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INTRODUCTION
The term asbestos comprises six naturally occurring 

silicate including chrysotile (serpentine group) and five 
fibrous amphiboles (anthophyllite, tremolite, actinolite, 
riebeckite, and grunerite, with the last two commercially 
known as crocidolite and amosite, respectively). 

Due to its electrical and thermal resistance, tensile 
strength and flexibility, asbestos has been widely 
attractive to industry for products such as textiles, brakes, 
cement construction materials and other similar products. 
Today asbestos use is indeed banned in more than 50 
countries (Spasiano and Pirozzi, 2017; International 
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Ban Asbestos Secretariat, 2019), due to health risks 
following fibre inhalation (IARC, 2012). In particular, 
the malignant diseases related to asbestos include lung 
cancer, mesothelioma, and asbestosis (Huang et al., 2011; 
Mossman et al., 2011). 

It is well recognised that asbestos-induced pathologies 
are linked to the fibrous morphology (Stanton et al., 1981), 
the high biopersistence in vivo of the fibres (Mossman and 
Churg, 1998; Kamp and Weitzman, 1999) and the fibre 
surface chemical reactivity (Fubini, 1993, 1996). Because 
of this complexity, the mechanisms underlying the 
asbestos toxicity is still poorly understood. Besides, there 
is an ongoing debate about the lower carcinogenicity risk 
associated to serpentine asbestos exposure, presumably 
due to its higher solubility in the body compared to that of 
amphiboles (Mossman et al., 2011; Bernstein et al., 2013; 
Garabrant and Pastula, 2018).

Recent works showed that the amphibole asbestos may 
undergo structural chemical modifications on its surface 
when in contact with fluids, possibly resulting in the 
modulation of the fibre reactivity (Andreozzi et al., 2017; 
Pacella et al., 2021 a,b; Vigliaturo et al., 2022). 

The structure of grunerite (Figure 1) has been reported 
by Finger (1969) and, recently, by Yong et al. (2019) on 
prismatic crystals. The presence of texture and disorder 
effects has rendered very difficult the investigation of the 
structure of amosite by diffraction techniques. Besides, 
a sample of amosite studied by electron diffraction and 
high-resolution electron microscopy showed twinning 
on (100) leading to stacking disorder accounting for the 
observed anomalies in its diffraction patterns (Chisholm, 

1973; Hutchinson et al., 1975). 
Sections perpendicular to [001] of amosite examined 

by high-resolution TEM revealed two kinds of dislocation 
with about equal frequency, one is on [001] with Burgers 
vector a and the other on [001] with Burgers vector 
1/2a+1/2b (Whittaker et al., 1981).

Recently, Pollastri et al. (2017) reported for the first time 
the crystal-structure investigation of UICC (Union for 
International Cancer Control) amosite by using a multi-
analytical approach. As expected, the retrieved crystal 
structure was similar to that of the grunerite sample of 
Finger (1969), except for smaller cell parameters and 
volume due to the lower iron content (Fe/Fe+Mg ratio is 
0.78 for sample of Pollastri et al. and is 0.88 for sample of 
Finger) and shorter M(1,2,3)-O bond distances. Moreover, 
they found both Fe2+ and Fe3+ atoms at M(1), M(2) and 
M(3) sites, whereas only Fe2+ was hosted  in M(4). Mg 
is disordered over the octahedral layer with a preference 
for site M(2). Minor Ca and Na have been assigned to the 
A site.

In the frame of a detailed characterization of the UICC 
amphibole asbestos standards (Pacella et al., 2019) used 
by our research group in studies aimed at examining 
potential correlations between physical-chemical features 
of the fibres and their chemical reactivity and toxicity, in 
the present work we report the results of the full structural 
and spectroscopic characterization of an UICC amosite 
standard sample from Penge mine (South Africa). Cation 
site partition was obtained from SEM-EDS chemical data 
integrated with 57Fe Mössbauer spectroscopy and X-ray 
powder diffraction data.

Figure 1. Grunerite structure: projection onto (100) showing the double chain of tetrahedra and the strip of octahedra. Turquoise=T(1), 
blue =T(2), yellow=M(1), green=M(2), orange=M(3), and white=M(4).
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EXPERIMENTAL 
Mössbauer spectroscopy

A Mössbauer spectrum of the amosite sample was 
acquired using a conventional spectrometer system 
operated in constant-acceleration mode. The Mössbauer 
absorber was prepared by grinding 50 mg sample material 
together with ca. 100 mg acrylic resin. The mixture was 
pressed to a 12 mm diameter disc under mild heating. 
The spectrum was collected at room temperature using a 
standard 57Co source in a Rh matrix with a nominal activity 
of 50 mCi and the absorber placed in 54.7° to the incident 
beam to avoid texture effects. Spectral acquisition was 
obtained over 1024 channels in the velocity range -4.2 
to + 4.2 mm/s, and the data was then calibrated against 
a spectrum of an α-Fe foil before folding and fitting 
using the software MossA (Prescher et al., 2012). The 
spectrum was treated by using one quadrupole doublet 
assigned to Fe3+ and two doublets assigned to Fe2+, 
applying Lorentzian line shapes and equal intensities of 
the quadrupole components. 57Fe Mössbauer parameters 
for the amosite sample are reported in Table 1.

Scanning Electron Microscopy with Energy Dispersive System (SEM-
EDS)

The micro-chemical data were collected on a Quanta 
400 SEM (FEI, Hillsboro, Oregon, USA) fitted with an 
EDX Genesis EDS system and operating at the following 
conditions: 15 kV accelerating voltage, 11 mm working 
distance, 0° tilt angle. Analytical points were selected 
on flattened area of fibre bundles (7 analytical points) to 
extract quantitative EDS data (Paoletti et al., 2008, 2011; 
Newbury and Ritchie, 2013; Pacella et al., 2016). Table 2 
reports the average chemical composition, expressed as 
oxides, and the corresponding empirical formula of UICC 
amosite. The chemical composition was normalized to 
100% after Fe3+/Fe2+ partition, based on Fe3+/Fetot of  
3.3 % from Mössbauer data, and fixing the H2O content to 
stoichiometry (2 OH per formula unit, pfu). The empirical 
formula was calculated based on 24 O. Cations are reported 
in atoms per formula unit (apfu) and were assigned to 
the various T, C and B sites following Hawthorne et 

al. (2012). For comparison purposes, reference data of 
UICC amosite standard (Koyama et al., 1996; Bowes 
and Farrow, 1997; Pollastri et al., 2017) and of grunerite 
samples from the Penge area (Miyano and Beukes, 1997) 
and Moose Mountain Mine, Ontario, Canada (Yong et al., 
2019) are also reported. 

X-ray Powder Diffraction (XRPD)
X-ray powder diffraction data were measured using a 

D8 Advance automated powder diffractometer (Bruker 
AXS, Karlsruhe, Germany) running in θ/θ transmission 
mode. The sample was gently ground in an agate mortar 
under ethanol and the resulting powder was loaded in 
a 0.5 mm diameter borosilicate glass capillary. The 
instrument is fitted with an incident beam focussing 
graded multilayer Göbel mirror and a PSD VÅntec-1. 
The diffraction pattern was collected in step-scan mode, 
using CuKα, in the 5-145° 2θ angular range, 0.022° 2θ 
step size and 20 s counting time. Data were evaluated 
by the Rietveld method using Topas V6 (Bruker AXS, 
2016) which implements the Fundamental Parameters 
Approach FPA (Cheary and Coelho, 1992). Preliminary 
scrutiny of the pattern indicated the occurrence of a few 
phases at the minor/trace level. Quartz, ankerite and 
garnet, owing to their simple structures, were included to 
the Rietveld refinement. Moreover, only the strong, low-
angle reflection of stilpnomelane and biotite/annite was 
observed. Stilpnomelane (Guggenheim and Eggleton, 
1994), a phyllosilicate phase with modulated layers (Dana 
74.1.1.1) of ideal formula (K,Ca,Na)(Fe2+,Fe3+,Mg,Al)8 
(Si,Al)12(O,OH)36∙nH2O, has been reported as an 
accessory phase in the Penge iron formation, commonly 
associated to grunerite (Miyano and Beukes, 1997). It is 
worth noting that the relevant reflection of stilpnomelane 
(ca. 7.25° 2θ) and biotite/annite (ca. 8.45° 2θ) can be 
observed also in the original diffraction pattern reported 
in Figure 2 by Kohyama et al. (1996) for an UICC amosite 
sample. Only scale factors, cell parameters and peak shapes 
were refined for quartz, ankerite and garnet. Differently, 
the main reflection of stilpnomelane and biotite/annite 
were approximated by two peaks not related to any 

IS (mm/s) QS (mm/s) FWHM Area (%) Fecorr (%)* Assignment apfu

1.153(1) 2.781(2) 0.253(2) 64.6(5) 65.1(5) Fe2+ [M(1),M(2),M(3)] 3.00(2)

1.078(1) 1.572(3) 0.251(5) 31.3(4) 31.6(4) Fe2+ M(4) 1.46(2)

0.36(2) 0.90(4) 0.38(7) 4.1(5) 3.3(5) Fe3+ [M(1),M(2),M(3)] 0.15(2)

*Fe distribution after correction for different recoil-free fractions for Fe2+ and Fe3+ according to Dyar et al. (1993).

Table 1. 57Fe Mössbauer parameters for the amosite sample obtained at room-temperature.
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Present
work K96 BF97 P17 MB97

PE13 - 29
MB97

PE13 - 111
Y19

SiO2 50.84 (0.41) 50.63 49.51 49.8 (0.2) 50.94 49.02 49.58

TiO2 - - 0.40 0.04 (0.02) 0.05 0.07 0.02

Al2O3 0.40 (0.11) 0.55 0.00 0.04 (0.02) 0.03 2.49 0.44

Cr2O3 - - - 0.01 (0.01) 0.03 - 0.01

Fe2O3 1.30 (0.09) 1.90 2.83 3.9 (0.4) 0.30 3.25 -

FeO 34.23 (1.08) 35.41 33.86 37.8 (0.4) 37.74 31.77 39.14

MnO 2.19 (0.17) 1.82 1.80 0.42 (0.6) 0.74 1.15 0.38

NiO - - - 0.02 (0.04) 0.02 - -

MgO 8.29 (0.61) 6.44 6.76 6.23 (0.9) 8.22 8.40 6.90

CaO 0.44 (0.30) 0.51 0.39 0.09 (0.01) 0.10 2.19 0.36

Na2O 0.38 (0.26) 0.02 0.12 0.03(0.02) 0.02 0.38 0.05

K2O - 0.27 0.13 0.02(0.01) 0.00 0.15 0.01

H2O 1.92** 2.32 2.72 1.94 (0.00) 1.92** 1.94** 1.88**

total 100.00 99.87 100.08* 100.32 100.11 100.81 98.77

T

Si 7.93 7.91 7.80 7.86 7.97 7.56 7.93

Al 0.07 0.09 - 0.01 0.01 0.44 0.07

S 8.00 8.00 7.80 7.87 7.98 8.00 8.00

C

Fe2+ 2.92 3.03 2.78 3.00 2.93 2.52 3.34

Mg 1.93 1.50 1.59 1.47 1.92 1.93 1.65

Fe3+ 0.15 0.22 0.34 0.46 0.04 0.38 -

Mn - 0.24 0.24 0.06 0.10 0.15 -

Al - 0.01 - - - 0.01 0.01

Ti - - 0.05 - 0.01 0.01 -

S 5.00 5.00 5.00 4.99 5.00 5.00 5.00

B

Fe2+ 1.54 1.60 1.68 2.00 2.00 1.58 1.90

Mn 0.29 - - - - - 0.05

Na 0.10 0.01 0.04 - - 0.06 -

Ca 0.07 0.09 0.07 - - 0.36 0.05

S 2.00 1.70 1.79 2.00 2.00 2.00 2.00

A

Na 0.02 - - 0.01 0.01 0.06 0.02

Ca - - - 0.02 0.02 - 0.01

K - 0.05 0.03 - - 0.03 -

S 0.02 0.05 0.03 0.03 0.03 0.09 0.03

O 22.00 21.58 21.18 21.96 22.00 22.00 22.00

OH 2.00 2.42 2.86 2.04 2.00 2.00 2.00

Table 2. Chemical composition and site partition of the UICC amosite sample. Standard deviations (when available) are reported 
between parentheses. For comparison purposes data of Koyama et al. (1996) (K96), Bowes and Farrow (1997) (BF97) and Pollastri 
et al. (2017) (P17) for UICC amosite samples and those of Miyano and Beukes (1997) (MB97) for grunerite samples from Penge iron 
formation, South Africa, and Yong et al. (2019) (Y19) for a grunerite sample from Moose Mountain Mine, Ontario, Canada are also 
reported.
* Including 1.55 wt% CO2 arising from admixed carbonates, ** from stoichiometry.
Fe3+/Fe2+ partition by gravimetric/colorimetric (K96), titration (BF97 and MB97) and Mössbauer spectroscopy (P17 and present work).
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structure whose position, intensity and breadth were also 
refined following the same procedure applied by Pacella 
et al. (2021 a,b). However, this simplified approach does 
not allow quantification of the two phases that, based on 
the intensity and breadth of the two reflections, may be 
estimated at the 2-3 wt% level.

Following a well-established procedure, the structure of 
amosite was refined keeping all displacement parameters 
fixed to reference data (grunerite of similar chemical 
composition: Yong et al., 2019) and no restraints on bond 
distances and angles were imposed. Site scattering (s.s.) 
at M(1), M(2), M(3) and M(4) was optimized. Moreover, 
due to the presence of 0.29 apfu Mn we attempted, 
without success, to add a split M(4’) site to the refinement 
following the finding of Oberti et al. (2006). No electron 
density was detected at A-type sites in agreement with the 
micro-chemical data. 

The refinement was started using a conventional 
description of the peak broadening characterized by 
a Lorentzian (size) and a Gaussian (strain) behaviour 
(Delhez et al., 1993). However, a significant and 
complex anisotropic broadening of the diffraction 
maxima was observed that was initially modelled using 
the ellipsoid-model of Katerinopoulou et al. (2012). 
However, the application of normalized symmetrized 
spherical harmonics functions, described by Järvinen 

(1993), produced a further, significant, improvement of 
the fit. The absorption effects were modelled using the 
equation of Sabine et al. (1998) for a cylindrical sample 
and the presence of preferred orientation was corrected 
using normalized symmetrized spherical harmonics 
functions. The number of terms (4th-order, eight refinable 
parameters) was chosen in keeping with the procedure of 
Ballirano (2003). Parameters refined to small values as 
expected for a sample prepared as capillary.

The Quantitative Phase Analysis (QPA) is shown in 
Table 3, the list of the starting structural data is reported 
in Table 4 and the statistical indicators of the refinement 
are listed in Table 5. A magnified view (5-80° 2q) of the 
Rietveld plots is shown in Figure 2. QPA follows the 
check list indicated in Gualtieri et al. (2019). The CIF file 
of UICC amosite is deposited as supporting material at 
the journal’s site.

RESULTS AND DISCUSSION 
The 57Fe Mössbauer spectrum of the amosite sample 

(Figure 3) shows two well-separated doublets with 
relatively large quadrupole splitting and a fairly weak 
shoulder feature around 0.8 mm/s. The spectrum could 
be accurately fitted with two Fe2+ doublets and one Fe3+ 
doublet. In line with previous Mössbauer studies of 
amosite and grunerite spectra (e.g. Bancroft et al., 1967; 

Figure 2. Magnified view (5-80° 2q) of the Rietveld plots of the refinement of the UICC amosite sample. Intensity scale logarithmic. 
Blue: experimental; red: calculated; grey: difference; vertical bars indicate the position of the calculated Bragg reflections of (from 
above to below) ankerite (blue), garnet (green), quartz (magenta) and amosite (yellow).
The vertical blue lines indicate the position of the main reflection of stilpnomelane (7.25° 2q) and biotite/annite (8.45° 2q), respectively, 
that were approximated by peaks unrelated to structures.
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Pollastri et al. 2015), the outer Fe2+ doublet is assigned 
to M(1), M(2), M(3), the inner one to M(4), and the Fe3+ 
doublet to M(1), M(2), M(3). The area ratio for the doublet 
assigned to Fe3+ corresponds to 4.1%. However, according 
to the study of Dyar et al. (1993), the Mössbauer recoil-
free fractions for Fe2+ and Fe3+ in amphibole are unequal. 
Following the correction procedure described in Dyar et 
al. (1993), an Fe3+/Fetot ratio of 3.3% was obtained.

The SEM-EDS analyses indicate a good chemical 
homogeneity of the fibres (Table 2) with some minor Mg 

vs Fe2+ variability. The corresponding empirical formula 
is:
A[ N a 0 . 0 2] Σ 0 . 0 2

B( F e 2 +
1 . 5 4M n 0 . 2 9N a 0 . 1 0C a 0 . 0 7) Σ 2 . 0 0 

C(Fe 2+
2 .92Mg 1.93Fe 3+

0 .15) Σ5 .00
T(S i 7 .93Al 0 .07) Σ8 .00 

O22.00
W(OH2.00)Σ2.00 

and is in reasonable agreement with those recalculated 
from the original data of the three UICC amosite 
standard samples characterized by Koyama et al. (1996)
A(K0.05)Σ0.05

B(Fe2+
1.60Na0.01Ca0.09)Σ1.70

C(Fe2+
3.03Mg1.50 

M n 0 . 2 4 F e 3 +
0 . 2 2 A l 0 . 0 1 ) Σ 5 . 0 0

T ( S i 7 . 9 1 A l 0 . 0 9 ) Σ 8 . 0 0 
O21.58

W(OH2.32)Σ2.42, 
Bowes and Farrow (1997)A(K0.03)Σ0.03

B(Fe2+
1.68 

Ca0.07Na0.04)Σ1.79
C(Fe2+

2.78Mg1.59Fe3+
0.34 Mn0.24Ti0.05)Σ5.00 

T(Si7.80)Σ7.80O21.18
W(OH2.86)Σ2.86 

and by Pollastri et al. (2017) A(Ca0.02Na0.01)Σ0.03 
B(Fe2+

2.00)Σ2.00
C(Fe2+

3.00Mg1.47Fe3+
0.46Mn0.06)Σ4.99 

T(Si7.86Al0.01)Σ7.87O21.96
W(OH2.04)Σ2.04, respectively. 

As previously pointed out for the UICC crocidolite 
standard (Pacella et al., 2019), some chemical variability 
exists among various batches and this behaviour is coherent 
with the variability typically observed at the Penge 
iron formation. As an example, we report the chemical 
composition of two samples of grunerite retrieved from 
a diamond drill core at different depths (PE13-29 and 
PE13-111) and reported by Miyano and Beukes (1997). 
It is worth noting that the apfu Fe2+ assigned to C and 
B group sites (Table 1) from Mössbauer data are in very 
good agreement with the empirical formula calculated 
from SEM-EDS analysis. Moreover, the large Mn content 
(2.2 wt% as MnO) is comparable with the value of 1.8 
wt% detected in UICC amosite sample by Kohyama et 
al. (1996). 

Cell parameters and volume of UICC amosite are 
a=9.55264(17) Å, b=18.3069(3) Å, c=5.33487(8) Å, 
β=101.840(3)°, V=913.11(3) Å3. They fit nicely into the 
graphs correlating lattice parameters and Fe/(Fe+Mg) 
content for natural and heated “cummingtonites” reported 
in Figure 1 by Hirschmann et al. (1994). In Table 6 the 
present cell parameters are compared to those of Pollastri 
et al. (2017) for the UICC amosite standard and to those 
of Yong et al. (2019) for a grunerite crystal of analogous 
chemical composition. As can be seen, values are similar 
and reflect the observed minor chemical differences among 
the samples (Table 6). The QPA testify some heterogeneity 
of the UICC amosite standard similarly to UICC crocidolite 
standard (Pacella et al., 2019) as the identified minor/
trace phases differ both in terms of species and quantity. 
In fact, the present sample shows a significantly higher 
quartz content as compared to reference data (Table 4) 
and the estimated amosite content should be possibly at a 
lower degree of purity (>90 wt% level) with respect to the 
batches analysed by Kohyama et al. (1996) and Pollastri et 
al. (2017). Relevant bond distances of UICC amosite are 

Phases (wt%) Present work K96 P17

Amosite 94.87(8) 99 > 95

Quartz 3.79(5) < 1 < 1

Ankerite 0.76(4) - -

Garnet 0.58(4) - -

Stilpnomelane Traces -* -

Biotite/annite Traces -* -

Calcite - - < 1

Hematite - - < 1

Table 3. Quantitative phase analysis (QPA) of the UICC amosite 
sample. Reference data of Koyama et al. (1996) (K96) and 
Pollastri et al. (2017) for UICC amosite (P17) are reported for 
comparison.
* Re-evaluation of the original X-ray diffraction data (reported 
in Figure 2) indicates the occurrence of traces of both phases.

Phases Reference
Amosite Yong et al. (2019)
Quartz Le Page and Donnay (1976)
Ankerite Ross and Reeder (1992)
Garnet Sawada (1999)
Stilpnomelane none - peak phase
Biotite/annite none - peak phase

Table 4. List of reference starting structural data.

RBragg (%) 0.58
Rwp (%) 1.40
Rp (%) 0.84
GoF 4.08
DWd 0.78

Table 5. Statistical indicators of the Rietveld refinement, as 
defined in Young (1993).
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reported in Table 7, where they are compared to those of 
Pollastri et al. (2017) and Yong et al. (2019). The <T(1)–
O> and <T(2)–O> observed in the present refinement 
are identical whereas in amphiboles, in the absence of 
Al, <T(2)–O> is slightly longer. This fact suggests, in 
agreement with reference data, that 0.07 apfu Al are 
allocated at T(1) (Oberti et al., 2007). In general, structural 
data of the present refinement are in close agreement with 
those of the grunerite sample of Yong et al. (2019). In fact, 
the <<M(1), M(2), M(3)–O>> is of 2.114 Å as compared 
to 2.117 Å of Yong et al. (2019) reflecting the higher Fe2+ 
content at C group sites of the grunerite sample (3.34 

apfu) with respect to the present UICC amosite standard 
(2.92 apfu). UICC amosite shows a slightly more regular 
octahedral coordination for M(1) with respect to the 
grunerite sample of Yong et al. (2019). Some differences 
are observed with respect to the M–O bond distances 
reported by Pollastri et al. (2017) that are systematically 
shorter than those obtained in both the present and in the 
grunerite refinement despite an intermediate Fe2+ content 
at C group sites. The same shortening has been observed 
for <M(4)–O>. The refined s.s. at C group sites [102.8(7) 
e-] is in remarkable agreement with 103.1 e- from micro-
chemical data, as reported in Table 8. A plot of the s.s. at C 
group sites obtained by Rietveld refinements, performed on 
data collected in transmission mode by our research group, 
and the s.s. at C group sites determined by micro-chemical 
analyses is reported in Figure 4. The thick black bisecting 
line is a guide for eyes indicating the ideal behaviour. 
This graph represents an extension toward compositions 
enriched in Fe(+Mn) with respect to that proposed by 
Ballirano et al. (2017) for tremolites. For values of s.s. <80 
e- it was observed a linear dependence with a progressive 
increase of the misfit between the s.s. from micro-
chemical data and that from Rietveld refinements with 
increasing values of s.s. (Vignaroli et al., 2014; Ballirano 
et al., 2017). However, both UICC amosite and UICC 
crocidolite samples show a remarkable agreement between 

 Present work P17 Y19
a (Å) 9.55264(17) 9.5482(2) 9.5534(11)
b (Å) 18.3069(3) 18.3395(4) 18.328(2)
c (Å) 5.33487(8) 5.3346(1) 5.3382(8)
b (°) 101.840(3) 101.825(2) 101.854(4)
V (Å3) 913.11(3) 914.31(3) 914.7(2)

Figure 3. 57Fe Mössbauer spectrum of amosite obtained at room-temperature. Fitted absorption doublets assigned to Fe2+ in M(1), M(2), 
M(3) are indicated in blue, Fe2+ in M(4) in green, and Fe3+ in red. Diamonds denote measured spectrum, and black curve represents 
summed fitted spectrum.

Table 6. Cell parameters and volume of the UICC amosite 
sample. Reference data of Pollastri et al. (2017) for UICC 
amosite (P17) and of Yong et al. (2019) for grunerite (Y19) are 
reported for comparison.
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s.s. from micro-chemical data and Rietveld refinement, 
possibly suggesting a reversal of the behaviour starting 
for composition having s.s. >80 e-. A tentative third-
order polynomial fit has been superimposed to the data. 
Some additional data for intermediate compositions are 
required to model in a more accurate way this behaviour. 
This systematic misfit has not yet been explained except 
for a possible imperfect absorption correction (Ballirano 
et al., 2017). Cation partition is reported in Table 8 
hypothesizing that all Mn is allocated at M(4). The C 

group sites preference of ferrous iron is M(1)»M(3)>M(2) 
with Mg preferentially ordered at M(2) in agreement with 
reference data (Hirschmann et al., 1994). Following the 
approach first introduced by Vignaroli et al. (2014) and 
subsequently successfully adopted for several structural 
characterizations of fibrous amphiboles, an indirect Fe2+/
Fe3+ partition was attempted by comparing the <rM> 
mean cationic radii calculated from both the refined 
<M(1,2,3)–O> bond distances and from the proposed site 
partition (Table 9). Results suggest a unusual preferential 

Table 7. Relevant bond distances (Å) of UICC amosite. Reference data of Pollastri et al. (2017) for UICC amosite (P17) and of Yong 
et al. (2019) for grunerite (Y19) are reported for comparison.
* Calculated as in Table 7 of Hawthorne and Oberti (2007).

 Present work P17 Y19
T(1) –O1 1.631(12) 1.629(6) 1.617(2)

–O5 1.615(12) 1.610(5) 1.6524(2)
–O6 1.650(10) 1.622(6) 1.622(2)
–O7 1.606(5) 1.651(5) 1.6196(13)

<T(1)–O> 1.626 1.628 1.621
T(2) –O2 1.621(12) 1.649(5) 1.625(2)

–O4 1.609(9) 1.639(5) 1.607(2)
–O5 1.615(10) 1.633(5) 1.632(2)
–O6 1.659(11) 1.635(6) 1.653(2)

<T(2)–O> 1.626 1.633 1.629
M(1) –O1 x2 2.079(12) 2.079(9) 2.085(2)

–O2 x2 2.133(9) 2.087(9) 2.163(2)
–O3 x2 2.132(9) 2.091(9) 2.116(2)

<M1–O> 2.115 2.088 2.121
<rM(1)> 0.755 0.728 0.761
M(2) –O1 x2 2.155(9) 2.09(1) 2.162(2)

–O2 x2 2.112(12) 2.09(1) 2.116(2)
–O4 x2 2.064(8) 2.072(9) 2.068(2)

<M(2)–O> 2.110 2.084 2.115
<rM(2)> 0.750 0.724 0.755
M(3) –O1 x4 2.121(9) 2.082(9) 2.127(2)

–O3 x2 2.111(15) 2.080(8) 2.087(3)
<M(3)–O> 2.118 2.081 2.114

<rM(3)> 0.758 0.721 0.754
<<M(1),M(2),M(3)–O>> 2.114 2.084 2.117

<rM(1),(2),(3)> 0.754 0.724 0.757
<<rM(1,2,3)>>* 0.767 0.729 0.770

M(4) –O2 x2 2.189(9) 2.087(9) 2.139(2)
–O4 x2 1.997(10) 2.06(1) 1.989(2)
–O6 x2 2.749(10) 2.54(1) 2.736(3)

<M(4)–O> 2.312 2.233 2.288
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Present work UICC amosite P17 Y19

Site s.s. partition from s.s. partition from SEM/EDS partition
from s.s.

partition
from EMPA

partition
from s.s.

partition
from EMPA

C

M(1) 43.5(3) Mg0.60Fe1.40 Mg0.20Fe1.80 Mg0.54Fe1.46

M(2) 37.2(2) Mg1.05Fe0.95 Mg0.64Fe1.36 Mg0.88Fe1.12

M(3) 22.0(2) Mg0.29Fe0.71 Mg0.13Fe0.87 Mg0.25Fe0.75

SMg1.94Fe3.06 SMg1.92Fe3.08 SMg0.97Fe4.03
§SMg1.47Fe3.46 SMg1.67Fe3.33

#SMg1.65Fe3.34

Total 102.8(7) 103.1 116.5(13) 109.1 106.6(5) 106.8

B

M(4) Fe1.59Mn0.29Ca0.12 Fe1.54Mn0.29Na0.10Ca0.07 Fe2.00 Fe2.00 Fe1.93Ca0.04 Fe1.90 Mn0.05Ca0.05

Total 51.0(3) 49.8 52 52 51.1(4) 49.8

A - Na0.02 Na0.01Ca0.02 Na0.01Ca0.02 - Na0.02Ca0.01

Table 8. Site scattering (s.s. in e-) and cation partition of the UICC amosite sample. Reference data of Pollastri et al. (2017) for UICC 
amosite (P17) and of Yong et al. (2019) for grunerite (Y19) are reported for comparison.
§ plus additional 0.06 apfu Mn; # plus additional 0.01 apfu Al.

Figure 4. Comparison between the s.s. at C sites obtained by Rietveld refinements performed on data collected in transmission mode 
and the s.s. at C sites determined by micro-chemical analyses. UICC amosite indicated as a red diamond. Linear regression, confidence 
(95% level), and prediction intervals are reported as full, short dash, and dotted lines, respectively. Reference data are: Ballirano et al. 
(2008); Pacella et al. (2008); Andreozzi et al. (2009); Vignaroli et al. (2014); Pacella et al. (2019); Pacella et al. (2021a); Ballirano et 
al. (2021).
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allocation of Fe3+ at M(1) (0.11 apfu) and M(3) (0.04) 
which is supported only in the case of the simultaneous 
corresponding presence of an oxo component (Oberti et 
al., 2007). It should be noted that the total of 0.15 apfu Fe3+ 
is in perfect agreement with that observed from Fe3+/Fe2+ 
partition based on Mössbauer data. 

CONCLUSIONS 
This work reports an accurate crystal-chemical 

characterization of the UICC amosite standard sample 
coming from Penge mine, South Africa, obtained by 
a multi-analytical approach. Our QPA revealed the 
occurrence of non-negligible contents of impurities (ca. 
10 wt.%) in the hand sample, much more than those 
observed by Kohyama et al. (1986) and Pollastri et al. 
(2017). The quantification and identification of these 
phases is relevant for the correct interpretation of the 
reactivity studies on this sample.

Since the primary role of iron in Reactive Oxygen 
Species production (Fubini, 1993, 1996), particular 
attention has been focused on its position within the 
mineral structure. Rietveld refinement results evidenced 
that Fe2+ is allocated in the octahedral layer following the 
site preferences M(1)≈M(3)>M(2) with Mg preferentially 
ordered at M(2) in agreement with reference data. In 
addition, the sample showed a large Mn content that 
is allocated at M(4) site in agreement with reference 
data. Mössbauer data indicate a smaller Fe3+/Fetot ratio 
(3.3%) than that reported in reference data confirming 
the occurrence of some chemical and mineralogical 
inhomogeneity in the various batches of UICC standards. 
The small amount of Fe3+ (0.15 apfu) has been found to 
be preferentially allocated at M(1)>M(3) suggesting the 
occurrence of a coupled minor oxo component.

The obtained crystal chemical characterization of the 
of UICC amosite sample is the basis for further studies in 
progress aimed at shedding new light on the mechanisms 
of asbestos-induced toxicity.
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