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 Morphological and crystal-chemical changes during thermal inertization of fibres 

 Pyroxenes, cristobalite, hematite and amorphous material formed at breakdown. 

 Iron thermal oxidation insufficient for complete suppression of fibres reactivity 

 Fibres still able to generate COO-• in presence of reducing agent 

 •OH yield modified, but not suppressed, by iron thermal oxidation 

 

 

ABSTRACT 

This study discloses the morphological and chemical-structural modifications that occur during thermal 

degradation of amphibole asbestos. Low-iron tremolite and iron-rich crocidolite were heated at temperatures 

ranging from r.t. to 1200°C. Heating promoted a complex sequence of iron oxidation, migration and/or 

clustering and, finally, the formation of brittle fibrous pseudomorphs consisting of newly formed minerals 

and amorphous nanophases. The effects of the thermal modifications on toxicologically relevant asbestos 

reactivity were evaluated by quantifying carbon- and oxygen-centred, namely hydroxyl (•OH), radicals. 

Heating did not alter carbon radicals, but largely affected oxygen-centred radical yields. At low temperature, 

reactivity of both amphiboles decreased. At 1200°C, tremolite structural breakdown was achieved and the 

reactivity was further reduced by migration of reactive iron ions into the more stable TO4 tetrahedra of the 

newly formed pyroxene(s). Differently, crocidolite breakdown at 1000°C induced the formation of hematite, 

Fe-rich pyroxene, cristobalite, and abundant amorphous material and restored radical reactivity. Our finding 

suggests that thermally treated asbestos and its breakdown products still share some toxicologically relevant 

properties with pristine fibre. Asbestos inertization studies should consider morphology and surface 

reactivity, beyond crystallinity, when proving that a thermally inactivated asbestos-containing material is 

safe. 

 

Keywords 

 

Amphibole asbestos; inertization; free radical release; mineral reactivity; elongated mineral 

particles. 

 

1. Introduction 

 

The commercial term asbestos includes five fibrous amphiboles (actinolite, amosite, 

anthophyllite, crocidolite, and tremolite) and one fibrous serpentine mineral, chrysotile. Inhalation 

of asbestos fibres causes severe lung diseases, including malignance and non-malignance 

pathologies (lung cancer, mesothelioma, and asbestosis) (IARC, 2012). Asbestos use is now indeed 
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banned in more than 50 countries (Spasiano and Pirozzi, 2017; International Ban Asbestos 

Secretariat, 2019). The industrial exploitation of asbestos and the fabrication of asbestos containing 

materials (ACMs) peaked in the 20th century (Ross et al., 2008), with a cumulative production of 

more than 2.1 · 108 t of asbestos and more than three thousand types of products and consumer 

goods (Paglietti et al., 2012; Gualtieri, 2017). Among those, cement-asbestos has been –and in 

many countries still is– produced in large scale for the demand of construction industry. Cement 

asbestos is a composite material containing up to 20% of asbestos fibres embedded in a cement or 

polymeric matrix (Gualtieri, 2012). Amphibole asbestos, mainly crocidolite, is usually lower than 

6% and chrysotile accounts for the rest (Gualtieri, 2012). The impressive quantity of cement 

asbestos installed worldwide requires extraordinary mitigation strategies. For instance, 30 and 15.5 

million tons of ACMs, mainly as cement-asbestos roof tiles, are still installed in Italy and Poland, 

respectively (Plescia et al., 2003; Degiovanni et al., 2004; Witek and Kusiorowski, 2017) and 

deteriorated ACMs may release airborne or waterborne asbestos fibres and pose a risk to human 

health. As most of the cement-asbestos products have been installed in the second half of the 20th 

century, we are now getting closer to the end-of-life of ACMs. Currently, landfill disposal is the 

most adopted strategy to manage ACM end-of-life (Paolini et al., 2019). However, in search for a 

sustainable management of ACM end-of-life, the European Parliament proposes asbestos 

inertization, i.e. any treatment that induces a complete chemical structural transformation of 

asbestos, as a preferable way to landfilling (European Parliament resolution of 14 March 2013 on 

asbestos-related occupational health threats and prospects for abolishing all existing asbestos 

[2012/2065(INI)]). Several studies have recently investigated asbestos inertization, via thermal, 

thermochemical, biological, mechanical treatments (Turci et al., 2007; 2011a; Gualtieri et al., 2011; 

Kusiorowski et al., 2015a; Yamamoto et al., 2016; Spasiano, 2018; Bloise et al., 2018a; 2018b; 

Bloise, 2019). 

Among the various treatments available, thermal inactivation with controlled recrystallization is 

currently one of the most promising approach (Paolini et al., 2019). However, a full structure 

transformation may not always yield fully inert products and studies to discriminate safe from still 

potentially hazardous products are urgently needed to promote asbestos inertization over landfilling. 

Newly formed mineral phases might preserve reactivity and fibrous aspect of pristine asbestos 

minerals, and amorphous silica obtained during chrysotile inertization displayed a relevant surface 

reactivity in free radical generation and induced cytotoxic effect in cell culture (Gualtieri et al., 

2019). 

By following the thermally induced transformations of crocidolite and tremolite asbestos, this study 

aims at investigating the morphological and chemical structural features of amphibole asbestos 
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during inertization and to give evidence of the coordinative and reactivity state of iron in the altered 

and newly formed crystalline phases. To this purpose, thermal treatment was used to induce 

structural modification on tremolite and crocidolite. These asbestos samples were chosen because 

they share a very similar structure (monoclinic C2/m amphiboles) and yet they exhibit a strongly 

different iron content (Deer et al., 2013). Notably, both the presence and the structural coordination 

of surface Fe are considered the main factors of fibre toxicity (Fubini et al., 1995), together with 

high aspect ratio (e.g., Stanton et al., 1981) and biopersistence (Van Oss et al., 1999). 

It is known that thermal treatments of minerals induce two main modifications: a) at lower 

temperatures, surface oxidation and partial de-hydroxylation occurs, often accompanied by cation 

migration, while the crystalline phases of the pristine minerals are largely preserved; and b) a 

dramatic loss of crystalline structure followed by the appearance of newly formed mineral phase is 

achieved at higher temperature (Bloise et al., 2017a; 2017b). A detailed structural and 

morphological investigation of the altered minerals is here carried out, following a multi-technique 

approach (DSC, XRPD, SEM and TEM), and discussed at the light of pristine and altered mineral 

surface reactivity, by measuring oxygen- (•OH) and carbon-centred (COO-•) radicals, generated in 

cell-free tests (spin trapping/EPR). The results of this work will be useful in the evaluation on the 

safety of the thermally decomposed ACM. More generally, this study contributes to the ongoing 

debate of which altered/weathered naturally occurring asbestos (NOA) and non-asbestos mineral 

fibres may pose a risk to human health (Harper, 2008; Favero-Longo et al., 2009; Bloise et al., 

2017a). 

 

2. Materials and methods 

2.1. Asbestos minerals 

A sample of tremolite from Maryland (USA), fully characterized from the crystal chemical and 

structural point of view by Pacella et al. (2010), was used in the present investigation. It has 

chemical formula 

B(Ca2.00Mn0.02Na0.01)2.03
C(Mg4.48Fe2+

0.44Fe3+
0.08)5.00

T[Si7.95Al0.02]7.97O22
O3[(OH)1.98F0.01]. 

Fe2+ was found to be distributed over M(1), M(2) and M(3) sites of the octahedral layer, whereas 

Fe3+ was found only at M(2) site. 

The well-known toxicological standard UICC crocidolite (fibrous riebeckite) was used and recently 

minero-chemically detailed by Pacella et al. (2019) and reported a chemical formula 

ANa0.03
BNa2.00

C(Fe2+
2.21Fe3+

2.04Mg0.75)5.00
T[Si7.95Al0.02]7.97O22

O3(OH)2 

 close to that of the end-member riebeckite. This formula is similar to that listed by Hodgson et al. 

(1965) for a sample, from the same locality, used by those authors to investigate the thermal 
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decomposition of crocidolite. Structural data indicated that both Fe2+ and Fe3+ are distributed over 

the M(1,2,3) sites exhibiting the following site-specific occupation preference: M(3)>M(1)>>M(2) 

and M(2)>>M(1)>M(3) for Fe2+ and Fe3+, respectively. 

The use of very-well characterized mineral samples allowed the study to achieve general results on 

the alteration mechanisms that can be readily extended to other amphibole asbestos and other 

fibrous minerals in general, including diopside. 

 

2.2. Differential Scanning Calorimetry and Thermogravimetric Analysis 

Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TG) were 

performed on tremolite and crocidolite samples at the University of Calabria (Italy) in an alumina 

crucible with a Netzsch STA 449 C Jupiter. During DSC/TG analysis the samples were heated at a 

rate of 10°C min-1 in a 30-1000°C (UICC crocidolite) and 30-1200°C (tremolite from Maryland) 

temperature range, under an air flow of 30 mL min-1 (oxidizing atmosphere) and with a cooling rate 

of 20°C min-1. 

Approximately 20 mg of sample (i.e., tremolite; crocidolite) was used for each run. 

Instrumental precision was checked by four repeated collections on a kaolinite reference sample 

revealing good reproducibility (instrumental theoretical T precision of ± 1.2°C), DSC detection 

limit < 1 μW. Derivative thermogravimetry (DTG), derivative differential scanning calorimetry 

(DDSC), onset, exo- and endo-thermic peaks were obtained using Netzsch Proteus thermal analysis 

software. 

About 200 mg of sample for each collection (previously gently ground in an agate mortar for 1 

minute) were loaded into a 50-ml platinum crucible and heated within a vertical furnace equipped 

with Super Kanthal heating element (0–1700°C) with temperature controlled by PtRh–PtRh 

thermocouples (precision ±4°C). Tremolite were heated up to 930°C and 1200°C, and crocidolite 

up to 650°C, 800 and 1000°C, both in an oxidizing atmosphere with a heating rate of 10°C min-1. 

Finally, the crucibles were cooled down to room temperature with a cooling rate of 20°C min-1 to 

investigate the transformation products ex-situ by X-ray powder diffraction (XRPD), Scanning and 

Transmission Electron Microscopy (SEM and TEM). 

 

2.3. X-ray powder diffraction 

Samples were analysed at Sapienza University of Rome, Italy, on a Bruker AXS D8 

Advance equipped with incident-beam multilayer graded (Göbel) focussing mirrors and a PSD 

VÅntec-1. They were prepared as capillaries and measurements were performed in / transmission 

mode. Data were collected in the 5-145°2 angular range, 0.022°2 step size and 10 s counting time 
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and analysed by the Rietveld method using Topas 6 (Bruker AXS, 2016) and the Fundamental 

Parameters Approach (FPA: Cheary and Coelho, 1992) to describe the peak shape. Coherently with 

the different morphology of the samples (see TEM and SEM sections of Results and discussion) an 

isotropic and an anisotropic broadening model were used to describe the peak shape of tremolite 

and crocidolite, respectively (Katerinopolou et al., 2012; Cametti et al., 2013; Ballirano et al., 

2015). Absorption correction was modelled using the formalism of Sabine et al. (1998) and the 

approach of Ballirano and Maras (2006) was adopted to handle the correlation between 

displacement parameters and absorption. Preferred orientation of amphiboles was modelled using 

spherical harmonics (4th-order, eight refinable parameters) by selecting the number of appropriate 

terms as suggested by Ballirano (2003). Parameters refined to small values as expected for samples 

prepared as capillaries. In order to obtain a fully consistent structural data set, the room temperature 

structure of tremolite was newly refined using the FPA, as in reference data a conventional 

approach for approximating the peak shape was used. Moreover, average bond distances < M(1)-

O>, <M(2)-O>, and <M(3)-O> (and corresponding aggregate sizes of the constituent cations <rM>) 

were not used to constrain the cation partition among those sites. Differently, in the present work 

the criteria for cation site assignment and indirect Fe2+/Fe3+ partition of amphiboles were those 

described in Vignaroli et al. (2014). The list of reference starting structural data used in the various 

refinements is reported in Table S1. 

 

2.4. Scanning Electron Microscopy (SEM) 

SEM analysis was performed at the University of L’Aquila, Italy, using a Field Emission 

(FE) SEM Zeiss Gemini 500. Each sample was mounted on the stub with conductive carbon tape 

and a thin film (5 nm) of chromium was deposited on the sample surface using a Quorum Q 150T 

ES sputter in order to make it conductive for measurement purposes. 

 

2.5. Transmission Electron Microscopy (TEM) 

TEM analysis was performed on a JEOL JEM-2010 microscope at the University of Siena, 

Italy. The TEM was operated at 200 kV with a LaB6 source and ultra-high-resolution pole pieces, 

resulting in a point resolution of 0.19 nm. The TEM is equipped with an energy dispersive 

spectrometer (EDS) Oxford ISIS and with an Olympus Tengra CCD camera (2k x 2k x 14 bit) for 

image acquisition. Pristine and heated samples have been dispersed on 200 mesh Cu-grids with 

holey carbon support film (two grids for each of the four samples) and subsequently carbon-coated. 

 

2.6. Chemical reactivity 
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Chemical reactivity of both pristine and thermally treated samples was evaluated at the “G. 

Scansetti” Center, University of Turin, Italy, measuring the free radical generation by electron 

paramagnetic resonance (EPR) spectroscopy associated with the spin trapping technique, using 

5,5’-dimethyl-1-pyrroline-1-oxide (DMPO, Cayman Chemical, Ann Arbor, Michigan, USA) as spin 

trapping agent. Asbestos fibres were suspended in a phosphate buffer solution (pH 7.4) containing 

DMPO. Hydrogen peroxide (H2O2) and sodium formate (HCOONa) were used as target molecules 

to quantify the generation of hydroxyl or carboxyl radicals, respectively. The release of the 

hydroxyl radical in the presence of hydrogen peroxide (Ensing et al., 2003; He et al, 2013) is held to 

occur in vivo when asbestos fibres are exposed to lysosomal fluids during alveolar macrophage 

phagocytosis, promoting a direct oxidative stress (Liu et al., 2013). The homolytic cleavage of the 

C-H bond in formate anion (HCOO-) was employed as a model reaction that may occur in vitro or 

in vivo to several biomolecules when asbestos fibres are contacted with cells and tissues. Such a 

reaction yields the formation of a carbon-centred radical COO-• and it was reported to be strongly 

dependent on the presence of poorly coordinated ferrous iron at the fibre surface (Turci et al., 

2011b; Andreozzi et al., 2017). The suspensions were kept in the dark by shielding reaction vessels 

with foil to prevent DMPO photooxidation. The reaction was carried at 37°C, to mimic cellular 

environment. The vessels were gently shaken with a thermostatic vessel shaker to allow intimate 

contact between asbestos and reagents. The kinetics of the radical reactions was followed by 

withdrawing a fraction of the suspension after 10, 30, and 60 minutes. The suspensions were 

filtered through cellulose acetate membranes (0.25 µm porosity) and transferred into a 50 μl-

capillary tube. EPR measurements were carried out by means of Miniscope MS 100 spectrometer 

(Magnettech, Berlin, Germany). Instrument setting was: microwave power 10 mW; modulation 

1000 mG; scan range 120 G; centre of field 3345 G. Blanks were performed in parallel in the 

absence of fibres. To quantify the amount of radical generated, each EPR spectrum was double-

integrated and data reported as arbitrary unit (average value ± standard deviation) in bar graphs. All 

experiments were repeated at least three times. The protocol for each test is described in detail 

below. All reagents were from Sigma-Aldrich, when not otherwise indicated. 

•OH generation test (Fubini et al., 1995): the reaction tube contained 25 mg of sample, 500 µl of 0.5 

M potassium phosphate buffer (pH 7.4) and 250 µl of 0.17 M DMPO. The reaction was triggered 

adding 250 µl of H2O2 (0.2 M).  

COO-• generation test (Fubini et al., 1995): the reaction mixture contained 25 mg of sample, 250 µL 

of 0.17 M DMPO, and 250 µL of 60 mM ascorbic acid. The reaction was started by adding 500 µL 

of 2 M HCOONa solution in 1 M phosphate buffer. 
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3. Results and discussion 

 

3.1. Investigation of the thermal alterations of fibrous amphiboles  

Thermal alterations of tremolite and crocidolite were investigated up to complete mineral 

breakdown by means of DSC and TG analysis. The DSC curve of the heated tremolite up to 1200°C 

is shown in Figure S1a. The wide endothermic peak centred at 1006°C was ascribed to tremolite 

breakdown even starting at 982°C (onset temperature) and ending at about 1030°C (end 

temperature), in agreement with the literature data (Bloise et al., 2017a; 2017b). The effect at 

1030°C on derivative DSC (DDSC, Fig. S1a), due to the change of slope of the DSC curve, 

confirms the structural breakdown of tremolite before this temperature. Finally, the exothermic 

signal at 1052°C was assigned to the crystallization of pyroxenes and cristobalite (Johnson and 

Fegley, 2000; Bloise et al., 2017b). DTG curve shows (Fig. S1b) one main peak of maximum mass 

loss at 1016 °C due to tremolite dehydroxylation (Ballirano et al., 2017; Bloise et al., 2017) 

corresponding to a water loss of 2.56 % observed on TG curve. 

In the 400-950°C range five downwardly events could be observed (inset in Fig. S2, @ 417, 

574, 694, 779 and 870°C) on DTG curve. They have been assigned to the dehydrogenation 

processes and to the progressive oxidation of ferrous iron in tremolite, before starting breakdown 

(@ 982°C). This interpretation was also confirmed by the effects on DDSC curve (inset in Fig. S1a) 

in the same temperature range (i.e., 400-950°C), that account for Fe oxidation. The assignments are 

in line with studies on amphibole which have demonstrated that dehydrogenation, simultaneously 

associated with the oxidation of Fe2+ into Fe3+, takes place at a temperature lower than their 

breakdown (Wittels 1952; Phillips et al., 1988; Della Ventura et al., 2018). 

The DSC and TG analyses of the heated crocidolite up to 1000°C are reported in Fig. S1c 

and S1d, respectively. In the low temperature range (300-620°C), crocidolite exhibited four 

downwardly peaks recorder on DTG curve (330, 421, 486 and 613°C), assigned to the 

dehydrogenation processes (Bloise et al., 2016; Della Ventura et al., 2018), subsequently at which 

the iron oxidation occurs (Fig. S1d). Those assignments are confirmed by: i) the mass gain on TG 

curve (Fig. S1d); ii) the exothermic peaks on DSC curves due to the formation of an oxo-amphibole 

(partially dehydrogenated crocidolite). The Fe oxidation of crocidolite, in the range ca. 330-620°C, 

involves simultaneous oxidation of ferrous and hydroxyl ions leaving as product an oxo-amphibole. 

These findings are in agreement with results of Della Ventura et al. (2018). The reaction takes place 

on the surface and is dependent on the migration of protons and electrons through the crystal 

(Addison et al., 1962; MacKenzie et al., 1986; Lempart et al., 2018).  
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The endothermic peak at 919°C (Fig. S1c) is related to the breakdown of the structure which starts 

at about 800°C and ends at 930°C. The wide exothermic peak at 950°C is interpreted as 

crystallization to aegirine, cristobalite and hematite deriving from crocidolite breakdown (Hodgson 

et al., 1965; Kusiorowski, 2015b; Bloise et al., 2016).  

 

3.2. Morphological alterations induced by thermal treatments 

Tremolite fibres showed the well-known acicular morphology of asbestos and were arranged 

in bundles (Fig. 1a). High-magnification image (inset) evidenced the polygonal cross section of 

individual fibrils, in agreement with previous observation by Pacella et al. (2015). After the thermal 

treatment at 1200°C fibrous morphology of the sample was well preserved (Fig. 1b). At higher 

magnification, however, the presence of newly formed sub-euhedral/euhedral crystals of 

nanometric size on the fibre surface could be observed (Fig. 1b, inset). 

Crocidolite fibres appeared straight and rigid and arranged in thinner bundles than those formed by 

the tremolite sample (Fig. 1c). At higher magnification (inset), the bundles splitting into very thin 

fibrils with the typical nanometric diameter could be observed. As in the case of tremolite, 

crocidolite preserves the fibrous morphology after thermal treatment at 1000°C, even though the 

thermally modified fibres show very irregular edges, that account for a partial melting occurred 

during heating phase (Fig. 1d). 

 

3.3. Structural alteration induced by thermal treatments 

XRPD analysis and Rietveld refinement on pristine and heated tremolite and crocidolite 

were used to gain insight on the oxidative and structural situation of iron ions following thermal 

treatment as well as to obtain the Quantitative Phase Analysis (QPA) of the neo-formed mineral 

phases. Cell parameters and volume of tremolite and crocidolite fibres and agreement factors of the 

Rietveld refinements are reported in Table 1, relevant bond distances (in Å) in Table 2 and QPA of 

the products of the breakdown are listed in Table 3. Conventional Rietveld plots of the analysed 

samples are shown in Fig. S2. 

Comparison with room temperature data of Pacella et al. (2010) indicates a slightly different iron 

content, Fe2+/Fe3+ ratio and a corresponding Fe2+/Fe3+ partition (Table 4) for tremolite. Those 

differences can be related to the common chemical variability exhibited by amphibole fibres 

(Andreozzi et al., 2009) and are consistent with the observed small differences between cell 

parameters and volume (Table 1) (Ballirano et al., 2017). Consistently with calorimetric data, 

XRPD of tremolite heated at 1200°C indicated that breakdown products consist of two pyroxenes, 

Jo
ur

na
l P

re
-p

ro
of



 10 

namely diopside-like and pigeonite-like, minor cristobalite and hematite traces the latter deriving 

from tremolite breakdown (Table 3). 

Therefore, the corresponding idealized stoichiometric reaction of tremolite thermal breakdown is  

 

Ca2Mg5[Si8O22](OH)2 (s)  2 CaMg[Si2O6] (s) + 1.5 Mg2[Si2O6] (s)+ SiO2 (s) + H2O (g) 

 

The reaction does not take into account the iron content in tremolite (expected to be completely 

oxidized at the breakdown) and uses simplified compositions of both diopside-like and pigeonite-

like pyroxenes that, in effect, in order to preserve the overall chemical balance, should be more 

correctly classified as a subcalcic diopside and a calcium-rich clinoenstatite, respectively. This 

assignment is confirmed by the cell parameters of the two pyroxenes that are consistent with those 

of reference data (Table 5) for subcalcic diopside (McCallister et al., 1974) and pigeonite (Ohashi 

and Finger, 1974; Takeda et al., 1974), respectively. Notwithstanding these simplifications, the 

theoretical composition of the products of tremolite breakdown is in reasonable agreement with the 

QPA from Rietveld analysis (Table 3) and to TEM observations. Refinement of the site scattering 

(s.s.) at the M1 and M2 sites of both pyroxenes provided further confirmation to pyroxene 

classification. In fact, despite severe correlations existing among parameters (caused by two 

coexisting almost perfectly superimposed patterns) it was possible to retrieve, from the refined s.s., 

the chemical formula of the more abundant subcalcic diopside (accounting for ca. 70 wt.% of the 

mixture) which is M2(Ca0.674(10)Mg0.326)=1
M1(Mg0.940(4)Fe3+

0.060)
T[Si1.940(4)Fe3+

0.060O6]. As charge 

balance imposes a 1:1 partition of Fe3+ between M1 and T, the refinement has been restrained 

accordingly. Therefore, according to the refined s.s., part of Fe3+ of tremolite has been incorporated 

into the newly formed pyroxene structure coherently with the small amount of hematite observed in 

the mixture. In fact, 0.20 wt.% of Fe2O3 is one order of magnitude smaller than 4.50 wt.% FeOtot. 

reported by Pacella et al. (2010) in the chemical analysis by EPMA of tremolite from Maryland. 

The refined total of 0.12(1) Fe3+ apfu corresponds to ca. 4.5(4) wt.% Fe2O3 in agreement with the 

starting composition of tremolite. In his experimental work, Redhammer (1998) found that 

solubility of the ferri-Tschermak’s (fts) molecule CaFe3+(Fe3+Si)O6 in diopside reaches a maximum 

at T = 1150°C, very close to the present temperature of breakdown of tremolite, thus providing 

further support to the observed incorporation of Fe3+ into the subcalcic diopside structure. 

In the case of the less abundant pigeonite (accounting for ca. 25 wt.% of the mixture) a significant 

increase of s.s. was observed at M2 confirming the onset of a Ca  Mg substitution scheme. 

According to the refined amount of Fe3+ in subcalcic diopside, only minor Fe3+, if none, should 

enter pigeonite. 
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Pristine tremolite observed at TEM consisted of long fibres, elongated along [001], showing fibrils 

with width ranging from a few tens of nm up to ca. 1 m (Fig. 2a). At low magnification, the heated 

sample appeared very similar to pristine tremolite, with well-preserved fibrous habit and size (Fig. 

2b). At higher magnification, we could observe fibrils that actually consisted of different phases, 

both crystalline and amorphous, thus indicating pseudomorphic transformations (e.g., Fig. 2c and 

2d). In particular, tremolite fibres have been replaced by elongated pyroxene crystals and minor 

silica-rich amorphous material (px and amorph, respectively). Based on selected area electron 

diffraction (SAED) and high-resolution images (e.g., Figure 2d), pyroxene crystals are broadly 

elongated along their [001] axis, but are characterized by different crystallographic orientation, 

being variably rotated around [001]. Measures in SAED patterns and HRTEM images provides 9.3-

9.6 Å, 8.7-8.9 Å and 4.9-5.1 Å for a, b and c cell parameters respectively, thus in relatively good 

agreement with XRD data. Pyroxene crystals showed planar defects, corresponding to both (010) 

and (100) stacking faults (white arrows in Figure 2c), and (001) exsolution lamellae (lamellar 

features parallel to the black arrow in Figure 2d). Fig. 2e and 2f show high-resolution images 

corresponding to b*c* orientation, with evident exsolution lamellae and stacking faults, 

respectively. The width of (001) exsolution lamellae ranges from 5 to 20 nm (Fig. 2e). The 

extremely low size of exsolution lamellae hampered the obtainment of pure EDS data of the two 

Ca-poor and Ca-rich pyroxenes, always giving rise to mixed analyses.  

All those characteristics explain the persistence of the fibrous morphology and the relevant 0 

microstrain broadening of the two pyroxenes observed from evaluation of the integral breadth of 

individual peaks in the Rietveld refinement, the latter required to accommodate the cell parameters 

misfit at their boundary. Cristobalite and hematite have not been detected in TEM grids of heated 

tremolite. This is not surprising, since it is probably the consequence of their low amount (2.47 and 

0.26 wt.%, respectively, based on Rietveld data), coupled with the extremely small volume 

typically analysed in TEM samples. 

UICC crocidolite thermal behaviour was analysed ex-situ at 650, 800 and 1000°C. Structure 

refinements show remarkable similarities with the results reported by Oberti et al. (2018) for 

riebeckite. In the case of the sample heated at 650°C the starting mixture, consisting of six phases, 

reduces to crocidolite, quartz and hematite (Table 3), the latter arising from magnetite oxidation and 

decomposition/oxidation of minnesotaite and siderite. Crocidolite cell parameters significantly 

contract as a result of iron oxidation and corresponding deprotonation (Table 1). This behaviour is 

confirmed by the shortening of the <M(1)-O> bond distance (Table 2) that indicates the prevailing 

onset of iron oxidation at this site which is coupled with a partial migration of Fe3+ from M(2). The 

increase of the s.s. at M(1) and the corresponding reduction at M(2) and M(3) indicate a 
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redistribution of Mg from M(1) to M(2) and M(3) (Table 6). The constraint imposed by the starting 

content of Mg suggests that, at least at 650°C, the M(3) site is fully occupied. Na is partitioned 

between the M(4) and A sites that, for stabilizing the refinement, have been modelled as a single 

A(m) site. The Fe2+/Fe3+ ratio passes from 1.07 at RT to 0.39 at 650°C clearly indicating the 

occurrence of extended iron oxidation. At 800°C, crocidolite starts to experience the breakdown as 

indicated by the formation of cristobalite and aegirine, as well as by an increase of the hematite 

content. Crocidolite cell parameters and volume increase approaching the values reported by Oberti 

et al. (2018) for the deprotonated sample 298KR-1301. Comparison with the sample heated at 

650°C reveals the same s.s. at M(1) and a pronounced s.s. reduction (ca. 10%) at M(2). Both M(4) 

and A(m) show a minor increase of electron density. The s.s. reduction at M(2) has been attributed 

to the almost complete segregation of Mg at that site. This fact testify the partial occupation of M(3) 

by Fe2+ and Fe3+ in perfect agreement with the findings of Oberti et al. (2018). The excess Fe2+ has 

been allocated at M(4) following Oberti et al. (2018). 

XRPD indicated that crocidolite breakdown products are aegirine, hematite and cristobalite (Table 

1) in substantial agreement with the findings of Vermaas (1952) and Patterson (1965). The 

corresponding idealized stoichiometric reaction is  

 

Na2Fe2+
3Fe3+

2[Si8O22](OH)2 (s) + 0.75 O2 (g)  1.5 Fe2O3 (s) + 2 NaFe3+[Si2O6] (s)  + 4 

SiO2 (s) + H2O (g) 

 

In this case, the theoretical composition of the products of crocidolite breakdown is in fair 

agreement with the QPA from Rietveld analysis (Table 3). In particular, hematite is significantly 

more abundant in the case of QPA than in the idealized reaction suggesting the occurrence of 

amorphous silicate phases other than the crystalline ones. It should be borne in mind that, in the 

present experimental set up, the contribution of amorphous phases to the diffraction pattern is partly 

masked by that of the glass capillary and therefore their occurrence can be identified with difficulty. 

The small quantity of quartz arises from minor conversion of cristobalite at room temperature. It is 

worth noticing that cell parameters of the resulting cristobalite from the breakdown of the two 

amphiboles are larger than those of low-cristobalite (Table 7). This feature is more evident in the 

case of crocidolite breakdown products. Following Butler and Dyson (1997) they are similar to 

those of the so-called ’ tetragonal form that has been attributed to a defect form of the  tetragonal 

form but having a constant quantity of defects/substituted cations which gives it a well-defined and 

consistent structure. In the case of crocidolite, the availability of large quantities of Na+ and Fe3+ 

seems to suggest their incorporation via the Na+ + Fe3+  Si4+ substitution scheme. 
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Fig. 3a shows a representative TEM image of the pristine crocidolite sample consisting of several 

fibres of variable length and diameter. At difference from what observed in the case of heated 

tremolite, mostly consisting of “fibrous” pseudomorphs formed by elongated pyroxene crystals, the 

structure breakdown of the crocidolite sample produced a more complex nanogranular texture, 

where different phases, both amorphous and crystalline, are randomly associated (Fig. 3b). In some 

cases, fibrous pseudomorphs have also been observed (e.g., Fig. 3c and 3d), but also in these cases 

the newly formed phases form nanosized grains, with completely random crystallographic 

orientation, independent from the original crocidolite [001] fibre elongation. It is possible to 

hypothesize that the very gentle grinding of the sample in an agate mortar, prior to dispersion on the 

Cu-grid, may have favoured the almost complete destruction of the fibrous morphology, observed at 

the SEM, owing to the expected very low mechanical resistance and toughness of those aggregates. 

The most evident and abundant crystals correspond to hematite, characterized by high contrast in 

TEM images, euhedral shape and crystal size typically greater than 200 nm (e.g., Fig. 3e). EDS 

analyses and SAED diffraction (for example, inset in Fig. 3e) confirm the presence of hematite. The 

low contrast matrix in Fig. 3f correspond to an amorphous, silica-rich phase in agreement with the 

results of QPA from XRPD. Pyroxene and cristobalite (21.1 and 24.0 wt.%, respectively from 

Rietveld data) are present in smaller nanocrystals, often less than 100 nm, and are finely associated 

with the amorphous silicate phase. This makes their identification more difficult. In fact, while it 

was possible to identify SAED patterns consistent with the presence of pyroxene, no patterns 

relating to cristobalite were found. It must be pointed out that the presence of iron centres trapped 

within the large patches of amorphous material may be expected due the intimate association 

between amorphous material and crystalline phases. It is remarkable that crocidolite sample heated 

at 800°C is significantly different from that heated at 1000°C (Fig. 4). The fibrous habit is 

completely preserved until 800°C and corresponding SAED patterns show intense and sharp 

crocidolite reflections. Mostly b*c* SAED patterns have been obtained (inset in Fig. 4a), giving 

8.7-9.0 Å and 5.0-5.1 Å, for b and c cell parameters, respectively. Crocidolite fibres, however, are 

less regular and sharp with respect to the starting material, showing lobate fibre boundaries and 

locally heterogeneous TEM contrast. High-resolution images show that this feature is due to 

incipient reaction, preferentially occurring at fibre boundaries, and giving rise to amorphous 

material, hematite (e.g., the dark-contrast grain in Fig. 4b) and, possibly, to ultrathin “slices” of 

pyroxene, in topotactic orientation (e.g., Fig. 4c, with crocidolite in b*c* orientation and crystal 

boundary corresponding to (010) plane). 

 

3.4. Alterations of the surface reactivity induced by thermal treatments  
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The radical surface reactivity of pristine and thermally altered amphiboles was quantified by 

means of two well-known tests, namely, the generation of oxygen- (•OH) and carbon-centred 

(COO-•) radicals. The former exploits the Fenton-like reactions, possibly assisted by a reductive 

Haber-Weiss cycle, that occur when fibres are contacted with hydrogen peroxide (H2O2). The latter 

investigates the reactivity of the mineral fibres towards a simple C-H bond, using formate anion 

(HCOO−) as molecular probe. The test is sensitive to reduced iron and is carried out also in the 

presence of a biologically relevant reductant, namely ascorbic acid, which promotes reduction of 

ferric to the more reactive ferrous species (Turci et al., 2011b). The maximum amount (arbitrary 

unit) of the oxygen- and carbon-centred radical released by tremolite and crocidolite in pristine and 

thermally altered states are reported in Fig. 5a and b. The EPR spectra of the oxygen- and carbon-

centred radicals are reported in Fig. S3. Both pristine asbestos fibres showed a significant radical 

yield when reacted with hydrogen peroxide. The reactivity towards formate anion of pristine fibres 

was virtually absent (data not shown), but the reactivity was promptly restored upon reduction of 

the surface iron with ascorbic acid (Fig. 5b). The observed reactivation is explained, consistently 

with previous works (Hardy and Aust, 1995; Fantauzzi et al., 2010), by the exposure of a large 

majority of ferric ions at the fibre surfaces. The comparison of the reactivity of the two pristine 

amphibole asbestos indicates that tremolite, in spite of its very low iron content, was more reactive 

in •OH production (Fig. 5a) than crocidolite. However, COO-• yield was similar in both amphiboles 

(Fig. 5b) and significantly higher that negative control (blank). This supports the hypothesis that the 

free-radical surface reactivity in asbestos is related neither to the total iron content, nor to the 

amount of iron on the surface, but it is due to specific iron sites in a well-defined coordination and 

oxidative state, as observed by some of us previously (Turci et al., 2011b; Andreozzi et al., 2017).  

Thermal treatments inducing oxidation, iron migration and/or clustering, and formation of new 

phases did not significantly altered the COO-• radical yields, in the presence of ascorbic acid. This is 

likely due to the occurrence, in all cases, of reducible surface ferric iron ions in a low-coordination 

state, as recently described (Andreozzi et al., 2017; Pacella et al., 2018). 

Conversely, thermal treatments altered the Fenton-like reactivity of the fibrous amphiboles. The 

reactivity of tremolite fibres heated at 930°C was significantly blunted, leading to a signal intensity 

about 40% lower than the pristine tremolite. This may be related to presence, on the fibre surface, 

of iron exclusively in form of Fe3+ centres. Such centres must be reduced to Fe2+ by Haber-Weiss 

cycle before they can react with hydrogen peroxide and yield •HO radicals (Ensing et al., 2003; 

Turci et al., 2017). Interestingly, the breakdown products obtained by heating tremolite fibres to 

1200°C showed a further reduction of the Fenton-like reactivity (Fig. 5a). The reduction of 

reactivity is compatible with the partial migration of Fe in the tetrahedral chain of pyroxene. Iron in 
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tetrahedral coordination may not be available for reacting with H2O2 because of the stronger 

stability of the Fe-O bonds in tetrahedra and become inactive. On the other hand, the preserved 

reactivity may be due to the structural arrangement of pyroxene similar to that of amphibole (Fig 6), 

with Fe, hosted in the M1, rapidly becoming exposed and reactive after the fast leaching of Ca2+ 

and Mg2+ cations present in the surface M2 sites. 

The Fenton-like reactivity of crocidolite heated at 650 and 800°C resulted in more complex 

behaviour, due to the more complicated structural rearrangements that crocidolite is subjected to 

during thermal alteration. Heating up to 650°C promoted a significant reduction of Fenton-like 

reactivity, due to the strong oxidation of iron centres. Fe2+/Fe3+ ratio is reduced from 1.06 to 0.39, in 

pristine and heated at 650°C sample, respectively (Table 6). The fibre reactivity was partially 

restored by treating crocidolite at 800°C. This can be explained by the incipient formation of new 

phases in the breakdown products (aegirine, cristobalite, hematite accounting for ca. 25 wt.%) and 

the migration of minor Fe2+ from the octahedral layer to the more external M(4) site of crocidolite 

relicts (see Fig. 6) (see Table 3 and 6, respectively). It is relevant to note that the preserved ability 

of oxidized crocidolite to promote Fenton-like reactions, is consistent with data reported by Otero-

Areán et al. (2001), which showed that crocidolite heated in air at 800°C is still able to induce 

oxidative DNA strand breaks in presence of H2O2. 

At 1000°C crocidolite is completely transformed, and breakdown products are responsible for the 

observed Fenton-like reactivity. To verify if the reactivity was compatible with the new mineral 

phases, namely hematite (54.0 %), cristobalite (24.0%), and aegirine (21.1%), each single phase 

was analysed for surface reactivity. Aegirine and hematite, but not cristobalite, yielded both 

oxygen- and carbon-centred radicals (Fig S4), in agreement with previous results (Daniel et al., 

1995; Huang et al., 2001). Fe-rich phases (aegirine and hematite) associated to form the 

nanogranular structure disclosed by TEM, likely account for the reactivity of the breakdown 

products of crocidolite. Specifically, the Fenton-like reactivity of aegirine stems from the presence 

of Fe3+ hosted in the M(1) site possibly exposed at the surface after leaching of Na+ from M(2). 

Cristobalite and other SiO2 amorphous phases could exhibit some Fenton reactivity if traces of iron 

are present in the structure, as cell parameters of cristobalite and TEM analysis suggest. The 

presence of iron centres trapped within the large patches of amorphous material randomly 

associated with the crystalline phases could indeed significantly contribute to the overall radical 

reactivity of the breakdown products. These low-coordinated and well-dispersed iron centres are 

held to be very active in the radical production at the liquid-mineral interface (Pham et al., 2009; 

Turci et al., 2011b; Andreozzi et al., 2017; Pacella et al., 2018). 
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4. Conclusions 

This work shows that structural modifications which only involve iron oxidation are not 

sufficient to fully suppress the mineral reactivity. After thermal oxidation, tremolite and crocidolite 

were still able to generate carboxyl radicals in the presence of a reducing agent and their surface 

reactivity did not significantly differed from that of the pristine sample. Similarly, the hydroxyl 

radical yield from both amphiboles was reduced, but not suppressed, by thermal oxidation. 

Our results highlight that, beside iron oxidation and coordination, surface reactivity of amphibole 

asbestos is driven by the lattice position of iron ions and that iron migration/partition during heating 

directly affects Fenton-like reactivity of mineral surface. Asbestos thermal decomposition produced 

new amorphous and crystalline phases, including Fe-bearing pyroxenes, that in some cases preserve 

asbestos fibrous habit and free-radical reactivity. On this basis, this work suggests that thermally 

inactivated asbestos may still share some toxicologically relevant properties with pristine fibre. It 

also recommends that asbestos inertization studies should consider other parameters, such as aspect 

ratio and surface reactivity, beyond crystallinity when proving that an asbestos-containing material 

is safe. Finally, this work suggests that fibrous pyroxenes and possibly other elongated mineral 

particles (EMP) that share with asbestos properties such as high aspect ratio and high surface 

reactivity, should be treated under precautionary principle and their health hazard should be 

carefully assessed. 
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Figure captions 

 

Fig. 1. FE-SEM image of tremolite pristine and heated at 1200°C (a) and (b) and crocidolite pristine and 

heated at 1000°C (c) and (d). Relative scale bars: low magnification, 10 m; high magnification 1 m 

(inset). 

 
 

 

Jo
ur

na
l P

re
-p

ro
of



 23 

 
 

 
 

Jo
ur

na
l P

re
-p

ro
of



 24 

 
Fig. 2. TEM bright-field images of pristine tremolite (a) and heated at 1200°C sample (b-f). In (c) two 

pyroxene crystals (px), elongated along [001] but in different crystallographic orientation, are associated 

with amorphous material (amorph), preferentially occurring at the “fibre” boundaries; white arrows point to 

stacking faults, whereas the black arrow indicates the orientation of exsolution lamellae. (d) Detail showing 

pyroxene grains (px) in different crystallographic orientation, associated with amorphous material (amorph). 

High-resolution TEM images, showing (001) exsolution lamellae (e), from 5 up to 20 nm wide, and a planar 

defect (f), possibly corresponding to a stacking fault, associated with (001) exsolution lamellae. 
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Fig. 3. TEM bright-field images of pristine crocidolite (a) and heated at 1000°C sample (b-d). (b) shows the 

typical nanotexture of the heated sample, with chaotic association of amorphous and different crystalline 

phases. (c) and (d) correspond to relatively rare examples of “fibrous” pseudomorphic aggregates. (e) 

Euhedral, rod-shaped hematite nanocrystals in random orientation, associated with an amorphous low 

contrast silicatic matrix; the inset shows the corresponding ring-shaped SAED pattern. (f) High-resolution 

image of the ultrafine association of different nanocrystals and amorphous phase; the size of the dark-

contrast nanocrystal in the upper side is 8 nm. 
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Fig. 4. TEM images corresponding to crocidolite sample heated at 800°C. (a) Crocidolite fibres in random 

orientation; the inset shows the b*c* SAED pattern of one of the crocidolite fibres reported in the image (see 

arrow). Fibres have irregular, lobate boundaries. (b) Detail of the top boundary of a crocidolite fibre, 

showing incipient crystallization of hematite. (c) High-resolution image of the b*c* crocidolite fibre shown 

in (a); the low contrast rim corresponds to amorphous material, possibly hosting newly formed nanocrystals 

(as the one in the lower side of the image). Dashed line, corresponding to crocidolite (010), highlights the 

sharp contact between crocidolite (inner fibre portion) and newly formed pyroxene (fibre rim).  
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Fig. 5. Effect of thermal treatments on the amount of free radicals generated by Maryland tremolite and 

UICC crocidolite asbestos: EPR signal intensity of (a) [DMPO-OH]• and (b) [DMPO-COO]•- adducts 

detected before and after heating. Values reported refer to the maximum amount of radical generated by each 

sample. The intensity was obtained by double integration of EPR spectra and reported as means ± SD. 

ANOVA with post-hoc Tukey test was carried out and significance tests were as follows: for •OH radical, 

heated samples vs pristine sample: * p < 0.05 and *** p < 0.001; tremolite heated@930°C vs tremolite 

breakdown products: +++ p < 0.001; tremolite pristine vs crocidolite pristine °°°°p < 0.05. For COO•-: # p < 

0.05, ## p < 0.02 and ### p < 0.01 vs blank. 
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Fig. 6. (a) Projection along c of the structure of tremolite. Each area outlined in bold represents the so-called 

I-beam. This structural unit consists of a sandwich of couples of double chains linked by a strip of octahedra 

centred by M(2), M(1) and M(3) (inner, not shown) cations. The M(4)-centred square antiprism provides 

linking to neighbouring I-beams via 2 x M(4)-O(4), 2 x M(4)-O(5), and 2 x M(4)-O(6) bonds. The A sites, 

generally vacant, are located within the open space between base to base I-beams. (b) Projection along c of 

the structure of monoclinic pyroxene. Each shaded area represents the so-called I-beam. This structural unit 

consists of a sandwich of couples of single chains linked by a strip of octahedra centred by M1 cations. The 

M2 centred square antiprism provides linking to neighbouring I-beams. 
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Table 1 

Cell parameters and volume of tremolite and crocidolite fibres and agreement factors (as defined in Young, 

1993) of the Rietveld refinement. For comparison purposes data of Pacella et al. (2010) for Maryland 

tremolite (RT P2010), Pacella et al (2019) for UICC crocidolite at RT (RT P2019), of Susta et al. (2018) for 

riebeckite (S2018) and of Oberti et al. (2018) for deprotonated riebeckite measured at RT (O2018 298KR) 

are reported. 

 

 Tremolite Crocidolite 

 RT P2010 Present work RT P2019 650°C 800°C S2018 O2018 

298KR 

RBragg 

(%) 

2.55 1.03 0.70 0.49 0.91 - - 

Rwp 

(%) 

2.21 2.61 2.74 3.51 4.17 - - 

Rp 

(%) 

1.51 1.96 1.66 2.56 2.97 - - 

GoF 6.06 2.82 4.32 4.00 4.67 - - 

DWd - 0.73 1.56 1.61 1.26 - - 

a (Å) 9.8538(2) 9.85210(7) 9.73516(19) 9.6167(2) 9.6322(3) 9.770(6) 9.6487(7) 

b (Å) 18.0709(2) 18.07577(11) 18.0453(3) 17.8612(4) 17.8752(6) 18.080(10) 17.8994(4) 

c (Å) 5.27903(6) 5.28106(3) 5.32895(9) 5.27885(10) 5.27873(14) 5.339(3) 5.2851(4) 

 (Å) 104.738(1) 104.7483(5) 103.5159(12) 103.4770(16) 103.597(2) 103.599(13) 103.722(5) 

Vol. 

(Å3) 

909.09(2) 909.488(10) 910.23(3) 881.76(3) 883.40(5) 916.6(9) 886.72(12) 
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  Tremolite Crocidolite 

  RT 

P2010 

Present work RT P2019 650°C 800°C S2018 O2018 

298KR 

T(1) -O(7) 1.620(4) 1.617(2) 1.626(5) 1.615(5) 1.611(9) 1.6209(10) 1.624(3) 

 -O(6) 1.650(6) 1.647(5) 1.629(6) 1.623(8) 1.642(13) 1.6279(12) 1.615(4) 

 -O(1) 1.587(6) 1.585(4) 1.632(10) 1.640(12) 1.662(19) 1.6252(14) 1.611(3) 

 -O(5) 1.650(5) 1.652(4) 1.635(9) 1.606(10) 1.620(16) 1.6268(11) 1.617(3) 

<T(1)-O>  1.627 1.625 1.630 1.621 1.634 1.625 1.617 

         

T(2) -O(4) 1.579(5) 1.584(3) 1.589(8) 1.589(8) 1.657(14) 1.5996(12) 1.586(3) 

 -O(5) 1.653(5) 1.647(3) 1.612(8) 1.641(9) 1.601(14) 1.6451(11) 1.642(4) 

 -O(2) 1.615(6) 1.622(4) 1.640(9) 1.620(12) 1.64(2) 1.6254(14) 1.636(3) 

 -O(6) 1.669(5) 1.677(3) 1.672(8) 1.659(10) 1.627(16) 1.6567(11) 1.645(3) 

<T(2)-O>  1.629 1.633 1.628 1.627 1.631 1.632 1.627 

         

M(1) -O(3) x2 2.077(4) 2.086(2) 2.083(7) 1.954(8) 1.950(14) 2.1331(12) 1.942(3) 

 -O(1) x2 2.074(5) 2.066(3) 2.085(9) 2.043(11) 2.047(16) 2.1087(13) 2.058(3) 

 -O(2) x2 2.081(5) 2.089(3) 2.126(7) 2.046(8) 2.118(13) 2.1125(12) 2.096(3) 

<M(1)-O>  2.077 2.080 2.098 2.014 2.038 2.118 2.032 

         

M(2) -O(4) x2 2.028(7) 2.026(3) 1.912(7) 1.891(7) 1.848(13) 1.9219(11) 1.911(3) 

 -O(2) x2 2.074(6) 2.076(3) 2.066(9) 2.085(11) 2.061(17) 2.0371(12) 2.050(3) 

 -O(1) x2 2.149(6) 2.134(3) 2.112(7) 2.197(8) 2.169(13) 2.1354(12) 2.152(3) 

<M(2)-O>  2.084 2.079 2.030 2.058 2.026 2.031 2.038 

         

M(3) -O(1) x4 2.083(5) 2.100(2) 2.116(7) 2.132(8) 2.130(13) 2.1362(12) 2.162(3) 

 -O(3) x2 2.059(6) 2.051(4) 2.129(12) 2.039(14) 2.07(2) 2.096(2) 2.047(5) 

<M(3)-O>  2.075 2.084 2.120 2.101 2.109 2.123 2.124 

<<M(1,2,3)-O>>  2.079 2.081 2.083 2.058 2.058 2.089 2.064 

<<rM(1,2,3)>>*  0.723 0.725 0.728 0.696 0.697 0.735 0.704 

         

M(4) -O(4) x2 2.329(6) 2.340(3) 2.359(9) 2.382(10) 2.334(18) 2.3407(13) 2.399(3) 

 -O(2) x2 2.394(6) 2.395(3) 2.364(8) 2.412(15) 2.33(2) 2.4319(14) 2.431(4) 

 -O(6) x2 2.553(6) 2.550(3) 2.513(8) 2.450(15) 2.47(2) 2.4928(14) 2.469(4) 

 -O(5) x2 2.775(6) 2.772(3) 2.900(8) 2.937(12) 2.909(18) 2.8994(14) 2.920(4) 

<M(4)-O>  2.513 2.514 2.534 2.545 2.511 2.541 2.555 
 

Table 2 

Relevant bond distances (in Å) of Maryland tremolite and UICC crocidolite fibres. For comparison purposes 

data of Pacella et al. (2010) for Maryland tremolite (RT P2010), Pacella et al (2019) for UICC crocidolite at 

RT (RT P2019), of Susta et al. (2018) for riebeckite (S2018) and of Oberti et al. (2018) for deprotonated 

riebeckite measured at RT (O2018 298KR) are reported. 

* Calculated as in Table 7 of Hawthorne and Oberti (2007). 
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Table 3 

Quantitative Phase Analysis (QPA) of the tremolite and crocidolite samples (wt.%). Room temperature data 

of Pacella et al. (2010) for tremolite (RT P2010) and Pacella et al. (2019) for crocidolite are also listed. 

* Estimated from TEM images. 

 

 

 

 

  

 Tremolite Crocidolite 

Phases RT P2010 1200°C Idealized RT P2019 650°C 800°C 1000°C Idealized 

Tremolite 100        

Crocidolite    93.67(19) 95.55(9) 72.4(7)   

Subcalcic diopside  69.9(3) 54.5      

Calcium-rich clinoenstatite  27.6(3) 37.9      

Aegirine    - - 13.1(7) 21.1(11) 43.5 

Cristobalite  2.33(5) 7.6   8.4(19) 24.0(4) 22.6 

Quartz    1.48(4) 1.44(5) 1.63(6) 1.01(9)  

Hematite  0.20(2)   3.01(8) 4.43(11) 54.0(8) 33.8 

Magnetite    1.85(6)     

Calcite    1.30(9)     

Siderite    1.12(9)     

Minnesotaite    0.57(6)     

Amophous*  minor    minor abundant  
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Table 4 

Site scattering (s.s.) at A, B and C sites from Rietveld refinement and Fe2+/Fe3+ partition from <rM> of 

Maryland tremolite. Data of Pacella et al. (2010) are reported for comparison (RT P2010). 

 

 s.s. (e-) Fe2+/Fe3+ partition from <rM> 

Site RT P2010 Present work RT P2010 Present work 

C     

M(1) 25.97(14) 25.88(7) [Mg1.82Fe2+
0.18] [Mg1.87(1)Fe3+

0.03Fe2+
0.10] 

M(2) 25.49(14) 25.27(7) [Mg1.75Fe3+
0.08Fe2+

0.17] [Mg1.91(1)Fe3+
0.06Fe2+

0.03] 

M(3) 13.27(11) 13.14(5) [Mg0.91Fe2+
0.09] [Mg0.919(4)Fe2+

0.081] 

M(1)+M(2)+M(3) 64.7(4) 64.29(19) [Mg4.48Fe3+
0.08Fe2+

0.44] [Mg4.70(2)Fe3+
0.09Fe2+

0.21] 

B     

M(4) 39.36(16) 39.83(8) Ca1.99Mn0.02Na0.01 Ca1.992(4) 

A - 0.38(5) - Na0.035(4) 
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Table 5 

Cell parameters of the two pyroxenes produced by the breakdown of tremolite from Maryland. 

 

Phase a (Å) b (Å) c (Å)  (Å) Vol. (Å3) 

Subcalcic diopside 9.7283(4) 8.9030(3) 5.25101(19) 106.617(2) 435.80(3) 

Calcium-rich clinoenstatite 9.6885(8) 8.8828(7) 5.2158(4) 108.709(8) 425.15(6) 
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Table 6 

Site scattering (s.s.) at A, B and C sites from Rietveld refinement and Fe2+/Fe3+ partition from <rM>. For 

comparison purposes s.s. at A, B and C sites listed by Pacella et al (2019) for UICC crocidolite at RT (RT 

P2019), of Susta et al. (2018) for riebeckite (S2018) and of Oberti et al. (2018) for deprotonated riebeckite 

measured at RT (O2018 298KR) are reported. 

 

Site RT P2019 650°C 800°C S2018 O2018 298KR 

C      

M(1) 45.4(2) 50.0(3) 50.1(4) 49.88(8) 51.0(3) 

M(2) 50.6(3) 48.6(3) 44.5(5) 50.44(9) 49.0(3) 

M(3) 24.2(3) 22.34(19) 21.7(3) 25.13(6) 21.10(10) 

M(1)+M(2)+M(3) 120.2(8) 120.9(7) 116.2(12) 125.5(2) 121.1(7) 

B      

M(4) 20.8(2) 10.4(2) 10.9(4) 22.94(13) 17.6(3) 

A 0.6(3) 8.49(14) 9.8(8) 1.75(11) 8.4(3) 

 

 Fe2+/Fe3+ partition from <rM> 

Site RT P2019 650°C 800°C 

C    

M(1) [Mg0.47(2)Fe3+
0.41Fe2+

1.12] [Mg0.14(2)Fe3+
1.82Fe2+

0.04] [Mg0.14(3)Fe3+
1.43Fe2+

0.43] 

M(2) [Mg0.10(1)Fe3+
1.58Fe2+

0.32] [Mg0.24(2)Fe3+
1.13Fe2+

0.63] [Mg0.54(4)Fe3+
1.44Fe2+

0.02] 

M(3) [Mg0.13(1)Fe3+
0.09Fe2+

0.78] [Mg0.26(1)Fe3+
0.18Fe2+

0.56] [Fe3+
0.19Fe2+

0.64] 

M(1)+M(2)+M(3) [Mg0.70(4)Fe3+
2.08Fe2+

2.22] [Mg0.64(5)Fe3+
3.13Fe2+

1.23] [Mg0.68(7)Fe3+
3.07Fe2+

1.08] 

Fe2+/Fe3+ 1.07 0.39 0.39 

B    

M(4) Na1.89(1) Na0.95(2) Fe2+
0.13Na0.58 

Am Na0.05(2) Na0.772(12) Na0.89(2) 
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Table 7 

Cell parameters of cristobalite occurring during the different thermal treatments. 

Reference data (B&D97) of Butler and Dyson (1997) are reported for comparison. 

 

Sample a (Å) c (Å) Vol. (Å3) 

Tremolite 1200°C 5.0010(15) 6.988(4) 174.77(14) 

Crocidolite 800°C 5.0515(13) 7.016(3) 179.03(12) 

Crocidolite 1000°C 5.0155(11) 7.037(3) 177.01(12) 

-cristobalite B&D97 4.973 6.924 171.24 

’-cristobalite B&D97 5.01 7.00 175.70 
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