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The present work reports a detailed chemical and structural characterization of a fibrous
tremolite sample from an abandoned serpentine quarry located in Mount Reventino
(Calabria, Italy), by using SEM-EDS analysis, Mdssbauer spectroscopy, and X-ray
powder diffraction. Cell parameters, fractional coordinates and site scattering were
refined using the Rietveld method. Results showed that the sample contains small
amount of Fe, being the % ferro-actinolite content of ca. 3%. In particular, Fe?* is
preferentially allocated at M(1)+M(3) octahedral sites, and Fe** only occurs at M(2).
Combining chemical, spectroscopic and structural data the following empirical
formula has been derived: #(Nag124)50.124"(Cay.022Nag 003Fe* 0.026ME0.049)52.000
[MD(Mg o60Fe* 0.040)52.000" (M1 963F > 0.024F€* 0.013)22.000" (Mo 031 Fe?") 069)
s1.000] ["(Si3.946 Alp.024)z3.970 "*(Sia.000)] O22 ®“*(OH2,000)x2.000-

Considering that both the presence of Fe and its coordination environment within the
mineral structure are primary factors for pathological effects, the identification of Fe
bearing asbestos tremolite in the investigated area may represent a potential hazard for
human health.

Keywords: Tremolite; Naturally Occurring Asbestos (NOA); SEM-EDS; Méossbauer
spectroscopy; Rietveld method.

INTRODUCTION

Naturally occurring asbestos (NOA) is a general term
applied to the geologic occurrence of any of the six types
of asbestos minerals (chrysotile, tremolite, actinolite,
anthophyllite, riebeckite, and grunerite, with the last
two commercially known as crocidolite and amosite,

respectively) occurring in rocks and soils as result of
natural geological processes (Nichols et al., 2002; Lee
et al., 2008; Harper, 2008). It is in fact well known that
asbestos can be found as accessory minerals of mafic
and ultramafic rock sequences (Pacella et al., 2010;
Vignaroli et al., 2011, 2014). In ophiolite complexes,
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the most abundant of these rocks, chrysotile, tremolite
and actinolite asbestos frequently occur (Ross and
Nolan, 2003). Ophiolites represent remnants of paleo-
oceanic lithosphere consisting of pillow basalts, gabbros,
serpentinites and basal peridotites that experienced a wide
range of geological processes, such as shear deformation
and fluid-rock interaction (Vignaroli et al., 2011, 2014).

In the Italian peninsula, especially in the Alps and the
Apennines, there are several ophiolite outcrops rich both
in serpentine and amphibole asbestos. In particular, the
Piedmont region (NW Italy) has the largest occurrence,
and an environmental problem was recently raised in Susa
Valley by railway tunnel excavations through metamorphic
formations, such as serpentinites, containing fibrous
tremolite (Ballirano et al., 2008). Some other examples of
NOA bearing rocks in other regions of Italy include, from
north to south, the Natural reserve of Mount Rufeno in
Latium (Burragato et al., 2001), the Mount Reventino area
(Sila Massif) and the Coastal Chain in Calabria (Bloise
et al., 2014, 2016), and the Pollino Massif in Basilicata
(Burragato et al., 2010).

Ophiolitic rocks are of economic importance since they
are commonly used as building and ornamental materials
because of their physical and mechanical qualities such
as strength, durability, and variety in appearance and
colour (Marinos et al., 2006; Pereira et al., 2007). It must
be pointed out that in serpentinite quarries, even if not
operating for asbestos production, asbestiform minerals
have been identified in the rocks (Gualtieri et al., 2020).
Natural weathering and human activities, such as road
construction, mining and agriculture, may disturb NOA
bearing rocks or soils and result in airborne respirable
fibres dispersed in the surrounding environment, therefore
inducing potential human exposure (Langer, 2008;
Cavallo and Rimoldi, 2013; Bloise et al., 2016).

NOA has started to capture the interest of the public
opinion worldwide since epidemiological investigations
highlighted an increased occurrence of malignant
mesothelioma in the populations living within or near
to NOA sites (Ross and Nolan, 2003; Pan et al., 2005).
Consequently, in some states of the USA, such as Virginia,
Maryland, Pennsylvania and California (El Dorado
County), an asbestos exposure control plan has been
instituted for construction activities (Ross and Nolan,
2003; Lee et al., 2008). It must be pointed out that in Italy
the presence of fibrous tremolite in the soils of the towns
of Lauria and Castelluccio Superiore (Basilicata) has been
related to some pleural mesothelioma cases occurred in
these rural communities (Pasetto et al., 2004). In addition,
in vivo experiments highlighted that tremolite fibres from
Lanzo Valley (Piedmont) are highly carcinogenic (Davis
et al.,, 1991; Addison and McConnel, 2005). On this
basis, dedicated work is required for NOA identification

and characterization in order to map possible sources
and prevent, or at least reduce, the risk of exposure for
both workers and general public (Decree of the Italian
Environment Ministry, 18 March 2003, n°® 101).

In the present work, tremolite fibres coming from
an abandoned serpentine quarry in Mount Reventino
(Calabria, Italy) are investigated by means of a well-
tested multi-analytical approach. A complete crystal-
chemical and structural characterization, including cation
site partition and Fe?*/Fe?* speciation has been obtained
by combining SEM-EDS, Mdssbauer and X-ray powder
diffraction data. In fact, the detailed knowledge of those
parameters is of paramount relevance for modelling
the reactivity of such fibres the aim being the possible
identification of potential risks posed to human health.

EXPERIMENTAL
Materials

The PLS5 sample investigated in this work comes from
an abandoned serpentine quarry located in the Mount
Reventino area (Calabria, Italy, longitude 16°18'44",
latitude 39°02'07), in the Northern sector of the Calabrian
Peloritan Orogen (Figure 1). The Calabrian Peloritan
Orogen represents a fragment of the European margin,
which was thrust onto the Maghrebian-Sicilian and
Appennine thrust-and-fold belt during the Europe-
Apulia collision in Oligocene-Early Miocene (Amodio
Morelli et al., 1976 and references therein; Vitale et al.,
2013). According to Ogniben (1969), it consists of three
main tectonic superimposed complexes that represent
different paleogeographic domains, from top to bottom:
the Calabride Complex made up of Hercynian and pre-
Hercynian gneiss, granite and metapelite; the Liguride
nappe (Tithonian-Neocomian) made up of a series of Alpine
metamorphic units including a Cretaceous-Paleogene
metapelitic-ophiolitic-carbonate assemblage; the Apennine
Units Complex made up of Mesozoic sedimentary and
metasedimentary successions (Trias-Miocene). Each
tectonic complex was also further divided into different
tectonic units (Amodio Morelli et al., 1976; Piluso et al.,
2000; Cirrincione et al., 2015). The ophiolitic sequences
of Mount Reventino belong to the Liguride complex
and include mainly serpentinized ultramafic rocks and
ophicalcites, metabasalts and subordinately metadolerites,
and a metasedimentary cover consisting of an alternation
of metapelites, metarenites, and metalimestones (Piluso et
al., 2000; Alvarez, 2005; Bloise et al., 2016).

Scanning Electron Microscopy (SEM) with energy dispersive
spectroscopy (EDS)

Sample morphology was investigated from a fragment
of the hand specimen, mounted on a stub and carbon
coated, using a FE-SEM Merlin Zeiss. Selected electron
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Figure 1. Geological sketch map of the northern Calabrian showing ophiolites occurrence and the location of the investigated asbestos

sample. Modified from Punturo et al. (2015).

micrographs taken at different magnifications are reported
in Figure 2. The average chemical composition of the fibres
was determined from 9 analytical points using a Zeiss DSM
940A equipped with a standardized LINK EDS system.
Analytical conditions were: 15 kV accelerating voltage
and 3.4 pA beam current. The following standards were
used: wollastonite (Si Ka, Ca Ka), corundum (Al Ka),
magnetite (Fe Ka), periclase (Mg Ka), orthoclase (K Ka),
and jadeite (Na Ka). Table 1 shows the average chemical
composition and crystal-chemical formula, normalized on
the basis of 24 (O+F+Cl). Cations are reported in atoms
per formula unit (apfu) and were assigned to the various
sites following Hawthorne et al. (2012).

57Fe Mdsshauer Spectroscopy

A Mossbauer spectrum of the PLS tremolite sample
was acquired using a conventional spectrometer system
operated in constant-acceleration mode. The Mdssbauer
absorber was prepared by grinding ca. 95 mg sample
material together with 100 mg acrylic resin. This mixture
was pressed to a 12 mm diameter disc under mild heating.
The spectrum was measured at room temperature using
a standard 3’Co source in a Rh matrix with a nominal
activity of 50 mCi. Spectral acquisition was obtained over

1024 channels in the velocity range -4.2 to +4.2 mm/s, and
the data was then calibrated against a spectrum of an a-Fe
foil before folding and fitting using the software MossA
(Prescher et al., 2012). The spectrum was fitted with one
quadrupole doublet assigned to Fe*" and three doublets
assigned to Fe?". Lorentzian line shapes, equal recoil-
free fractions, and equal intensities of the quadrupole
components were assumed in the fitting procedure. Figure
3 shows the 3’Fe Mdssbauer spectrum of the sample.
Table 2 reports the relevant hyperfine parameters of the
spectral fitting.

X-ray Powder Diffraction

X-ray Powder Diffraction (XRPD) data were collected
on a Bruker AXS D8 Advance operating in transmission
mode, 0/0 geometry. The sample was ground and
homogenised in an agate mortar and the powders were
loaded in a 0.7 mm diameter boro-silicate glass capillary
sealed at both ends. The instrument is fitted with incident-
beam focussing Gobel mirrors and a VAntec-1 position
sensitive detector set to an opening angle of 6°. Soller
slits are placed along both incident (2.3°) and diffracted
(radial) beams. Data were measured in the 6-145° 26
angular range, 0.0218° 26 step size and 8 s counting time.
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Figure 2. FE-SEM images of tremolite fibres at increasing magnification showing straight and rigid fibres aggregate in bundles.

Table 1. Chemical composition of the tremolite fibres sample from SEM-EDS data. Standard deviations are reported in brackets.

Fe¥'/Fe?" from Mossbauer data.

Oxides Wt% Cations on basis of 24 (O,0H,F)**
SiO, 58.33(27) T Si 7.946(26)
Al,O4 0.15(10) Al 0.024(17)
Fe, 04 0.23(3) total 7.970(16)
FeO 1.30(19) C Fe¥t 0.024(3)
MgO 24.14(44) Fe?* 0.122(18)
CaO 13.17(55) Mg 4.854(30)
Na,O 0.48(18) total 5.000(12)
H,O* 2.20 B Fe?* 0.026(4)
Total 100.00 Mg 0.049(64)
Ca 1.922(82)
Na 0.003(6)
total 2.000(19)
A Na 0.124(48)
total 0.124(48)

Note: *estimated from stoichiometry; **with OH = 2 apfu

Preliminary analysis of the pattern revealed the occurrence
of minor calcite and serpentine-like phase(s). It should be
mentioned that the occurrence of polygonal serpentine,
chrysotile and fibrous antigorite has been reported from
the Mount Reventino area (Bloise et al., 2014). Rietveld
refinement was carried out using Topas V6 (Bruker
AXS, 2016). The anisotropic line broadening, caused by
the fibrous morphology, was modelled using the multi-

dimensional distribution of lattice metrics proposed by
Stephens (1999). The equation of Sabine et al. (1998) for
a cylindrical sample was used for modelling absorption
effects. Preferred orientation was corrected using the
normalized symmetrized spherical harmonics functions,
described by Jarvinen (1993), and selecting the number
of terms (4"-order, eight refinable parameters) following
the procedure described by Ballirano (2003). Parameters
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Figure 3. 3'Fe Mdssbauer spectrum of tremolite obtained at
room temperature. Fitted absorption doublets assigned to Fe?*
M(1)+M(3) are indicated in blue color, Fe?* M(2)+M(4) in green
color, and Fe*" (M2) in red color. Diamonds denotes measured
spectrum, and black curve represents summed fitted spectrum.
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refined to very small values as expected for a sample
prepared as capillary. Starting structural data of tremolite
were those of Pacella et al. (2020). Isotropic displacement
parameters were kept fixed to the corresponding values.
Refined structural parameters included fractional
coordinates for all non-hydrogen atoms and site occupancy
fraction (sof) of A, B and C sites. Structural data of calcite
and serpentine-like phase(s) (approximated by a single
antigorite m=17 polysome) were taken from Maslen et al.
(1993) and Capitani and Mellini (2004). respectively. Only
scale factors, cell parameters and peak shapes of these two
phases were optimized as a part of the Rietveld refinement.
Figure 4 shows the conventional Rietveld plots of the
refinement of PLS. Table 3 lists cell parameters and volume
of tremolite plus the agreement factors of the refinement,
Table 4 reports the quantitative phase analysis (QPA) of
the sample. Table 5 shows relevant bond distances of the
structure of tremolite. CIF file is deposited as supporting
material at the site of the journal.

Calcite  2.21%
Antigorite 5.41 %
Tremolite 92.38 %
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Figure 4. Rietveld plots of the refinement of tremolite. Intensity reported in logarithmic scale. Blue experimental; red: calculated,
grey: difference plots; vertical bars indicate the position of the calculated Bragg reflections of (from above to below): calcite (blue),

serpentine-like (green) and tremolite (magenta).

Table 2. ’Fe Mssbauer parameters of the tremolite sample.

IS(mm/s) QS (mm/s)  FWHM Area (%) Assignment apfu Fe
1.140(3) 2.96(2) 0.25(2) 37(9) Fe2* M(1)+M(3)
1.158(7) 2.76(7) 0.33(3) 24(10) Fe2* M(1)+M(3) 0109
1.159(3) 1.90(1) 0.27(1) 26(5) Fe2* M(2)+M(4) 0.039
0.36(2) 0.60(3) 0.55(6) 14(3) Fe3* M(2) 0.024
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Table 3. Cell parameters and volume of tremolite fibres and
agreement factors (as defined in Young, 1993) of the Rietveld
refinements.

PL5
Rprags (%) 0.78

Ry (%) 1.72

R, (%) 1.30

GoF 2.93

DWd 0.41

a(A) 9.84785(6)
b (A) 18.06597(11)
¢ (A) 5.28027(3)
B(A) 104.7546(5)
Vol. (A3) 908.442(10)

Table 4. Quantitative Phase Analysis of the tremolite sample.

Phases PL5
Tremolite 92.41(17)
Serpentine-like 5.41(16)
Calcite 2.19(5)
RESULTS AND DISCUSSION

Tremolite shows fibrous morphology and the single
fibres, arranged to form bundles, appear straight and
rigid with diameter well below 1 pm (Figure 2). Edges
are often saw-teeth like, a feature that has been recently
consistently observed in high magnification SEM images
of fibres subjected to different types of weathering
processes (Pacella et al., in preparation). SEM-EDS
analyses revealed substantial chemical homogeneity of
the fibres (Table 1). Besides, the variations observed for
Si0,, MgO e CaO are very small (< ca. 4% relative),
whereas for FeO, is of ca. 15% relative. The minor T
deficiency is due to analytical error.

>TFe Mdossbauer spectroscopy of PL5 show a spectrum
(Figure 3) with two well separated Fe?* doublets and also a
shoulder feature, typical for Fe*" The outer doublet shows
slight asymmetry and was modelled with two doublets to
improve fitting parameters. The inner Fe?" doublet and the
Fe’" doublet could be accurately fitted with one doublet
each. The assignment of doublets to structural site follow
the model of Goldman (1979) and Andreozzi et al. (2009),
with the outer doublet caused by Fe?" in M(1)+M(3), the

Table 5. Relevant bond distances (in A) of tremolite fibres.
* Calculated as in Table 7 of Hawthorne and Oberti (2007).

Pristine
(1) -0(7) 1.624(2)
-0(6) 1.656(4)
-0(1) 1.601(4)
-0(5) 1.635(4)
<7(1)-0> 1.629
7(2) -0(4) 1.593(3)
-0(5) 1.660(3)
-0(2) 1.624(4)
-0(6) 1.672(4)
<I(2)-0> 1.637
M(1) -0(3) x2 2.079(3)
-0(1) x2 2.070(4)
-0(2) x2 2.085(3)
<M(1)-0> 2.078
M(2) -0(4) x2 2.036(3)
-0(2) x2 2.082(4)
-0(1) x2 2.112(3)
<M(2)-0> 2.077
M(3) -0(1) x4 2.096(3)
-0(3)x2 2.068(5)
<M(3)-0> 2.087
<<M(1,2,3)-0>> 2.081
<<pM(1.23)> 5% 0.725
M(4) -0(4) x2 2.315(4)
-0(2) x2 2.397(3)
-0(6) x2 2.549(3)
-0(5) x2 2.751(3)
<M(4)-0> 2.503

A pM
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Table 6. Site scattering (s.s.) at A, B and C sites from Rietveld
refinement.

Site from refinement from SEM-EDS
C

M(1) 24.12(8) 24.56

M2) 23.88(8) 24.52

M@3) 12.70(6) 12.97
MMy MG) 60.7(2) 62.04

B

M4) 39.27(10) 39.74
A(2/m) 1.02(6) 1.36

inner doublet to Fe?™ in M(2)+M(4), and the shoulder
doublet to Fe** in M(2) site (Figure 3, Table 2). Despite
that the outer doublet was fitted with two doublets set, a
distribution of Fe?" over the M(1) and M(3) sites cannot
be ascertained due to lack of spectral resolution, stemming
for the structural similarity of these two sites.

The following crystal-chemical formula was
derived by combining chemical and Mdssbauer data:
ANag 124%(Cay 922Nag 003Fe* 0.026ME0.049)5-2.000 (Fe* 0,122

Fe’")024Mg4.854)5-5.000" (Si7.046A10.024)5-7.970022
OG)(OH), ogo. Fe*" partition between M(2) and M(4) was

performed from structural analysis results and crystal
chemical reasonings (see below).

The sample shows Ca/XM ratio and composition
very close to that of the end-member tremolite, ideally
AgBCa,“Mg;"Sig0,,0%)(0OH),. In addition, the % ferro-
actinolite content [(Fe?"+Mn)/(Fe**+Mn+Mg)] is of ca.
3%. The values of cell parameters and volume (Table 3)
confirm the occurrence of limited Fe?" content (Vignaroli

et al.,, 2014).

QPA indicates that serpentine-like phase(s) and calcite
account for ca. 7.5 wt% of the mixture (Table 4). However,
due to the simplification adopted for modelling the structure
of serpentine-like phase(s), large uncertainties are expected
to affect its/their quantification. In particular, significant
overestimation is plausible owing to the observed marked
broadening of the reflections of antigorite caused by the
attempt to compensate for structural model deficiencies.
Accordingly, the possible contribution to the Mdssbauer
spectrum of the accessory phases is negligible.

As far as tremolite structure is referred to, <7(2)-O>
of 1.637 A is slightly longer than 1.629 A of <7T(1)-O>
in agreement with the very small Al content allocated at
T(1) (Table 5). <M(3)-O> is significantly longer (2.087
A) than <M(1)-O> and <M(2)-O> (2.078 and 2.077 A,
respectively) suggesting a preferential allocation of Fe?"
at M(3) (Table 5). Cation partition at C-site was performed
following the procedure of Vignaroli et al. (2014) (Tables
6, 7) involving an iterative optimization of both site
scattering (s.s.) and aggregate sizes of the constituent
cations <r™> at the various M(1,2,3) sites. Following this
approach, Fe?" assigned to M(2)+M(4) from Mdssbauer
spectroscopy has been prevalently allocated at M(4) in a
1:2 proportion, in agreement with the strong temperature-
dependent preference of iron for this site in Ca-amphiboles
(Skogby and Annersten, 1985) and with the well-known
M(3)>M(1)>>M(2) C-site preference of ferrous iron (Oberti
et al., 2007). As a result, the s.s. at C-site derived from the
refinement returns a total of 60.7(2) e” which is moderately
smaller than 62.04 e obtained from SEM-EDS (Table
6). More in detail, s.s. at M(2) [23.88(8) e7] is apparently
consistent with the occurrence of vacancies (24 =2 apfu
Mg). The general underestimation of s.s. at C-site has been
previously reported in literature as an artifact (Vignaroli et
al., 2014), possibly arising from correlation between sof of

Table 7. Cation partition at A, B and C sites from Rietveld refinement.

Site Cation partition <> from <> from
P bond distances partition

C
M(1) Mg os0Fe**0.000Fe* 0,040 0.718 0.721
M(?2) Mg 963Fe* 0.024F€* 0,013 0.717 0.719
M(3) Mgo.031Fe**0.000Fe* 0,060 0.727 0.724

ZMAyMQ)MEB) Mg, gsiFe*y 024Fe* 12

B

M4) Cay 925N2g,003Mgo.049F€* 0,026
A(2/m) Nag 124
A PM
4
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M- (and A-) sites and absorption correction (Ballirano et
al., 2017). Moreover, the underestimation has been shown
to be prevalently taken up by the M(2) site (Ballirano and
Pacella, 2020). Present data support this observation as the
largest discrepancy is observed at M(2) and secondarily at
M(1). Refined s.s. at M(4) is underestimated as compared to
that from site partition. It is worth noting that the presence
of B(Mg, Fe?’, Mn?")-constituents, that in the studied
sample corresponds to B(Mg+Fe?")=0.075 apfu, might be
related to the presence of a split M(4’) site. However, any
attempt to refine a site at ca. (0, 0.246, 1/2), corresponding
to the expected position of M(4’), failed, possibly because
of the inability of the data to support the optimization of
such subtle static disorder.

Refined s.s. at A-site is in reasonable agreement with
that obtained from SEM-EDS despite the simplification
of modelling it as a single 4(2/m) one.

Table 7 summarizes the cation partition based on
combined SEM-EDS, XRPD and Mossbauer data. The
discrepancies among the various <r™>, calculated from
bond distances and cation partition, are small being within
+0.003 A. The following empirical formula was obtained:

A(Nag 124)50.124"(Cay 92:Nag 9903Fe* " 026ME0.049)52.000
[MD(Mg; 960F e 0.040)x2.000 P Mg 963F€* 0. 024Fe* 0. 013)52.000
M3)(Mgg 931Fe** .069)51.000][ " (Si3 046A10,024)53 970" (Sl 000)]

04,°)(OH, 090)52.000-

CONCLUSIONS

This work reports a detailed crystal-chemical and
structural characterization of'a sample of asbestos tremolite
from an abandoned serpentine quarry located in Mount
Reventino (Calabria, Italy). The chemical formula and the
cation distribution, obtained by integrating SEM-EDS,
XRPD and Mdssbauer data, show that the investigated
sample is very close to tremolite end member, owing to
its very low Fe content (ferro-actinolite component of ca.
3%). It must be noted that both presence of Fe and its
coordination environment within the structure play a key
role in fibre toxicity (Hardy and Aust, 1995; Kamp, 2009;
Liu et al., 2013). Moreover, it has been demonstrated that
chemical reactivity of asbestos depends on specific Fe
sites lying at the surface rather than the total Fe content
of the mineral phases (Turci et al., 2011; Andreozzi et al.,
2017; Pacella et al., 2018). On this basis, the presence of
Fe bearing asbestos tremolite in the investigated area may
represent a potential hazard for human health.

It should be noted that tremolite fibres of this work
represent a good candidate sample for investigating and
modelling their chemical reactivity because of the excellent
purity, chemical homogeneity and the availability of
detailed crystal chemical and structural data. As a further
interesting peculiarity, the sample has some Fe?" allocated
at M(4), condition that might alter its rate of dissolution

and modulate iron availability for surface reactions as
compared to other tremolite fibres samples that do not
share this feature. Such experiments are currently in
progress. Besides, in order to accurately assess the NOA
risk, studies aimed at investigating the extent of the NOA-
bearing outcrops and the amount of fibres that could be
released, following disturbance of rocks and soils, need
to be improved. In this regard, a mapping of the NOA in
Calabrian ophiolites was carried out in order to identify
safety procedures and control measures to reduce a possible
exposure arising from human activities in those areas where
fibrous minerals were detected (Campopiano et al., 2018).
Environmental air pollution of tremolite fibres in the Mount
Reventino area was confirmed by a study on lung tissue of
animals living thereby (Campopiano et al., 2020). Indeed,
the abundant presence of fibers of tremolite in the lungs of
the investigated animals confirmed the successful spread of
mineral fibers in the environment coming from NOA.
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