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The thermal behavior of a gem-quality purplish-red Mn-bearing elbaite from the Anjanabonoina pegmatite, Madagascar, 
with composition X(Na0.41□0.35Ca0.24)Σ1.00 

Y(Al1.81Li1.00Fe3+
0.04Mn3+

0.02Mn2+
0.12Ti0.004)Σ3.00

ZAl6[T(Si5.60B0.40)Σ6.00O18](BO3)3(OH)3 
W[(OH)0.50F0.13O0.37]Σ1.00 was investigated using both in situ High-Temperature X-Ray powder diffraction (HT-pXRD) 
and ex situ X-Ray single-crystal diffraction (SC-XRD) on two single crystals previously heated in the air up to 750 and 
850 °C. The first occurrence of mullite diffraction peaks allowed us to constrain the breakdown temperature of Mn-
bearing elbaite at ambient pressure, at 825 °C. The breakdown products from the HT-pXRD experiments were cooled 
down to ambient temperature and identified via pXRD, represented by B-mullite and γ-LiAlSi2O6. A thermally induced 
oxidation of Mn2+ to Mn3+ was observed with both in-situ and ex-situ techniques; it started at 470 °C and is assumed to 
be counterbalanced by deprotonation, according to the equation: Mn2+ + (OH)– → Mn3+ + O2– + 1/2H2. At temperatures 
higher than 752 °C, a partial disorder between the Y and Z sites is observed from unit-cell parameters and mean bond 
distances, possibly caused by the inter-site exchange mechanism YLi + ZAl → ZLi + YAl.
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nearly 8 GPa (e.g., van Hinsberg et al. 2011). However, 
most data come from artificial systems, where tourma-
line was added in excess to its ground host rock and 
the considered system was multiphase (e.g., Ota et al. 
2008). At the same time, the high-temperature modifica-
tions of tourmaline alone were described in detail for 
Fe-dominant tourmalines and Fe–Mn-bearing elbaite 
(e.g., Fuchs et al. 1995, 2002; Pieczka and Kraczka 2004; 
Castañeda et al. 2006; Bačík et al. 2011; Bosi et al. 2019, 
and references therein). A common feature of the last ex-
perimental works is that they were principally focused on 
the Fe oxidation process. Besides, the thermal behavior 
of tourmaline needs to be fully described, and breakdown 
conditions, as well as post-breakdown products, need to 
be identified, similarly to what was recently reported for 
a Fe-rich fluor-elbaite in Celata et al. (2021).

The present work is focused on thermal behavior, 
breakdown temperature and products of a gem-quality 
natural sample of Mn-bearing elbaite from the An-
janabonoina pegmatite (Madagascar), with formula 
X(Na0.41 0.35Ca0.24)Σ1.00

Y(Al1.81Fe3+
0.04Li1.00Mn3+

0.02Mn2+
0.12

Ti0.01)Σ3.00
ZAl6

T(Si5.60B0.40)Σ6.00 B3.00O27
V(OH)3

W[(OH)0.50F0.13 
O0.37]Σ1.00, structurally and chemically characterized by 
Bosi et al. (2021) at room conditions, and spectroscopi-

1.	Introduction

Among borosilicates, minerals of the tourmaline super-
group show an extensive occurrence in various geological 
settings, from diagenetic stages to UHP environments, 
because of their flexible composition and structural sta-
bility (e.g., Dutrow and Henry 2011). In the tourmaline 
structure, cations are accommodated in a relatively large 
number of constituent-coordination environments (Bosi 
2018), as it follows from the general chemical formula 
(Henry et al. 2011): XY3Z6(T6O18)(BO3)3V3W, where where 
X = Na+, K+, Ca2+,  (= vacancy); Y = Al3+, Fe3+, Cr3+, 
V3+, Mg2+, Fe2+, Mn2+, Li+; Z = Al3+, Fe3+, Cr3+, V3+, Mg2+, 
Fe2+; T = Si4+, Al3+, B3+; B = B3+; V = (OH)–, O2–; W = 
(OH)–, F–, O2–. Note that the letters X, Y, T, Z and B re-
present groups of cations at the [9]X, [6]Y, [6]Z, [4]T and [3]

B crystallographic sites (designated by italicized letters). 
The letters V and W in the formula represent groups of 
anions accommodated at the [3]-coordinated O(3) and 
O(1) crystallographic sites, respectively.

Many attempts to define the X–P–T stability of tour-
maline are known to date, the majority of which converge 
to breakdown temperatures confined between 700 and 
920 °C, depending on composition, at pressures up to 
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cally characterized before and after thermal treatment 
at 750 °C. In order to complete the study of Bosi et al. 
(2021) with structural data from a treated sample, in situ 
structure behavior, and information on elbaite breakdown 
products, we applied a dual approach using both in situ 
and ex situ experiments, respectively, High-Temperature 
powder X-Ray diffraction (HT-pXRD) and single-crystal 
X-Ray diffraction (SC-XRD).

2.	Experimental

2.1.	Thermal treatment at 750 and 850 °C

Two crystal fragments of the Mn-bearing elbaite were 
heated in air at 750 °C (labeled as dhth750b) and 850 °C 
(labeled as dhth850a). Next, the samples were placed in 
a gold container and pushed into a pre-heated horizontal-
tube furnace equipped with a quartz-glass tube. The heat-
ing experiments lasted for 90 and 6 hours, respectively, 
and the runs were ended by pushing the samples out to 
the cold zone of the quartz tube, leading to cooling down 
to 100 °C within 1 minute.

2.2.	SC-XRD and SREF

The two tourmaline fragments heated in air at 750 and 
850 °C were analyzed by the single-crystal X-Ray Dif-
fraction on a Bruker KAPPA APEX-II single-crystal dif-
fractometer (Sapienza University of Rome, Earth Scienc-

es Department), equipped with 
a charge-coupled device (CCD) 
area detector (6.2 × 6.2 cm active 
detection area, 512 × 512 pixels) 
and a graphite-crystal mono-
chromator using MoKα radiation 
from a fine-focus sealed X-ray 
tube. The sample-to-detector 
distance was 4 cm. A total of 
3577 exposures (step = 0.2°, 
time/step = 20 s) covering a 
full-sphere with an average re-
dundancy of ~12 was collected. 
Final unit-cell parameters were 
refined using the Bruker AXS 
SAINT program on reflections 
with I > 10 σ(I) in the range 6° 
< 2θ < 75°. The intensity data 
were processed and corrected 
for Lorentz, polarization and 
background effects using the 
APEX2 software program of 
Bruker AXS. The data were 
corrected for absorption using 

a multi-scan method (SADABS, Bruker AXS). The ab-
sorption correction led to an improvement in Rint (from 
~0.024 to ~0.017 for both samples). No violation of R3m 
symmetry was detected. Single crystal Structure REFine-
ment (SREF) was done using the SHELXL-2013 program 
(Sheldrick 2015). Starting coordinates were taken from 
Bosi et al. (2021). Variable parameters were scale factor, 
extinction coefficient, atom coordinates, site-scattering 
values (for X, Y and Z sites) and atomic-displacement fac-
tors. Attempts to refine the extinction coefficient yielded 
values within its standard uncertainty, thus, it was not 
refined. Neutral scattering factors were used for the cat-
ions and oxygen atoms. The atomic model refinement is 
similar to that used for the untreated Mn-bearing elbaite 
(see Bosi et al. 2021, for details). 

All the single-crystal diffraction data are listed in Tabs 
1, 2 and 3; CIF files are available as electronic supple-
mentary material.

2.3.	HT-pXRD 

A crystal fragment of Mn-bearing elbaite was ground in 
an agate mortar under ethanol. The powder was loaded 
in a 0.7 mm diameter SiO2-glass capillary that was kept 
open at one side. The capillary was fixed to a hollow 
corundum tube using Resbond 989 and mounted and 
aligned on a standard goniometer head. A prototype of a 
heating chamber for capillaries, developed by MRI and 
Bruker AXS, was used for HT measurements. Details on 
the thermal calibration procedure of the chamber may 

Tab. 1 Single-crystal X-ray diffraction data details for samples of tourmaline from Madagascar heated 
in the air up to 750 °C and 850 °C, respectively

Sample dhth750b dhth850a
crystal size (mm) 0.28 × 0.25 × 0.20 0.40 × 0.20 × 0.04
a (Å) 15.7819(2) 15.7809(2)
c (Å) 7.08590(10) 7.09390(10)
V (Å3) 1528.42(4) 1529.96(4)
Data collection range, 2Θ(°) 6–75 6–75
hkl range –26 ≤ h ≤ 26 –23 ≤ h ≤ 26

–23 ≤ k ≤ 26 –26 ≤ k ≤ 26
–11 ≤ l ≤ 9 –12 ≤ l ≤ 11

Number of reflections 11203 11409
Unique reflections, Rint (%) 1770, 0.98 1872, 1.26
Flack parameter 0.05(6) 0.05(6)
wR2 (%) 3.23 3.35
R1 (%) all data 1.2 1.30
R1 (%) for I > 2σ(I) 1.2 1.27
GooF 1.120 1.097
Largest diff. peak and hole (±e–/Å3) –0.33 and 0.29 –0.32 and 0.31
Rint – merging residual value; R1 – discrepancy index, calculated from F-data; wR2 – weighted discrep-
ancy index, calculated from F2 data; GooF – goodness of fit; Diff. Peaks – maximum and minimum 
residual electron density; Data collection temperature = 20 °C; Space-group R3m; Z = 3; MoKα radia-
tion (0.71073 Å); Redundancy = 12; Absorption correction method – SADABS; Structural refinement 
program – SHELXL-2013.
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be found in Ballirano and Melis 
(2007).

In situ HT-pXRD data were 
collected on a Bruker AXS D8 
Advance operating in θ/θ ge-
ometry in transmission mode. 
The investigated thermal range 
was 30–900 °C. The incident 
beam is focussed onto the cap-
illary using a multilayer graded 
Göbel mirror. Soller slits are 
placed along with both the in-
cident (2.3° opening angle) and 
diffracted (radial) beams. Data 
were measured with a position 
sensitive detector (PSD) VÅn-
tec-1 set at an opening angle 
of 6° 2θ. Details of the data 
collection are listed in Tab. 4. 
Each diffraction pattern required 
5.5 h of counting time and the 
whole high-T experiment took 
ca. 8 days.

After reaching the maximum 
temperature of 900 °C, the pow-
der was cooled back to ambi-
ent temperature (RT) within 
the chamber (estimated cooling 
rate of ca. 10 °C min–1). The 
capillary was opened at one 
side and the powder was re-
moved, re-homogenized in an 
agate mortar and charged in a 
new borosilicate-glass capillary 
following the same procedure 
reported in Celata et al. (2021). 
It is worth mentioning that this 
procedure was adopted to avoid 
the probable occurrence of tex-
tured recrystallization at the 
walls of the capillary. However, 
re-homogenization included 
powder lying at the coldest ex-
tremity of the capillary where 
T, owing to thermal gradients, 
was considerably lower than that 
recorded by the thermocouple 
placed near the area bathed by 
the X-rays. 

The diffraction data were eval-
uated by the Rietveld method 
using Topas V.6 (Bruker AXS 
2016). The peak shape was mod-
eled using the Fundamental Pa-

Tab. 2 Fractional atom coordinates, equivalent isotropic and isotropic displacement parameters (Å2) and 
site occupancies for the treated samples of tourmaline from Madagascar.

Sample/site x y z Ueq Site occupancy
dhth750b
X 0 0 0.2196(2) 0.0209(5) Na0.37Ca0.29

Y 0.12172(3) 0.06086(2) 0.63800(9) 0.00761(14) Li0.25Al0.69Mn0.06

Z 0.29674(2) 0.26008(2) 0.60744(6) 0.00609(6) Al1.00

B 0.10913(5) 0.21826(9) 0.4516(2) 0.00597(19) B1.00

T 0.19144(2) 0.18960(2) 0 0.00496(7) Si0.92B0.08

O1 0 0 0.7730(3) 0.0193(4) O0.87F0.13

O2 0.05999(4) 0.11999(7) 0.48839(17) 0.01290(19) O1.00

O3 0.26096(9) 0.13048(4) 0.50727(15) 0.01177(17) O1.00

O4 0.09388(4) 0.18775(8) 0.07465(16) 0.01060(16) O1.00

O5 0.18572(8) 0.09286(4) 0.09511(15) 0.01096(16) O1.00

O6 0.19395(5) 0.18384(5) 0.77404(11) 0.00745(11) O1.00

O7 0.28650(5) 0.28590(4) 0.07599(10) 0.00719(11) O1.00

O8 0.20942(5) 0.27002(5) 0.43693(11) 0.00728(11) O1.00

H1 0 0 0.908(4) 0.023 H0.38

H3 0.2538(18) 0.1269(9) 0.378(3) 0.014 H1.00

dhth850a
X 0 0 0.2185(2) 0.0209(5) Na0.36Ca0.29

Y 0.12195(4) 0.06098(2) 0.63766(8) 0.00739(14) Li0.21Al0.74Mn0.06

Z 0.29663(2) 0.25981(2) 0.60671(6) 0.00621(7) Al1.00

B 0.10920(5) 0.21840(11) 0.4512(2) 0.0061(2) B1.00

T 0.19142(2) 0.18965(2) 0 0.00499(7) Si0.93B0.08

O1 0 0 0.7706(3) 0.0178(4) O0.87F0.13

O2 0.06005(4) 0.12009(8) 0.48791(17) 0.0121(2) O1.00

O3 0.26004(9) 0.13002(5) 0.50800(15) 0.01166(19) O1.00

O4 0.09403(4) 0.18806(9) 0.07532(16) 0.01086(18) O1.00

O5 0.18545(9) 0.09272(5) 0.09467(15) 0.01119(18) O1.00

O6 0.19346(5) 0.18369(5) 0.77381(11) 0.00756(12) O1.00

O7 0.28667(5) 0.28598(5) 0.07558(10) 0.00727(12) O1.00

O8 0.20948(5) 0.27008(5) 0.43647(11) 0.00739(12) O1.00

H1 0 0 0.906(4) 0.021 H0.38

H3 0.2506(19) 0.1253(9) 0.380(3) 0.014 H1.00

Tab. 3 Selected bond lengths (Å) for the treated tourmaline samples.

Sample dhth750b dhth850a Sample dhth750b dhth850a
X–O2 (×3) 2.5135(16) 2.5194(16) Z – m. a. n. 13 13
X–O5 (×3) 2.6872(12) 2.6823(13) B–O2 1.3682(16) 1.3686(18) 
X–O4 (×3) 2.7640(12) 2.7635(13) B–O8 (×2) 1.3750(9) 1.3747(10) 
<X–O> 2.655 2.655 <B–O> 1.372 1.372
X – m. a. n. 9.788(10) 9.842(11) B – m. a. n. 5 5
Y–O1 1.9190(12) 1.9150(12) T–O6 1.6053(8) 1.6086(8) 
Y–O2 (×2) 1.9629(8) 1.9659(8) T–O7 1.6032(6) 1.6039(7)
Y–O6 (×2) 1.9450(8) 1.9420(8) T–O4 1.6145(4) 1.6155(5)
Y–O3 2.1166(13) 2.0995(13) T–O5 1.6296(5) 1.6295(5)
<Y–O> 1.986 1.981 <T–O> 1.613 1.614
Y – m. a. n. 11.230(4) 11.670(4) T – m. a. n. 13.307(3) 13.325(3)
Z–O6 1.8765(7) 1.8823(8)
Z–O7 1.8820(7) 1.8832(7)
Z–O8 1.8821(7) 1.8831(7) 
Z–O8' 1.8972(7) 1.8973(8)
Z–O7' 1.9380(7) 1.9409(7) 
Z–O3 1.9625(5) 1.9585(6)
<Z–O> 1.906 1.908
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rameters Approach (Cheary and Coelho 1992). An absorp-
tion correction was applied using the equation of Sabine 
et al. (1998) for a cylindrical sample and the procedure 
described by Ballirano and Maras (2006) was followed for 
handling the correlation existing between displacement 
parameters and absorption. The isotropic displacement 
parameters were constrained as follow: BY = BZ = BB = BT; 
BO2 = BO3 = BO4 = BO5 = BO6 = BO7 = BO8. The total site scat-
tering at Y+Z sites was forced to be constant throughout the 
analyzed thermal range. Preferred orientation effects were 
corrected using spherical harmonics (8th-order, nine refin-
able parameters) following the procedure reported by Bal-
lirano (2003) for selecting the appropriate number of terms. 
Starting structural data were those obtained from SREF (see 
below) and each refined structure at a given non-ambient T 
was used as input for the subsequent T.

3.	Results and discussion

3.1.	SC-XRD and SREF

Compared to the untreated sample of Bosi et al. (2021), the 
sample heated up to 750 °C (dhth750b) shows a reduction 
of the unit-cell a-parameter from 15.7935(4) to 15.7819(2) 
Å. In contrast, the c-parameter remains constant concern-
ing the untreated sample (about 7.086 Å). The observed 
decrease in a can be interpreted as the result of the Mn 

oxidation from +2 to +3, which occurs approximately 
between 470 and 650 °C (Fig. 1). The oxidation of Mn is 
also supported by optical absorption data, which show a 
significant increase in the intensity of the Mn3+-absorption 
band associated with the purplish-red color intensity of the 
treated sample reported in Bosi et al. (2021). Accordingly, 
a reduction in <Y–O> is observed, from 1.979 Å in the 
untreated sample to 1.975 Å in the heated one. The <Z–O> 
remains practically constant (1.906 Å), basically because 
the Z site is fully occupied by Al and therefore is not in-
volved in the process. Therefore, the structural data for the 
sample dhth750b thermally treated at 750 °C confirm the 
ordered formula proposed by Bosi et al. (2021):
X(Na0.410.35Ca0.24)Σ1.00 

Y(Al1.81Li1.00Fe3+
0.04Mn3+

0.15Ti0.004)Σ3.00 
ZAl6 [T(Si5.60B0.40)Σ6.00O18] (BO3)3 (OH)3 

W[(OH)0.38F0.13 
O0.49]Σ1.00.

In this regard, the observed increase of the Mn3+ ab-
sorption bands strongly support the Mn oxidation.

The sample heated up to 850 °C (dhth850a) shows an 
additional decrease of the a-parameter down to 15.7809(2) 
Å, together with a shortening of <Y–O> to 1.972 Å. As 
the oxidation process was ended, such behavior could be 
ascribed to the partial disorder generated by Al–Li substi-
tution, with Li moving to the Z site and being substituted 
by Al (a smaller cation compared to Li) from the Z site, 
thus leading the YO6 polyhedron to shrink. Alongside, 
Li slightly bulked the ZO6 polyhedron up, leading to a  
<Z–O> of 1.908 Å from the previous value of 1.906 Å and 
sizing up the c-parameter to 7.0939(1) Å. The partial Li–
Al disorder over Y and Z is also consistent with the refined 
Y-site scattering (in terms of mean atomic number, m. a. 
n.). Y-m. a. n. of sample dhth850a is significantly larger 
than those of samples dhth750b and untreated: respec-
tively, 11.68(5) > 11.23(5) and 11.13(4), which reflects the 
presence of cations heavier than Li at the Y site (as, for 
example, Al), corresponding to the possible site popula-
tions Y(Al1.91Li0.90Fe3+

0.04Mn3+
0.15Ti0.004)Σ3.00 Z(Al5.90Li0.10)Σ6.00.

3.2.	HT-pXRD 

3.2.1.	Breakdown products

Miscellaneous information re-
garding the refinements is listed 
in Tab. 4, a magnified view of 
the whole data set, in the form 
of a pseudo-Guinier plot, is 
shown in Fig. 1 and a represen-
tative example of Rietveld plots 

Tab. 4 Miscellaneous data of the data collection and Rietveld refine-
ments. Definition of the statistical indicators as indicated in Young 
(1993).

2θ range (°) 7–145
2θ step-size (°) 0.021798
Counting time (s) 3
Tmax (°C) 900
T steps (°C) 25
*Rp (%) 1.889–2.198
*Rwp (%) 2.375–2.772
*RBragg (%) 0.732–1.162
*DWd 0.796–1.130
χ2 1.396–1.590
* – Up to 825 °C, i.e., before starting the breakdown process.

Fig. 1 Magnified view (10–70° 2θ) of 
the full data set of the heating cycle 
shown as a pseudo-Guinier plot.
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for fluor-elbaite under similar experimental conditions 
(Celata et al. 2021). At higher T, the material consists 
prevalently of the mullite-like phase, and the diffraction 
patterns show a drastic reduction of tourmaline reflec-
tions intensities, preventing an accurate derivation of its 
structural parameters. Therefore, only cell parameters 
derived at 850 and 875 °C will be further discussed in 

in Fig. 2. CIF files of the structures refined at the various 
T are given in ESM.

The first evidence of the structural breakdown of the 
Mn-bearing elbaite was detected at 850 °C because of the 
occurrence of very weak diffraction reflections attributed 
to a mullite-like phase (marked with a star in Fig. 1). 
This is approximately the same temperature as reported 

Fig. 2 Representative example of the Rietveld plots of the diffraction pattern collected at 275 °C. Blue: experimental; red: calculated; grey: differ-
ence; vertical bars: position of calculated Bragg reflections of the tourmaline studied. Intensities on a logarithmic scale.

Fig. 3 Magnified 10–60° 2θ view of the Rietveld plots of the products of the breakdown of the tourmaline studied. Blue: experimental; red: cal-
culated; green: calculated contribution of γ-LiAlSi2O6; grey: difference; vertical bars: position of calculated Bragg reflections of (from above to 
below) tourmaline (unreacted), B-mullite, and γ-LiAlSi2O6. Intensities on a logarithmic scale.
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the following without any reference to possible struc-
tural modification. The breakdown was completed at 
900 °C. Analysis of the diffraction pattern of the sample 
cooled down to ambient temperature (Fig. 3) clearly 
shows the prevailing mullite-like phase, occurrence of 
subordinate relicts of unreacted tourmaline caused by 
the re-homogenization of the powder (Celata et al. 2021), 

and presence of some amorphous 
material, likely a cooling product 
of a silicate melt derived from 
the tourmaline breakdown. 

With respect to the Fe-rich 
fluor-elbaite (Celata et al. 2021) 
and Fe-dominant tourmalines 
heated in the air (e.g., Bačík et 

al. 2011), neither hematite nor spinel was detected here, 
along with B-mullite as breakdown products of tourma-
line. Anyway, of particular interest is the occurrence of an 
additional relatively strong reflection at ca. 2θ = 25.75° (d 
= 3.457 Å). This reflection was not observed in the diffrac-
tion pattern of breakdown products of fluor-elbaite (Celata 
et al. 2021), and it can be assigned to the γ-polymorph of 

LiAlSi2O6 (space group P6222; 
Li 1968). Naturally occurring 
as virgilite (French et al. 1978), 
this phase represents a stuffed 
β-quartz structure. It is worth 
noting the existence of a solid-
solution series between β-quartz 
(QZ) and γ-LiAlSi2O6 (SP) and 
the observed material is expect-
ed to lay somewhere between 
the two end members. Reported 
unit-cell parameters for virgilite 
(SP61QZ39) are a = 5.132(1) Å, 
c = 5.454(1) Å (French et al. 
1978) whereas those of synthetic 
γ-LiAlSi2O6 are a = 5.217(1) 
Å, c = 5.464(1)  Å (Li 1968). 
For comparison, the refined 
cell parameters of the present 
breakdown product were a = 
5.166(1)  Å, c = 5.440(2) Å, 
pointing out a composition sig-
nificantly displaced toward the 
SP endmember.

Unit-cell parameters of the 
mullite-like phase, refined in 
the space group Pbam, were a = 
7.5151(2) Å, b = 7.6431(2) Å, 
c = 2.8157(1) Å, V = 161.73(1) 
Å3 and are consistent with 
those of B-mullites (Lührs et 
al. 2014). Several anhydrous 
ternary B2O3–Al2O3–SiO2 (BAS) 
phases are known (see for ex-
ample Werding and Schreyer 
1992; Buick et al. 2008; Grew 
et al. 2008; Novák et al. 2015; 
Cempírek et al. 2016) whose 
unit-cell volumes are multiple 

Tab. 5 Comparison of the unit-cell parameters of the tourmaline sample before and after thermal 
treatment.

SCXRD PXRD
Untreated Treated Untreated Back ambient T

a (Å) 15.7935(4) 15.7819(2) 15.7928(1) 15.7752(3)
c (Å) 7.0860(2) 7.0859(1) 7.0842(1) 7.0917(2)
V (Å3) 1530.69(9) 1528.42(4) 1530.16(2) 1528.38(7)

Tab. 6 Refined unit-cell parameters and volume at the various T.

T (°C) a (Å) c (Å) V (Å3) wt. %
mullite-like

wt. %
γ-LiAlSi2O6

30 15.7928(1) 7.0842(1) 1530.16(2) – –
50 15.7933(1) 7.0852(1) 1530.47(2) – –
75 15.7960(1) 7.0872(1) 1531.43(2) – –
100 15.7973(1) 7.0888(1) 1532.04(2) – –
125 15.7983(1) 7.0902(1) 1532.52(2) – –
150 15.8002(1) 7.0919(1) 1533.27(2) – –
175 15.8020(1) 7.0937(1) 1534.01(2) – –
200 15.8039(1) 7.0957(1) 1534.80(2) – –
225 15.8055(1) 7.0974(1) 1535.49(2) – –
250 15.8075(1) 7.0993(1) 1536.29(2) – –
275 15.8095(1) 7.1013(1) 1537.11(2) – –
300 15.8115(1) 7.1031(1) 1537.90(2) – –
325 15.8143(1) 7.1055(1) 1538.95(2) – –
350 15.8170(1) 7.1078(1) 1539.98(2) – –
375 15.8191(1) 7.1100(1) 1540.86(2) – –
400 15.8219(1) 7.1124(1) 1541.94(2) – –
425 15.8232(1) 7.1143(1) 1542.60(2) – –
450 15.8253(1) 7.1166(1) 1543.49(2) – –
475 15.8271(1) 7.1187(1) 1544.31(2) – –
500 15.8277(1) 7.1207(1) 1544.87(2) – –
525 15.8295(1) 7.1231(1) 1545.73(2) – –
550 15.8301(1) 7.1253(1) 1546.32(2) – –
575 15.8307(1) 7.1275(1) 1546.92(2) – –
600 15.8306(1) 7.1299(1) 1547.42(2) – –
625 15.8309(1) 7.1322(1) 1547.98(2) – –
650 15.8320(1) 7.1350(1) 1548.80(2) – –
675 15.8329(1) 7.1374(1) 1549.49(2) – –
700 15.8342(1) 7.1402(1) 1550.36(2) – –
725 15.8353(1) 7.1434(1) 1551.28(2) – –
750 15.8363(1) 7.1475(1) 1552.35(2) – –
775 15.8341(1) 7.1532(1) 1553.17(3) – –
800 15.8217(2) 7.1624(1) 1552.73(4) – –
825 15.8039(2) 7.1751(1) 1551.98(4) – –
850* 15.7896(2) 7.1880(1) 1551.95(4)   5.7(5) –
875* 15.7790(3) 7.1971(2) 1551.85(6) 36.0(4) tr.
900 – – – 96.4(2) 3.6(2)
tr. stands for "traces".
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integers of the mullite one (ca. 168 Å3) and an increased 
B content produces a progressive contraction. Unit cell 
parameters of the present B-mullite are smaller than those 
of the phase arising from the breakdown of fluor-elbaite 
(V = 164.22 Å3; Celata et al. 2021), suggesting a higher 
content of B2O3. An estimation of the B content done 
using the regression equations proposed by Lührs et al. 
(2014) indicates ca. 16–17 mol. % B2O3.

A comparison between the chemical composition of the 
present and the fluor-elbaite sample (Celata et al. 2021) 
outlines a few relevant characteristics valuable to justify 
the correspondingly different breakdown products. Despite 
the higher B content of the present sample [0.40 atoms 
per formula unit (apfu) B are also allocated at T site], the 
Al/B ratio is almost equal (2.32 vs. 2.30 respectively). 
Differently, the Si/B ratio is lower in the present sample 
(1.65 vs. 2). Moreover, Li is more abundant in the pres-
ent sample than in fluor-elbaite (1 apfu vs. 0.86 apfu). 
Finally, Fe (and to a minor extent Mn, and Zn) is present 
as traces in the present sample, whereas it exceeds 1 apfu 
in fluor-elbaite. The higher B content of the present pris-
tine sample positively correlates with the estimated higher 
mol. % B2O3 of the B-mullite arising from its structural 
breakdown than that of the B-mullite produced from the 
fluor-elbaite breakdown. The occurrence of a Li-bearing 
crystalline material among the breakdown products of the 
present sample is reasonable due to its higher Li content 
compared to fluor-elbaite, where it was preferentially 
allocated into the glass phase. However, it is worth men-
tioning that high contents of Li have also been found in 
boromullite and vránaite (Novák et al. 2015; Cempírek 
et al. 2016), and, in principle, some Li could enter the 
structure of both B-mullite samples produced from 
tourmalines breakdown. The 
presence of different amounts of 
Li may potentially contribute to 
the observed differences in cell 
volume. The relevant transition 
elements content of fluor-elbaite 
is allocated, at the breakdown, 
in spinel and hematite. Such 
oxides are not observed in the 
breakdown products of the pres-
ent sample owing to the minor 
content of Fe and Mn in the 
pristine material. Despite the 
Si/B ratio of the present recrys-
tallized B-mullite being lower 
than that of pristine tourmaline 
(ca. 0.75–1 : 1 for an approxi-
mate Al8.5B1.5Si2O19–Al8B2Si2O19 

composition as compared to 1.65 : 1), we may hypothesize 
that the Si-rich amorphous component retrieved at the 
end of the breakdown process still contains significant B. 
Moreover, considering the chemical composition of the 
pristine material, we may infer that the silicate amorphous 
component should also contain Na, Ca, Mn, Fe and H2O.

Interestingly, the unit-cell parameters of the relict tour-
maline are reasonably close to those observed at ambient 
T for the sample heated at 850 °C and analyzed by SREF 
(Tab. 5). This suggests that this is the highest temperature 
in the coldest region of the capillary, located at ca. 4 cm 
from the center of the focussed X-ray beam, which has a 
width of ca. 12 mm.

3.2.2.	Thermal expansion and HT structure 
modifications

The unit-cell parameters of the Mn-bearing elbaite at vari-
able T are listed in Tab. 6, and the relative expansion of 
the same parameters for each T is shown in Fig. 4. Table 
6 also reports the quantitative phase analysis (QPA) of 
the material in the 850–900 °C thermal range indicates 
a fast increase in the mullite-like phase content. Finally, 
Tab. 7 lists the unit-cell parameters of the mullite-like 
phase in the same 850–900 °C thermal range showing only 
marginal variations, as expected for refractory material.

Fig. 4 Change of normalized unit-cell 
parameters with T for the tourmaline 
studied.

Tab. 7 Refined unit-cell parameters and volume of the mullite-like 
phase at the various T.

T (°C) a (Å) b (Å) c (Å) V (Å3)
850 7.555(1) 7.688(4) 2.8225(9) 163.9(1)
875 7.5504(3) 7.6911(3) 2.8244(1) 164.02(1)
900 7.5479(2) 7.6891(2) 2.8255(1) 163.98(1)
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The behavior of the tourmaline unit-cell parameters is 
quite complex, and several discontinuities were observed. 
The a-parameter deviates from its gradually increasing 
trend, for the first time, at 500 °C and shows a reduced 
expansion up to 650 °C, suddenly followed by a restored 
expansion up to 750 °C; above this T, the a-parameter con-
tracts significantly, a behavior not observed by Celata et al. 
(2021) in Fe-rich fluor-elbaite. The c-parameter has a more 
regular behavior; it shows a linear increase until 750 °C; 
then it is followed by a faster (exponential) expansion rate.

In the case of Fe-rich fluor-elbaite, the deviation of 
the a-parameter from the increasing trend occurs ap-

proximately at the same T, but it is much more relevant 
in magnitude. This different behavior can be explained 
based on the interpretation that has been attributed to 
this contraction. In the case of Fe-rich fluor-elbaite, 
the relatively strong shortening of the a-parameter has 
been attributed to the onset of the Fe2+ oxidation to Fe3+, 
counterbalanced by the deprotonation of (OH)– groups 
(Celata et al. 2021). Due to the large amount of Fe2+ in 
the pristine fluor-elbaite (0.94 apfu), such a process sig-
nificantly affects the a-parameter. On the other hand, in 
the case of the present tourmaline sample, the relatively 
small deviation of the a-parameter from the increasing 

trend may be assigned to the 
onset of the Mn2+ oxidation to 
Mn3+, counterbalanced by the 
deprotonation of (OH)– groups. 
However, the small amount of 
Mn2+ in the pristine tourmaline 
sample (0.12 apfu) produces 
only minor, albeit detectable, 
variation in the a-parameter.

Analysis of the variation with 
T of the ε0 microstrain (lattice 
strain), which is defined as βi = 
4ε0 tan θ (βi = integral breadth 
of the jth reflection), optimized 
during the Rietveld refinements 
(Ballirano and Sadun 2009), 
reveals differences with respect 
to fluor-elbaite. Whereas in the 

Fig. 5 Variation of ε0 microstrain with 
T for the tourmaline studied. The dotted 
horizontal line, corresponding to the ε0 
value at ambient T, is drawn as a guide 
for the eye.

Fig. 6 Variation of <X–O> bond dis-
tances with T for the tourmaline studied. 
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case of fluor-elbaite ε0 shows a significant increase in 
the same thermal range where the unit-cell parameters 
deviate from the regular trends. The present tourmaline 
sample experiences a minor reduction at T slightly higher 
than those at which Mn oxidation occurs. Subsequently, 
in correspondence with the abrupt a-parameter contrac-
tion, ε0 markedly increases (Fig. 5). Differences in the 
magnitude of the transient variations of ε0 are related to 
the different amounts of oxidized transition elements (and 
corresponding deprotonation) in the two samples.

A n a l y s i s  o f  t h e  s t r u c -
tural changes reveals that the  
<X–O> mean bond distance 
shows a fairly regular increase 
with T (Fig. 6). The dependence 
of <Y–O> and <Z–O> bond dis-
tances on T highlights their differ-
ent behavior (Fig. 7). In particu-
lar, <Z–O> regularly increases 
up to the breakdown, whereas 
<Y–O> marginally increases up 
to 750 °C, and then contracts up 
to the breakdown T. The inter-
pretation of the observed <Y–O>  
contraction at the same T at 
which the a-parameter exhibits a 
significant contraction is not easy 
(this point is discussed below).

3.2.3.	Compression of the structure near the 
breakdown temperature: Al-Li disorder

Figure 8 shows the variation of the site scattering (s.s) at 
the Y and Z sites with temperature. As can be seen and 
expected, s.s. are reasonably constant up to 750 °C; their 
mean values are: Y = 31.29(15) electrons per formula 
unit (epfu) and Z = 76.86(18) epfu. Near breakdown 
temperature, the start of the migration of s.s. from Z to 
Y site indicates an onset of an intracrystalline cation ex-

Fig. 7 Dependence of <Y–O> (upper 
panel) and <Z–O> (lower panel) bond 
distances from T for the tourmaline 
studied.

Fig. 8 Evolution with T of the site scat-
tering (in epfu) at the Y (upper panel) and 
Z (lower panel) sites for the tourmaline 
studied.
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change process. The unique process that we can invoke is 
that some amounts of Li migrate from the slightly larger 
YO6 polyhedron to the adjacent slightly smaller ZAlO6 
polyhedron, which makes Al move to the Y site. Because 
the empirical ionic radii of [6]Li and [6]Al are 0.751(9) and 
0.547(3) Å, respectively (Bosi 2018), the small contrac-
tion of <Y–O> may be explained by the intracrystalline 
order-disorder reaction YLi + ZAl → ZLi + YAl, which has 
not been documented so far. The expected increased ex-
pansion of <Z–O> might be possibly masked by thermal 
expansion effects and by the double multiplicity of the Z 
site with respect to Y. From refined s.s., ca. 0.09 Li pfu 
are expected to be exchanged at 825 °C. This value is in 
line with that inferred from SC-XRD (see above) and 
possibly extends to ca. 0.18 apfu at 870 °C, but this result 
should be accepted with caution owing to potential cor-
relations caused by the occurrence in a mixture of both 
mullite-like phase and γ-LiAlSi2O6. It is worth noting that 
in the case of the present tourmaline sample, the differ-
ence between <Y–O> and <Z–O> in the whole explored 
thermal range (0.05–0.08 Å) is significantly smaller than 
that of Fe-rich fluor-elbaite (0.08–0.13 Å), perhaps facili-
tating the onset of the proposed order-disorder reaction.

Moreover, the different thermal behavior with respect 
to Fe-rich fluor-elbaite is also given in terms of different 
crystalline breakdown products, in particular γ-LiAlSi2O6.

4.	Conclusions

A purplish-red Mn-bearing elbaite was structurally inves-
tigated through both in situ and ex situ HT experiments 
with the results of which ended up being in a fairly rea-
sonable agreement. At above 470 °C, a shrink of the unit-
cell a-parameter was observed along with the downsizing 
of the YO6 polyhedron, owing to the thermally induced 
oxidation of Mn2+ into Mn3+. A further contraction of the 
a-parameter and <Y–O> above 752 °C was explained as 
a partial Li-Al disorder between the Y and Z sites.

The breakdown temperature of Mn-bearing elbaite was 
constrained at 825 °C with the detection of the first break-
down product represented by B-mullite. The breakdown 
products from the HT-pXRD experiments were collected 
and identified at ambient temperature via pXRD, being 
mostly represented by B-mullite and γ-LiAlSi2O6. 
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