smectite-celadonite mixed layer mineral is
present, including a weak reflection near 1.532A that could
correspond to the tri-octahedral smectite, saponite.

The chemical composition of the saponite, which is
calculated by the stoichiometry of its representative
composition, is  (AlggsFe’"| o Mng 7,Mg; 3)s.50(Alg 60
Si7.40)8.00020(0H)4(Ko 02Nag 04Cay,.17)0.23 n1H,0. The saponite
contains significant amounts of Mg and Fe in octahedral
sites, with mostly Ca in the interlayer sites. The saponite also
has a large amount of iron and manganese and is depleted

in aluminium, with a possible small cation vacancy in the
octahedral site. A representative celadonite composition
is  (Al;35Fe™; 06Mgy 01)4.42(Alg 03S17.97)5.00022(OH)4(K 76
Nag 04 Cag 5); 85 nH,0. Stage I celadonite is close to the end-
member composition defined by Buckley et al (1978), with
only slightly lower K content and higher Al than the ideal
end-member composition, This slight deviation could be due
to the presence of a small tri-octahedral smectite component
(as interstratification) in the celadonites, as also indicated by
the XRPD data. The celadonite is clearly distinguished from
other phyllosilicates by its distinctive green colour in both
the hand specimens and the thin sections (Figure 4 b,c) and
its K-rich composition.

Several chemical parameters can be used to discriminate
the smectite group, the interstratified smectite/chlorite and
the chlorite group, provided all the analyses have been
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recalculated on the basis of the chlorite formula (i.e., 28
oxygen atoms). One of the most useful parameters is the
sum of the non-interlayer cations (Si+Al+Fe,,.+Mg+Mn),
that varies from 20 for the chlorite end-member to 17.82
for the smectite end-member (Schiffman and Fridleifsson,
1991). These different poles are classically represented on
anon-interlayer cation (Si+Al,,+Fe,,,+Mg+Mn) vs. total Al
diagram. In this diagram, the positions of the clinochlore
(chlorite s.s.), saponite (trioctaedral smectite), beidellite
(di-octahedral smectite) and celadonite poles were defined
by Schiffman and Fridleifsson (1991), and slightly modified
by Robinson et al. (1993). All the phyllosilicates analyzed
in the Lessini lavas are presented in this diagram (Figure
5). All the analyses plot in a field between the saponitic
and celadonitic end-members. The differences in chemistry
correlate well with the petrographical types defined from
the thin section studies. The mica-like clay minerals (type
2) plot near the pole of pure saponite (black triangles, Figure
5); the brown to reddish-brown clay minerals (type 3)
correspond to mixed layer celadonite/smectites with a near
saponitic composition (grey squares, Figure 5). The intense
grass-green phyllosilicates (type 1) also correspond to a
celadonite component, probably with a slight contribution
of mixed-layer saponite/celadonite (white circles, Figure 5).

Silica minerals are rare and consist of quartz and/or
chalcedony, and usually follow clay minerals in the
crystallization sequence.

21
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> i ! Saponite/celadonite
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Al/28 oxygens
Figure 5. Non-interlayer (Si+Al+Fe+Mg+Mn) cation total vs. Al
for clay minerals from the Stage I clay minerals. End-member

compositions (solid diamonds) are taken from Robinson et al.
(1993).
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Paragenetic Stage Il: fine-grained zeolites

The paragenetic Stage I alteration is characterized by the
continued infilling of primary pore spaces and the partial
replacement of the groundmass and phenocryst minerals
of the host rock. The Stage II mineral assemblages and
paragenetic sequences are summarized in Figure 3 and
illustrated in Figure 6. The typical vesicle infillings in Stage
IT consist of, in order of crystallization: offretite, erionite,
analcime, natrolite, heulandite and stilbite. Fine-grained
zeolites were normally directly precipitated on the silica
and clay minerals of Stage I. Frequently, several species are
present within the same vesicle, even if only one or two
of these minerals can also be found. Adjacent lava flows
commonly contain different mineral assemblages. In what
follows, we present descriptions of their zeolite appearance,
occurrences, and textural relations, as well as new chemical
data on each zeolite species

Offretite

Offretite is common and occurs in different forms (Figure
6 a,b). The most frequent type is clear-white, transparent,
needle-like sub-millimetric crystals, which often completely
the line vesicles and vugs, although light yellow hexagonal
prisms of 0.5-1 mm, which frequently form parallel
aggregates, can also be found. In some samples, spherules
and sub-spheric radial aggregates (up to 2 mm) of closely
matted, glassy, needle-like crystals partially to completely
coat the vesicle walls. Occasionally, the hexagonal prisms
are surrounded by ring-shaped aggregates of clay minerals
or other zeolite microcrystals such as chabazite and
phillipsite-harmotome.

The average chemical composition is Ca; 1, Nag o4 Ko.o1
Mg; Sro.02 Bag g3 [Als 21 Sij2.77 O36] 16H,0 (Table 2), with
a Si/(Si+Al) ratio ranging from 0.70 to 0.72. All of the
extra-framework sites are occupied by calcium (0.99-1.44
apfu), except for one sample where the dominant cation is
potassium (up to 1.03 apfu); sodium is always <0.1 apfu
(Figure 7). The Mg/(Ca+Na) ratio, which is considered
to be the most significative parameter for the distinction
between offretite and erionite (Passaglia et al., 1998), varies
from 0.52 to 1.03 (Figure 8).

Erionite

Erionite occurs as clear-white to orange radiating bundles
of hexagonal, needle-like to prismatic crystals of 1-3 mm in
length, which are often embedded in pale-grey clay minerals
or alone fill very small vesicles (Figure 6c¢). The crystals
may be isolated or may give rise to rounded aggregates
commonly radiating from a central point. Very often, the
single prismatic crystals are highly elongated with a high
length/diameter ratio, giving a fibrous appearance. Erionite
crystals are generally colourless and transparent, but may
also show slight yellowish and brownish discolourations.
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Offretite
(Stage 1)

Clay minerals
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Erionite
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Clay minerals
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Offretite
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Figure 6. Photomicrographs (a,b,c) and scanning electron microscopy image (b) of the Stage II alteration minerals. (a) Sub-spheric, radial
aggregates of closely matted, glassy, needle-like offretite crystals partially coating Stage I clay minerals in the vesicle walls. (b) Sub-
hexagonal, prismatic to acicular offretite crystals, frequently forming parallel aggregates, surrounded by Stage I clay minerals. (c) Rounded
aggregates of orange to red hexagonal crystals of erionite, commonly radiating from a central point. (d) Sub-spherical aggregate of glassy,
colourless, thin prismatic crystals of natrolite radiating from a central point and grown on Stage I clay minerals.

When they come together to form rounded aggregates,
the crystals often have a reddish-yellow colour and the
spherical shape appears in a red-orange colour.

The average chemical composition is Ca,gsNaj g
K 28Mg0.43570.09 Bag.01[Al192651257307,] 28H,0. The S/
(Si+Al) ratio is in the range 0.70-0.73, which is consistent
with the literature interval for the erionite from basaltic
cavities (Passaglia et al., 1998; Passaglia and Sheppard,
2001). Calcium and potassium are the dominant extra-
framework cations in the structure (Figure 7). However,
crystals were found in some samples in which sodium is
the dominant cation, with its content also being very high
(up to 2.97 apfu). Magnesium is generally very low (0.11-
0.17 apfu), although in some cases reaches 0.48-0.73 apfu.
The Mg/(Ca+Na) ratio is in the range 0.01-0.2 (Figure 8).

Analcime

Analcime is very common and forms well-developed,
transparent to milky crystals up to 5 mm in diameter
with a typical icositetrahedron {211} habit. It is usually
colourless, but white, grey, pink, pale yellow, greenish and
reddish crystals can also be found. More rarely, analcime
is opaque, especially with the widespread presence of
secondary coatings found on the surface of the crystals. It
can occur either as individual crystals or as clusters in veins
and cavities. Very fine-grained amygdaloidal varieties in
vesicles lined with clay minerals have also been observed
within the highly-altered basalts. Cavities and vein-filling
analcime crystals are frequently accompanied by natrolite
and phillipsite/harmotome.

The average composition of analcime is calculated as
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Nay3.77Ca0,01K0.03Bag.03[Al14.205133 81096] 16H,0 and has a
homogeneous chemical composition, with all of the extra-
framework sites occupied by sodium (Table 2). The Si/
(Si+Al) ratio varies from 0.70 to 0.71, which are slightly
higher values than those observed in the literature for
analcime from amygdales in basalts (~0.67; Passaglia and
Sheppard, 2001). The Na/(Na+Ca) ratio is always ~1, as
are the mono- and bivalent cation ratios. Analcime from
vesicles and cavities has no differences in composition to
that analyzed from fractures and veins.

Natrolite

Natrolite is very common, and can usually be found as
hemispherical aggregates, up to 5 mm in diameter, with
glassy, colourless to white thin prismatic crystals, which
commonly radiate from a central point (Figure 6d). The
crystals (up to 2 mm) are dominated by a prism with a well-
formed tetragonal section, truncated by pyramids. Many of
the prism faces have a very thin coating of clay minerals
as botryoidal aggregates. Natrolite is often associated with
analcime and phillipsite/harmotome, but can also be found
as a ubiquitous phase in small vesicles.

Ca+(Mg+Sr+Ba)

Stage Il
fine-grained
zeolites

¢ Erionite
e Offretite

Na-variety

The average chemical composition of natrolite is Naj4 ;7
CaO.léKO.Ol[AIIS.ﬂSi24.59080]. 16H20 (Table 2), which is
very close to the stoichiometric formula (Passaglia and
Sheppard, 2001). The Si/(Si+Al) ratio varies from 0.59 to
0.62, while sodium is in the range 13.61-14.92 apfu and
calcium is always <1 apfu.

Heulandite

Heulandite is rare in the Lessini basalts, and forms
tabular, monoclinic, transparent to translucent crystals up
to 2 mm in diameter. It generally occurs in thick trapezoid
aggregates or clusters with a truncated blocky habit; the
clusters are sometimes slightly curved. The crystals are
generally colourless, but yellow to pale green colours have
also been observed. In its rare occurrences, heulandite
seems to post-date clay minerals and the other zeolites, and
infills the inner part of the vesicles.

The average chemical composition is Ca,,,Na; 5,51 33
Mgo.19Ko.16B20.01[Al7.92S128 26072] 24H,0.  Calcium  and
sodium are the dominant extra-framework cations in
the structure, and because Ca is the prevailing cation, it
can be classified as Ca-heulandite according to the IMA

Stage Il
coarse-grained
zeolites

O Harmotome
m Phillipsite
A Gmelinite
© Chabazite

K-variety

Na 50

K

Figure 7. (Ca+Mg+Sr+Ba)-Na-K composition plot of the main zeolites from the Lessini basalts, showing the distribution of extraframework

cations.
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O Offretite
Literature data

K(+Sr+Ba)

Figure 8. Compositional diagram showing the extraframework cation content of erionite and offretite from the Lessini basalts. The Mg/
(Ca+Na) cation ratio, which is considered the most significant discrimination between erionite and offretite (see Passaglia et al., 1998).
Literature data from other basaltic rocks (from Passaglia et al., 1998) has been reported for comparison.

nomenclature of the zeolites (Coombs et al., 1998). The Si/
(Si+Al) ratio is in the range 0.77-0.81, whereas strontium,
magnesium and potassium are present as minor cations.

Stilbite

Stilbite is rare and occurs as thick, tabular to lamellar
crystals with pointed terminations that range from 0.1 to 1
mm in size. The crystals often grow wider towards the end,
forming sheaf-like aggregates. Stilbite is generally milky-
white, but clear and translucent variants also exist, as do
coloured types, which are usually pale yellow to reddish.
Stilbite is accompanied by other zeolites such as chabazite
and phillipsite-harmotome.

The average chemical composition of stilbite is
calculated as  Caj55sNaj 51Srq 78K 10M8o.0sBag 03[ Als.2
Siye 99 O72]-30H,0. The sodium and calcium content ranges
from 1.11 to 1.02 and from 3.38 to 4.44 apfu, respectively.
The average Si/(Si+Al) ratio is 0.76.

Paragenetic Stage Ill: coarse-grained zeolites and calcite
The latest alteration phase in the Lessini basalts (Stage

IIT) is well developed in the large primary vesicles and
secondary pore space (fractures and veins). The Stage III
mineral assemblages are represented by coarse-grained
(mm- to cm- scale), euhedral zeolite crystals that were
normally grown on the fine-grained crystals of Stage II
(Figure 3). They represent the final phases to crystallize
in the vesicles and vugs of the Lessini basalts, followed
only by calcite. The Stage III zeolite species (Figure 9)
occur in the following order in the vesicles: chabazite,
phillipsite, harmotome, gmelinite, willhendersonite
and yugawaralite. For the latter (willhendersonite and
yugawaralite), this is the first occurrence in the Lessini
Mountains.

(Chabazite

Chabazite is one of the most common zeolites filling
cavities and vesicles within the Lessini volcanic rocks,
and is also one of the minerals that have the most varied
morphologies (Figure 9 a,b). Chabazite typically occurs as
smooth, colourless to milky-white, perfect rhombohedral
crystals of 0.1 to 2 mm in size, commonly forming
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multiple, interpenetrating aggregates with sub-spherical
morphologies. In places, it has pseudo-cubic forms that
are often twinned. More rarely, chabazite occurs as glassy,
colourless to pinky, yellow and orange crystals that usually
interpenetrate, forming lens-shaped aggregates up to 5
mm in diameter that are more (“phacolitic” habit) or less
(“herschelitic” habit) rounded due to complex twinning
(Akizuki and Konno, 1987; Akizuki et al., 1989). In the
Lessini basalts, chabazite is also present as crystals (1-3
mm in diameter), with tabular morphologies resulting from
the stacking of thin, pseudo-hexagonal lamellae, which are
very similar to those described by Akizuki et al. (1989) for
some chabazites from Aci Castello, Sicily. Chabazite is
generally accompanied by phillipsite/harmotome, erionite-
offretite, gmelinite and, rarely, willhendersonite, but can
also occur as a single zeolite species in vesicles and cavities
that are lined with clay minerals.

The average chemical composition calculated from
the SEM-EDS analyses based on 24 oxygen atoms is
Cay 1oNag 15K 57510 00[Al3 38518 61024] 12H,0,  and  the
different habits vary significantly in composition (Table
2). The Si/(Si+Al) ratio, which is the percentage of
the tetrahedral framework sites occupied by Si, has
its highest values for rhombohedral crystals and sub-
spherical aggregates (0.72-0.74), whereas it ranges
from 0.69 to 0.70 in crystals with tabular morphologies.
Calcium is the most dominant extra-framework cation
(1.14-1.36 apfu), except for tabular crystals, which have
similar calcium and potassium contents (0.88-1.20 and
0.89-1.19 apfu, respectively). Unlike what is reported in
the literature (Passaglia, 1970; Birch, 1988; 1989; Wise and
Kleck, 1988; Akizuki et al., 1989; Vezzalini et al., 1994),
Ca also dominates in samples displaying “herschelitic” and
“phacolitic” habits. It is important to note that the tabular
crystals are characterized by significant Sr content (0.16-
0.32 apfu), with values greater than the average values
normally reported in the literature, and comparable with
those observed in chabazites found in cavities of basaltic
rocks of the Plateau des Coirons, Ardeche, France and in
Roman leucitites (Passaglia, 1970; Robert, 1988). Taken as
a whole, according to the literature (Coombs et al., 1998;
Passaglia and Sheppard, 2001), the chabazites in the Lessini
basalts can be classified as Ca-chabazites (Figure 7).

Phillipsite-harmotome

According to the literature (Passaglia and Sheppard,
2001), on the basis of structural and crystallochemical data,
phillipsite and harmotome can be described as a single zeolite
species. Samples with K/(K+Ba)>0.50 (i.e. K>Ba) will be
described as phillipsite, whereas those with K/(K+Ba)<0.50
(i.e. Ba>K) will be characterized as harmotome. Phillipsite-
harmotomes are also very common within Lessini volcanic
rocks and occur in a variety of forms (Figure 9 ¢,d). They can

N

usually be found as lustrous, glassy, short prismatic crystals of
0.5-2 mm in size, generally forming dense, interpenetrating
crystal aggregates. In places, these crystals are parallel-
aligned contact twins consisting of three individual fourling
twins. Phillipsite-harmotome can also occur as linings of
densely matted tiny crystals that completely line vesicles
and vugs, or as spherules and botryoidal radial aggregates
(up to 5 mm) of closely matted, glassy, prismatic crystals
that completely coat vesicle walls. They are usually
associated with chabazite, erionite/offretite, natrolite and
analcime. Chemical analyses performed on several crystals
of phillipsite-harmotome from the Lessini volcanic rocks
revealed a highly variable composition and showed the
presence of crystals with almost pure compositions, as well
as those with a range of intermediate compositions. This
further confirmed the existence of a complete miscibility
between the two end-members phillipsite and harmotome,
as already suggested by several authors (Cerny et al., 1977;
Tschernich and Wise, 1982; Passaglia and Bertoldi, 1983;
Robert, 1988; Hansen, 1990; Armbruster et al., 1991;
Passaglia and Sheppard, 2001).

Phillipsite is much more common than harmotome
in the Lessini volcanic rocks, and its average chemical
CompOSitiOH is Ca1.4Na0.34K1Ba0.27[Al4.67Si11‘31032] . 12H20
(Table 2). The Si/(Si+Al) ratio ranges from 0.68 to 0.78,
whereas the Na/(Na+Ca) and K/(K+Ba) ratios are in the
range of 0.04-0.37 and 0.59-1 apfu, respectively. The
dominant extra-framework cations are potassium and
calcium, which vary from 0.64 to 2.09 and from 0.99 to
1.65, respectively (Figure 6). Other cations are absent or
very low. Harmotome has an average chemical composition
of Cayg1Nag21Ko37Baggr[Aly555111.14032] 12H,0  (Table
2), with a Si/(Si+Al) ratio ranging from 0.70 to 0.73, a K/
(K+Ba) ratio between 0.02 and 0.46, and a Na/(Na+Ca) ratio
from 0.03 to 0.74. Barium and calcium are the dominant
extra-framework cations (0.42-1.84 and 0.72-1.51 apfu,
respectively), whereas potassium is low (0.25-0.70 apfu)
and other cations are always <l apfu (Figure 7). It is
important to note that the different chemical compositions
of phillipsite and harmotome do not correspond to particular
differences in morphology and other physical properties.
However, spherules and botryoidal radial aggregates
usually correspond to barium-rich compositions, whereas
transparent, colourless individual crystals frequently match
the phillipsite pure member.

Gmelinite

Gmelinite occurs as single crystals or as groups of
intergrown crystals (Figure 9 e,f). It is typically granular,
translucent and colourless, although rare pink, yellowish,
orange and red coral crystals were observed. The crystals
(as large as 1 mm in size) display a typical hexagonal
dipyramid modified by a first order prism and basal
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Table 2. Representative chemical compositions (average and range) of the main zeolites from the Lessini Mts.

Chabazite Phillipsite Harmotome
average range average range average range
n=10 n=15 n=12

SiO, 56.24 54.06-57.49 5430 51.77-56.07 53.67 52.85-54.39
Al 04 18.71 17.21-20.62  18.31 17.16-19.27 18.56 17.6-19.24
Fe,O5* 0.04 0.03-0.07 0.07 0.01-0.12 0.05 0.01-0.11
MgO 0.62 0.07-0.95 0.04 0.03-0.06 0.05 0.09-0.1
BaO 0.09 0.09-0.3 4.26 3.24-5.29 9.19 4.97-12.43
SrO 1.00 0.32-2.33 0.09 0.03-0.15 0.11 0.10-0.12
CaO 6.81 5.37-7.8 5.86 4.93-6.46 4.93 0.06-0.12
Na,O 0.61 0.24-0.98 1.17 0.35-2.34 0.49 0.13-1.19
K,0 2.89 1.76-6.07 2.62 1.713.87 1.37 0.93-1.84
H,0 13.01 10.63-15.25 13.42 10.4-18.75 11.68 9.72-14.77
Total 100.00 100.13 100.11

Basis 24 oxygens 32 oxygens 32 oxygens

Si 8.61 8.29-8.84 11.44 11.29-11.61 11.42 11.27-11.57
Al 3.38 3.14-3.73 4.55 4.42-4.68 4.65 4.53-4.8
Fe 0.01 0.01-0.02 0.01 0.01-0.02 0.01 0.01-0.02
Mg 0.14 0.02-0.22 0.02 0.01-0.02 0.02 0.01-0.03
Ba 0.01 0.01-0.02 0.35 0.27-0.42 0.77 0.42-1.06
Sr 0.09 0.03-0.21 0.02 0.02-0.02 0.02 0.01-0.02
Ca 1.12 0.88-1.25 1.32 1.15-1.41 1.12 0.72-1.51
Na 0.18 0.07-0.28 0.48 0.14-0.98 0.20 0.05-0.49
K 0.57 0.35-1.19 0.71 0.45-1.05 0.37 0.25-0.5
E% -2.30 -1.10 5.20

R 0.72 0.69-0.74 0.72 0.71-0.72 0.71 0.7-0.72
M/(M+B) 0.36 0.25-0.56 0.41 0.24-0.53 0.23 0.14-0.35

Note: n=number of analyses; E% (balance error)={[Al(+Fe3")-Altheor]/Altheor}*100, where
Altheor=(Na+K)+2(Ca+Mg+Sr+Ba), according to Passaglia (1970); R=Si/(Si+Al); M/(M+B)=(Na+K)/
(Na+K+Ca+Mg+Sr+Ba); - =analysed but below detection limit. Fe,0; (tot)*=total iron as Fe,O;.

pinacoids. Many of the crystals exhibit the effects of
dissolution that appears: to have started from the prism and
dipyramid faces, and to have removed much of the interior
of the crystal. Associations of gmelinite, chabazite and
phillipsite/harmotome are very common.

Gmelinite from the Lessini basalts is very homogeneous,
and its average chemical composition is Naj9Ca, g3
K0.86[Al6.66 Si17‘25048]'22H20 (Table 2) The Sl/(SI+Al)
ratio varies from 0.72 to 0.73, which is slightly higher than
the average literature data (0.69, Passaglia and Sheppard,
2001), but similar to the ratios described for the surrounding
areas (Montecchio Maggiore, Passaglia et al., 1978; Luppi
et al., 2007). Calcium is notably high and represents the
dominant extra-framework cation (1.93-2.84 apfu), whereas

potassium is low (0.55-1.23 apfu) and the other cations are
always <1 apfu (Figure 7).

Willhendersonite

Willhendersonite is also very rare and occurs as
transparent, colourless, rectangular laths (up to 0.3 mm in
length) in a few cavities of the upper zone of the basaltic
lava flows. The individual crystals are flattened and often
grow together to form small groups with irregular, elongated
morphologies. It can also be found with chabazite.

The average chemical composition of willhendersonite
is  CayogNag 17K 75510.02[Als 94S16.13024] 10H,O.  The
Si/(Si+Al) ratio ranges from 0.5 to 0.52; calcium is the
dominant extra-framework cation (2.06-2.09 apfu),
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Table 2: continued. ..

Analcime Natrolite Gmelinite Offretite
average range average range average range average range

n=9 n=7 n=10 n=9
SiO, 58.70 57.94-59.29  49.01 47.7-50.46 5535  54.31-56.84 53.41 50.88-57.3
Al,O; 21.05 20.78-21.31  26.58 25.82-28.27  18.14  17.33-18.51 18.51 17.53-19.89
Fe,O5* - - - - 0.06 0.01-0.11 0.14 0.01-0.36
MgO - - - - 0.22 0.01-0.69 2.81 2.17-3.25
BaO 0.25 0.18-0.37 - - 0.27 0.04-0.88 0.25 0.03-0.67
SrO - - - - 1.30 0.38-6.08 0.10 0.01-0.15
CaO 0.03 0.01-0.09 0.30 0.01-0.85 7.88 5.78-8.47 4.38 3.79-5.69
Na,O 12.33 11.89-12.74  14.57 13.99-15.33 0.30 0.02-0.54 0.09 0.03-0.19
K,0 0.04 0.01-0.08 0.03 0.01-0.04 2.16 1.4-3.16 2.96 2.25-3.3
H,0 7.68 6.76-8.89 9.37 7.23-11.14 1447  1191-16.77 17.51 12.49-19.83
Total 100.09 99.85 100.14 100.15
Basis 96 oxygens 80 oxygens 48 oxygens 36 oxygens
Si 33.81 33.72-33.94  24.59 23.99-25.19  17.25 17.16-17.37 12.77 12.52-12.95
Al 14.29 14.13-14.53  15.71 15.19-16.48 6.66 6.48-6.77 5.21 5.02-5.49
Fe - - - - 0.02 0.01-0.03 0.03 0.01-0.07
Mg - - - - 0.10 0.01-0.32 1.00 0.76-1.1
Ba 0.05 0.01-0.08 - - 0.03 0.01-0.11 0.03 0.01-0.07
Sr - - - - 0.24 0.07-0.24 0.02 0.01-0.02
Ca 0.02 0.01-0.06 0.16 0.01-0.47 2.63 1.93-2.84 1.12 1.06-1.43
Na 13.77 13.42-14.24 14.17 13.69-14.92 0.19 0.01-0.32 0.04 0.01-0.09
K 0.03 0.01-0.06 0.02 0.01-0.02 0.86 0.55-1.23 0.91 0.7-1.03
E% 2.50 8.20 -5.20 -0.90
R 0.70 0.70-0.71 0.61 0.59-0.62 0.72 0.72-0.73 0.71 0.70-0.72
M/(M+B)  0.99 0.96-1 0.99 0.97-1 0.26 0.16-0.34 0.30 0.25-0.36

potassium is significant (1.71-1.79 apfu), and the sodium
is always <0.2 apfu. These compositions are comparable
with those reported by Vezzalini et al. (1997) for the
willhendersonite from Colle Fabbri, Terni (Italy).

Yugawaralite

Yugawaralite is extremely rare and was only found in
two samples, where it forms transparent, colourless platy
crystals with oblique ends that are morphologically very
similar to those described by Eberlein et al. (1971) and
Pongiluppi (1977). Yugawaralite crystallizes as distinct
zeolite directly on clay minerals, or is found in association
with transparent, flattened phillipsite-harmotome, making it
very difficult to distinguish between these two zeolites.

The average chemical composition of Yugawaralite is
Na0_02 C3.1‘97 [A13'97 Si12_03 032] . 16H20, which is very similar
to the literature compositions (Passaglia and Sheppard,

2001). The Si/(Si+Al) ratio is ~0.75, and calcium is the
only extra-framework cation present; the sodium levels
are negligible (<0.2 apfu), whereas other extra-framework
cations are absent.

Calcite

Calcite is very common in the vugs of the Lessini
basalts and can be found as single, large, isolated crystals,
and as associated individuals or in a massive form. The
single crystals are usually colourless, transparent to
translucent and have rombohedral morphologies that are
more or less flattened along the ¢ axis. Prismatic crystals
terminated by rombohedra were also observed, whereas
calcite as granular masses or coralloid morphologies is
very common. The dominant colour is white, but it can
also be found in pale-yellow and pink.
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DISCUSSION

Most of the ancient volcanic rocks outcropping on the
Earth’s surface are affected to alter by various agents,
including hydrothermal fluids and groundwater. The specific
reactions that occur between volcanic rocks and groundwater
and/or hydrothermal fluids are mainly dependent on
temperature-pressure conditions as well as the composition
of the host rock and fluids (e.g. Kristmannsdottir and
Toémasson, 1978; Neuhoff et al., 1999; 2000; Weisenberger
and Bucher, 2011; Kousehlar et al., 2012; Weisenberger et
al., 2014). For example, in the case of basaltic rocks, their
primary magmatic phases (olivine, pyroxene, anorthite-
rich plagioclase, oxides and glass) become metastable and
undergo extensive dissolution and hydrolysis. This results
in the release of the chemical constituents of volcanic rocks
such as clays and zeolites into the aqueous phase, and these
eventually precipitate as secondary phases. In the following
we will discuss (i) the assemblages and paragenetic
sequences of the secondary minerals in the Lessini basalts,
(il) their genetic relationships with the host rocks on the
basis of the chemical exchange, and (iii) their alteration
conditions and mechanism.

Secondary mineral assemblages and paragenetic sequence

Alteration of the basaltic rocks in the Lessini Mountains.
resulted in distinctive secondary mineral assemblages that
represent a multi-stage hydrothermal alteration process. The
occurrence of secondary minerals and their frequency in the
studied rocks is not homogeneous, and their associations may
be significantly different on both the outcrop- and sample-
scale, with a variability that can be in the order of a few
centimeters. In places, the mineralogical assemblages vary
in a completely random way, and factors were not observed
(at least on the outcrop scale) that may have acted as possible
control elements for the different assemblages. In many
other places, however, the assemblages are progressive and
regular, and can be found in a widespread area.

By comparing all of the detailed systematic observations
of the secondary mineral assemblages, three main
paragenetic stages can be recognized during the alteration
processes in the Lessini basalts. The earliest alteration
phase (Stage 1) is characterized by linings of the primary
pore space by celadonite and silica minerals, and later by
tri-octahedral smectites (saponite). Phyllosilicates as well
as chalcedony and quartz typically form layers along the
walls of the pore space with a layered or botryoidal habit.
The paragenetic Stage II is dominated by fine-grained
zeolites including Ca-dominated species (erionite, offtretite,
heulandite and stilbite) and pure Na-zeolites (analcime
and natrolite). The minerals of Stage II seem to have
precipitated directly on those of Stage I, and no evidence of
a break between the two stages has been found. The latest
stage (Stage III) is characterized by the growing of well-

formed, coarse-grained zeolites and later by calcite crystals.
All the zeolite species formed in the the Stage III are Ca-
dominated (phillipstite-harmotomo, gmelinite, chabazite,
willhendersonite and yugawaralite). Later minerals are,
with very few exceptions, deposited on the corroded crystal
surfaces of already-existing crystals from the previous
stages, suggesting the presence of a significant interruption
in the crystallization process between Stage Il and Stage III.

Stages 1 and II show a progressive change in their
paragenesis from phyllosilicates+quartz to assemblages
dominated by Ca- and Na-zeolites. This paragenetic
trend was probably coincident with gradual changes in
temperature and pressure. However, the abrupt shift in the
mineral composition from clay minerals and silica to zeolites
seems to reflect a chemical evolution of the solutions from
which these minerals precipitated. Celadonite precipitate
in oxidative conditions in the most sensitive microsites
(olivine crystal and the wall-rock periphery of the vesicles),
whereas saponite is more widespread (as pseudomorphs,
in mesostasis sites and within vesicles). The observed
paragenetic trend (from mafic phyllosilicates to Ca- and
Na-zeolites), is consistent with the results of experimental
simulations of basalt-meteoric water interactions at low
temperatures. Ghiara et al. (1993) showed that experiments
on the closed-system dissolution of basaltic glass at low
temperatures resulted in a mineral paragenesis of early
smectite + phillipsite followed by analcime. During
these experiments, the Mg concentrations in the solution
increased rapidly at the start, and then failed as the Mg-
rich smectite precipitated. The calcium concentrations also
rose rapidly during the initial stages of these experiments,
and continued to increase until the latter stages, when the
fluids evolved towards the stability fields of the Na-zeolites.
Similar experiments by Gislason and Eugster (1987a) on
the dissolution of basaltic glass and crystalline basalt at 25
°C, 45 °C, and 65 °C produced almost identical results, i.e.
the zeolite paragenesis in Stage II corresponds to a decrease
in the Ca/Na ratio, as well as an increase in the Si/Al ratio.

In contrast, the transition from Stage II to Stage III
exhibits pronounced textural and mineralogical changes.
The grain of the zeolite crystals abruptly increases from fine
to coarse, their compositions become only Ca-dominated,
and a latest, extensive crystallization of calcite occurred.
This sudden change is also evidenced by the fact that Stage
IIT zeolites are often deposited on corroded crystal surfaces
of Stage II crystals. As a consequence, the zeolite-filled
vesicles and veins of Stage III were probably related to a
new, probably different, alteration phase.

Chemical exchange during alteration

The effects of alteration on the bulk rock composition can
be assessed by comparing the fresh or relatively unaltered
samples (F-types) with examples of altered samples
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Figure 9. Photomicrographs (a,c,e,f) and scanning electron microscopy image (b,d) of the latest Stage III alteration minerals. (a) Yellow
crystals of chabazite with complex twinning forming a rounded aggregate with “herschelitic” habit. (b) Perfect rhombohedral to pseudo-
cubic chabazite crystals, commonly forming multiple, interpenetrating aggregates. (c) Well-shaped, transparent phillipsite crystal consisting
of two sets of penetration twins, grown on Stage Il fine-grained analcime. (d) Harmotome twinned crystals grown on Stage I clay minerals.
(e) Yellowish crystals of gmelinite exhibiting the typical hexagonal dipyramid modified by a poorly developed, first order prism and a basal
pinacoid, grown on Stage II analcime and Stage I Clay minerals. (f) Gmelinite crystals partially grown on Stage II natrolite and Stage I
clay minerals.
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(A-types) from the same flows. In this study, element
gains and losses during alteration are estimated starting
with the isocon method of Grant (1986). This method has
been simplified here and applied without a quantitative
estimation of changes in mass during mass transfer, by
using a simple graphical visualization of altered versus
original compositions. According to Nakamura et al. (2007)
elements that have remained immobile during the alteration
process define the isocon and plot on a straight line through
the origin. Data points lying around the isocon, as defined
by the elements considered to be immobile, represent either
a mass gain or a mass loss depending on whether they fall,
respectively, above or below the isocon.

For the studied samples from the Lessini Mountains,
the simplified isocon diagram is shown in Figure 10a.
The Al behaves as a relatively immobile element, as also
reported by many authors for various hydrothermal systems
(e.g. Winchester and Floyd, 1978; Jiang et al., 2005; De
Palomera et al., 2012; Mattioli et al., 2014), and we have
thus used it to define the isocon (labelled “constant mass
isocon” in Figure 10a) for mass change estimations. With
this isocon, samples representing the A-type basalts show
that alteration was accompanied by enrichment in K,O,
TiO, and LOI and the depletion of Na,O, MnO and Mg
(Figure 10a). The Fe,O5 and CaO data fall slightly above
and below the isocon, respectively. In order to quantify the
geochemical exchange during alteration, the enrichment
factor was calculated using the following relationship:

Ex = (Fx/FA1,0,)/(Ax/AAL,0;)

where Ex is the enrichment factor of the element X, Fx and
Ax are the concentrations of element X in fresh and altered
samples, respectively, and FAlL,O and 4Al,0O5 are the Al,O3
contents in fresh and altered samples, respectively. In Figure
10b, the average enrichment factors of the major elements
in the F- and A-types are presented. This diagram clearly
shows the addition or depletion of each element during
alteration, confirming what has previously been observed.
The A-type is characterized by the enrichment of LOI, K,O
and TiO,, while elements such as Na,O, MnO and MgO are
depleted. The A-type also shows a small increase in Fe,O4
and a decrease of CaO. The concentration of Si0O, is almost
the same in the F-type.

The depletion of Na,O and CaO and the enrichment in
K,O during alteration may be related to the destabilization
of the feldspars to form sericite. The presence of K-rich
celadonite, which is commonly recognized in the A-type
samples (Stage]), is also responsible for the K,O enrichment.
On the other hand, potassium is very mobile during the
near-surface alteration of basaltic lava (Neuhoff et al.,
1999). The CaO-depletion in the A-type samples may also
be attributed to the alteration of Ca-bearing phases such

as clinopyroxene and glass. The small increase in Fe,0O4
reflects the oxidation of the ferromagnesian minerals (e.g.
olivine). Mg-enrichment, which is one of the typical
features of high-temperature, hydrothermally-altered
basalts (e.g. Mottl, 1983), has not been observed in the
A-type Lessini samples. Moreover, a chemical contribution
to the crystallization of the secondary minerals may also be
derived directly from the alteration of basaltic glass. Several
authors (e.g. Eggleton and Keller, 1982; Karrat et al., 1998;
Weisenberger and Spurgin, 2009) have clearly show that
chemical elements like Mg, Ca, Na, K, Al and Si were
mobile during the alteration processes of basaltic glass.
By comparing the mobility of the chemical elements of the
host rock during the alteration processes with the chemistry
of the secondary mineral phases, it can be suggested that
the chemical components necessary to precipitate the
vesicle-filling minerals (at least those of Stage I and Stage
IT) may be derived from the alteration of host rocks. The
extensive precipitation of phyllosilicates, silica minerals,
and fine-grained zeolites in pore spaces during stages I
and II indicates that Si, Al, Ca, Na, K, Fe, and Mg were
mobile over scales of a millimeter or more. This is also
indicated by the presence of a spatially-restricted region
(alteration haloes) around the vesicles over which diffusion
processes can occur. The textural preservation of pore walls
and the successive lining of pore spaces during mineral
paragenesis, which requires the chemical components that
are necessary for the precipitation of secondary minerals to
be transported into the pores, further support this hypothesis.
All the components that are necessary to form the mineral
assemblages of the two earlier Stages I and II were
readily available in the primary phases in the lava (glass,
olivine, plagioclase and pyroxene). Conversely, textural
and mineralogical evidences of the Stage III alteration are
coherent with a significant change in the conditions of the
crystallization, and suggest the presence of new, possibly
external, fluids that move within the basaltic rocks during
this later phase of hydrothermal alteration. These late-stage
fluids are probably enriched in Ca and (CO3)* and led to
the extensive crystallization of Ca-rich zeolites and calcite
of the Stage III.

Alteration conditions and mechanism

Zeolites within basaltic lava are often indicative of a low-
grade regional metamorphism (e.g., Walker, 1960a; 1960b;
Gianelli et al., 1998; Neuhoff et al., 1999; Schenato et al.,
2003; Weisenberger and Selbekk, 2008; Kouselhar et al.,
2012). Nevertheless, most zeolites crystallize rapidly also
in a low temperature range (40-250 °C) and a water-rich
environment (Kristmannsdottir and Tomasson, 1978). In
experiments on the basalt-seawater interaction, smectites
(usually iron-rich saponites) are commonly produced
at temperatures <150 °C (Seyfried and Bischoff, 1979;
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Gianelli et al.,, 1998). In several hydrothermal systems
di- and tri-octahedral smectite are transformed at 200-
240 °C into C/S mixed layers and corrensite., which are
the predominant layer silicates in the temperature range of
245-265 °C. At higher temperatures, chlorite is the most
abundant clay mineral, with minor C/S mixed layers. In
the Lessini basalts, evidence has never been found of sub-
greenschist facies alteration products such as medium- to
high-temperature zeolites, chlorite and interstratified
chlorite—smectite mixed layers, among other mafic
phyllosilicates (Schiffman and Fridleifsson, 1991; Neuhoff
et al.,, 1999; Weisenberger and Selbekk, 2009). Regional
metamorphism in low-grade (zeolite facies) conditions, as
defined by Coombs et al., (1959), should have also resulted
in regional zeolite zonation, but such zoning has not been
recognized in the present study. Likewise, no geological
evidence of the regional burial metamorphism of the Lessini
volcanics has been found.

Experimental data on zeolite formation from basaltic
starting materials indicate that chabazite and phillipsite are
stable in the temperature range between 50-100 °C and 50-
150 °C, respectively (Kristmannsdottir and Tomasson, 1978;
Holler and Wirsching, 1988; Barth-Wirsching and Holler,
1989; Bish and Ming, 2001; Deer et al., 2004). Senderov
(1988) showed that analcime and natrolite are stable in Si-
deficient systems, with temperatures up to 250° C (natrolite)
and 350° C (analcime). Consequently, the precipitation of
these zeolites from solutions is not linked to the thermal
conditions of the system, but mainly depends on other
factors (e.g. the activity of the silica). Very limited data is
available in the literature about the genetic conditions of
erionite and offretite. Ueda et al. (1985), in an experimental
piece of work, achieved the precipitation of these zeolites
from a gel to a temperature of about 100 °C.

According to this evidences, and on the basis of the
collected data, the secondary mineral assemblages
observed in the Lessini basalts, including zeolites and
mafic phyllosilicates (celadonite and saponite), were
formed during the interaction of fluids with the already-
solidified host rocks in low-temperature conditions at the
Earth’s surface. Rogers et al. (2006) estimated temperatures
not exceeding 80 °C for similar mineral assemblages in W
Greenland, comparing them with the occurrence at County
Antrim, Ireland (Walker, 1960a; 1960b). The mineral
paragenesis analcime and natrolite in W Greenland
corresponds to temperatures of less than 100 °C (Neuhoff
et al., 2006). Therefore, the temperature for zeolite
formation in the Lessini basalts is reasonably below <100
°C. Similar conditions were also observed in the Deccan
Traps in India (Greenberger et al., 2012), the Siletz River
volcanics in Oregon (Keith and Staples, 1985), at Boron
in California (Wise and Kleck, 1988) and in the Blackhead
quarry in New Zealand (Graham et al., 2003).

According to the petrographic features and the
chemical-mineralogical compositions, two different
steps may be involved in the formation of the secondary
mineral assemblages in the Lessini basalts: (1) earliest
celadonite, silica and saponite crystallization (Stage I),
followed by fine-grained, Ca- to Na-zeolites precipitation
of the Stage II; (2) latest deposition of the larger crystals of
the Ca-zeolites and calcite.

The earliest alteration step is related to post-magmatic
mechanisms. The fractional crystallization of the hydrated,
basaltic melt produces early formed anhydrous minerals
during the cooling stage of the flow and a small amount
of residual fluids with H,O and volatiles. These residual
and differentiated hot fluids may account for the first
crystallization of clay minerals and zeolites (Stages I and II)
in vesicular levels. All components necessary to form these
mineral assemblages were readily available in the primary
phases in the lavas. The deuteric alteration of the basalt flow
has been proposed by various authors as a way to explain the
occurrence of zeolites (e.g. Nasher and Davies, 1960; Wise
and Kleck, 1988; Graham et al., 2003). In basaltic rocks
with the restricted circulation of fluids, the composition of
the glass, as well as the surrounding host rock, are the main
factors controlling the composition of the zeolites (Wise,
1982). Conversely, because they typically have high fluid/
rock ratios, there may be no control of fluid compositions by
the host rocks in the hydrothermal systems. Studies of zeolite
formation within basaltic rock sequences (e.g. Robert and
Goffe, 1993; Neuhoff et al., 1997; Robert, 2001) highlight
that zeolite crystallization occurred rapidly, both during
and after volcanic activity, but prior to massive, medium-
grade hydrothermal alteration. In the Lessini Mountains, the
restriction of zeolite-bearing vesicles to the top of the basaltic
sequences, and the crystallization of some zeolites directly
upon fresh basalts, also attest to zeolite crystallization soon
after lava emplacement and before significant hydrothermal
alteration. The importance of the composition of the host
rock as a controlling factor in the composition of the zeolites
(Si/Al, as well as extra-framework cations) that occur in
cavities of basalt has also been highlighted by a number of
authors (e.g. Keith and Staples, 1985; Nasher and Davies,
1960; Wise, 1982; Bish and Ming, 2001).

In the second step, textural and compositional features
of the latest mineral assemblages (Stage III) indicate
a significant change in the crystallization conditions,
perhaps related to the presence of new, possibly external,
fluids which move within basaltic rocks during this later
phase of alteration. As regards the source of these fluids,
the geological data and tectonic relations with underlying
calcareous marine sedimentary rocks in the Lessini
Mountains (Piccoli, 1966; De Vecchi et al., 1976; Barbieri
etal., 1982; 1991; De Vecchi and Sedea, 1995) suggest that
locally heated surface water seems to be a likely source.
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Figure 10. (a) Isocon plots (Grant, 1986) depicting the variation in

bulk rock chemistry accompanying multistage alteration in the Lessini

basalts. The lines labeled “constant mass isocon” depict the theoretical distribution of data assuming that the mass and compositions of the
lavas do not change during alteration. (b) Bar chart showing average enrichment factors of the A-types with respect the F-Types. Values <1

indicate depletion and vice versa. Fe,O3*=total iron as Fe,Os.

The restricted distribution of coarse-grained zeolites in the
Lessini basalts seems to support a genesis from localized
fluids and/or heat, whereas there is no evidence of massive,
medium-grade hydrothermal activity, such as deep wall-rock
alteration and/or the crystallization of typical hydrothermal
minerals (e.g. albite, actinolite, biotite, chlorite, chalcedony,
and epidote). However, the presence of another juvenile
hydrothermal component penetrating the entire volcanic
sequence of the Lessini Mountains cannot be excluded.
In this latest step, the Ca-dominate compositions of the
zeolites might suggest that the zeolite-forming fluids may
have interacted with the underlying calcareous marine
sedimentary rocks through which the basalts erupted. The
heat from these volcanic centres may have driven fluids
through the sedimentary and volcanic pile, leaching Ca out
of the calcareous sedimentary rocks. Furthermore, with a

likely high concentration of carbonate ions in solution, the
growth rate of zeolites would substantially increase due
to the increased dissolution of silica from the surrounding
rocks (Hawkins, 1981). This may also explain the common
association of calcite with the Stage III Ca-rich zeolites in
the Lessini basalts. Nonetheless, the overall abundance of
calcite throughout the entire sequence of basaltic rocks from
the Lessini Mountains seems to suggest that Ca was being
continuously supplied to the zeolite-forming solutions.

The proposed multiphase alteration model is able to
account for the major features observed and, even if it does
not account for some points and neglets some geochemical
and kinetic aspects, it provides at least a general framework
for interpreting secondary mineralizations in basaltic rocks
in low-T and Earth’s surface conditions.
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CONCLUDING REMARKS

The secondary mineral assemblages observed in the
Tertiary basalts from the Lessini Mountains are dominated
by clay minerals and zeolites and result from multistage
alteration processes. The mineralogical, geochemical and
textural signatures can be interpreted by three paragenetic
stages, which can be related to the magmatic and thermal
history of the lavas in the studied area. The earliest Stage I is
characterized by the precipitation of clay and silica minerals
along the inner walls of the vesicles. Stage II mineralization
immediately following the Stage I products, and is
characterized by the precipitation of fine-grained zeolites
(erionite, offretite, analcime, natrolite, heulandite and
stilbite). The final Stage III is marked by a new generation
of coarse-grained, well-shaped zeolites (phillipstite-
harmotomo, gmelinite, chabazite, willhendersonite and
yugawaralite), followed by calcite.

The earliest alteration stages (I and II) could be related to
post-magmatic mechanisms, and the elements necessary for
secondary mineral formation derived from dissolution and
hydrolysis of the primary igneous minerals and the volcanic
glass of the host rock. Conversely, textural and compositional
features of the final mineral assemblages (Stage III) seem to
suggest a significant change in the crystallization conditions,
probably related to the presence of new, perhaps external,
late-stage fluids enriched in Ca and (COs;)*. The chemical
composition and mineralogy of the volcanic host rocks
clearly control the formation of clay minerals and zeolites
of the stages I and II. However, the composition of the
underlying calcareous marine sedimentary rocks through
which the volcanics erupted seems to play an important role
in the zeolite formation of the final Stage III.
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