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Abstract

Thermal behaviour of fibrous tremolite from Maryland, USA has been investigated in situ up to breakdown temperature. Tremolite
can be found both as primary constituent and as contaminant in Asbestos Containing Materials (ACMs). The products of breakdown
are subcalcic diopside and calcium-rich clinoenstatite in a 2:1 ratio, traces of hematite plus minor silica-rich amorphous material.
Thermal expansion follows a regular trend up to 723 K before the onset of Fe2+ oxidation/OH– deprotonation which is completed
at 1023 K. At 923 K the Fe3+ migration starts towards M(1) and the corresponding counter-migration of Mg to M(2) and M(3).
At T close to structure breakdown, M(2) shows a significant site-scattering reduction possibly consistent with the occurrence of
minor vacancies. In fully oxidised tremolite, Fe3+ is allocated prevalently at M(1) and subordinately at M(3). As it is well-known
that M(1), along with M(2), is the most exposed octahedral site at the surface of amphiboles, most of the Fe3+ is available for par-
ticipating in the Fenton-like reactivity of oxidised tremolite, potentially making it dangerous for human health. This point should
be properly taken into account in the evaluation of the safety of thermally decomposed tremolite-containing ACMs, in particular
in the case of accidentally incomplete treatments.
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Introduction

The study of the thermal stability of amphiboles, and of the
fibrous ones in particular, has received increasing interest in
recent years (Della Ventura et al., 2017; 2018a; Oberti et al.,
2019). This topic is not only relevant for the implications it has
in the geology, petrology and geophysics fields of research, but
also for the very important information that can be retrieved
and used for tailoring thermally induced inertisation processes.
In fact, five fibrous amphiboles [actinolite, ‘amosite’ (fibrous var-
iety of grunerite), anthophyllite, ‘crocidolite’ (fibrous variety of
riebeckite) and tremolite], plus the fibrous serpentine mineral
chrysotile, are grouped under the commercial term of asbestos.
Thermally induced inertisation is considered as the most promis-
ing approach for asbestos containing materials (ACMs) (Paolini
et al., 2019), and this process has been proposed recently by
the European Parliament as a method preferable to landfilling
(European Parliament, 2013). For a safe use of the products of

thermal treatments of ACMs it is of obvious interest to have a
detailed knowledge of the structural modifications occurring in
asbestos during heating as well as any correlation with surface
reactivity (Pacella et al., 2020). From a toxicological point of
view, an extensive knowledge of Fe topochemistry is very relevant.
It has been proposed that not only the presence of Fe on the fibre
surface, but also its structural coordination, are the most relevant
factors for asbestos toxicity (Fubini et al., 1995), together with
other parameters such as high aspect ratio (e.g. Stanton et al.,
1981) and biopersistence (Van Oss et al., 1999). As a general
scheme, thermal treatments induce two main modifications in
asbestos: (1) surface oxidation and partial de-hydroxylation
occurs at lower T, often accompanied by cation migration, while
preserving the crystalline phases of the pristine minerals; and
(2) at higher T a dramatic loss of crystallinity is followed by the
appearance of a newly formed mineral phase (Bloise et al.,
2016; 2017; Pacella et al., 2020).

For correct handling of the inertisation process, a detailed
knowledge of the temperature of structural breakdown of asbestos
is required. It is unsurprising that, among amphiboles, the
thermal behaviour of riebeckite, ideally, A□B(Na2)

C(Fe2+3 Fe3+2 )
T[Si8O22]

O3(OH)2, (whose fibrous variety, called ‘crocidolite’, is
also known with the commercial name of ‘blue asbestos’) has
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been investigated in detail since the 60s (Patterson, 1964; Addison
and White, 1968 and references therein; Ernst and Wai, 1970) as
it represents a very favourable test case owing to its large iron con-
tent in both ferrous and ferric forms and being used for manufac-
turing ACMs. Oberti et al. (2018) indicated that prismatic
riebeckite undertakes, at T > 700 K, a coupled Fe2+ oxidation/
OH– deprotonation process and that the M-site cations experi-
ence a fairly complex mechanism of migration leading to the for-
mation of vacancies at both M(3) and M(4) and an increased
population at A sites. In particular, an exchange process of the
type M(2,3)Fe2+1

M(1)Mg1 →
M(1)Fe2+1 M(2,3)Mg1 and by oxidation of

M(1)Fe2+ to allow for complete deprotonation, was proposed.
Note that Oberti et al. (2018) combined single-crystal refinements,
Fourier-transform infrared (FTIR) and Mössbauer spectroscopy
data and that each analytical technique returned slightly different
temperatures at which the various processes started. This was jus-
tified as caused by the different nature of the ‘probes’ used. In fact,
a companion paper by Della Ventura et al. (2018b) detected the
beginning of the oxidation at the surface by Raman spectroscopy,
while the total deprotonation in the crystal bulk (that occurred at
slightly higher T ) was followed by FTIR spectroscopy in transmis-
sion mode. Another important regulated fibrous amphibole is
tremolite, ideally A□B(Ca)C(Mg5)

T[Si8O22]
O3(OH)2, which has

very high adverse potency and can be found both as a primary
constituent and as contaminant in ACMs. Despite its low Fe con-
tent, allocated at C sites, tremolite asbestos is considered to be
highly toxic (Wagner et al., 1982; Weill et al., 1990; Case, 1991;
Nolan et al., 1991; Srivastava et al., 2010). Accordingly, a recent
study performed by our group on the pathogenic-related fibre
surface reactivity of riebeckite and tremolite showed that both
fibrous amphiboles have sustained radical production, even
when highly altered by oxidative leaching. In particular, tremolite
exhibited a significant radical production from both pristine
and altered fibres (Andreozzi et al., 2017). In contrast to riebeckite,
the generally small iron content of tremolite makes a detailed
analysis of subtle modifications of the iron site allocation
and variation of its oxidation state potentially difficult. A further
complication is that structure analysis of fibres is routinely carried
out by powder X-ray diffraction (PXRD) and this technique suffers
from well-known limitations, in terms of accuracy and precision,
when compared to X-ray single-crystal refinements (SREF).
Recently, synchrotron nano-diffraction has been shown to be a
promising route for analysing asbestos fibres, at least ex situ
(Giacobbe et al., 2018). As far as tremolite is referred to, in situ
SREF at 297, 673 and 973 K have been performed in the classical
paper by Sueno et al. (1973) on a near end-member prismatic sam-
ple characterised by the chemical formula B(Ca1.86Na0.10K0.02)Σ1.98
C(Mg4.97Fe

2+
0.02Mn2+0.05Al0.04)

T
Σ5.08 [Si7.95Al0.05]Σ8.00O22

O3(OH)2.00
(Papike et al., 1969). A further experiment at 1123 K produced the
conversion of the single crystal to a polycrystalline solid prevent-
ing further structural analysis. The three data points suggested the
occurrence of linear thermal expansion and the authors reported
very similar mean thermal expansion coefficients (MTEC, defined

as MTEC = 1
Xref

XTmax−Xref

Tmax−Tref
(K–1), where, X =V, a, b, c, b and the

subscripts ref and max indicate the reference and maximum T,
respectively) for a and b (≈1.2 × 10–5 K–1) and smaller by a factor
of two for c (≈0.6 × 10–5 K–1). In a recent paper (Pacella et al.,
2020) the products of riebeckite and tremolite fibres heated at sev-
eral temperatures, including above those of the breakdown of their
structures, have been analysed ex situ by PXRD. In the case of

riebeckite, the results were fully consistent with those reported
by Oberti et al. (2018) for a prismatic sample confirming, once
more, the potentiality of PXRD for the structural investigation
of fibrous amphiboles (Ballirano et al., 2017). In the case of tremo-
lite, breakdown products, obtained at 1473 K, were consistent with
the idealised stoichiometric reaction (ignoring the small iron
content):

Ca2Mg5[Si8O22](OH)2(s)

� 2CaMg[Si2O6](s)+ 1.5Mg2[Si2O6](s)+ SiO2(s)+H2O (g)

i.e. the association of subcalcic diopside and calcium-rich clino-
enstatite plus cristobalite, a mineralogical association which is rea-
sonably consistent with the findings of Johnson and Fegley (2003)
and Giacobbe et al. (2018).

This equation indicates the (prevailing) splitting of the double-
chain structure of tremolite (Fig. 1) into the single-chain structure
of two pyroxenes. According to Rietveld refinement, most Fe3+ of
tremolite was incorporated into the newly formed diopside struc-
ture at both the tetrahedral and octahedral cation sites. Moreover,
a significant amount of silica-rich amorphous material was
observed from transmission electron microscopy (TEM) images.
It is important to note that, from the morphological point of
view, at low magnifications the heated sample appeared very simi-
lar to the pristine one, with well-preserved fibrous habit and size.
However, at higher magnification, it was observed that fibrils
actually consisted of different nanometric phases, both crystalline
and amorphous, thus indicating the occurrence of pseudo-
morphic transformations.

In the present work we focus on the in situ analysis of the
structure modifications occurring in tremolite fibres upon heating
using the same well-characterised sample from Maryland, USA
analysed by Pacella et al. (2010) and Pacella et al. (2020). This
sample, owing to its relatively high iron content (∼5 wt.% of
FeOtot), potentially offers the possibility of monitoring the onset
of Fe2+ oxidation, the corresponding deprotonation of OH– and
the possible occurrence of crystal-chemical changes, similar to
those observed in riebeckite. Particular attention will be devoted
to the analysis of Fe topochemistry due to its primary role in
inducing asbestos toxicity (Fubini et al., 1995). This study is
expected to provide useful information to researchers involved
in the evaluation of the safety of thermally decomposed tremolite-
containing ACMs, in particular in the case of incomplete struc-
tural breakdown.

Experimental

In the present investigation we used the sample of fibrous tremolite
from the ophiolitic complex of Montgomery County, Maryland,
USA, fully characterised from the crystal chemical and structural
point of view by Pacella et al. (2010). Its chemical formula,
obtained from coupled electron microprobe analysis (EMPA) and
Mössbauer spectroscopy, is B(Ca2.00Mn0.02Na0.01)Σ2.03

C(Mg4.48 Fe
2+
0.44

Fe3+0.08)Σ5.00
T[Si7.95Al0.02]Σ7.97O22

O3[(OH)1.98F0.01].
Fe2+ was found to be distributed over theM(1),M(2) andM(3)

sites of the strip of octahedra, whereas Fe3+ was found only at
M(2) (Pacella et al., 2010). The same sample was investigated
structurally by Pacella et al. (2020), which reported a slightly dif-
ferent Fe distribution at RT [Fe3+ prevalently allocated at M(2)
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and subordinately at M(1)] as a result of a more advanced site
partition procedure (Vignaroli et al., 2014).

In situ high-temperature powder X-ray diffraction (HT-
PXRD) data were collected on a Bruker AXS D8 Advance
operating in θ/θ geometry in transmission mode. Samples
were prepared as capillaries using SiO2-glass tubes of 0.7 mm
diameter kept open at one side. The instrument is fitted with
focussing Göbel mirrors along the incident beam and Soller
slits on both incident (2.3° opening angle) and diffracted (radial)
beams. Data were acquired using a position sensitive detector
(PSD) VÅntec-1 set to an opening angle of 6°2θ. A heating
chamber for capillaries, developed by MRI and Bruker AXS, is
placed along the beam path. Details regarding the chamber char-
acteristics and its thermal calibration can be found in Ballirano
and Melis (2007).

Diffraction patterns were collected in the 7–145°2θ angular
range, 0.022°2θ step-size and 3–4 s counting time. Five different
heating runs were performed: (1) heating of pristine sample to
1223 K; (2) heating of a new pristine sample to 848 K; (3) heating
of sample (2), recovered upon cooling (rate of ca. 20 K min−1), up
to 873; (4) heating of sample (3), recovered upon cooling (rate of
ca. 20 K min−1), up to 1173 K; and (5) heating of a new pristine
sample to 1073 K.

At the end of each heating run a measurement was performed
on the sample; it was placed outside the chamber and cooled back
at RT. Heating run (1) provided information about the thermal
behaviour of tremolite up to the temperature of structure break-
down. Heating runs (2–4) were performed to obtain information
about the process of oxidation of tremolite, whereas run (5) was
carried out to obtain, in a controlled way, a fully oxidised tremo-
lite sample to be analysed at RT.

Diffraction data were evaluated 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. Absorption effects were approximated with the formalism
of Sabine et al. (1998) for a cylindrical sample and the approach
of Ballirano and Maras (2006) for handling the correlation exist-
ing between displacement parameters and absorption was applied.
Isotropic displacement parameters were constrained as follows:
BT(1) = BT(2); and BO(1) = BO(2) = BO(3) = BO(4) = BO(5) = BO(6) = BO
(7); BM(1) = BM(2) = BM(3); and BH = 1.2 × BO(3). It is important to
realise that the relevant information required to describe the struc-
tural modifications induced by heating rely on small variations
of variables, such as displacement parameters and cation site
occupancy, that are mutually correlated and are correlated to sam-
ple absorption as well. Therefore, particular care was used to han-
dle those correlations. Preferred orientation 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 data collected in transmission mode on samples prepared as
capillaries. Starting structural data were those of Pacella et al.
(2020) and each refined structure at a given non-ambient T was
used as input for the subsequent one. The dependence of cell
parameters and volume from T was analysed using EoSFit7-GUI
(Gonzalez-Platas et al., 2016) and the equation of Berman
(Berman, 1988) was employed for fitting the data. This equation
permits accommodation of non-linear thermal expansion and is

expressed as XT = X0 1+ a0 T − Tref
( )+ 1

2
a1 T − Tref
( )2[ ]

with

X =V, a, b and c. Miscellaneous information regarding the refine-
ments are listed in Table 1 and a representative example of
Rietveld plots is shown in Fig. 2. The crystallographic information
files have been deposited with the Principal Editor of
Mineralogical Magazine and are available as Supplementary
material (see below).

Fig. 1. Structure of tremolite as seen along the c axis. The strip of octahedra centred by M(2), M(1) (removed, not shown) and M(3) cations are represented in olive
green. The M(4)-centred square antiprism (cyan) contains easily removable cations upon leaching (Ca in the case of tremolite) resulting in M(2) and M(1) being
exposed at the surface. The A sites are located within the wide cavities delimited by the edges of the square antiprisms and the bases of the tetrahedra.
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Results and discussion

Breakout products of tremolite

Heating run (1) suggests that, under the present experimental
conditions, the structural breakdown of tremolite starts at
1173 K. At this temperature the relevant reflections of clinopyrox-
enes become apparent and at 1223 K the conversion is almost
completed. The quantitative phase analysis (QPA) of the sample
cooled down at RT indicates the occurrence of ∼2:1 weight
ratio subcalcic diopside and associated calcium-rich clinoenstatite
plus traces of hematite. Those results agree with the ex situ find-
ings of Pacella et al. (2020) for the breakdown products of the
same sample heated at 1473 K. The only exception is represented
by the absence of cristobalite among the reaction products of our
experiment. We may hypothesise that, in the present experiment,
excess SiO2 occurs under the form of silica-rich amorphous
material, which has been, in effect, observed by Pacella et al.
(2020) in the TEM images of the same sample treated thermally
at 1473 K (see fig. 2 of Pacella et al., 2020). This hypothesis is con-
firmed by the occurrence in the diffraction pattern of an ‘amorph-
ous’ band, centred at ∼21°2θ (by default occurring due to the
SiO2-glass capillary contribution), stronger than that found in
the pristine sample (Fig. 3). Slightly different results between
the two experiments are justified by the different heating

conditions. In fact, in the case of Pacella et al. (2020) a steady
heating rate of 10 Kmin–1 was adopted whereas it was of 6 K
min–1 in the present investigation and, most importantly,
HT-PXRD experiments implied the permanence of the sample
at each T for ∼5.5–7.5 hours depending on the counting time
used during the measurements.

Thermal expansion and HT structure modifications

The evolution of cell parameters and volume of tremolite as a
function of T is shown in Fig. 4a–e. These data indicate that ther-
mal expansion is not linear, and a discontinuity is clearly appar-
ent at 773 K. Corresponding to this T, cell parameters deviate
from the previous, regular trend, showing a reduced rate of
increase. This behaviour suggests the onset of Fe2+ oxidation
and the corresponding deprotonation of OH– at O(3). In fact, rie-
beckite, which is characterised by a relevant Fe2+ content, experi-
ences a strong contraction of cell parameters when such processes
occur (Oberti et al., 2018). Note that several investigations (Della
Ventura et al., 2017; 2018b; Pacella et al., 2020) have indicated
that oxidation and deprotonation in amphiboles occur at different
temperatures, typically differing by as much as 100 K. However,
owing to kinetics and analytical technique sensitivity, in situ
HT-PXRD is unable to separate the two processes. In the present

Table 1. Miscellaneous data of the Rietveld refinements. Definition of the statistical indicators as indicated in Young (1993).

Heating run Rp Rwp RBragg DWd GoF Counting time (s) T steps (K) Tmax (K)

(1) 1.27–1.51 1.59–1.91 0.40–0.51 1.39–1.52 1.17–1.24 3 50 1223
(2) 2.20–2.43 2.82–3.08 0.56–0.82 1.25–1.48 1.22–1.34 3 25 848
(3) 2.11–2.38 2.70–3.04 0.56–0.86 1.25–1.44 1.22–1.34 3 25 873
(4) 1.64–1.76 2.11–2.27 0.71–0.91 1.33–1.43 1.21–1.28 3 50 1173
(5) 1.31–1.46 1.68–1.84 0.53–0.84 0.94–1.28 1.28–1.53 4 50 1073

Fig. 2. Representative example of the Rietveld plots of the diffraction pattern collected at 423 K. Blue: experimental; red: calculated; grey: difference; vertical bars:
position of calculated Bragg reflections of tremolite.
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case, the contraction induced by oxidation of the small Fe2+ con-
tent only partially counterbalances the effect of thermal expan-
sion. At 1023 K the trend of thermal expansion re-aligns with
the starting one suggesting the end of the oxidation process.

The variation of cell parameters and volume with temperature
was modelled up to 723 K, i.e. before the onset of oxidation, using
the Berman equation (Berman, 1988). Table 2 reports the relevant
parameters of the fitting procedure. MTECs are also listed and
compared with reference data of Sueno et al. (1973). These data
were obtained for an almost iron-free tremolite sample using
only three analytical points (at 297, 673 and 973 K). Regardless
of the extended thermal range investigated by Sueno et al.
(1973) ( justified by the absence of any oxidation process) the
MTECs are reasonably similar, the largest difference being
shown by the a parameter (present work: 0.9 × 10–5 K–1; reference
data: 1.2 × 10–5 K–1). Heating run (1), (2) and (5), carried out on
pristine samples, provide slightly different X0, a0 and a1 para-
meters of the Berman equation. This fact is caused by the
reported small chemical variability typical of the tremolite sample
from Maryland (Pacella et al., 2010, 2020), and of amphibole
fibres in general (Gianfagna et al., 2007; Andreozzi et al., 2009).
The behaviour of the re-heated samples will be discussed below.

Analysis of the variation of the normalised cell parameters and
volume (X/X0) with T (Fig. 5) shows that, in contrast to riebeckite
(Oberti et al., 2018), the b parameter is softer than the a parameter
against temperature. This is explained by the significantly different
cation population of both the strip of octahedra and the M(4) site
of the two amphiboles. This fact is confirmed by re-evaluation of
the original data of riebeckite using the Berman equation. The
dependence of cell parameters and volume from T is linear (a1 = 0).
However, regardless of the a0 value, the volume is fully consistent
with that observed in the various heating runs of tremolite
(2.28(14) × 10–5 K–1 as compared to 2.16–2.39 × 10–5 K–1)
(Table 2), the contributions of the axial thermal expansions to
the volume thermal expansion of riebeckite are different as b

and c parameters show a smaller and a parameter a larger axial
thermal expansion.

As far as the structural modifications are referred to, the geom-
etry of the T(1) and T(2) tetrahedra is constant throughout the
analysed thermal range (Table 3) and the individual <T–O>
bond distances are in reasonable agreement with those reported
by Sueno et al. (1973).

The dependence of isotropic displacement parameters from T
is shown in Fig. 6. Trends are regular and are reasonably close to
those reported in reference data (BA data not shown to avoid
excessive flattening of the graph as significantly higher (ca. 3×)
than the others). The most relevant difference is observed for
BT(1) = BT(2) that is slightly higher than reference data.

The analysis of the site scattering (s.s.) ofM(1),M(2) andM(3)
is intriguing and of relevant interest. Occupancy of M(1), M(2)
and M(3) sites was refined using the scattering power of Mg
whereas that of M(4) using the scattering power of Ca. In the fol-
lowing, we will discuss the variation of the occupancy of the sites
instead of that of the corresponding s.s. owing to the different
multiplicity of the various M sites. This approach allows the
data of all M sites to plot in the same graph using the same
scale, thus producing a clearer representation of the relative mod-
ifications. The variation of the occupancy of the M sites of tremo-
lite with T is shown in Fig. 7. The trends show their limited
variance up to 923 K (<occ>: M(1) = 1.071(4); M(2) = 1.053(4);
M(3) = 1.084(7); M(4) = 0.994(4)). Values higher than one indi-
cate the occurrence of Fe (heavier scatterer) substituting for Mg.
Therefore, iron content exhibits the following site-specific occu-
pation preference: M(3) > M(1) > M(2). However, at 923 K the
occupancy of M(1) starts to grow significantly and this increment
is counterbalanced by a proportional reduction acting preferen-
tially atM(2) and, to a lesser extent, atM(3). This fact is indicative
of the onset of a cation exchange process involving Fe that
migrates at M(1) whereas Mg enters at M(2) and at M(3). Note
that at 1073 K the occupancy of M(2) reduces to ∼0.98,

Fig. 3. Magnified 7–80°2θ view of the Rietveld plots of the products of breakdown of tremolite. Blue: experimental; red: calculated; grey: difference; vertical bars:
position of calculated Bragg reflections of (from above to below) sub-calcic diopside, pigeonite (calcium-rich clinoenstatite) and hematite.
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apparently suggesting the occurrence of minor cation vacancies.
The occupancy further reduces to ∼0.96 at 1123 K.
Nevertheless, those values have to be evaluated with caution,
keeping in mind that the absolute value of occupancies may be
influenced by the correlations indicated in the Experimental sec-
tion above. As a check for internal consistency of the data set, the
calculated < total s.s. at M(1) +M(2) +M(3) > was constant and

equal to 64.1(3) e– throughout the investigated thermal range.
This value corresponds to an average content of 0.29(3) Fe
atoms per formula unit (apfu), in good agreement with the RT
structural data of Pacella et al. (2020).

The formation of vacancies at M sites as a result of oxidation/
deprotonation processes and cations migration has been reported
for riebeckite (Oberti et al., 2018) but in that case the sites

Fig. 4. Dependence of cell parameters and volume of tremolite with temperature (T ) observed in heating run (1): (a) a parameter; (b) b parameter; (c) c parameter;
(d) β angle; and (e) cell volume. The area highlighted in grey indicates the thermal range in which both oxidation/deprotonation and cation migration occur.
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involved were M(3) and M(4). The onset of the complex mechan-
ism was observed in riebeckite, from SREF, though at 523 K, and
implied the partial migration of Fe2+ (and to a lesser extent of Mg)
from M(3) toM(4) and of Na from M(4) to A sites. In contrast, as
can be seen in Fig. 7, the tremolite occupancy of M(4) is substan-
tially unchanged throughout the analysed thermal range possibly
experiencing a very marginal increase only. Moreover, the occu-
pancy at A(m) is extremely small and characterised by relatively
large variance [<occ. A(m)> = 0.020(16)]. Therefore, the mechan-
isms of cations exchange/Fe2+ oxidation/OH– deprotonation act
in a different way in the two amphiboles.

The evolution of the <M–O> bond distances is shown in Fig. 8.
Data points are fairly scattered, in particular those of M(3), and,

in general, variations are small and of the order of a few standard
deviations of the individual values. In the case of <M(1)–O>,
bond distances are nearly constant, possibly showing a marginal
increase in correspondence of 723 K i.e. the temperature of
onset of the oxidation process. A more detailed analysis of the
individual bond distances (Fig. 9) indicates that M(1)–O(2) regu-
larly increases from RT to 1123 K. Differently, M(1)–O(1) shows
very small variation. Therefore, it is essentially M(1)–O(3) that
modulates the behaviour of <M(1)–O> bond distances. In fact,
M(1)–O(3) expands up to 723 K and then contracts significantly
up to∼ 2.02 Å. In the case of <M(2)–O>, bond distances increase
in an almost regular way with no appreciable differences among
M(2)–O(1), M(2)–O(2) and M(2)–O(4). Variation of <M(3)–
O> bond distances is less regular and possibly M(3)–O(3) follows
a behaviour similar to that ofM(1)–O(3). This is not surprising as
OH–, allocated at the O(3) site, simultaneously experiences a par-
tial deprotonation to maintain the overall charge neutrality of the

Table 2. Relevant parameters of the fitting procedure by the Berman equation of the cell parameter and volume vs. T data.

Heating V0, a0, b0, c0, β0 a0 a1 MTEC MTEC S73
run (Å3, Å, Å, Å, °) (×10–5 K–1) (×10–9 K–2) χ2w (×10–5 K–1) (×10–5 K–1)

V (Å3) (1) 909.99(5) 2.35(6) 1.7(3) 25.45 2.685 3.13(20)
(2) 909.66(4) 2.16(5) 2.3(2) 13.86 2.775
(3) 907.13(3) 2.19(4) 2.76(17) 13.70 2.832
(4) 906.87(9) 2.35(9) 2.0(3) 94.10 2.726
(5) 909.78(5) 2.26(7) 2.4(3) 39.58 2.719

a (Å) (1) 9.85415(18) 0.73(2) 0.75(12) 13.26 0.875 1.20(4)
(2) 9.85288(19) 0.647(13) 1.22(11) 9.51 0.891
(3) 9.84089(14) 0.666(15) 1.21(6) 5.08 0.948
(4) 9.8388(3) 0.73(3) 0.92(10) 31.15 0.921
(5) 9.8521(2) 0.73(3) 0.96(14) 13.53 0.908

b (Å) (1) 18.0789(3) 0.94(2) 0.68(11) 8.18 1.070 1.17(8)
(2) 18.0762(2) 0.883(17) 1.10(11) 5.52 1.117
(3) 18.0641(2) 0.900(17) 0.98(7) 7.72 1.119
(4) 18.0620(4) 0.96(3) 0.70(11) 37.57 1.075
(5) 18.0785(3) 0.89(2) 0.97(10) 11.26 1.077

c (Å) (1) 5.28193(8) 0.52(2) 0.29(10) 8.79 0.570 0.59(5)
(2) 5.28131(6) 0.483(15) 0.53(7) 4.84 0.596
(3) 5.27743(5) 0.477(11) 0.53(5) 3.83 0.598
(4) 5.27749(15) 0.52(3) 0.37(10) 31.18 0.574
(5) 5.28207(11) 0.48(2) 0.45(12) 24.66 0.561

β (°) (1) 104.7498(4) –0.3383(19) – 1.62 –0.333 –0.27(4)
(2) 104.7472(6) –0.332(2) – 1.79 –0.332
(3) 104.7679(6) –0.321(2) – 2.65 –0.318
(4) 104.7734(8) –0.314(2) – 4.97 –0.295
(5) 104.7504(6) –0.343(3) – 3.86 –0.338

Notes: Thermal ranges for the various heating run were as follow: (1) 303–723 K; (2) 303–723 K; (3) 303–798 K; (4) 303–873 K; and (5) 303–723 K. Mean Thermal Expansion Coefficients (MTEC:
see text for definition) of Sueno et al. (1973) (S73) are reported for comparison purposes. Temperature of reference Tref: present work = 303 K; S73 = 297 K.

Fig. 5. Change of normalised cell parameters and volume with temperature (T ) for
tremolite.

Table 3. <T–O> bond distances obtained from the data of heating run (1). Data
of Sueno et al. (1973) are reported for comparison purposes (S73).

S73 Present work

<T(1)–O(1)> 1.6037(15) 1.593(5)
<T(1)–O(5)> 1.629(3) 1.632(5)
<T(1)–O(6)> 1.6283(6) 1.624(4)
<T(1)–O(7)> 1.617(2) 1.638(5)
<<T(1)–O>> 1.6197(1) 1.6215(17)

<T(2)–O(2)> 1.614(2) 1.624(3)
<T(2)–O(4)> 1.5863(6) 1.584(3)
<T(2)–O(5)> 1.655(3) 1.654(7)
<T(2)–O(6)> 1.676(4) 1.676(6)
<<T(2)–O>> 1.6328(11) 1.6345(19)
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structure. Trends are similar to those observed in riebeckite
(Oberti et al., 2018) regardless of the very different Fe2+ content.

Heating run (2) was limited to a maximum T of 848 K in order
to induce a partial oxidation/deprotonation of the sample. Cell
parameters and structure variations are fully consistent with
those observed during heating run (1). As can be seen in
Fig. 10, the trend of the evolution of cell parameters testify the
occurrence of a certain degree of oxidation/deprotonation nearing
the upper temperature. The measurement at RT, performed after
cooling down the sample, indicates a moderate shrinking of the
unit-cell volume (ca. 3 Å3). All cell parameters shorten and the
β angle increases in agreement with the predictive equation,
based on the chemical formula of Hawthorne and Oberti (2007,
table 12), and also pointing towards the occurrence of (partial)
oxidation. The predicted cell parameters of the pristine sample
and those of the corresponding fully oxidised sample are reported
in Table 4. There is a reasonable agreement between predicted
and experimental cell parameters of the pristine sample, the

largest discrepancy being observed for the β angle. However, the
same discrepancy has been observed by Hawthorne and Oberti
(2007) by comparing the predicted and the experimental cell
parameters of Gottschalk et al. (1999) for tremolite. Heating
run (3) was performed, up to 873 K, on the sample cooled
down after heating run (2). The cell parameters (Fig. 10) show
trends similar to those obtained during runs (1) and (2) except
for the onset of further oxidation, which is observed at higher
T, i.e. 823 K, than that found in (2). The similarity of the trends
is confirmed by the nearly identical a0 and a1 parameters of the
Berman equations used to fit the dependence of the cell para-
meters from T (Table 2). The Rietveld refinement of the sample
cooled down to RT after run (3) provides cell parameters only
slightly smaller than those of the sample after run (2), indicating
the production of minor extra oxidation during run (3).
Progressive shrinking of the M(1)–O(3) bond distance with
respect to the pristine sample supports this hypothesis. Heating
run (4) was performed on the same sample and was extended
up to a maximum T of 1173 K, the aim being to induce the com-
plete oxidation of the sample. Coherently with run (3) the onset

Fig. 7. Variation of the occupancy of M sites of tremolite with temperature (T ) as cal-
culated from data of heating run (1). Occupancy of M(1), (2) and (3) was refined
using the scattering power of Mg whereas that of M(4) was using Ca. Dashed lines
represent the average occupancy values calculated in the 303 K≤ T ≤ 873 K thermal
range for the various M sites.

Fig. 6. Variation of Biso displacement parameters with temperature (T ) of tremolite
for refinements from heating run (1). Data of Sueno et al. (1973) (S73) are reported
for comparison purposes.

Fig. 8. Variation of <M–O> bond distances of tremolite with temperature (T ) from
refinements of heating run (1).

Fig. 9. Variation of M(1)–O bond distances of tremolite with temperature (T ) from
refinements of heating run (1). The area highlighted in grey indicates the thermal
range in which both oxidation/deprotonation and cation migration occur.
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of the extra oxidation was found at a still higher T, i.e. 923 K, and
the re-alignment of the variation of the cell parameters to the ori-
ginal trend is attained at 1073 K signalling the end of oxidation.
The trend of the cell parameters of runs (3) and (4) are almost
superimposable within the common thermal range. Final cell

parameters, M sites population and M–O bond distances are
fully consistent with those obtained in run (1). Heating run (5)
was aimed at producing a fully oxidised sample, under controlled
conditions, exploiting the information obtained in the previous
experiments. The maximum T was set to 1073 K. The evolution

Fig. 10. Variation of cell parameters and volume of tremolite during subsequent heating runs (2), (3) and (4). (a) a parameter; (b) b parameter; (c) c parameter; (d) β
angle; and (e) cell volume.
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of cell parameters and structure are coherent with those observed
in run (1).

Structure modifications of the fully oxidised sample cooled
down to RT

At the end of run (5) the sample was cooled down to RT and ana-
lysed. Cell parameters are reported in Table 4; note minor reacted
clinopyroxenes were observed at RT. The difference (D) between
the cell parameters of pristine tremolite at RT and those after run
(5) are very similar to the differences between the corresponding
predicted ones, confirming the completion of the oxidation pro-
cess. By simple proportionality, based on D, we may estimate
that the partly oxidised sample(s), obtained at the end of runs
(2) and (3), are characterised by∼ 40–50% Fe2+ oxidation.

It is worth noting that Giacobbe et al. (2018) reported a very
different behaviour for a sample of fibrous tremolite from Val
d’Ala, Turin, Italy. The sample characterised by the chemical formula
(Ca1.91Na0.06K0.01)Σ1.98(Mg4.71Fe

2+
0.22Fe

3+
0.08Mn2+0.02)Σ5.03[Si8.01Al0.02]Σ8.03

O22.14(OH)1.86 was analysed by synchrotron nano-diffraction at RT
before and after heating at 1073 K. Surprisingly, not only did

cell parameters increase and the β-angle decrease after heating
but also all <M–O> bond distances were found to expand.
Finally, no s.s. modifications at the various M sites were observed
indicating a very different thermal behaviour as compared to the
present sample, possibly due to the different iron content.

Relevant structural data at RT of the fully oxidised sample
obtained after run (5) are listed in Table 5. By evaluation of
Fig. 7 and Table 5 it may be inferred that s.s. at the M sites are
fully consistent with those obtained in situ at HT during run
(5). In particular, ∼85% of Fe3+ is allocated at M(1) while the
remaining 15% is found at M(3). Those assignments are further
supported by the very good agreement between the aggregate
sizes of the constituent cations (rM), calculated from the
Rietveld refinement with the procedure described in Vignaroli
et al. (2014), and those calculated from the proposed sites parti-
tion. Moreover, M(1)–O(3) and M(3)–O(3) are significantly shor-
tened compared to the pristine sample indicating the onset of
OH– deprotonation at O(3). A peculiar feature was observed at
the M(2) site. In fact, a s.s. value of 23.25(8) e–, consistent with
the occurrence of 0.06 □ apfu, was refined, similar to the results
obtained in situ at HT during run (5). A good agreement between
rM(2) from the Rietveld refinement and that from the proposed
site partition was obtained by considering a ‘cation radius’ of
0.75 Å for VI□, a value commonly used in the case of the crystal-
chemical modelling of spinels (Lavina et al., 2002), apparently
confirming this hypothesis. It should be noted that in pristine
tremolite Fe3+ is preferentially, if not completely, allocated at
M(2) (Pacella et al., 2010, 2020) and its content is similar to
the quantity of vacancies possibly occurring at M(2). Therefore,
it is tempting to suggest that the HT (≥1073 K) complete removal
of Fe3+, occurring during run (5), is not counterbalanced by the
migration of Mg from M(1) and M(3) because such Fe3+ was
not produced by oxidation and corresponding deprotonation of
OH– at O(3). In fact, dehydrogenation is promoted by the pres-
ence of two Fe2+ at M(1,3) sites as in this case their oxidation
forces the proton detachment from O(3). This fact suggests the
occurrence of some Fe2+ clustering at those sites in the pristine
sample. The excess iron could be possibly removed from the
structure under the form of oxides, as reported in the case of

Table 4. Comparison between predicted (Hawthorne and Oberti, 2007) and
experimental cell parameters for pristine and oxidised samples of tremolite.

a (Å) b (Å) c (Å) β (°)

Sample at RT
Predicted pristine 9.8679 18.0805 5.2739 104.869
Predicted oxidised 9.8365 18.0648 5.2698 104.918
Δ predicted –0.0314 –0.0157 –0.0041 0.049
Pristine (1) 9.85423(8) 18.07918(11) 5.28190(4) 104.7487(6)
Partly oxidised [after (2)] 9.84112(13) 18.0647(2) 5.27760(5) 104.7659(9)
Fully oxidised [after (5)] 9.82524(6) 18.05528(12) 5.27711(3) 104.7652(5)
Δ experimental –0.02899 –0.02390 –0.00479 0.0165

Notes: Δ corresponds to the differences between cell parameters of pristine and fully
oxidised samples. Predicted cell parameters were calculated using the chemical data of
Pacella et al. (2010) and hypothesising a full oxidation following the dehydrogenation
reaction Fe2+ + OH− = Fe3+ + O2– + ½ H2 (Phillips et al., 1988): pristine (apfu): B(Fe,Mn) = 0.02;
BNa = 0.01; CFe3+ = 0.08; CFe2+ = 0.44; TAl = 0.02; WF = 0.01; oxidised: (apfu): B(Fe,Mn) = 0.02;
BNa = 0.01; CFe3+ = 0.52; TAl = 0.02; and WO2– = 0.44; WF = 0.01.

Table 5. Relevant structural data of the RT refinement of the fully oxidised sample obtained after run (5). The s.s. derived from structure refinement (ref.) and those
arising from considering M(2) as fully occupied by Mg (idealised) are reported. For comparison purposes, data of the pristine sample by Pacella et al. (2020) are also
reported (P20).

Present work fully oxidised: from structure refinement Present work fully oxidised: idealised Pristine P20

Sites s.s. (e–) Site partition rM ref.* rM part. Site partition rM ref.* rM part. s.s. (e–) Site partition

M(1) 28.05(8) Mg1.711(6)Fe
3+
0.289 0.706 0.709 Mg1.71Fe

3+
0.29 0.706 0.709 25.87(7) Mg1.87(1)Fe

3+
0.03Fe

2+
0.10

M(2) 23.25(8) Mg1.938(6)□0.062 0.719 0.721 Mg2.00 0.719 0.720 25.27(7) Mg1.91(1)Fe
3+
0.06Fe

2+
0.03

M(3) 12.67(6) Mg0.952(4)Fe
3+
0.048 0.719 0.716 Mg0.95Fe

3+
0.05 0.719 0.716 13.14(5) Mg0.919(4)Fe

2+
0.081

Sum C 64.0(2) Mg4.601(16)Fe
3+
0.337(10)□0.062(6) – – Mg4.66Fe

3+
0.34 – – 64.29(19) Mg4.70(2)Fe

3+
0.09Fe

2+
0.21

M(4) 39.60(13) Ca1.980(6) – – Ca2.00 – – 39.83(8) Ca1.992(4)
A(m) 0.60(5) Na0.055(5) – – Na0.04 – – 0.38(5) Na0.035(4)
O(3) – (OH–)1.90(O

2–)0.10 – – (OH–)1.75(O
2–)0.25 – – – (OH–)2.00

Present Pristine Present Pristine Present Pristine Present Pristine
work P20 work P20 work P20 work P20

M(1)–O(3)×2 2.024(3) 2.086(2) M(2)–O(4)×2 2.021(3) 2.026(3) M(3)–O(3)×2 2.037(4) 2.051(4) M(4)–O(4)×2 2.329(4) 2.340(3)
M(1)–O(1)×2 2.069(4) 2.066(3) M(2)–O(2)×2 2.082(4) 2.076(3) M(3)–O(1)×4 2.100(3) 2.100(2) M(4)–O(2)×2 2.397(3) 2.395(3)
M(1)–O(2)×2 2.105(3) 2.089(3) M(2)–O(1)×2 2.134(3) 2.134(3) <M(3)–O> 2.079 2.084 M(4)–O(6)×2 2.534(3) 2.550(3)
<M(1)–O> 2.066 2.080 <M(2)–O> 2.079 2.079 <<M1,2,3–O>> 2.075 2.081 M(4)–O(5)×2 2.773(3) 2.772(3)

<<rM1,2,3>>** 0.718 0.725 <M(4)–O> 2.508 2.514

Notes: rM ref. and rM part. refer to aggregate size of constituent cations (rM) obtained from Rietveld refinement and the proposed site partition. * Calculated as <M–O> – 1.36 Å (Vignaroli et al.,
2014); ** Calculated as in table 7 of Hawthorne and Oberti (2007).
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grunerite (ex. magnetite: Ghose and Weidner, 1971; Phillips et al.,
1991). However, the occurrence of magnetite was observed in the
case of extended oxidation leading to the coexistence of both
reacted and unreacted products arising from incipient thermal
decomposition. A coherent behaviour has been described for
the present sample heated at 1373 K i.e. above the temperature
of structure breakdown. In fact, 0.20(2) wt.% of hematite was
observed among the products, recovered at RT, of the complete
structure breakdown of tremolite from Maryland, coexisting
with pyroxenes, cristobalite and amorphous material (Pacella
et al., 2020).

No reflections of iron oxides were observed in the diffraction
pattern of the present tremolite sample after run (5). However,
a different, more plausible explanation of the reduced s.s. at M
(2) may be proposed.

In fact, Gianfagna et al. (2007) and Vignaroli et al. (2014)
observed that s.s. of M sites from Rietveld refinements, on data
collected in transmission mode, are consistently smaller than
those from EMPA according to the regression equation (R2 =
0.990)

s.s. EMPA = –13(3)+ 1.22(4)s.s. ref .

and that the reduction of s.s. is mainly taken up by M(2). This
small mismatch may arise from an imperfect absorption correc-
tion. According to the regression equation, an underestimation
of ∼1 e– is expected for a refined total site scattering at M(1) +
M(2) +M(3) of 64 e–, as in the case of the present sample. This
hypothesis is confirmed by the fact that EMPA and Mössbauer
spectroscopy suggested the occurrence at the C sites of
[Mg4.48(12)Fe0.52(9)] (sum s.s. = 64.7(4) e–: Pacella et al., 2010)
whereas Rietveld refinement pointed to [Mg4.70(2)Fe0.30(2)] (sum
s.s. = 64.29(19) e–: Pacella et al., 2020).

Therefore, it is impossible to state with certainty if the reported
slightly low s.s. at M(2) is due to underestimation or by the occur-
rence of vacancies, albeit it seems reasonable to favour the former
hypothesis. Table 5 reports the s.s. obtained from the structure
refinement and those obtained by considering the M(2) site
fully occupied by Mg. As can be seen, the differences are minor.

Conclusions

In this study the thermal behaviour of fibrous tremolite from
Maryland has been investigated in situ up to the temperature of
breakdown. The products of structure breakdown are subcalcic
diopside and calcium-rich clinoenstatite in a 2:1 weight ratio
plus minor hematite in substantial agreement with the result
obtained ex situ by Pacella et al. (2020). The only difference is
the absence of cristobalite that has been possibly replaced by
silica-rich amorphous material in the present work owing to dif-
ferent heating conditions. By evaluation of the data measured dur-
ing different heating runs it is possible to observe that thermal
expansion follows a regular trend up to 723 K before the onset
of Fe2+ oxidation. This process partly counterbalances the effect
of thermal expansion, as it is expected to produce a cell contrac-
tion, and is completed at 1023 K. At 923 K, a further process takes
place, the migration of Fe3+ towards M(1) and the corresponding
counter-migration of Mg to M(2) and M(3). Therefore, in the
923≤ T≤ 1023 K thermal range both processes, Fe2+ oxidation/
OH– deprotonation and cation exchange, are acting. At T
approaching that of the structure breakdown, M(2) experiences
a significant s.s. reduction, apparently consistent with the

occurrence of a limited amount of vacancies or, more probably,
with a full occupancy of the site by Mg. However, in the case of
riebeckite, vacancies at M(3) and M(4) have been reported for
thermally treated samples (Oberti et al., 2018). In order to main-
tain charge neutrality, the population at O(3) is (OH–)1.75(O

2–)0.25
in the case of M(2) fully occupied by Mg or (OH–)1.90(O

2–)0.10 in
the case of a partly vacant M(2) site.

Very recently, Pacella et al. (2020) has highlighted that not
only iron oxidation and coordination, but also lattice position
of iron ions, drive the surface reactivity of amphibole asbestos
and that iron migration/partition during heating directly influ-
ence the Fenton-like reactivity of the mineral surface. Present
data indicate that in fully oxidised tremolite Fe3+ is allocated
prevalently at M(1) and very subordinately at M(3). It is note-
worthy that M(1), along with M(2), is the most exposed octahe-
dral site at the surface (Pacella et al., 2010). Moreover, M(1) has
a site multiplicity which is double that of M(3). Therefore, in
the case of oxidised tremolite fibres most of the Fe3+ is available
for participating in the Fenton-like reactivity rendering this
material still potentially dangerous for human health. This piece
of information is extremely important and should be properly
taken into account by researchers involved in the evaluation of
the safety of thermally decomposed tremolite-containing ACMs,
in particular in the case of accidentally incomplete treatments.
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