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The present study was devoted to the full characterization of amphibole fibers by means of a well 
tested multi-analytical approach with the aim to correlate crystal chemistry with chemical reactivity and 
toxicity. The studied specimens are tremolite fibers from ophiolitic outcrops at different Italian localities 
such as (from north to south): 1) Ala di Stura (Lanzo Valley, Piedmont); 2) Mt. Rufeno (Acquapendente, 
Latium); 3) Castelluccio Superiore (Potenza, Basilicata); 4) S. Mango (Catanzaro, Calabria). A sample of 
fibrous tremolite from the ophiolite complex outcropping in Montgomery County, Maryland (USA) was 
also studied. In addition, samples of non-regulated fibrous amphiboles from Biancavilla (Catania, Sicily) 
and from Libby (Montana, USA) were studied for comparison. The detailed crystal chemical 
characterization was carried out by combining Inductively Coupled Plasma-Mass (ICP-MS) spectrometry, 
Electron Microprobe Analysis (EMPA), Scanning Electron Microscopy (SEM) with microanalysis 
system, parallel-beam X-Ray Powder Diffraction (XRPD), 57Fe Mössbauer spectroscopy (MS) and 
Fourier-Trasform Infra-Red (FT-IR) spectroscopy. Beside the mineralogical characterization, the surface 
chemistry and surface reactivity of some samples have been also investigated. The surface chemistry of 
the fibers was studied by X-Ray Photoelectron Spectroscopy (XPS) with specific attention to the surface 
iron content and its oxidation state. Electron Paramagnetic Resonance (EPR) Spectroscopy was used to 
characterize the HO° hydroxyl radicals and the measurement of their absolute concentration. In addition, 
tests of lipid peroxidation in the presence of hydrogen peroxide were performed to identify and 
distinguish their reactivity, and the degradation of linolenic acid in conditions similar to those found in 
pulmonary alveoli was monitored. The products of degradation of linolenic acid were studied by UV-
visible spectroscopy. The surface chemistry and the reactivity of a sample of crocidolite UICC (Union 
Internationale Contre le Cancer, Johannesburg, South Africa) and a sample of calcite (Iceland spar 
variety) were also investigated as positive and negative references, respectively. Finally, full 
characterization of fibrous amphiboles (morphology, crystal chemistry, crystal structure, cation site 
partitioning, Fe3+/Fetot ratio of the bulk and surface, surface chemistry and reactivity) was coupled with 
cytotoxicity tests in vitro (MTT test on A 559 and MeT-5A cells) performed on the same samples.  

This work required the use of several complementary disciplines from mineralogy to chemistry 
and biology. Therefore, the collaboration between the Sapienza University of Rome and the University of 
Pierre et Marie Curie of Paris VI was the underlying framework of such a challenging and 
interdisciplinary work. 

 
STATE OF THE ART 

Exposure to asbestos has been linked to numerous health problems and respiratory diseases. 
Today, three principal diseases are linked to asbestos exposure: asbestosis, lung cancer, and 
mesothelioma. (1) Asbestosis is a non-malignant diffuse interstitial fibrosis of the lung tissue. High 
asbestos exposure can cause scarring of the lung tissue (fibrosis), causing it to become stiff, resulting in a 
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restriction in pulmonary function and reduction in the lung’s ability to exchange carbon dioxide for 
oxygen. (2) Lung cancers related to asbestos exposure are bronchogenic carcinomas, which include 
squamous cell carcinomas, small- and large-cell carcinoma, and adenocarcinomas. Cancers that arise in 
other parts of the lung, such as alveolar carcinomas and sarcomas, are rare and are not known to be 
caused by asbestos. (3) Mesothelioma is a cancer which mainly develops in the pleura (outer lining of the 
lungs and internal chest wall), but it may also occur in the pericardium and peritoneum, lining of heart 
and abdominal cavities, respectively.  

The mechanism through which asbestos fibers may give rise to disease is not yet completely clear. 
Many authors agree in attributing to mineral fibers the formation of Reactive Oxygen Species (ROS) that 
determine a strong release of HO° free radicals by partially dissolving into biological fluids participing in 
Fenton chemistry (Fubini & Otero Aréan, 1999; Kamp & Weitzman, 1999; Robledo & Mossman, 1999). 
Toxicological studies evidenced that interactions between fibrous material and biological environment are 
strongly dependent on both the geometry and the crystal chemistry of mineral fibers (Stanton et al., 1981; 
Fubini, 1993, 1996). In particular, the presence and the bioavailability of Fe received considerable 
attention by the biomedical community. It was proposed that both the presence and structural 
coordination of Fe are important factors in the toxicity of asbestos (Fubini et al., 2001) and, furthermore, 
that only the Fe exposed on the fiber surface is relevant in the ROS production (Gazzano et al., 2005).  

Investigations on the relations between asbestos exposure and related diseases have mainly 
focused on working exposures so far. However, asbestos also occur as accessory minerals in some rocks. 
In the most abundant of these rocks, the ophiolite complexes, chrysotile, tremolite and actinolite asbestos 
are frequently found. Ophiolte rocks are used as building and ornamental materials, because of their 
exceptional physical and mechanical qualities such as strength, durability, variety in appearance and 
color. Natural asbestos (both chrysotile and amphibole) occurrence represents an environmental problem 
due to the potential exposure that may result if the asbestos-bearing rocks are disturbed by weathering 
processes and/or human activities. However, epidemiological studies showed that low to moderate 
exposure to chrysotile asbestos presents a very low health risk, and this is presumably due to its solubility 
in the body. On the contrary, the bio-solubility was observed to be very low in the case of amphibole 
asbestos (Van Oss et al., 1999).  

In the Italian peninsula, especially in the Alps and the Apennines, there is a massive presence of 
ophiolitic outcrops rich in serpentine (chrysotile) and amphibole fibers (tremolite-actinolite and 
anthophyllite). The Piedmont region (NW Italy) has the largest number of such outcrops such as: the 
Lanzo Valley and in particular the ex-mine of Balangero, in which chrysotile was mined. Environmental 
concern was recently caused by the excavations of the Susa Valley railway tunnel (Ballirano et al., 2008). 
In fact, some high-speed railway lines such as Turin-Lyon and Genoa-Milan involve tunnel excavations 
occurring in metamorphic formations, such as serpentinites, in which zones containing fibrous tremolite 
may be found. These excavations give rise to worker health and public environmental issues (Astolfi et 
al., 1991). Ophiolites hosting fibers of tremolite also outcrop in various localities in the central and 
southern part of Italy: quarries of ophiolite, widely used in the past, are present in Calabria (Punturo et al., 
2002) and Latium (Burragato et al., 2001), but their presence has not been associated with health 
problems so far. However, in Basilicata, the presence of fibrous tremolite in the soils of Lauria and 
Castelluccio Superiore Towns (Potenza) was related to some pleural mesothelioma cases occurred in 
these rural communities (Burragato et al., 2004; Pasetto et al., 2004).  
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Recently, epidemiological studies revealed cases of environmental contamination of non-regulated 
fibrous amphiboles. A study on mortality from malignant pleural mesothelioma in Italy evidenced a high 
and unusual cluster of malignant mesothelioma cases among people living in Biancavilla, a town located 
on the southwestern side of Etnean volcanic area in Sicily (Di Paola et al., 1996). Environmental and 
mineralogical surveys in Biancavilla showed no asbestos exposure either from occupational activities or 
from the use of manufactured products (Paoletti et al., 2000). However, some nearby sites are sources of 
amphibole minerals of fibrous habit (Paoletti et al., 2000; Gianfagna et al., 2003). The fibrous amphiboles 
were characterized and the new end-member fluoro-edenite was recognized. On the basis of these results 
Comba et al. (2003) suggested that the unusual cluster of mesothelioma in Biancavilla could be caused by 
the exposure to such new fibrous amphiboles. From the toxicological point of view, these amphibole 
fibers showed high carcinogenicity in previous intraperitoneal injection experiments with rats (Soffritti et 
al., 2004). In addition, recent in vitro studies revealed that their toxicity is strongly related to the chemical 
composition, with particular relevance to the Fe content and its oxidation state (Cardile et al., 2004; 
Pugnaloni et al., 2007). Another well known case of non-regulated amphibole fiber occurrence is that of 
Libby (Montana, USA). In this area, an elevated incidence of lung cancer and mesothelioma cases was 
found in the local miners and millers (McDonald et al., 2002). The local vermiculite mine operated from 
1923 to 1990 for the local building industry. Wilye & Verkouteren (2000) and Gunter et al. (2001, 2003) 
demonstrated the presence of fibrous amphiboles, with composition dominantly ranging from winchite to 
richterite, in the vermiculitic deposits. The environmental survey finally related the diseases to the fibrous 
amphiboles (Gunter et al., 2003). The above mentioned environmental diseases are related to both 
regulated and non-regulated amphiboles fibers, and make the study of these minerals a topic of great 
interest. Although in the scientific literature the crystal-chemistry of the various amphibole prismatic 
varieties has been described in thousands of works, that of the corresponding fibrous variety has been 
well characterized just in few cases (Sokolova et al., 2000, 2001; Gunter et al., 2003; Gianfagna et al., 
2003, 2007; Ballirano et al., 2008; Pacella et al., 2008, Paoletti et al., 2008).  

 
RESULTS OBTAINED 

The fibrous amphiboles here studied showed Fetot contents spanning a range from ca. 0.24 to  
ca. 0.71 apfu, with the minimum and maximum contents observed for Castelluccio tremolite and sample 
2 from Biancavilla, respectively. Tremolites showed the lowest Fetot content, being on average below  
ca. 0.34 apfu, except for Maryland tremolite (ca. 0.52 apfu). Fibrous amphiboles from Biancavilla showed a 
Fetot content between ca. 0.59 and ca. 0.71 apfu, except for sample 3 which displayed Fetot content of ca. 
0.42 apfu. The fibrous richterite from Libby revealed an intermediate Fetot content of ca. 0.46 apfu. For 
comparison, the UICC crocidolite used in this work as the reference compound in the reactivity tests 
displayed a Fetot of ca. 4.0 apfu, almost an order of magnitude higher than the other samples. 

The Fe oxidation states, obtained by Mössbauer analysis on the various fibrous amphiboles, was 
heterogeneous. In fact, the tremolite samples showed a Fe3+/Fetot ratio very low, the maximum value 
reaching 0.24. The Fe3+/Fetot ratios obtained for the fibrous amphiboles from Biancavilla were higher, 
clustering around 0.6 and 0.9. Finally, both the fibrous richterite from Libby and the UICC crocidolite 
showed similar, intermediate Fe oxidation state (Fe3+/Fetot of 0.65). By combining the chemical, 
spectroscopic and Rietveld refinement data, Fe2+ was assigned to the octhaedral layer [M(1) + M(2) + M(3)]. 
In particular, for all fibrous tremolites a substantial Fe2+ equidistribution was observed over M(1), M(2) 
and M(3) octahedral sites. Only for the samples 1 and 2 from Biancavilla part of Fe2+ was also found to 
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be ordered at M(4) site. Fe3+ was mainly located at M(2) site, being disordered over the different 
octahedra only in the sample 3 and 4 from Biancavilla (Table 1). 

 
Table 1 - Site scattering (s.s.) values in electrons per formula unit for the investigated fibrous 
amphiboles, obtained from the structure refinement (left) and calculated from the possible site occupancy 
(right). Possible site occupancy (at centre) was derived from combining chemical and structural data. 
Data from San Mango tremolite, sample 1 and sample 3 from Biancavilla are reported as an example. 

 

San Mango s.s. from 
refinement Possible site occupancy s.s. from site 

occupancy 
    
M(4) 38.92(12) Ca1.97; Na0.02; Mn0.01 39.87 
Sum B sites 38.92(12)  39.87 
M(1) 25.01(12) Mg1.87; Fe2+

0.13 25.82 
M(2) 24.48(12) Mg1.84; Fe3+

0.02; Fe2+
0.13 Al0.01 26.11 

M(3) 12.70(8) Mg0.94; Fe2+
0.06 12.84 

Sum C sites 62.19(19)  64.31 
       

 

San Mango s.s. from 
refinement Possible site occupancy s.s. from site 

occupancy 
    

A 4.6(2) K0.10Na0.37 6.0 
A(m) – – – 

Sum A sites  4.6(2)  6.0 
M(4) 37.6(4) Ca1.29Na0.48Mn2+

0.07Fe2+
0.16 37.0 

Sum B sites  37.6(4)  37.0 
M(1) 25.0(3) Mg1.90Fe2+

0.10 25.3 
M(2) 28.0(3) Mg1.61Fe2+

0.04Fe3+
0.35 29.5 

M(3) 11.8(2) Mg1.00 12.0 
Sum C sites  64.8(5)  66.8 

    
 

sample 3 s.s. from 
refinement Possible site-occupancy s.s. from site 

occupancy 
    

A 3.3(3) K0.10 1.9 
A(m) 4.4(3) Na0.47 5.2 

Sum A sites  7.7(4)  7.1 
M(4) 34.1(1) Ca1.39Na0.37Mn2+

0.06Mg0.18 35.5 
Sum B sites  34.1(1)  35.5 

M(1) 25.3(1) Mg1.87Fe3+
0.12 25.6 

M(2) 27.7(1) Mg1.70Fe2+
0.03Fe3+

0.27 28.2 
M(3) 11.8(1) Mg1.00 12.0 

Sum C sites  64.8(2)  65.8 
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It is well known that, in addition to “bulk” chemical and structural factors (e.g., Fe content, its 
oxidation state and site distribution), the toxicity of asbestos is also strictly related to the surface 
properties. In fact, it is at the surface of the fibers that the interactions with the biological environment 
occur. In the present case, investigation of the fibrous amphiboles by XPS revealed that for all samples, 
except sample 1 from Biancavilla (whose surface resulted unoxidized), the Fe oxidation state at the 
surface is always higher than that of the bulk. The highest difference between surface and bulk oxidation 
state is displayed by San Mango tremolite, which is 10 times more oxidized on the surface (Fig. 1). In 
addition, for all fibrous amphiboles most of Fe3+ on the surface (from 70 to 100%) was revealed to be 
hosted in Fe3+-hydroxide. The information obtained by the crystal chemical characterization of the fibrous 
amphiboles was therefore taken into account in the subsequent analysis of their reactivity. 

Fig. 1 - Comparison of 
Fe3+/Fetot atomic ratios 
between bulk (Mössbauer 
results) and surfaces (XPS 
results) of asbestos samples. 

Test of reactivity performed on the fibrous amphiboles revealed that the UICC crocidolite is the 
most active in both the HO° radical production and the linolenic acid peroxidation. In addition, the 
concentration of HO° radicals produced by the fibrous amphiboles is related to their Fetot content, in 
agreement with the Fenton and Haber-Weiss reactions. On the contrary, no relationship between fiber 
Fetot content and lipidic peroxidation was observed.  

Results of MTT tests showed that cell mortality induced by the fibers is not always correlated with 
their chemical reactivity. However, a correlation between cytoxicity and reactivity was found between 
UICC crocidolite and Mt. Rufeno tremolite, which displayed comparable activity in the production of 
monoaldehydes. Finally, attempts to correlate the response of the treated cells to the fiber physico-
chemical features confirmed the importance of their surface properties. A significant delay of cell 
mortality was observed for San Mango tremolite, which showed the highest content of oxidized Fe at the 
surface with respect to that in the bulk.  

 

182



PLINIUS n. 36, 2010 
 

REFERENCES 

Astolfi, A., Belluso, E., Ferraris, G., Fubini, B., Giamello, E., Volante, M. (1991): Asbestiform minerals associated 
with chrysotile from Western Alps (Piedmont-Italy): Chemical characteristics and possible related toxicity. 
In: “Mechanisms in Fiber Carcinogenesis”, R.C Brown, J.A. Hoskins & N.F. Johnson, eds., 269-283. 

Ballirano, P., Andreozzi, G.B., Belardi, G. (2008): Crystal chemical and structural characterization of fibrous 
tremolite from Susa Valley, Italy, with comments on potential harmful effects on human health. Am. 
Mineral., 93, 1349-1355. 

Burragato, F., Ballirano, P., Fiori, S., Papacchini, L., Sonno, M. (2001): Segnalazione di tremolite asbestiforme nel 
Lazio. Il Cercapietre, 1-2, 33-35.  

Burragato, F., Mastacchi, R., Papacchini, L., Rossigni, F., Sperduto, B. (2004): Mapping of risk due to particulates of 
natural origin containing fibrous tremolite: the case of Seluci di Lauria (Basilicata, Italy). Modelling, 
computer assisted simulation and mapping of natural phenomena for hazard assessment. Geophys. Res. 
Abstr., 6.  

Cardile, V., Renis, M., Scifo, C., Lombardo, L., Gulino, R., Mancari, B., Panico, A.M. (2004): Behaviour of new 
asbestos amphibole fluoro-edenite in different lung cell systems. Int. J. Bioch. Cell. Biol., 36, 849-860. 

Comba, P., Gianfagna, A., Paoletti, L. (2003): The pleural mesothelioma cases in Biancavilla are related to the new 
fluoro-edenite fibrous amphibole. Arch. Environ. Health, 58, 229-232. 

Di Paola, M., Mastrantonio, M., Carboni, M., Belli, S., Grignoli, M., Comba, P., Nesti, M. (1996): La mortalità per 
tumore maligno della pleura in Italia negli anni 1988-1992. Rapporti ISTISAN, 40, 30 p.  

Fubini, B. (1993): The possible role of surface chemistry in the toxicity of inhaled fibers. In “Fiber Toxicology”, D.B. 
Wahreit, ed. Academic Press, San Diego, 11, 229-257. 

Fubini, B. (1996): Physico-chemical and cell free assays to evaluate the potential carcinogenicity of fibres. In: 
“Mechanisms of Fibre Carcinogenesis”, A.B. Kane, P. Boffetta, R. Saracci & J. Wilbourn, eds. IARC 
Scientific Publication 140, International Agency for Research on Cancer, Lyon. 

Fubini, B. & Otero Aréan, C. (1999): Chemical aspects of the toxicity of invale mineral dusts. Chem. Soc. Rev., 28, 
373-381. 

Fubini, B., Fenoglio, I., Elias, Z., Poirot, O. (2001): On the variability of the biological responses to silicas: effect of 
origin, crystallinity and state of the surface on the generation of reactive oxygen species and consequent 
morphological transformations in cells. J. Environ. Pathol. Toxicol. Oncol. 20, 87-100. 

Gazzano, E., Riganti, C., Tomatis, M., Turci, F., Bosia, A., Fubini, B., Ghigo, D. (2005): Potential toxicity of 
nonregulated asbestiform minerals: balangeroite from the western Alps. Part 3: depletion of antioxidant 
defenses. J. Toxicol. Environ. Health, 68, 41-49. 

Gianfagna, A., Ballirano, P., Bellatreccia, F., Bruni, B.M., Paoletti, L., Oberti, R. (2003): Characterization of 
amphibole fibers linked to mesothelioma in the area of Biancavilla, Eastern Sicily, Italy. Mineral. Mag., 67, 
1221-1229.  

Gianfagna, A., Andreozzi, G, Ballirano, P, Mazziotti-Tagliani, S, Bruni, B.M. (2007): Structural and chemical 
contrasts between prismatic and fibrous fluoro-edenite from Biancavilla, Sicily, Italy. Can. Mineral., 45,  
249-262. 

Gunter, M.E., Brown, B.M., Bandli, B.R., Dyar, M.D. (2001): Amphibole asbestos, vermiculite mining and Libby, 
Montana: What’s in a name? 11th Annual V.M. Goldschmidt Conference, Hot Springs, Virginia, abstr. #3455. 

Gunter, M.E., Dyar, M.D., Twamley, B., Foit, F.F., Jr., Cornelius, C. (2003): Composition, Fe3+/ΣFe, and crystal 
structure of non-asbestiform and asbestiform amphiboles from Libby, Montana, U.S.A. Am. Mineral., 88, 
1970-1978. 

Kamp, D.W. & Weitzman, S.A. (1999): The molecular basis of asbestos induced lung injury. Thorax, 54, 638-652. 
McDonald, J.C., Harris, J., Armstrong, B. (2002): Cohort mortality study of vermiculite miners exposed to fibrous 

tremolite: an update. Ann. Occ. Hyg., 46, suppl. 1, 93-94. 
Pacella, A., Andreozzi, G.B., Ballirano, P., Gianfagna, A. (2008): Crystal chemical and structural characterization of 

fibrous tremolite from Ala di Stura (Lanzo Valley, Italy), Per. Mineral., 2, 51-62. 

 

183



PLINIUS n. 36, 2010 
 

Paoletti, L., Batisti, D., Bruno, C., Di Paola, M., Gianfagna, A., Mastrantonio, M., Nesti, M., Comba, P. (2000): 
Unusually high incidence of malignant pleural mesothelioma in a town of the eastern Sicily: an 
epidemiological and environmental study. Arch. Environ. Health, 55, 392-398. 

Paoletti, L., Bruni, B.M., Arrizza, L., Mazziotti-Tagliani, S., Pacella, A. (2008): A micro-analytical SEM-EDS 
method applied to the quantitative chemical compositions of fibrous amphiboles, Per. Mineral., 2, 63-73. 

Pasetto, R., Bruni, B.M., Bruno, C., D’Antona, C., De Nardo, P., Di Maria, G., Di Stefano, R., Fiorentini, C., 
Gianfagna, A., Marconi, A., Paoletti, L., Putzu, M.G., Soffritti, M., Comba, P. (2004): Problematiche 
sanitarie della fibra anfibolica di Biancavilla. Aspetti epidemiologici, clinici e sperimentali. Not. Ist. Sup. 
Sanità, 17, 8-12. 

Pugnaloni, A., Lucarini, G., Giantomassi, F., Lombardo, L., Capella, S., Belluso, E., Zizzi, A., Panico, A.M., Biagini, 
G., Cardile, V. (2007): In vitro study of biofunctional indicators after exposure to asbestos-like fluoro-edenite 
fibres. Cell. Mol. Biol., 53, 965-80. 

Punturo, R., Fiannacca, P., Lo Giudice, A., Pezzino, A., Cirrincione, R., Liberi, F., Piluso, E. (2002): Le Cave 
storiche della “Pietra Verde” di Gimigliano e Monte Reventino (Calabria): studio petrografico e geochimico. 
Boll. Soc. Gioenia Sci. Nat., 37, 37-59.  

Robledo, R., & Mossman, R. (1999): Cellular and molecular mechanisms of asbestos-induced fibrosis. J. Cell. 
Physiol., 180, 158-166. 

Soffritti, M., Minardi, F., Bua, L., Degli Esposti, D., Belpoggi, F. (2004): First experimental evidence of peritoneal 
and pleural mesotheliomas induced by fluro-edenite fibres in Etnean volcanic material from Biancavilla 
(Sicily, Italy). Eur. J. Oncol., 9, 169-175. 

Sokolova, E.V., Kabalov, Y.K., McCammon, C., Schneider, J., Konev, A.A. (2000): Cation partitioninig in an 
unusual strontian potassicrichterite from Siberia: Rietveld structure refinement and Mössbauer spectroscopy. 
Mineral. Mag., 64, 19-23. 

Sokolova, E.V., Hawthorne, F.C., McCammon, C., Schneider, J. (2001): Ferrian winchite from the Ilmen Mountains, 
Southern Urals, Russia and some problems with the current scheme of nomenclature. Can. Mineral., 39,  
171-177 

Stanton, M.F., Layard, M., Tegeris, A., Miller, E., May, M., Morgan, E., Smith, A. (1981): Relation of particle 
dimension to carcinogenicity in amphibole asbestoses and other fibrous minerals. J. Nat. Cancer Inst., 67, 
965-975. 

Van Oss, C.J., Naim, J.O., Costanzo, P.M., Gieise, R.F., Jr., Wu, W., Sorlung, A.F. (1999): Impact of different 
asbestos species and other mineral particles on pulmonary pathogenesis. Clays Clay Miner., 47, 697-707. 

Wilye, A. & Verkouteren, J. (2000): Amphibole asbestos from Libby, Montana: aspects of nomenclature. Am. 
Mineral., 85, 1540-1542. 

 

 

184




