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INTRODUCTION
Fibrous minerals are well-known to have adverse 

effects on human health, a piece of evidence that stems 
from decades of studies of toxicity, carcinogenicity and 

epidemiological data on asbestos minerals (Gualtieri, 
2017, 2023 and reference therein). Asbestos is a term 
presently related to six minerals: one-layer silicate, i.e., 
chrysotile (serpentine group), and five double-chain 

ABSTRACT

This work relates to the occurrence and crystal-chemical characterization of fibrous 
erionite, a carcinogenic zeolite, discovered for the first time in the volcanic rocks of 
Latium, Italy. The erionite samples were investigated using SEM, TGA, PXRD, FTIR 
and Raman spectroscopies. Cell parameters, fractional coordinates and site scattering 
were refined using the Rietveld method. Two different types of erionite were found, 
having different crystal morphologies, chemical composition, and structure. The first 
type is an extremely fibrous erionite-K, with Si/(Si+Al) ratio of 0.77, cell parameters 
a=13.255 Å, c=15.053 Å and cell volume V=2290.49 Å3. The second type is acicular 
to highly fibrous erionite-Na, with a lower Si/(Si+Al) ratio (0.72-0.73) and larger cell 
parameters (a=13.291 Å, c=15.146 Å, cell volume V=2317.35 Å3). Both erionite types 
occur as fibers of inhalable size. The structure of both samples, refined by the Rietveld 
method on powder X-ray diffraction data, collected in transmission mode on capillaries, 
is consistent with that of samples with similar extra-framework cations content. Raman 
and FTIR data are presented and discussed.
The described finding of potentially carcinogenic erionite in the volcanic rocks of 
Latium that are typically rich in zeolites of various nature, both as cavity filling and 
devitrification products of glass, suggests that this hazardous mineral might be more 
common than previously believed in the area and points to the need for detailed and 
more systematic studies.

Keywords: erionite; fibrous zeolites; toxicity; Latium; powder X-ray diffraction, SEM-
EDS, FTIR and Raman spectroscopies.

ARTICLE INFO

Submitted: May 2023 
Accepted: June 2023 

Available on line: July 2023

* Corresponding author:  
michele.mattioli@uniurb.it

Doi: 10.13133/2239-1002/18084

How to cite this article: 
Mattioli M. et al. (2023) 

Period. Mineral. 92, 159-178

First occurrence, crystal-chemistry and structure of erionite, 
a carcinogenic fibrous zeolite, from the volcanic rocks of 
Latium (Italy)

Michele Mattioli 1,*, Matteo Giordani 1, Paolo Ballirano 2, 
Emma Salvioli-Mariani 3, Simone Bernardini 4, Giancarlo Della Ventura 4,5

1 Department of Pure and Applied Sciences, University of Urbino Carlo Bo, via Cà Le Suore 2/4, 
61029 Urbino (PU), Italy

2 Department of Earth Sciences, Sapienza University of Rome, Piazzale Aldo Moro 5, 00185 Roma, 
Italy

3 Department of Chemistry, Life Sciences and Environmental Sustainability, University of Parma, 
Parco Area Delle Scienze 157/A, 43124, Parma, Italy

4 Department of Geological Sciences, University of Roma Tre, Largo San Leonardo Murialdo 1, 
00146 Roma, Italy

5 INFN-Istituto Nazionale Di Fisica Nucleare, Via Enrico Fermi 54, 00044 Frascati (Roma), Italy



Periodico di Mineralogia (2023) 92, 159-178 Mattioli M. et al.160

PM

silicates (amphibole group), i.e., actinolite asbestos, 
amosite, anthophyllite asbestos, crocidolite and tremolite 
asbestos. These fibers are classified as Group 1, i.e., 
carcinogenic to humans, together with fibrous erionite 
that, instead, belongs to the zeolite group (IARC, 2012). 
Although erionite is currently the only regulated fibrous 
zeolite, many recent studies have shown that other zeolite 
species could have negative effects on human health, 
such as ferrierite (Gualtieri et al., 2018; Zoboli et al., 
2019; Mattioli et al., 2022), offretite (Mattioli et al., 2018; 
Giordani et al., 2019), mordenite (Di Giuseppe, 2020; 
Giordani et al., 2022a), thomsonite and mesolite (Giordani 
et al., 2022b), scolecite (Mattioli et al., 2016). Evidences 
of potential toxicity have been also recently obtained for 
other elongated mineral particles (EMPs): fluoro-edenite 
(Comba et al., 2003; Gianfagna et al., 2003; Cardile et 
al., 2004), winchite (Erskine and Bailey, 2018), richterite 
(Sullivan, 2007; Pacella and Ballirano, 2016; Rogers, 
2018;), fibrous glaucophane (Erskine and Bailey, 2018; 
Di Giuseppe et al., 2019; Gualtieri et al., 2021), fibrous 
antigorite (Cardile et al., 2007; Petriglieri et al., 2021), 
balangeroite (Groppo et al., 2005; Turci et al., 2009) and 
also epsomite (Giordani et al., 2022c), talc and the clay 
minerals sepiolite and palygorskite (García-Romero and 
Suàrez, 2013; Larson et al., 2016). To date, erionite shows 
the highest toxic and carcinogenic potential, even higher 
than asbestos (Coffin et al., 1992; Carbone et al., 2011). 

Erionite is potentially present in several areas worldwide 
where rock deposits possibly containing this zeolite crop 
out. Great attention has been initially paid by the scientific 
community and authorities in Turkey, where the relation 
erionite-lung cancer was first demonstrated (Carbone et al., 
2011, 2019), then in USA (Carbone et al., 2011), Mexico 
(Saini-Eidukat and Triplet, 2014; Ortega-Guerrero et al., 
2014), Italy (Giordani et al., 2016, 2017), New Zealand 
(Patel et al., 2021) and Iran (Ilgren et al., 2015). Many 
aspects of erionite and its capability to generate lung 
disease are still unknown, notwithstanding the number of 
performed studies on specific particular physical-chemical 
properties, surface reactivity, interacting capability and 
toxicity (e.g., Pollastri et al., 2014; Mattioli et al., 2016b; 
Cangiotti et al., 2018; Giordani et al., 2022b). 

Erionite occurs mainly as a diagenetic alteration 
product of sediments, in vesicles and cavities of altered 
basalts (Mattioli et al., 2016a), or as a hydrothermal 
alteration product (Gottardi and Galli, 1985). Six 
characteristic geological settings were recognized for 
erionite formation by Patel et al. (2023): hydrothermal 
alteration of silica-rich volcanic deposits, diagenesis 
within lacustrine paleoenvironments, diagenesis within 
mafic rocks, hydrothermal alteration of intermediate 
to mafic rocks, rarely diagenetic product in a marine 
environment, and hydrothermal alteration via meteorite 

impact metamorphism.
Erionite occurs with various habits, from prismatic, 

elongated crystals to extremely fibrous and asbestiform 
(Mattioli et al., 2016b; Giordani et al., 2016; 2017). 
It belongs to the ABC-6 family, with a space group 
P63/mmc, unit-cell parameters a=13.19-13.34 Å, 
c=15.04-15.22 Å; the idealized chemical formula is 
K2(NaCa0.5)8[Al10Si26O72]⋅28H2O (Gottardi and Galli, 
1985; Passaglia et al., 1998; Armbruster and Gunter, 
2001). Three species were recognized based on the 
most abundant extra-framework (EF) cation: erionite-K, 
erionite-Ca, and erionite-Na (Coombs et al., 1997). 
Structurally, the unit cell can be described based on two 
erionite (23-hedron) cages, two cancrinite (ε) cages, 
and two double-6 rings (D6R). Erionite and cancrinite 
cages host the EF cations (erionite: Ca1, Ca2, Ca3, K2; 
cancrinite: K1), while H2O sites (OW7, OW8, OW9, 
OW10, OW11, OW12) are located around the axis of the 
cage coordinating the cations (Ballirano et al., 2017).

Iron has been suspected to play an essential role in the 
toxicity of erionite. Detailed studies show that Fe may 
be surface-deposited (as nanoparticles or thin layers 
containing Fe) or ion-exchanged (including Fe released 
after protein injury inside the human body), participating 
in Fenton chemistry (Eborn and Aust, 1995; Carr and Frey, 
1999; Fach et al., 2003; Ballirano et al., 2015; Matassa et 
al., 2015; Gualtieri et al., 2016; Pacella et al., 2017 a,b; 
Gualtieri, 2018, 2021; Pacella et al., 2021). 

Environmental and occupational exposures to erionite 
are crucial aspects that need to be assessed in Italy. Erionite 
was reported in Sardinia and Veneto regions (Passaglia 
and Galli, 1974; Pongiluppi et al., 1974; Giovagnoli 
and Boscardin, 1979; Passaglia and Tagliavini, 1995; 
Giordani et al., 2016, 2017), but a complete systematic 
investigation of its distribution is still missing. Giordani et 
al. (2017) suggest that this hazardous mineral may be more 
widespread than currently presumed, especially in suitable 
rock formations. However, erionite in volcanic rocks is 
often difficult to recognize and requires detailed fieldwork 
and several sampling phases. Moreover, the accurate 
characterization of erionite fibers needs a combination 
of several analytical techniques, most notably optical 
microscopy, scanning electron microscopy (SEM), powder 
X-ray diffraction (PXRD), and vibrational spectroscopy 
(Fourier Transform Infra-Red, FTIR, and Raman).

In this work, conducted within the project PRIN 2017 
Fibres (Gualtieri et al., 2023, this volume), we present 
the first occurrence of fibrous erionite from the volcanic 
rocks of Latium, Central Italy. Detailed morphological, 
mineralogical, chemical and structural characterizations 
were performed using a multi-methodological approach, 
aiming to improve knowledge of this potentially 
hazardous zeolite.
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GEOLOGICAL BACKGROUND
The erionite samples investigated in this study originate 

from the Vico Volcano, a stratovolcano cut by a summit 
caldera (Figure 1). The Vico Volcano and other volcanic 
districts (Vulsini, Sabatini, and Colli Albani) are part of 
the Roman Magmatic Province, which erupted about 
900 km3 of pyroclastic flow deposits and minor lavas 
between 800 and 20 ka (Peccerillo, 2005 and references 
therein). Rocks range from potassic (K-trachybasalt to 
trachyte) to ultrapotassic (leucite tephrite and leucitite to 

leucite phonolite) in composition (e.g., Perini et al., 2004; 
Conticelli et al., 2013).

The eruptive products of Vico (ca. 420-95 ka) are 
interfingered with the deposits of Vulsini and Sabatini and 
overlie the Monte Cimino dome complex (1.3-0.9 Ma). 
The Vico eruptive history can be summarized into 4 main 
periods (Nappi et al., 2016).

The first period comprises intermittent effusive and 
explosive phases aged between 420 and 400 ka. The 
pyroclastic products of the explosive phases can be referred 

Figure 1. Geological sketch map of the Vico Volcano area (modified from Nappi et al., 2016), with the indication of the sampling site 
(Poggio Nibbio peri-caldera monogenic center). 1 = Vico volcanic rocks; 2 = Sabatini volcanic rocks; 3 = Cimini volcanic rocks; 5 = 
caldera rim; 6 main faults; 7 = crater; 8 = buried crater; 9 = monogenic center; 10 = lava dome.
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to as a series of Plinian eruptions and are distributed NW, 
N and NE of the current apparatus. After a quiescence 
phase (~100 ka), an impressive effusive activity (second 
period, 305-258 ka) causes a continuous stacking of lava 
flows and originated the main stratovolcano. During 
the third period, a pivotal caldera-forming phase (ca. 
250-144 ka) resulted from four significant explosive 
eruptions (ignimbrites A, B, C, D; Locardi, 1965). After 
the emission of the final ignimbrites, a lake basin is 
established inside the caldera. This situation determines a 
substantial variation of the type of activity, which evolved 
to hydromagmatic (fourth period, 138-95 ka). This final 
phase ends with an intense Strombolian and effusive 
activity located in the NE sector of the caldera, leading to 
the construction of the Monte Venere cone and peri- and 
intra-caldera monogenic centers (Figure 1).

Most of the pyroclastic deposits of the Vico Volcano 
are massive and consist of vitreous vesiculated juvenile 
scoriae, enclosed in an ashy matrix often lithified after 
zeolitization processes. The main minerals are chabazite 
and phillipsite, and the zeolitic content is locally variable, 
reaching 68% wt (Novembre et al., 2021). Zeolites usually 
grow by replacing amorphous fractions and pre-existing 
phases inside the matrix and scoriae. More rarely, lava 
flows and pyroclastic scoriae deposits show vesicles filled 
with secondary minerals, which are dominated by zeolites 
of hydrothermal origin.

EXPERIMENTAL
Materials

Two erionite samples (VV67a and VV67b) were 
investigated in this study. They are representative of the 
two different types of erionite found in several volcanic 
fragments sampled in a long-time idle pyroclastic quarry 

(42°21’45.9”N 12°09’51.3”E). These zeolites occur 
within the pyroclastic scoriae and lava fragments erupted 
during the final phase of the Vico Volcano, cropping out 
in the Poggio Nibbio sector (Figure 1). The host scoriae 
and lavas are poorly to highly vesiculated and vesicles are 
often filled with secondary minerals, including erionite 
(Figure 2).

Scanning Electron Microscopy (SEM-EDS)
Morphological observations were attained with a Quanta 

FEI 200 environmental scanning electron microscope 
(ESEM) equipped with an energy-dispersive spectrometer 
(EDS) for semi-quantitative chemical analyses at the 
University of Urbino Carlo Bo. Operating conditions were 
30 kV accelerating voltage, 10 mm working distance, 0˚ 
tilt angle, and variable beam diameter. The ESEM was 
utilized in low vacuum mode, with a specimen chamber 
pressure set from 0.80 to 0.90 mbar.

Microchemical data were acquired by a JEOL 6400 
SEM equipped with an Oxford Linkisis EDS system at 
the University of Parma. Operating conditions were 15 
kV accelerating voltage, 1.2 nA beam current, 1 µm 
beam diameter, 10 mm working distance, 0° tilt angle 
and 60 s counting time. As suggested in previous studies 
(Sweatman and Long, 1969; Goldstein et al., 1992; Reed, 
1993), Na and K were measured first by using a low 
counting time (from 100 s down to 50 s) and a raster scan 
mode, to reduce the temperature increase and minimize 
the alkali metal migration. Natural and synthetic standards 
were used for calibration.

The reliability of the chemical analysis was evaluated 
by using the charge balance error formula (E%: Passaglia, 
1970; Passaglia et al., 1998), the Mg-content (Dogan and 
Dogan, 2008; Dogan et al., 2008) and K-content tests 

Figure 2. a) Vesiculated lava fragment from Poggio Nibbio monogenic center, with vesicles filled by secondary minerals, mainly 
represented by zeolites. b) Detail of a vesicle filled by fibrous erionite, corresponding to the VV67b-type.
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(Cametti et al., 2013). In the case of zeolites, chemical 
analyses are considered reliable if the balance error (E%) 
is within ±10%.

Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) was performed 

on the VV67a sample using a TGA 400 (Perkin Elmer, 
Waltham, MA, USA) with a heating ramp of 10.0 °C/min 
under N2 flow, in the temperature range 30-800 °C.

Powder X-ray Diffraction (PXRD)
The two samples were ground in an agate mortar and 

pestle and powders were loaded into a 0.6 mm (VV67a) and 
a 0.3 mm diameter (VV67b) sealed borosilicate capillary. 
The difference in diameter between the capillaries was 
due to the amount of powder available, which is very 
scarce in the case of VV67b. The capillaries were fixed to 
standard goniometer heads and aligned. Diffraction data 
were collected at Sapienza University of Rome using a 
Bruker AXS D8 Advance equipped with focusing Göbel 
mirrors along the incident beam and a position sensitive 
detector (PSD) VÅntec-1 set to an opening angle of 6° 2θ. 
The instrument operates in θ/θ transmission mode. Data 
were measured in the 5-145° 2θ angular range, 0.021798° 
2θ step size, 40s counting time, using Cu Kα radiation. A 
preliminary check of the purity of the separated materials 
was performed using Bruker AXS DIFFRAC.EVA V5.1 
software and PDF-2 release 2021 (ICDD, 2021) that 
pointed out the occurrence of minor plagioclase, calcite, 
quartz, 1:1 and/or 2:1 layer silicates (VV67a) and traces 
of calcite (VV67b) admixed to erionite. Structure analysis 
was performed by the mixed Pawley/Rietveld method 
described by Pacella et al. (2017a), using Topas V6 
software (Bruker AXS, 2016). The software implements 
the Fundamental Parameters Approach (FPA: Cheary 
and Coelho, 1992) for describing the peak shape. Used 
starting structural data are listed in Table 1. Only the 
peak shape was refined for the minor phases. Absorption 
was corrected using the equation of Sabine et al. (1998) 
for a cylindrical sample. The correlation between 
displacement parameters and absorption was handled 
using the procedure described by Ballirano and Maras 
(2006). Spherical harmonics were applied to correct for 
minor preferred orientation effects, choosing the number 
of appropriate terms (8th-order, six refinable parameters) 
according to Ballirano (2003). Refined structural 
parameters of erionite included fractional coordinates 
and site occupancy fraction (sof) of EF cations and H2O 
sites. Isotropic displacement parameters were refined and 
constrained as follow: BT1=BT2; BO1=BO2=BO3=BO4= 
BO5=BO6; BK1=BK2; BCa1=BCa2=BCa3=BOw8=BOw9=BOw10 
=BOw11=BOw12=2*BOw7 to minimize correlations. To 
simplify the refinement process, following the same 

approach described in Quiroz et al. (2020), the minor 
contribution of layer silicates to the pattern of sample 
VV67a was approximated by single peaks at 2θ values 
(ca. 19.9°, 26.9°, 34.8°, 55.7°, 61.6°, 67.8°2θ) consistent 
with a hexagonal a=5.16 Å c=14.83 Å lattice. Therefore, 
quantification of layer silicates was not performed, but a 
rough estimate, based on relative peaks intensity, suggests 
a content well below 5 wt%.

Vibrational (FTIR and Raman) spectroscopies
FTIR spectra were collected in the entire 7000-600 cm-1 

range at INFN, Laboratori Nazionali di Frascati (Rome) 
using a Bruker Hyperion 3000 microscope attached to 
a Vertex V66 optical bench and equipped with a KBr 
beamsplitter and a MCT N2-cooled detector. The nominal 
resolution was set at 4 cm-1 averaging 128 scans on both 
peak and background. A beam size of 50 μm was used.

Raman measurements were performed at the Raman 
Spectra Lab, Department of Science, Roma Tre 
University, at room temperature using an inVia Renishaw 
spectrometer equipped with a diode laser (532 nm, 
output power 50 mW), an edge filter, 1800 lines per mm 
diffraction grating and a Peltier cooled 1024×256 pixel 
CCD detector. Samples were mounted on the manual 
stage of a Leica DM2700 M confocal microscope. In 
order to avoid sample degradation, neutral filters have 
been used to reduce the laser power to 5 mW. Spectral 
acquisitions (three accumulations, 30 s each) have been 
performed with a 50× objective. The Raman spectrometer 
was calibrated before the measurements using a Si wafer. 
The peak positions are estimated to be accurate to at least 
±2 cm-1.

RESULTS AND DISCUSSION
Scanning Electron Microscopy (SEM-EDS)

The two investigated erionite samples show different 
morphologic types whose main features are illustrated in 
the SEM images in Figure 3.

Sample VV67a is characterized by erionite with an 

Mineral species Reference

Erionite Cametti et al. (2013)

Plagioclase
(anorthite)

Angel et al. (1990)

Calcite Ballirano (2011)

Quartz Le Page and Donnay (1976)

Table 1. Reference data of the starting structural parameters 
used for fitting the contribution of minor phases occurring in a 
mixture with erionite in samples VV67a and VV67b.
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extremely fibrous habit and hair-like appearance (Figure 
3 a,b). It consists of fleecy fibers having a diameter 
generally <1 µm and very variable lengths, up to 500-600 
µm. The longer fibers seem elastic and flexible and are 
often grouped in sub-parallel or bent bundles that fray 
into aggregates of 10-30 µm in diameter. However, it is 
interesting to note how these fibers are formed by a close 
association of very thin and curled fibrils that may be as 
small as 10-15 nm. This morphological type with a woolly 
aspect is very similar in appearance to the holotype from 
Durkee, Oregon, USA (Eakle, 1898; Staples and Gard, 
1959) and to that from Lander County, Nevada, USA 
(Mattioli et al., 2016b; Ballirano et al., 2018). Furthermore, 
a similar habit has also been observed for Italian erionite 

from Lessini Mounts (Giordani et al., 2017).
In sample VV67b, the erionite occurs as crystals with 

acicular to highly fibrous habit often gathered in radiated 
bundles and aggregates of a few tens of millimeters in 
diameter and variable length up to ~1 mm (Figure 3 c,d). 
The individual fibers and fibrils always have a diameter 
<1 μm while their lengths are variable, with maximum 
observed values of 600 μm. Unlike those of sample 
VV67a, the fibers of VV67b have a stiffer appearance, are 
less flexible and tend to gather in small, pointed bundles 
at the ends of the aggregates (like-brushes terminations). 
However, although this sample seems to show a more 
prismatic appearance than VV67a, it also tends to split 
into very thin fibers and fibrils. This sample is very similar 

Figure 3. SEM images of the two different morphologic type of erionite investigated in this work: a) and b) erionite with an extremely 
fibrous habit and hair-like appearance (VV67a); c) and d) erionite with acicular to highly fibrous habit (VV67b).
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in appearance to that from Berici Hills, Northern Italy, as 
described by Giordani et al. (2017).

The microchemical data of the studied samples are 
given in Table 2. The extremely fibrous, hair-like erionite 
(VV67a sample) can be classified as erionite-K and its 
average chemical composition is (K2.68Ca1.86Na0.96Mg0.23)
[Al8.19Si27.81O72]∙29.58 H2O. The Si/(Si+Al) average 
ratio is 0.773, which is slightly higher with respect to 
the literature interval for the erionite from volcanic rocks 
(Passaglia et al., 1998) but very similar to the erionites 
from Durkee, Oregon, USA (Passaglia et al., 1998) and 
Lander County, Nevada, USA (Mattioli et al., 2016b; 
Ballirano et al., 2018).

The dominant extra-framework cation in the structure 
is K+ (2.56-2.8 apfu), while Ca2+ and Na+ contents 

are generally low (1.77-1.95 and 1.24-0.78 apfu, 
respectively), as well as Mg2+ content (0.17-0.29 apfu). 
The Mg/(Ca + Na) ratio, indicated as one of the most 
significant parameters for the erionite-offretite distinction 
(Passaglia et al., 1998), is also very low (0.05-0.11) and 
typical for the species erionite. Iron is not present in the 
ideal chemical formula and the very small amount of Fe 
detected in sporadic analysis points (up to 0.02 apfu) is 
more likely due to impurities allocated at the fiber surface.

The water content of the pristine VV67a sample was 
determined by thermogravimetric analysis (TGA). The 
TGA curve showed a first main mass loss of 14.83% up to 
590 °C and a second minor mass loss of 3.67% between 
590 °C and 690 °C, for a total mass loss of 18.45% (Figure 
4). In this second reaction, a small part of the water loss 

Oxides (wt%) VV67a VV67b Lander County

SiO2 57.78(25) 52.98(30) 58.47(35)

Al2O3 14.43(23) 17.41(42) 14.30(21)

Na2O 1.02(20) 5.08(22) 0.80(10)

K2O 4.36(19) 3.67(28) 4.17(29)

MgO 0.32(8) 0.36(8) 0.48(12)

CaO 3.60(16) 2.05(15) 3.35(23)

Fe2O3* 0.04(4) - 0.12(4)

H2O 18.45 18.45 18.46(45)

Total 100.00 100.00 100.15

Si 27.81(12) 25.95(19) 27.94(10)

Al 8.19(12) 10.05(19) 8.06(12)

Na 0.96(18) 4.82(23) 0.74(10)

K 2.68(12) 2.30(18) 2.55(18)

Mg 0.23(6) 0.26(6) 0.34(9)

Ca 1.86(9) 1.08(8) 1.72(12)

Fe 0.01(1) - 0.05(2)

O 71.83(14) 71.87(29) 71.72

H2O 29.58(16) 30.14(20) 29.48(77)

E% 5.09 2.90 7.52

R=Si/(Si+Al) 0.773(3) 0.721(5) 0.776(2)

Total s.s. 
EF cation (e-) 101.3(14) 121.0(5) 96.0(9)

M/(M+D) 0.634(18) 0.842(12) 0.609

Table 2. SEM-EDS chemical analyses of erionite samples VV67a and VV67b. In addition, data of erionite-Na from Lander County 
(Nevada, USA) (Mattioli et al., 2016) are reported for comparison.
E% as defined by Passaglia (1970).
*Iron content due to impurities allocated at the fibres surface.
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(not quantifiable) could also be related to the impurities 
such as calcite and layer silicates.

Unlike the previous sample, the acicular to highly fibrous 
erionite (VV67b sample) is classified as erionite-Na and 
its average composition is (Na4.82K2.30Ca1.08Mg0.26)
[Al10.05Si25.95O72]∙30.14 H2O, with a Si/(Si+Al) ratio in 
the range 0.72-0.73. In this type of erionite, the dominant 
extra-framework cation is always Na+(4.59-5.05 apfu), 
with K+(2.12-2.48 apfu) and Ca2+(1.00-1.16 apfu) as 
minor constituents. The Mg2+ content is generally low 
(average 0.26 apfu), as well as the Mg/(Ca+Na) ratio 
(0.03-0.07). Owing to the scarcity of material, no TGA 
was performed on the sample VV67b; for this reason, it 
has been used the water content determined in sample 
VV67a.

Powder X-ray Diffraction (PXRD)
A comparison of the diffraction patterns of the two 

samples immediately shows the effect of the very different 
morphological features of the two samples (Figure 5). 

In fact, the severe broadening of the peaks experienced 
by sample VV67a is coherent with its “woolly” 
morphology, very similar to that observed for a sample of 
erionite-Na from Durkee (Oregon, USA), characterized 
by Cametti et al. (2013) and the sample of erionite-Ca 
BV201 from Lessini Mounts (Italy) described by Giordani 

Figure 4. Thermogravimetric curve (TGA, solid line) and its 
first derivative (DTG, dotted line) of sample VV67a.

Figure 5. Comparison of the diffraction patterns (magnified view 5-60° 2q) of the investigated erionite samples VV67a and VV67b. 
Patterns were vertically displaced to facilitate comparison. Colored vertical bars mark the position of the reflections of quartz, calcite, 
and plagioclase feldspar occurring in mixture with erionite in sample VV67a. The small reflection at ca. 29.5° 2q in the diffraction 
pattern of VV67b indicates the occurrence of calcite.
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et al. (2017).
A first refinement was carried out considering the 

following:
a) man isotropic shape of the crystallites.
The refinement smoothly converged to the following 

agreement indices: Rwp=2.85%, Rp=1.67%, RB=0.33% 
(Young, 1993). However, a scrutiny of the Rietveld plots 
(Figure 6a) indicated an imperfect fitting of the shape of 
a few peaks due to a marked anisotropic peak broadening 
arising from the shape/bending of the fibrils. This misfit 
is particularly evident in the case of the 002 reflection 

located at ca. 12° 2θ.
Therefore, a series of refinements were performed to 

model such anisotropy using:
b) the multidimensional distribution of lattice metrics 

of Stephens (1999) imposing a hexagonal symmetry 
(Figure 6b);

c) the ellipsoid-model of Katerinopoulou et al. (2012) 
describing the diffraction-vector dependent broadening 
of diffraction maxima (Figure 6c). In the hexagonal 
symmetry, the shape ellipsoid parameters bij are 
constrained as b11=b22=2b12; b13=b23=0. The orientation 

Figure 6 a,b. Final Rietveld plots of the refinements of the investigated erionite sample VV67a, carried out using different approaches 
to model peak shape. a) Isotropic broadening; b) Stephens (1999) hexagonal anisotropic broadening.

a)

b)
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of the ellipsoid is such that the principal radii ra⏊c and 
rc||c;

d) the normalized symmetrized spherical harmonic 
model of Järvinen (1993) for describing the anisotropic 
peak broadening applied to the Lorentzian half-width 
(Figure 6d).

A significant, progressive improvement of the fit was 
obtained by passing from a) to d), which represents 
the best-performing model, as indicated by the final 

agreement indices of Rwp=1.70%, Rp=1.16%, RB=0.20%. 
Both models c) and d) produced similar fittings in terms 
of residuals, albeit some imperfect fit of the low-angle 
reflections still persisted.

Differences obtained in the quantitative phase analysis 
(QPA) among the various refinements indicate a regular, 
albeit minor, increase of the erionite content because of 
the improved description of its peak shape.

The following paragraphs will discuss the results 

c)

d)

Figure 6 c,d. Final Rietveld plots of the refinements of the investigated erionite sample VV67a, carried out using different approaches 
to model peak shape. c) ellipsoid model of Katerinopoulou et al. (2012); d) normalized symmetrized spherical harmonics approach of 
Järvinen (1993). Blue line: experimental; red line: calculated; gray line (below): difference plot. Vertical lines refer to the calculated 
reflections of (from above to below): quartz, calcite, plagioclase, erionite and phyllosilicate.
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obtained from the d) refinement. 
In the case of sample VV67b we followed the same 

procedure and again the best fit was achieved using the 
normalized symmetrized spherical harmonic model of 
Järvinen (Figure 7).

Therefore, the results from the isotropic peak broadening 
model will be discussed in the following paragraphs. 
Complete structural data of both samples are available 
for download as cif files at the journal site. Experimental 
details and miscellaneous data on the refinements are 
reported in Table 3.

Structural refinement
Sample VV67a

Calculated cell parameters a=13.2553(3) Å and c= 
15.0529(3) Å and cell volume V = 2290.49(11) Å3 are 
close to those reported by Mattioli et al. (2016b) and 
Pacella et al. (2018) for “woolly” erionite-K from Lander 
County (Nevada, USA), as expected from the very 
similar R-value and chemistry (Table 3). Moreover, they 
are also close to those reported by Cametti et al. (2013) 
for “woolly” erionite-Na from Durkee (Oregon, USA), 
having a similar R-value.

As a matter of comparison with reference data, we 
report a few data obtained from the refinement using 
the ellipsoid-model of Katerinoupoulou et al. (2012) for 
approximating the anisotropic peak shape. The principal 
ellipsoid radii of ra=18.68(16) nm and rc=75(3) nm were 
computed from the refined anisotropic crystal shape 
parameters b11 and b33, using the relationships ra=1/(a cos 
30° b11

0.5) and rc=1/(c b33
0.5). Those values lead to a rc/ra 

ratio of 4.0(7). The refined parameters are similar to those 
reported by Cametti et al. (2013) (ra=15.5(2) nm and rc 
=79(5) nm; rc/ra ratio of 5.1(9)) for woolly erionite-Na 
from Durkee (Oregon, USA) whereas Pacella et al. (2018) 
report a significantly shorter rc value of 51.1(18) nm for 
the erionite-K sample from Lander County (Table 4). 

The mean bond distances <T1-O>=1.632 Å and <T2-
O>=1.616 Å, obtained from the spherical harmonic model 
fit, suggest a disordered Si/Al distribution (<T1-O>-
<T2-O>=0.016 Å) and the preferential partition of Al at 
the T1 site, differently from most of the refined structure 
of erionite samples. A preferential partition of Al at T1 has 
been reported by Giordani et al. (2017) in sample MB170 
from Berici Hills (Italy). It is worth noting that the 
calculated <T2-O> strongly depends on the anomalously 
short value of 1.561 Å obtained for T2-O6. The R ratio 
has been calculated using both the Jones’ determinative 
curves (Jones, 1968) and the regression equation of 
Giordani et al. (2017). The population of the two T1 
(Al4.36Si19.64) and T2 (Al0.93Si11.07) sites, determined using 
the Jones’ determinative curve, indicates an R-value of 
0.853 which significantly exceeds the common range of 
0.69-0.79 observed for erionite samples (Passaglia et al., 
1998). Differently, an R-value of 0.793 has been obtained 
using the regression equation of Giordani et al. (2017). 
The latter value is in reasonable agreement with 0.773(3) 
from chemical data.

A further refinement (not reported) has been performed 
imposing soft restraints to the T(1,2)O4 tetrahedra with 
individual T-O bond distances set to 1.6385(10) Å and 
O-O contacts set to 2.675(2) Å, the latter corresponding 

Figure 7. Final Rietveld plots of the refinement of the investigated erionite sample VV67b. Blue line: experimental; red line: calculated; 
gray line (below): difference plot. Vertical lines refer to the calculated reflections of (from above to below): calcite, erionite.
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to regular tetrahedral angles of 109°44. The T-O 
restraint value was set by hypothesizing R=0.773 and 
an equipartition of Al in both T1 and T2. The tetrahedra 
regularized and the T2-O6 bond distance refined to a 
more conventional value of 1.586(5) Å, despite a minor 
increase of Rwp from 1.699 to 1.761. This fact clearly 
indicates that the structural results are affected by the 
quality of the experimental data and that the model used 
to cope with the severe anisotropic peak broadening is not 
perfectly adequate. Moreover, a further reason for the not 

VV67a VV67b

a) b) c) d) 1)

Instrument Bruker AXS D8 Advantage

Radiation Cu Ka

Primary and secondary radii (mm) 250

Sample mount Rotating capillary (60 r/min)

Incident beam optics Focusing Göbel mirror

Detector window (°) 6

Angular range (° 2q) 5-145

Step size (° 2q) 0.021798

Counting time (s) 40

Rwp 2.849 2.447 1.761 1.699 1.671

Rp 1.671 1.550 1.215 1.164 1.244

RB 0.334 0.362 0.205 0.197 0.382

GoF 9.758 8.383 6.032 5.822 4.362

DWd 0.097 0.104 0.101 0.105 0.352

QPA

Erionite (wt%) 95.21(14) 95.54(12) 95.66(9) 95.73(8) 99.45(9)

Plagioclase (wt%) 2.28(10) 2.08(8) 1.96(6) 1.92(6) -

Calcite (wt%) 1.57(9) 1.51(8) 1.54(6) 1.52(6) 0.55(9)

Quartz (wt%) 0.95(3) 0.88(3) 0.852(19) 0.829(18) -

Layer silicates + + + + -

Erionite cell parameters

a (Å) 13.2553(5) 13.2553(5) 13.2552(3) 13.2553(3) 13.29232(10)

c (Å) 15.0523(5) 15.0529(4) 15.0535(3) 15.0529(3) 15.1460(2)

V (Å3) 2290.39(18) 2290.48(17) 2290.53(12) 2290.49(11) 2317.56(5)

Table 3. Experimental details and miscellaneous data of the refinements. Layer silicates not quantified. Their presence is indicated with 
“+”. Refinements are coded as follow: a) isotropic broadening; b) Stephens (1999) model; c) Katerinopoulou et al. (2012) model; d) 
normalized spherical harmonics (Järvinen, 1993); 1) isotropic broadening. Statistic indicators as defined in Young (1993).

Sample ra (nm) rc (nm) rc/ra

VV67a 18.68(16) 75.0(3) 4.0(7)

Durkee 15.50(2) 79.0(5) 5.1(9)

Lander county 18.60(2) 51.1(18) 2.8(6)

Table 4. Comparison of principal ellipsoid radii of woolly 
erionite samples. Data include those of woolly erionite-Na from 
Durkee, Oregon (Cametti et al., 2013) and erionite-K from 
Lander County, Nevada (Pacella et al., 2018).
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wholly satisfactory structural results may be related to the 
imperfect fit of the plagioclase contribution that was not 
optimized as a part of the refinement, as well as that of 
layer silicates.

Table 5 reports the fractional coordinates, displacement 
parameters (Biso), site scattering from refinement (s.s. 
ref.), site scattering from site partition (s.s. part.), 

expressed as e-, of EF cations and water molecules of both 
VV67 samples.

Chemical data of VV67a indicate a total site scattering 
of 101.3(14) e- for the EF cations. This value is in excellent 
agreement with the total EF s.s. of 103(2) e- obtained from 
the Rietveld refinement (Table 2). Similarly, a total of 
33.4(15) water molecules pfu has been obtained from the 

VV67a

Site x y z Biso s.s. ref. site partition s.s. part.

Ca1 1/3 2/3 0.9285(14) 12.60(4) 32.2(6) Mg0.23Na0.96Ca0.68 26.9

Ca2 1/3 2/3 0.1036(15) 12.60(4) 20.8(7) Ca0.80 16.0

Ca3 1/3 2/3 0.6830(4) 12.60(4) 12.2(8) Ca0.38 7.6

K1 0 0 ¼ 2.14(16) 38.0 K2.00 38.0

SEF cations 103.0(2) 88.5

OW7 0.244(2) 2x ¾ 6.30(2) 21.0(3)

K0.68 12.9

OW8 0.2576(8) 2x 0.0203(16) 12.60(4) 54.3(10)

OW9 0.4333(13) 2x 0.9940(2) 12.60(4) 41.0(15)

OW10 0.253(2) 2x 0.6970(3) 12.60(4) 70.2(13)

OW11 0.4260(8) 2x 0.6281(13) 12.60(4) 44.0(4)

OW12 0.500(3) 2x -0.0300(2) 12.60(4) 37.1(10)

Swater mol. 267.0(12)

VV67b

Site x y Z Biso s.s. ref. partition s.s. ref.

Ca1 1/3 2/3 0.8900(3) 15.20(3) 22.4(7) Mg0.26Na1.36Ca0.29 23.9

Ca2 1/3 2/3 0.1248(12) 15.20(3) 41.0(5) Na3.46Ca0.19 41.9

Ca3 1/3 2/3 ¾ 15.20(3) 10.9(7) Ca0.60 12.0

K1 0 0 ¼ 2.37(15) 38.0 K2.00 38.0

K2 ½ 0 0 2.37(15) 16.9(9) K0.30 5.7

SEF cations 129.0(3) 121.5

OW7 0.2287(1) 2x ¾ 7.60(14) 40.0(3)

OW8 0.2587(7) 2x -0.0060(2) 15.20(3) 53.3(8)

OW9 0.4282(17) 2x 0.9630(5) 15.20(3) 49.0(3)

OW10 0.257(3) 2x 0.7010(6) 15.20(3) 29.0(2)

OW11 0.4344(8) 2x 0.6552(19) 15.20(3) 59.3(17)

OW12 0.4518(17) 2x 0.0360(4) 15.20(3) 45.0(4)

Swater mol. 276.0(17)

Table 5. Fractional coordinates, isotropic displacement parameters (Biso), site scattering from refinement (s.s. ref.), site scattering from 
site partition (s.s. part.), expressed as e-, of EF cations and water molecules of VV67a and VV67b samples.



Periodico di Mineralogia (2023) 92, 159-178 Mattioli M. et al.172

PM

refinement, slightly higher than 29.6 water molecules pfu 
from TGA measurements.

The position of the EF cation sites is close to that of the 
Lander County sample (Pacella et al., 2018) as well as the 
refined EF s.s. As a further similarity, no site scattering 
was observed at the K2 site despite the evidence from 
SEM-EDS of additional K allocated into the erionite cage. 
However, the position of OW12 is very close to ½ 0 0 
(i.e., the K2 site located at the center of the boat-shaped 
8-member rings (8MR) forming the walls of the erionite 
cage), suggesting that the refined position of OW12 
reflects, in effect, the inability to separate two close sites 
from the present experimental data. However, if the 
additional 0.30 apfu K are allocated at K2 we observe 
an excess of refined s.s. at the Ca1, Ca2, and Ca3 cation 
sites compared to SEM-EDS analysis. This fact may be 
explained in several ways:

a) alkali loss during SEM-EDS analysis (Pacella et al., 
2016);

b) the distribution of the additional K into one or more 
EF cation sites allocated along the axis of the erionite 
cage;

c) an artifact caused by the imperfect modeling of the 
anisotropic peak shape.

In Table 5, such excess has been tentatively distributed 
equally among Ca1, Ca2 and Ca3.

Sample VV67b
Calculated cell parameters are a=13.29189(10) Å and c 

=15.1456(2) Å and cell volume V=2317.35(5) Å3. They 
are larger than VV67a, pointing to a smaller R-value. 
Moreover, the standard deviation of the c-parameter is 
double than that of the a-parameter, whereas they are 
consistently found to be equal. This fact could suggest the 
possible occurrence of some degree of stacking disorder 
along the c-axis that is commonly found in erionite 
(Kokotailo et al., 1972). Therefore, we have explored 
such possibility, including the framework of erionite 
extra-rings mimicking the occurrence of offretite type 
stacking faults, as shown in Schlenker et al. (1977), and 
permitting the refinement of the fraction of such faults. 
However, any attempt to include such a model in the 
refinement failed, possibly due to a very low population 
of faults. An alternative explanation of the larger standard 
deviation of the c-parameter than that of the a-parameter 
could be related to the effect of the occurrence in a mixture 
of minor VV67a.

The mean bond distances <T1-O> = 1.643 Å and <T2-
O>=1.638 Å indicate a disordered Si/Al distribution 
(<T1-O>-<T2-O>=0.005 Å) with a slight preferential 
partition of Al at the T1 site. The population of the T1 
(Al6.09Si25.91) and T2 (Al2.60Si9.40) sites, determined using 
the Jones’ determinative curve, provides an R-value of 

0.758. Differently, an R-value of 0.726 has been obtained 
using the regression equation of Giordani et al. (2017). 
The latter value is in excellent agreement with 0.721(5) 
obtained from chemical data.

Isotropic displacement parameters (Biso) of oxygen 
atoms of the framework (Table 5) are more significant 
than those commonly observed in other refinements of 
erionite structure, possibly confirming the occurrence of 
some stacking disorder.

SEM-EDS analysis of VV67b indicates a total site 
scattering of 121(4) e- for the EF cations, in good 
agreement with the s.s. of 129(3) e- obtained from the 
Rietveld refinement (Table 2). A tentative cation partition 
is also reported in Table 5. According to the refinement, 
the largest misfit is related to the K content that should 
exceed the value obtained from SEM-EDS analysis. As 
suggested in the case of VV67a, such difference could be 
justified by alkali loss during SEM-EDS analysis or by 
artifacts arising from the presence of stacking disorder. A 
total of 34(2) water molecules pfu has been obtained from 
the refinement, but, owing to the scarcity of material, 
no TGA was performed on the sample. This value is 
somewhat higher than commonly observed in erionite 
samples (Coombs et al., 1997; Armbruster and Gunter, 
2001).

Vibrational (FTIR and Raman) spectroscopy
The µ-FTIR spectrum in the O-H stretching region of 

Vico erionite (sample VV67a), collected on a very small 
bundle of extremely fibrous crystals, is displayed in 
Figure 8. It shows a very broad and convolute absorption 
extending from 2500 to 3700 cm-1 and peaked at ~3380 
cm-1 which is evidently due to the overlapping of several 
components. A very intense band at 1631 cm-1 (Figure 
8) is assigned to the bending mode of H2O. The triplet 
of sharp peaks at 3000-2800 cm-1 is assigned to C-H 
modes due to the pollution of grease used to handle the 
sample. The weak and broad absorption at 5213 cm-1 in 
the FIR (Far InfraRed) region is due to the combination of 
stretching and bending (nOH+dOH) modes of the H2O/OH 
molecules. This latter peak is well resolved in a spectrum 
collected on a thicker part of the sample (inset in Figure 
8), where the absorption in the MIR range is evidently out 
of scale; this pattern excludes any presence of hydroxyl 
groups in the structure whose combination frequencies 
typically occur at between 4000 and 4500 cm-1 (Della 
Ventura et al., 2009).

The absorption in the 3800-2400 cm-1 range has been 
tentatively decomposed by fitting the smallest number of 
Gaussian bands while leaving both positions and FWHMs 
(full width at half maximum height) unconstrained. The 
result shows that the pattern can be well reproduced using 
five peaks centered at 3630, 3563, 3451, 3265 and 2990 
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cm-1, respectively (Figure 9a). The first three peaks are 
due to O-H stretching modes of the H2O molecules in the 
erionite cages, while the broad component at 3265 cm-1 
can be confidently assigned to the first overtone of the 
H2O bending mode (2×dOH); the broad absorption at 2990 
cm-1 is necessary to model the strong asymmetry of the 
broad band. 

A selected Raman spectrum of erionite from Vico is 
presented in Figure 10. It shows a very intense broad 
and asymmetric peak at 3459 cm-1 in the principal OH-
stretching region and a series of scattering peaks in the 
low-frequency range (<1200 cm-1). The most intense 
feature is a doublet at 470-485 cm-1 that is assigned to the 
T-O-T bending mode (Croce et al., 2013; Giacobbe et al., 
2023); weaker scatterings are observed at 1102-1135 cm-1 
(T-O antisymmetric stretching mode), at 779-811, 560 and 
342 cm-1. Finally, the relatively intense peak at 134 cm-1 
can be assigned to a lattice mode of the zeolite structure. 
The described pattern is almost identical to previous data 
reported in the literature for erionite (Croce et al., 2013; 
Rinaudo and Croce, 2019) and excludes any presence 
of other phases, particularly offretite associated with 
the studied zeolite (Giacobbe et al., 2023). The Raman 
pattern in the 3800-2400 cm-1 range has been decomposed 
in the same way as the FTIR spectrum and the result 
shows five peaks centered at 3623, 3553, 3442, 3273 and 
3020 cm-1, respectively (Figure 9b). Again, the first three 
components can be assigned to O-H stretching modes. 
Therefore, the FTIR and Raman spectra in the principal 
OH-stretching range are similar and show the same 
multiplicity of peaks at almost the same wavenumbers, 

Figure 8. Selected FTIR spectrum of the investigated erionite 
sample VV67a, collected on a very small bundle of extremely 
fibrous crystals. The inset shows the spectrum collected on a 
thicker part of the sample.

Figure 9. Decomposed (a) FTIR and (b) Raman spectra of 
the investigated erionite sample VV67a in the principal OH-
stretching region (3800-2400 cm-1). The single Gaussian 
components are highlighted by different colors; the experimental 
pattern is in blue, while the sum curve resulting from the fitting 
is indicated with a red dashed line.

Figure 10. Selected Raman spectrum of the investigated erionite 
sample VV67a.
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only their relative intensities being different. Infrared data 
on erionite are very scarce in the literature and collected 
only on KBr pellets (Best et al., 1973; Roessner et al., 
1987) on ammonia or D2O-exchanged zeolites. Best et 
al. (1973) show spectra consisting of a doublet of well-
separated peaks at 3612 and 3565 cm-1 that correspond 
well with the two higher-wavenumber components in our 
fittings. 

CONCLUSIONS
This study reports a detailed crystal-chemical and 

structural characterization of erionite, a carcinogenic 
fibrous zeolite recently discovered for the first time in the 
volcanic rocks of Latium, Italy. Our results, based on a 
multi-methodological approach, can be summarized as 
follow.

- There are two types of erionite, both of hydrothermal 
origin, that coexist within the same host-rock but 
significantly differ in terms of morphology, crystal 
chemistry and structure.

- The first type (VV67a) is an erionite-K with an 
extremely fibrous habit and a woolly appearance showing 
a great tendency to separate in very thin and curled fibrils. 
The calculated cell parameters are a=13.2553(3) Å, c= 
15.0529(3) Å and cell volume V= 290.49(11) Å3.

- The second type (VV67b) is an erionite-Na 
characterized by acicular to highly fibrous habit with 
stiffer appearance and rigid behavior, also in this case 
willing to divide into thin fibrils. Its calculated cell 
parameters appear larger than the previous type and are 
a=13.29189(10) Å, c=15.1456(2) Å and cell volume V= 
2317.35(5) Å3.

- The structure of both samples is consistent with that 
of samples with similar composition. However, details of 
the mutual EF cations/H2O molecules arrangement are 
missing owing to the difficulty to model the anisotropic 
behavior of the peak-shape, which is very impactful, 
especially for VV67b.

- The µ-FTIR and Raman spectra in the O-H stretching 
region are similar in terms of band multiplicity and show 
three component bands around 3630, 3560 and 3450 
cm-1 due to the H2O molecules in the structural cages. 
The Raman spectrum in the lattice region (<1200 cm-1) 
is identical to previous spectra reported in the literature.

Finally, it is essential to make an important consideration 
on human health. The presence of zeolites in the volcanic 
rocks from Latium is well known, but the species reported 
so far are all non-fibrous zeolites (mainly chabazite and 
phillipsite). This new occurrence of carcinogenic fibrous 
erionite in lithologies that are often extensively quarried 
and widely employed raises an important question on 
the risk assessments. Given the wide extension of these 
volcanic rocks, the possibility of environmental and 

professional exposure to this hazardous fibrous zeolite 
cannot be overlooked, considering also the occurrence 
of another fibrous mineral (tremolite) in the same type of 
rocks as reported by Della Ventura et al. (2014).
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