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ABSTRACT

Erionite is a zeolite representing a well-known health hazard. In fact, exposure of humans to its
fibers has been unequivocally associated with occurrence of malignant mesothelioma. For this
reason, a multi-methodological approach, based upon field investigation, morphological charac-
terization, scanning electron microscopy (SEM)/energy-dispersive spectroscopy (EDS) chemical
analysis, and structure refinement through X-ray powder diffraction (XRPD), was applied to
different samples of potentially carcinogenic erionite from Northern Italy. The studied crystals
have a chemical composition ranging from erionite-Ca to erionite-Na and display variable
morphologies, varying from prismatic, through acicular and fibrous, to extremely fibrous asbesti-
form habits. The fibrous samples were characterized by an unusual preferred partition of alumi-
num (Al) at tetrahedral site T1 instead of tetrahedral site T2. Further, a mismatch between the
a-parameter of erionite-Ca and levyne-Ca that are intergrown in the asbestiform sample was
detected. This misfit was coupled to a relevant micro-strain to maintain structure coherency at the
boundary. Erionite occurs in 65% of the investigated sites, with an estimated quantity of 10 to 40
vol% of the associated minerals. The presence of this mineral is of concern for risk to human
health, especially if one considers the vast number of quarries and mining-related activities that
are operating in the zeolite host rocks. The discovery of fibrous and asbestiform erionite in
Northern Italy suggests the need for a detailed risk assessment in all Italian areas showing the
same potential hazard, with specific studies such as a quantification of the potentially respirable

airborne fibers and targeted epidemiological surveillance.

Introduction

A few decades ago, an epidemic of malignant
mesothelioma (MM) was recognized in some vil-
lages of Cappadocia, Central Anatolia, Turkey
(Artvinli and Baris 1979; Baris et al. 1978, 1979).
According to mineralogical studies and analysis of
lung content, this epidemic was unequivocally
linked to the occurrence of fibers of erionite of
inhalable size in the region’s bedrock (Baris et al.
1987, 2011; Carbone et al. 2007; Dogan et al. 2006;
Emri et al. 2002; Metintas, Hillerdal, and Metintas
1999). Further, experimental studies demonstrated
that fibrous erionite of inhalable size is more car-
cinogenic and more active than chrysotile and

crocidolite asbestos in increasing the incidence of
mesothelioma (Andujar et al. 2016; Bertino et al.
2007; Coffin, Cook, and Creason 1992; Croce et al.
2013; Crovella et al. 2016; Davis et al. 1991; de
Assis, Locatelli, and Isoldi 2014; Dogan 2012; Hill,
Edwards, and Carthew 1990; Hillegass et al. 2013;
Pollastri et al. 2014; Wagner et al. 1985; Zebedeo
et al. 2014). For these reasons, and according to
epidemiological data (Baris et al. 1978, 1979, 1987;
Baumann and Carbone 2016; Carbone et al. 2007;
Carbone and Yang 2012; Demirer et al. 2015;
Kliment, Clemens, and Oury 2009; Kokturk et al.
2005; Temel and Giindogdu 1996), erionite has
been classified as carcinogenic mineral for human
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health and referred to as a Class 1 carcinogen by
the International Agency for Research on Cancer
since 1987, and at present, it is categorized as the
most carcinogenic mineral (IARC 1987, 2012).
Despite the fact that erionite was considered for a
long time as a relatively uncommon mineral (Bish and
Ming 2001; Passaglia and Galli 1974), this fiber was
recently found in many localities worldwide
(Supplementary Material, Table S1). In Italy, the
occurrence of erionite was reported in some areas of
Sardinia and Veneto regions (Giovagnoli and
Boscardin 1979; Passaglia and Galli 1974; Passaglia
and Tagliavini 1995; Pongiluppi, Passaglia, and Galli
1974). Although it is known that this fiber is highly
dangerous, a systematic investigation and mapping of
its distribution are still missing for the Italian area,
and little attention has been devoted to examining the
potential adverse health risks attributed to environ-
mental exposures. Recently, new occurrences of erio-
nite were detected in volcanic rocks of NE Italy
(Giordani et al. 2016; Mattioli, Cenni, and Passaglia
2016a), suggesting that this hazardous mineral may be
more widespread than currently presumed, especially
in other areas with suitable geological characteristics.
The aim of the present investigation was to provide
a field description and detailed mineralogical charac-
terization of selected samples of potentially carcino-
genic fibrous erionite recently discovered in the
Lessini Mountains (Veneto region, NE Italy).
Scanning electron microscopy (SEM) with energy-
dispersive spectroscopy (SEM-EDS) and X-ray pow-
der diffraction (XRPD) data were combined and inte-
grated, in order to characterize from a crystal
chemical and structural point of view this health-
threatening mineral. Another aim of this study was
to review the locations in which erionite fibers were
detected and described in Italy, trying to recognize the
other geological settings where it may potentially
occur. This information represents a useful basis for
future studies by geological, mining, and medical
investigators, in particular, aimed at examining poten-
tial correlations between geological occurrences and
epidemiological data of the distribution of pulmonary
diseases typically related to erionite exposure.

Mineralogy

Erionite was first identified near Durkee, Oregon,
(USA) by Eakle (1898) who described the “woolly”

variety (the erionite name derives from the Greek
word for wool) that occurs at the type locality
consisting of white, woolly-like fibers. Erionite is
a zeolite belonging to the ABC-6 family (Gottardi
and Galli 1985). It is hexagonal, space group P65/
mmc, unit-cell parameters a = 13.19-13.34 A,
¢ = 15.04-1522 A (Alberti et al. 1997; Bish and
Ming 2001; Cametti et al. 2013; Deer et al. 2004;
Gualtieri et al. 1998; Staples and Gard 1959), and
average chemical formula Na,K,Ca;[Al;(Si,607,]
30H,0. Its framework consists of (Si,Al)O, tetra-
hedra linked together to form single or double
layers of six-membered rings, whose stacking
along the z-axis, following the AABAAC sequence,
produces three types of cages: a double six-mem-
bered [D6 R] ring (empty), a cancrinite [CAN]
cage (preferred by K), and an erionite [ERI] cavity
hosting Ca, Na, Mg, and additional K (Alberti
et al. 1997; Ballirano et al. 2009; Bish and Ming
2001; Cametti et al. 2013; Deer et al. 2004;
Gottardi and Galli 1985; Passaglia, Artioli, and
Gualtieri 1998).

Previously, erionite was described as a single
mineral species (Gude and Sheppard 1981;
Passaglia and Sheppard 2001; Sheppard and Gude
1969), while at present it is classified as a series,
owing to a significant chemical variability, consist-
ing of three different species, erionite-K, erionite-
Ca, and erionite-Na, depending upon the most
abundant extra-framework (EF) cation (Ballirano
et al. 2009; Coombs et al. 1997; Dogan and Dogan
2008; Dogan, Dogan, and Hoskins 2008).

Erionite is often misidentified with offretite, a
closely related zeolite (AAB stacking sequence).
The distinction between these species may be dif-
ficult because of their physical, chemical, and
structural similarities, and because of the possibi-
lity of their intergrowth within a single crystal
(Gualtieri et al. 1998; Passaglia, Artioli, and
Gualtieri 1998). The most significant discrimina-
tion between erionite and offretite is based upon
the Mg/(Ca + Na) cation ratio. Under such aspect,
offretite displays values close to 1, whereas those of
erionite do not exceed 0.3 (Passaglia, Artioli, and
Gualtieri 1998). Among the minerals that might be
found in intimate association with erionite, levyne,
another ABC-6 zeolite (AABCCABBC stacking
sequence), is the most relevant as it generally
forms an epitaxial intergrowth, giving rise to an
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alteration of levyne-erionite layers (Giordani et al.
2016; Passaglia and Galli 1974; Rinaldi 1976; Wise
and Tschernich 1976).

Erionite geology

Erionite, as well as many other zeolites, often has
hydrothermal origin and is related to the presence
of fluids arising and/or heated from below (Wylie
and Candela 2015). Under favorable conditions,
these hydrothermal solutions can be able to induce
crystallizations in the empty spaces of traprocks,
especially in the case of high-vesiculated tuff and
lavas (Bish and Ming 2001; Gottardi and Galli
1985; Passaglia, Artioli, and Gualtieri 1998).
However, Bish and Ming (2001) recognized that
huge quantities of zeolites also occur as low-tem-
perature, low-pressure alteration products of pyr-
oclastic material, and that many of the zeolites
filling vugs and cavities of basalts are diagenetic
in origin, being precipitated directly from ground
water percolating through the rock mass.

In recent years, erionite has been recognized as
important mineral in low-grade metamorphic and
in a variety of sedimentary rocks of different
lithology, age, and depositional environments.
Erionite of sedimentary origin might originate
from a variety of precursor materials including
volcanic glass and aluminosilicate minerals that
react to form zeolites by dissolution-precipitation
processes (Bish and Ming 2001; Deer et al. 2004;
Gottardi and Galli 1985; Passaglia, Artioli, and
Gualtieri 1998). Erionite from Cappadocia,
Turkey, appears to have formed in this manner
where huge deposits of volcanic tuffs have under-
gone, after deposition, a series of geochemical
changes including dissolution of volcanic glass
and re-precipitation of smectite, followed by wide-
spread crystallization of erionite in the pore
spaces. Most erionites in sedimentary rocks occur
as microscopic or submicroscopic crystals being
therefore hardly recognizable in the hand speci-
men. However, deposits of this type are volumi-
nous and display significant geological relevance
and economic/toxicologic potential.

Erionite is just one among several natural zeo-
lites commonly occurring with fibrous habit and is
by far the most studied from the toxicological
point of view. However, attention is in the

JOURNAL OF TOXICOLOGY AND ENVIRONMENTAL HEALTH, PART B ‘ 3

scientific community to determine whether fibers
of zeolites such as mordenite, clinoptilolite, phil-
lipsite, offretite, thomsonite, mesolite, scolecite,
natrolite, paranatrolite, gonnardite, mazzite, rog-
gianite, and perlialite may also be hazardous to
human health. As reported in the IARC
Monograph (1997), there is inadequate evidence
in humans for carcinogenicity of zeolites other
than erionite, and there is inadequate evidence in
experimental animals for carcinogenicity attribu-
ted to clinoptilolite, phillipsite, and mordenite.
Nevertheless, recent investigations on the surface
properties of selected fibers of zeolites revealed
that the availability of surface sites for adsorption
and interacting ability is significant not only for
erionite, but also for fibrous offretite and scolecite
(Mattioli et al. 2016b). Considering that these
properties may be related to carcinogenic poten-
tial, a great necessity emerges to increase the avail-
able information on these minerals, given the
abundant occurrence of zeolite deposits
worldwide.

Erionite health risks

It is well known that small particles, especially
those with fibrous morphology, generate biological
processes leading to toxicity and carcinogenicity
inside the lungs (Andujar et al, 2016; Aust, Cook,
and Dodson 2011; Coffin, Cook, and Creason
1992; Cook, Palekar, and Coffin 1982; Crovella
et al. 2016; Davis et al. 1991; Fubini 2001; Larson
et al. 2016; Lemen 2016; Millette 2006; Pott et al.
1987; Stanton et al. 1981; Wagner et al. 1985). One
of the most important factors that define the
adverse health severity of a mineral fiber is its
breathability, which depends on the size including
length, diameter, and relative ratio and the aero-
dynamic equivalent diameter (Aust, Cook, and
Dodson 2011; Boulanger et al. 2014; Dodson,
Atkinson, and Levin 2003; Lee 1985; Millette
2006, 2015; Oberdorster, Oberdorster, and
Oberdorster 2005; Pott et al. 1987; Stanton et al.
1981; Wylie and Candela 2015). The fibers bioper-
sistence is also an important factor for their toxi-
city and carcinogenicity (Fubini 2001; Hesterberg
et al. 1998; Maxim et al. 2006). It was postulated
that a fiber with critical dimensions may be carci-
nogenic if sufficiently durable to remain
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chemically and physically intact in lung tissue
(Muhle, Bellmann, and Pott 1991; Oberdoérster,
Oberdorster, and Oberdorster 2005). The fibers
biopersistence is also related to their chemical
composition, with some elements potentially play-
ing a key role to determine carcinogenicity such as
the presence of iron (Ballirano et al. 2015;
Bonneau, Malard, and Pezerat 1986; Crovella
et al. 2016; Fubini 2001; Gazzano et al. 2005;
Wiseman and Halliwell 1996). Further, trace ele-
ments content, including As, Be, or Pb, and some
rare earth elements, may also play a role in fiber
toxicity (Bloise et al. 2016).

Other features such as specific surface area,
interacting capability, durability, structure, net
charge, and microtopography might also act as
important factors in particle-induced toxicity and
carcinogenicity (Hochella 1993; Lippmann 1988;
Mattioli et al. 2016b; Oberdorster, Oberdoérster,
and Oberdorster 2005). It is relevant to note that
these features are the same for a given mineral
species regardless of the morphological habit. For
this reason, nonfibrous particles released from
erionite with prismatic habit might also be con-
sidered potentially able to elicit reactions in the
respiratory system. Moreover, the potential for
reactivity is further enhanced for some dusts like
erionite because of inherent pores/voids, which
create notable surface areas for reactions to occur
in a biosystem. In addition, fibrils originating by
splitting of fibers may display different mechanical
behaviors such as brittleness or flexibility, and this
feature represents a critical factor in the assess-
ment of the hazard.

Much of the scientific knowledge regarding
toxicity and carcinogenicity of fibrous particles
arise from studies carried out on asbestos, cer-
tainly the most studied mineral fibers. However,
in recent years the number of studies devoted to
erionite fibers has significantly increased, shedding
new light on the toxicology of fibrous particles.
Most of the investigations focused on the
Cappadocian emergency following observation of
a high mortality rate from MM in the local popu-
lation (Carbone et al. 2007; Dogan 2003). Recently,
targeted epidemiological studies were performed
in other sites of the world, with the aim of clarify-
ing whether high incidences of typical asbestos-
related lung diseases are linked to the natural

presence of erionite fibers. Within a few years,
deaths attributed to inhalation of erionite fibers
were confirmed in Turkey (Carbone et al. 2011;
Dogan et al. 2006), USA (Carbone et al. 2011;
Saini-Eidukat and Triplet 2014), Mexico (Ortega-
Guerrero et al. 2015), and possibly Iran (Ilgren,
Kazemian, and Hoskins 2015). Notwithstanding
the growing interest in this particular zeolite and
important findings noted regarding the mechan-
isms underlying carcinogenesis and potential
genetic predispositions (Ballirano and Cametti
2015; Ballirano et al. 2015; Carbone and Yang
2012; Hillegass et al. 2013; Lemen 2016; Metintas
et al. 2010; Pollastri et al. 2015), the precise
sequence of events ranging from deposition of
fibers in the human respiratory tract to production
of related diseases has not been fully clarified.

Field description and materials

The studied samples are from the Tertiary basalts
of Northern Italy (Figure 1), where a thick
sequence of lava flows of Veneto Province exten-
sively crops out (Beccaluva et al. 2007; Bonadiman
et al. 2001; De Vecchi and Sedea 1995; Milani,
Beccaluva, and Coltorti 1999). Whereas the domi-
nant magmatism in the western side of the
Northern Apennines during the Tertiary is of sub-
duction-related type (Mattioli et al. 2012), an
extensional-related volcanic activity developed in
the eastern side of the South Alpine foreland, with
the greatest part of the eruptions taking place in
submarine environments. Several magmatic pulses
occurred between the Late Paleocene and Miocene
periods, all of which were of a short duration and
separated by periods of magmatic inactivity during
which shallow-water carbonate sedimentation
occurred (De Vecchi and Sedea 1995).

The Tertiary basalts of the Veneto Province are
well known to be suitable host rocks for the devel-
opment of secondary mineral associations (Cenni
2009; Mattioli, Cenni, and Passaglia 2016a). These
secondary mineral assemblages that develop
within vesicles and veins are mainly concentrated
at the bottom and at the top of each basaltic lava
flow. The lower level consists of a thin (up to
30 cm thick), discontinuous, vesicular interval
with vesicles of less than 10 vol%, ranging from 1
to 5 cm in diameter. The wupper level is
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Figure 1.

characterized by altered facies with a huge quantity
of vesicles and important concentrations of sec-
ondary minerals. At the top of this level, which is 5
to 10 m thick, the vesicularity is approximately 40
vol%, with vesicle diameters from 0.1 to 1 cm,
whereas at the base of the upper zone the dia-
meters of the vesicles increase to up to 20 cm
and the associated porosity is in the range 5-10
vol% (Mattioli, Cenni, and Passaglia 2016a).
Secondary minerals from veins and vesicles were
investigated during several field trips. More than
one thousand vesicles were studied in the field,
approximately 300 of which were sampled and
analyzed for identification of secondary minerals.
Locations, geographic coordinates, assemblages of
secondary minerals, and estimated amounts of
erionite are summarized in Table 1.

The secondary phases are mainly zeolites and
clay minerals, which represent approximately 90
vol% of total secondary minerals; other silicates
(apophyllite, gyrolite, prehnite, pectolite) are rare,
as are oxides (quartz) and carbonates (calcite, ara-
gonite). Clay minerals, which form botryoidal

aggregates, are generally the first minerals that
precipitated along the walls, whereas the core of
the vesicles commonly contains well-shaped zeo-
lites. The thickness of the coating is generally less
than 0.5 mm, while the zeolite crystals range in
size from <1 mm to 1 cm. Among zeolites that are
normally the last phases to crystallize, typical vesi-
cle infillings consist of, in order of abundance,
chabazite, phillipsite-harmotome, analcime, natro-
lite, gmelinite, and offretite. Heulandite, stilbite,
and erionite are less common, whereas willhender-
sonite and yugawaralite are rare.

Frequently, several species are present within
the same vesicle, even if only one or two of these
minerals are detected. The occurrence of different
zeolite species and their frequency in the studied
rocks is nonhomogeneous, and their associations
may be significantly different on both the outcrop
and sample scale, showing a variability that might
be in the order of a few centimeter. By comparing
all of the detailed systematic observations of the
assemblages of the main secondary minerals (zeo-
lites and clay minerals), it is apparent that erionite
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is present in 65% of the investigated outcrops, with
an estimated amount varying from 10 to 40 vol%
of total secondary minerals (Table 1).

From the entire suite, four representative sam-
ples of erionite were investigated in this study. The
four samples were selected on the basis of the
main morphological types observed for all erionite
occurrences in this area: (1) prismatic crystals with
a solid appearance (MC35); (2) acicular crystals
with rigid behavior (MF2); (3) acicular to fibrous
crystals with rigid to flexible mechanical behavior
(MB170); and (4) extremely fibrous with flexible,
hair-like appearance (BV201). Morphometric and
preliminary chemical data of MF2 and BV201
samples were reported in Giordani et al. (2016).
In this investigation, the mineralogical character-
ization was completed and data integrated with
those of the new samples MC35 and MB170, in
order to present a picture as comprehensive as
possible of the distribution and types of erionite
in Italy.

Analytical methods
Scanning electron microscopy

The morphological investigation was carried out at
the University of Urbino Carlo Bo using a SEM
FEI Quanta 200 FEG environmental scanning elec-
tron microscope (ESEM) equipped with an
energy-dispersive X-ray spectrometer (EDAX) for
semiquantitative chemical analyses. The micro-
chemical composition was determined at the
Dipartimento di Scienze della Terra, Sapienza
Universita di Roma, using a SEM FEI Quanta
400 equipped with an EDS system. Operating con-
ditions were 15 kV accelerating voltage, 11 mm
working distance, 0° tilt angle, and 1 um beam
diameter. Chemical data were collected at 30 ana-
lytical points. The final crystal chemical formula
was calculated, after renormalization of chemical
analyses hypothesizing a water content of 18.5 wt.
% (corresponding to approximately 30 atoms per
formula unit, apfu), on the basis of 36 (Si+Al)
apfu. As previously suggested (Goldstein et al.
1992; Pacella, Ballirano, and Cametti 2016; Reed
1993; Sweatman and Long 1969), in order to mini-
mize the alkali metal migration, chemical data
were acquired using a low counting time (up to
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10 sec) and a raster scan mode to reduce the
temperature increase. The reliability of the chemi-
cal analysis used to classify the erionite samples
was evaluated by using the charge balance error
formula (E%: Passaglia 1970; Passaglia, Artioli, and
Gualtieri 1998), the Mg-content (Dogan and
Dogan 2008; Dogan, Dogan, and Hoskins 2008),
and K-content tests (Cametti et al. 2013).
Chemical analyses of zeolites are considered to be
reliable if the balance error (E%) is within +10%.
To evaluate the quality of the SEM-EDS micro-
chemical data, two samples (BV201 and MEF2)
were also investigated by electron microprobe ana-
lysis (EMPA). Pure crystals from these samples
were prepared embedding a fraction of fibers in
epoxy resin. Compositions were determined at the
Istituto di Geoscienze e Georisorse, CNR, Padua,
using a Cameca SX50 EMPA equipped with wave-
length-dispersive spectrometry (WDS). According
to the recommended protocol for the quantitative
determination of zeolite compositions by EMPA
(Campbell et al. 2016), the following conditions
were used: reduced counting time (up to 10 sec),
beam diameter 20 pm, accelerating voltage 15 kV,
low beam current, and element prioritizing with
the spectrometer configuration. Silicates, oxides,
and pure elements were used as standards; analy-
tical errors are 1-2% rel. and 3-5% rel. for major
and minor elements, respectively. Comparing the
compositions of the duplicate samples, no relevant
differences between the two datasets were
observed, indicating the full reliability of the che-
mical data obtained by the SEM-EDS technique.

X-ray powder diffraction

XRPD data were collected only for samples BV201
and MB170 owing to their fibrous habit and cor-
responding potential toxicity for humans. Bundles
of fibers were selected under a binocular micro-
scope and reduced to powder using an agate mor-
tar and pestle that were loaded into 0.7 mm
diameter SiO, glass capillaries. Data from XRPD
were collected in transmission mode using a D8
advance diffractometer (Bruker AXS, Karlsruhe,
Germany) operating in 6/0 geometry. The instru-
ment is fitted with focusing Gobel mirrors on the
incident beam, Soller slits on both incident and
(radial) diffracted beams, and a PSD VANTEC-1
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detector. Preliminary diffraction patterns indicated
the occurrence of relevant amounts of levyne-Ca
(BV201) and minor calcite and barite (MB170).
Structure refinements were carried out by the
Rietveld method using TOPAS v.4.2 (Bruker
AXS, 2009) and modeling the peak shape by fun-
damental parameters approach (FPA). Owing to
the relatively similar chemical composition, the
selected starting structural model of erionite was
taken from Alberti et al. (1997). Structural data of
levyne-Ca were taken from Sacerdoti (1996),
whereas those of barite and calcite from Jacobsen
et al. (1998) and Ballirano (2011), respectively. The
same Rietveld refinement procedure used by the
present research group was adopted in several
structure refinements of erionite fibers (Ballirano
et al. 2009; Ballirano and Cametti 2012).
Absorption correction was performed following
the procedure of Sabine et al. (1998), and the
occurrence of preferred orientation was modeled
by spherical harmonics selecting the number of
terms to be employed according to the procedure
devised by Ballirano (2003). In the case of sample
MB170, the refinement was performed using the
ellipsoid model of Katerinopoulou, Balic-Zunic,
and Lundegaard (2012) describing the diffrac-
tion-vector dependent broadening of diffraction
maxima. Miscellaneous data of the refinements
are listed in Table 2. Rietveld plots of both samples
are shown in Figure 2.

Morphology

The main morphological features of the investi-
gated erionites are illustrated in Figure 3.

In the MC35 sample, erionite commonly occurs
as elongated, prismatic crystals having a length of
about 100-500 um and a diameter ranging from
10 to 50 pm (Figure 3a). SEM images show that
some crystals possess well-formed hexagonal cross
sections, while other crystals exhibit irregular
morphologies. Much of erionite occurs in radial
aggregates or spherulites up to a millimeter in size.
More rarely, erionite occurs in stubby bundles of
5-80 pm in length, each of them consisting of tens
to hundreds of individual crystals. In this sample,
all crystals display a solid appearance and a rigid
behavior and no fibrous elements detected.
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Table 2.
Instrument Bruker AXS D8 Advance
Radiation CuKa
Primary and secondary radius (mm) 250
Detector PSD VANTEC-1

Sample mount
Incident beam optics

Detector window (°)
Divergence slits (°)
Soller slits

26 range (°)
Step size (°26)
Counting time (s)
a (B

c (A

Volume (A%)
c/a

RBragg (%)

R, (%)

Rup (%)

GoF

Weighted DWd
Micro-strain &g
Lvol (nm)

ra (nm)

re (nm)

Rotating capillary (60 r/min)
60 mm multilayer (Gobel)
focussing X-ray mirror

6

0.3

Primary beam (2.3°);
diffracted beam (radial)

BV201 MB170
6-145
0.022
10
13.34082(18) 13.31490(13)
15.1229(3) 15.09267(19)
2330.94(8) 2317.25(5)
1.1342 1.1335
0.356 0.966
1.445 1.729
1.877 2.329
1.714 3.645
0.758 0.237
0.0736(17) 0.0445(17)
72.3(9) -

- 576(9)

- 567(11)

In the MF2 sample, erionite is present as single,
acicular crystals with diameter of approximately
5 um and length up to 150 pm demonstrating
hexagonal section, or as discrete aggregates of sev-
eral crystals generally radiating from a central
point, joined to form packets of larger size (about
50 pum), where the hexagonal symmetry of each
crystal is still recognizable (Figure 3b). Based on
SEM observations, the well-developed hexagonal
section is present only in the terminations of crys-
tals, consisting of perfect hexagonal prisms of
about 15 pm in diameter and 10-20 pum in length.
In contrast, the main body of the crystals is thin-
ner (diameter approximately 5 um) and loss of any
reference to the hexagonal basal section. The short
hexagonal prisms forming the termination of the
crystals show a solid appearance, whereas the main
body tends to split up into a great number of
fibrils with rigid behavior, partially or totally sepa-
rated from the main crystal body (Giordani et al.
2016). The MF2 sample displays a marked ten-
dency to subdivide into fibers and fibrils with
rigid behavior, which are characterized by variable
length and diameter. Regarding the length, the
majority of the fibers demonstrate a size generally

up to approximately 30 um, rarely longer, while, in
terms of diameter, these fibrils are commonly
thinner than approximately 1.5 pm.

In the MB170 sample, erionite occurs as acicu-
lar to fibrous crystals always grouped in radial
aggregates forming spherules up to one millimeter
in size (Figure 3c). The acicular crystals possess
dimensions up to some hundreds of millimeter in
terms of length and up to approximately 10 um in
diameter. At higher magnification, the spherules
and prisms that compose them appear as consti-
tuted by bundles of rigid fibers of small diameter,
generally less than a few millimeter (Figure 3d).
Moreover, whenever fractures and discontinuities
occur in these bundles, the presence of a large
number of small fibrils was noted with rigid to
flexible behavior, with length ranging up to
approximately 30 um and small diameter, consis-
tently smaller than 1 um.

The BV201 sample consists of two mineralo-
gical species, erionite and levyne, which are
grown in intimate association (Figure 3e). This
particular intergrowth was previously reported
in the Italian area, particularly in Sardinia
(Passaglia and Galli 1974) and in the Lessini
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Figure 2.

Mounts (Giordani et al. 2016). In BV201 sam-
ple, levyne displays a highly tabular habit with
hexagonal section and millimeter size, while
erionite grows up normally to the levyne sur-
faces, forming a typical erionite-levyne-erionite
sequence (ELE), which may also be repeated
several times forming a “sandwich-like” mor-
phology. In this sample, erionite is character-
ized by an extremely fibrous habit which
consists of flexible fibers grouped in bundles
of a few tens of millimeter in diameter and

2theta (°)

variable length up to approximately 100 pm
(Figure 3f). These bundles are consistently
prone to separate in a myriad of thin fibers
and fibrils of variable size in terms of length
(from approximately 5 to 85 pm, main mode
40-60 pm), but homogeneous in terms of dia-
meter, which is <0.3 pm. In this sample, erio-
nite demonstrated the typical woolly aspect of
the holotype from Durkee, Oregon (Eakle 1898;
Staples and Gard 1959).
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Figure 3.

Chemistry

The point analyses of the samples are highly consis-
tent, showing a variation of major elements within
2-3%, indicating a high degree of chemical homo-
geneity of each sample. The chemical data of the
investigated samples (i.e., analyses passing the qual-
ity checks described in analytical methods) are pre-
sented in Table 3 and depicted diagrammatically in
Figure 4. The prismatic erionite from MC35 has an

average chemical formula (Ca,goK; 20Na; 35Mgp26)
[Al;¢ 09Si5591072]-30.23H,0 and classified as erio-
nite-Ca (Figure 4). Ca®" is generally the prevailing
EF cation with a content ranging from 2.12 to 3.51
apfu, but the amount of K" and Na” is also high:
2.04-2.51 apfu and 0.29-2.62 apfu, respectively. In
contrast, the Mg>* content is low, 0.11-0.48 apfu,
leading to a Mg/(Ca+Na) ratio, which is considered
the most significant parameter for the distinction
between erionite and offretite, of 0.06 (range 0.03-
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0.11). However, if one examines the data in more
detail, it may be noted that the chemical composi-
tions of the analyzed crystals define two distinct
fields in the Figure 4 diagram. The first group of
crystals are typically erionite-Ca having Ca>* as the
dominant EF cation, while K" is slightly subordinate
and Na' is present in low amounts. The second
group of crystals display a composition that falls in
the central part of the triangular plot, corresponding
to comparable amounts of the EF cations Ca>*, K,
and Na'. Unfortunately, these two chemical popula-
tions of crystals do not correspond to any difference
in morphology and/or physical properties, making
their distinction not possible utilizing only macro-
and/or microscopic investigations. For this reason,
in this sample there is reference to an intermediate
composition between those of the two populations.

The prismatic to acicular erionite from MF2 has an
average chemical formula (Na, 43K, 0sCa;50Mgo2s)
[Alg 7,8157.2807,]-29.90H,0. According to the prevail-
ing EF cation (Na': 2.23-2.75 apfu), it is classified as
erionite-Na. However, because significant amounts of
other EF cations are also present (K": 1.92-2.32 apfu;
Ca®": 1.30-2.18 apfu), the composition of this sample
falls toward the central part of the classification dia-
gram of erionite (Figure 4). The Mg”" content ranges
from 0.04 to 0.52 apfu corresponding to a Mg/(Ca
+Na) ratio of 0.07 (range 0.01-0.13).

The acicular to fibrous erionite from MB170 is
classified as erionite-Ca (Figure 4) according to its
average chemical formula (Ca, ;K 44Nag 46Mgo 33)

[Aly 06Si26.91072.01]-30.02H,0. Ca** is the prevail-
ing EF cation (2.44-3.09 apfu), but K' is only
slightly less abundant (2.05-2.81 apfu). In contrast,
Na" content is lower (0.28-0.65 apfu) and compar-
able to that of Mg>* (0.22-0.45 apfu: Mg/(Ca
+Na) = 0.10, range 0.08-0.16).

The extremely fibrous erionite from BV201 dis-
plays an average chemical formula
(Ca351K;.21Nag 30Mgg 26) [Al1.355125,65072]-30.23H,0
and classified as erionite-Ca (Figure 4). Ca®* content
ranges from 2.96 to 3.81 apfu, whereas that of K" is
consistently lower (1.93-2.56 apfu). Similar to MB170,
the Na™ content (0.14-0.87 apfu) is comparable to that
of Mg** (0.03-0.43 apfu: Mg/(Ca+Na) = 0.07, range
0.01-0.11).

Structure of the fibrous samples

A full structure refinement was carried out for
erionite and levyne (sample BV201) and erionite
(sample MB170). However, due to the presence of
a mixture of two phases occurring almost exactly
at 50 wt % (sample BV201), it is postulated that
the structural results are less accurate than those
retrieved for sample MB170, in particular, as far as
the EF cation and water molecules position and
population is referred to. Therefore, in this section
mainly the structural features of MBI170 are
described. Fractional coordinates, isotropic displa-
cement parameters, site multiplicity and occu-
pancy, and site scattering of MB170 are reported
in Table 4. Relevant bond distances and contacts
are presented in Table 5. Fractional coordinates,
isotropic displacement parameters, site multipli-
city and occupancy, and site scattering of BV201
are provided in Supplementary Material, Table S2.

The cell parameters and volume of samples
BV201 and MBI170 are a = 13.34082(19) A,
15.1229(3) A, V = 2330.94(8) A’ and
a = 1331490(13) A, ¢ = 15.09267(19) A,
V = 2317.25(5) A3, respectively (Table 2). Owing
to the fact that in recent years several samples of
fibrous erionite were characterized in detail from
the crystal chemical and structural point of view, a
new graph, reporting the dependence of the cell
volume on R = % derived from chemical data
(Figure 5), is proposed. This relationship was first
reported by Passaglia, Artioli, and Gualtieri (1998)
using a set of 23 samples that were implemented in
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Table 5.
T1

1.609(4)

-06

T2

1.629(2)

1.652(4)
1.654(2)
1.660(5)

-02

1.632(4)
1.640(4)
0.84(2)
2.243(14)
3.037(4)
3.287(5)

-01 x2
-05
-0W12
-OW9 x2

K2

2.972(5)

-03

-04

-01
-02 x6

K1

-04 x2

3.427(5)

-03 x6

3.338(12)

-01 x4
-OW8 x4

2.244(15)
2.356(15)
2.82(5)
2.83(3)

-OW8 x3

Cal

-OW9 x3

2.341(15)
3.188(13)
3.36(2)

-OW8 x3

Ca2

-OW10 x3

-OW11 x3

0.94(13)
0.87(4)
2.05(5)
1.56(5)
2.28(3)

Cal

ow7

1.36(10)

1.96(2)
1.74(7)

—_ = = — — — —

ow9

Oow10

-OW10 x3

Ca3

-OW11 x3

-OW9 x3

-OW7 x3

-OW8 x3

-OW10 x3

ow11

the present investigation with nine further sam-
ples. The new equation R = 5% = -0.021 + 5.593
has a correlation factor R (unfortunately it takes
the same symbol of the Si fraction) of 0.98
(R* = 0.96), which represents an improvement
with respect to the value of 0.96 reported by
Passaglia, Artioli, and Gualtieri (1998). It is
worth noting that erionite-K is consistently char-
acterized by a smaller volume (and a high-

erR = %"Al) than that of erionite-Ca. In contrast,

a few fibrous samples of erionite-Na are character-
ized by a volume comparable to that of erionite-K.

The cell parameters of levyne-Ca associated
with erionite in sample BV201 are a = 13.32924
(12) A, ¢ = 22.9296(3) A, V = 3528.08(8) A°.
Owing to the small dimensions of the crystals
and the “sandwich-like” morphology, it was not
possible to retrieve a reliable chemical composi-
tion. Microstructural parameters were obtained by
the analysis of the integral breadths {; of the indi-
vidual reflections (Ballirano and Sadun 2009). In
particular, in the case of BV201 a volume-weighted
mean column height L,,; of 72.3(9) nm and ¢,
micro-strain (lattice strain) of 0.0736(17) were
obtained. In the case of MB170, an attempt to
apply an ellipsoid modeling of the average shape
of the crystallites wusing the approach of
Katerinopoulou, Balic-Zunic, and Lundegaard
(2012) was undertaken. In the hexagonal system,
the shape ellipsoid parameters b;; are constrained
as byy = by, = 2b1; bys = byz = 0. The orientation
of the ellipsoid is such that the principal radii r, X
¢ and r. X c. Nevertheless, the refined r, and .
radii were of 576(9) and 567(11) nm indicating an
isotropic coherency domain that is of one order of
magnitude greater than that of BV201. This is in
agreement with the results of the morphological
analysis by ESEM (see above). Micro-strain was
significantly smaller than that of BV201 as indi-
cated by g, value of 0.0445(17). The moderate
strain of BV201 is related to curling of the fibrils
(Cametti et al. 2013) and possibly to the require-
ment to maintain some coherency at the boundary
with levyne that has a slightly smaller a-parameter
as compared to erionite.

The mean bond distances <T1-O > 1.649 A and
<T2-O > 1.629 A of MB170 are consistent with a
disordered Si/Al distribution (<T1-O>—<T2-
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Figure 5.

O > 0.020 A) leading to a preferential partition of
Al at the tetrahedral T1 site (Table 6). This beha-
vior represents a novelty as our previous structure
refinements of fibrous erionite-K and erionite-Na
samples (Ballirano et al. 2009; Ballirano and
Pacella 2016, 2015; Cametti et al. 2013; Pacella,
Ballirano, and Cametti 2016) consistently indi-
cated a preferential partition of Al at tetrahedral
T2 site, whereas the sample of prismatic erionite-
Ca from Nizhnyaya Tunguska, Siberia, analyzed by
Alberti et al. (1997) was characterized by an almost
identical distribution between T1 and T2. Two R
ratios were calculated by using both the Jones’
determinative curves (Jones 1968) based upon
<T-O> (Rjones) and the regression equation based
upon cell volume, modified from Passaglia, Artioli,
and Gualtieri (1998), and derived in the present
investigation (Ry,)). An Rjones value of 0.755,
resulting from the population of the TI
(Alg.92S1;7 0s) and T2 (Al 9;Si;0.09) Sites, was deter-
mined, as well as an Ry, value of 0.727 (Table 6).
Those values are reasonably close with that of
0.748 obtained from chemical data (Rcpe).
Similarly, the Rjones and Ry, values of 0.714 and
0.698, respectively, were obtained for erionite
BV201, both comparing favorably with Rcpe of
0.713 (Table 6). Simultaneously, an Ryjnes value
of 0.729 was calculated for levyne occurring in
association with erionite in sample BV201. This

T
0.74

T
0.76

value exceeds that commonly observed in levyne
samples (0.62 < R < 0.70; Passaglia and Sheppard
2001). However, as indicated by Ballirano and
Cametti (2013) a relatively high underestimation
of the Al content from <T-O> was found as com-
pared to chemical data for levyne samples.
SEM-EDS analysis of MB170 indicates a total
site scattering (s.s.) of the EF cations of 110(10)
e . This value is in agreement with the s.s. of 137
(5) e obtained from the Rietveld refinement
(Table 4). The relatively low s.s. resulting from
SEM-EDS may be reasonably attributed to EF
cations mobilization. Further, a total of 35.5
(11) water molecules pfu were allocated by the
refinement, in agreement with reference data
(Coombs et al. 1997; Passaglia, Artioli, and
Gualtieri 1998), albeit numerically higher. The
structure is similar to that of erionite-Ca from
Nizhnyaya Tunguska, Siberia (Alberti et al.
1997), except for minor differences in EF cation
and water molecule sites population. Electron
density was detected at the K2 site and, consis-
tently with the chemical analysis, attributed to K
cations in excess of 2 apfu. It was found that the
refined s.s. of K1 + K2 agrees with the K content
quantified by SEM-EDS. Therefore, one might
expect that the relatively large difference
between the total EF s.s. retrieved from the
Rietveld refinement and that from the chemical
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Table 6.

RCht—:‘m

RVoI

RJones

T2
Al 50Sig 50

T
Alg 78511722

<T2-0>

<T1-0>

Species
Erionite (46.08(16) wt.%)
Levyne (53.92(16) wt.%)

Erionite

Sample
BV201

0.698 0.713

0.714

Al10.285125 72

1.6492
1.6503
1.6285

1.6477
1.6437
1.6486

0.729

Als 38511262 Al4,62Si3038
Alg g35i57.17

Alg 54Si26.76
Alg 9,Si17.08

0.727 0.748

0.755

Al; 915i10.00

MB170

Oow10
ow10

05

Figure 6.

data may be predominantly assigned to Na vola-
tilization occurring during the micro-chemical
analysis. EF cation sites coordination is illu-
strated in Figure 6. A reasonable sixfold coordi-
nation for Ca may be observed at Cal
considering 3 x OWS8 at 2.244(15) A and 3 x
OWI10 at 2.82(5) A. Similarly, to the sample of
erionite-Ca investigated by Alberti et al. (1997),
an anomalous coordination of Ca2 was found. In
fact, the present refinement indicates a ninefold
coordination to 3 x OWS at 2.341(15) A, 3 x O5
at 3.188(13) A, and 3 x OW12 at a long 3.36(2)
A distance, which is potentially compatible with
the occurrence of Na. However, the refined s.s.
of 24.9(5) e  largely exceeds that potentially
provided by all available Na (ca. 5 e7). Two
hypotheses may be proposed to justify this
result, a significant volatilization of Na during
SEM-EDS analysis and/or the occurrence of sta-
tic disorder impossible to model under the pre-
sent experimental conditions. A reasonable
sixfold coordination for Ca may be noted at
Ca3 considering 3 x OW9 at 2.29(2) A and 3 x
OW?7 at 2.76(11) A.
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Erionite occurrences and risk assessment in Italy

The initial findings of erionite in Italy date back to
the 1970s, when Passaglia and Galli (1974) and
Pongiluppi, Passaglia, and Galli (1974) reported
the presence of erionite within basic volcanic
rocks in Montresta (OR) and Nurri (CA) areas,
Sardinia region. Data indicated that the erionite
crystals occur as a sub-millimeter coating of slight
thin fibers in epitaxial growth with levyne crystals,
forming a typical sandwich-like intergrowth.
Those crystals were found in vugs and cavities of
weathered andesites and basalts. In the same per-
iod, Giovagnoli and Boscardin (1979) detected the
presence of erionite as fibrous spherulitic aggre-
gates within amygdaloidal basalts at Montecchio
Maggiore (VI), Veneto region. Successively, erio-
nite was also found in the Tertiary volcanites (lati-
tic and trachytic lavas) in the Euganean Hills,
Veneto region (Passaglia and Tagliavini 1995). In
this case, erionite occurs as clear-white radiating
bundles of needles 2-3 mm long, with a chemical
composition dominated by Ca as EF cation.
Examination of secondary mineral assemblages in
the Tertiary volcanic rocks of the Lessini
Mountains indicated a significant occurrence of
erionite (Cenni 2009; Mattioli, Cenni, and
Passaglia 2016a), which is present in 65% of the
investigated outcrops, with an estimated amount
varying from 10 to 40 vol% of the total secondary
minerals. In these volcanic rocks, erionite also
displayed different morphological types, ranging
from prismatic crystals with “rigid” behavior to
extremely fibrous with flexible “hair-like” appear-
ance (Giordani et al. 2016). These features, com-
bined with the significant amounts reported above,
raise concern for adverse effects on human health,
especially if one considers that these basalts often
host active mining or quarrying activities and that
these rocks are extensively used as aggregate in
asphalt and concrete pavements, as a road base,
railroad ballast and cobblestone pavement.
Nonetheless, a detailed description and quantifica-
tion of erionite present in all of these areas are still
lacking.

In addition to these erionite occurrences, it is of
importance to consider that there are many other
volcanic rocks, such as ignimbrites, lavas, and tuf-
faceous sediments, which extensively crop out in
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Figure 7.

further regions of Italy, especially Lazio and
Campania (Figure 7). It is relevant to note that
most of these volcanites possess a huge thickness
and are affected by a variety of secondary miner-
alization processes similar to those described in
other areas where erionite has been widely found
(Ortega-Guerrero and Carrasco-Nuflez 2014;
Saini-Eidukat and Triplet 2014; Van Gosen et al.
2013). Therefore, it cannot be excluded a priori
that erionite, or some other fibrous zeolites, might
also be extensively present in these volcanic rocks.
Nevertheless, most of these rocks have not appar-
ently been investigated with this aim in mind and
specific studies on the occurrence of fibrous
minerals are currently lacking. Given the huge
extension of these volcanic rocks, the possibility
of an environmental exposure to this hazardous
fibrous zeolite needs to be taken into serious
consideration.

The discovery of fibrous erionite in the Lessini
Mountains, coupled with its occurrence as fibers of
inhalable size (Giordani et al. 2016), suggests the
need for a detailed risk assessment in Italy. A risk
assessment requires coordinated actions from gov-
ernment agencies, local health authorities,
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universities, and research centers, in order to
record the presence of erionite or other fibrous
zeolites, recognizing mineral species and quantify-
ing their abundance in rock deposits. At sites
where the presence of fibrous zeolites has been
confirmed by lab results, accurate field surveys
and sampling campaigns need to be planned, in
order to determine detailed geological, strati-
graphic, and structural features, measuring the
thickness, extent of area affected, and volume of
lithostratigraphic units containing these minerals
(Vignaroli et al. 2014). These data may be entered
into a GIS to produce a result that might be used
immediately and in the long period by research
institutes, local authorities, and regional agencies
for environmental protection. At sites where the
presence of hazardous fibrous minerals was con-
firmed, several airborne fibers sampling campaigns
need to be conducted, with the aim to assess the
extent of airborne dispersion produced by natural
agents and human activity. This is of importance
under the situation that these sites host active
mining or quarrying activities, where a quantifica-
tion of the airborne fibers contamination at work-
places is the first fundamental step to propose
measures for environmental risk mitigation. In
addition to the environmental risk related to the
presence of natural erionite, this dangerous fibrous
zeolite may also be present in association with
other zeolites widely used for various purposes
such as petrochemical and nuclear industry, agri-
culture, medical, and domestic uses.

Further, the knowledge of the epidemiology of
mesothelioma linked to erionite in Italy is extre-
mely scarce, and the phenomenon is still little
investigated. While mesothelioma cases attributed
to asbestos exposure are well known and recorded
(INAIL 2012), virtually little is known regarding
domestic cases from exposure to airborne erionite
fibers. In Italy, it is known that approximately 20%
of mesothelioma cases are not linked to asbestos
(INAIL 2012). In particular, one of the highest %
mesothelioma occurrences in Italy during the time
interval 1993-2008 was detected in the Veneto
Region. The contribution of exposure to erionite
cannot be excluded in this significant %.
Unfortunately, epidemiological and public health
data that are available according to administrative
borders (e.g., provincial or regional areas) do not

correspond to the real limits of geological deposits,
in this case erionite-containing  rocks.
Consequently, it is problematic to extrapolate
data regarding incidence of mesotheliomas unre-
lated to asbestos in the Lessini Mountains area
which would provide useful information for
understanding the contribution of erionite. For
this reason, targeted epidemiological surveillance
is necessary for a more comprehensive risk assess-
ment and because these findings may be crucial to
understand the effect of the choices made in the
field of risk management.

Concluding remarks

In this study, new mineralogical, structural, and
chemical data of four representative erionite sam-
ples (MC35, MF2, MB170, BV201) from Northern
Italy were reported, where this carcinogenic zeolite
occurs as fibers of inhalable size. The following
conclusions may be inferred from the present
contribution:

e MC35 is an erionite-Ca characterized by pris-
matic habit with solid appearance and rigid
behavior, and no apparent fibrous elements
were detected. MF2 is an erionite-Na formed
by acicular crystals with a great tendency to
separate fibers and fibrils with rigid behavior.
MB170 is an erionite-Ca showing acicular to
fibrous crystals, often separating in a great
number of small fibrils with rigid to flexible
behavior. BV201 is an erionite-Ca with an
extremely fibrous, hair-like habit, with flex-
ible appearance and a marked tendency to
split up into thin fibers and fibrils. From the
structural point of view, MB170 is character-
ized by an unusual preferred partition of Al at
the T1 site instead of T2 as observed in all
refinements of erionite samples. A discre-
pancy between the total EF s.s. determined
from SEM-EDS and Rietveld refinement was
noted that has been attributed to EF cation
volatilization/migration (mainly Na) during
micro-chemical analysis. A mismatch was
detected between the a-parameter of erio-
nite-Ca and levyne-Ca that are intergrown
in sample BV201. As the single layer of six-
membered rings of (Si,Al)O, tetrahedra,
whose stacking along the z-axis build both
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structures, is common, the mismatch pro-
duced some strain that possibly favors the
curling of fibrils.

® As a whole, erionite is present in 65% of the
investigated outcrops, with an estimated
amount varying from 10 to 40 vol% of the
total secondary minerals, which are crystal-
lized within vugs and cavities of basaltic
rocks. These amounts are significant for
effects on human health, especially if one
considers that these basalts often host active
mining or quarrying activities and that these
rocks are extensively used as construction
material.

e The discovery of fibrous erionite in the
Lessini Mountains suggests the need for a
detailed risk assessment in Italy, with specific
studies such as a quantification of the poten-
tially airborne fibers and targeted epidemio-
logical surveillance. This need is even more
evident if one considers that erionite, or some
other fibrous zeolites, might be potentially
present in many other volcanic rocks, which
extensively crop out in many regions of Italy.
Given the large extension of these volcanic
rocks, the possibility of an environmental
exposure to hazardous fibrous zeolites needs
to be given serious consideration. These
results provide the basis for health and safety
protection programs and for a better scienti-
fic understanding of this carcinogenic fibrous
zeolite.
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