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Thesis objectives 

 

The specific objective of this thesis was the definition of thermal behavior, breakdown mechanisms 

and breakdown products of selected borosilicates, specifically tourmalines and axinites, which are 

the most and the less investigated borosilicate phases, respectively, occurring in geological settings.  

The general objective was to assess the role of borosilicates in the dehydration embrittlement process 

along the downgoing slab, leading to the definition of their stability fields and to the quantitative 

evaluation of B-enriched fluids released during possible oxidation-deprotonation processes and 

structural breakdown of such mineral phases. 

 

1. Introduction 

 

1.1 Borosilicate minerals 

 

Borosilicates are minerals where the essential constituent is represented by boron, accommodated in 

their structure in planar triangular or tetrahedral coordination with hydrogen or hydroxyl groups 

(Hawthorne, 1996; Grew, 1996). They are very widespread accessory minerals commonly found in 

metamorphic rocks and constitute the main boron carriers in the crust, while the Mantle is rather 

depleted in boron. For this reason, the occurrence of boron in subducted slab is of crucial importance 

as it may provide information about the extent of crustal recycling. Important borosilicates include 

tourmaline, axinite, werdingite, boralsilite, dumortierite, holtite, howlite, and grandidierite. In this 

research project, only tourmaline (the most important) and axinite (one of the less investigated) are 

considered.  

 

1.2 Tourmaline 

 

Tourmalines are fascinating minerals ranging from the rare colorless species (achroites) to the most 

vibrant-colored and multi-colored ones. Known from centuries because of their eye-catching beauty, 

tourmalines were commercialized and appreciated by traders and buyers by ancient communities of 

the far East (Pezzotta and Laurs 2011). Confined to the gemologic imagery for ages, over the last few 

decades tourmalines scientific relevance has become more and more substantial because of their 

physico-chemical properties, particularly appealing for geological research. Tourmalines' widespread 

occurrence as nonopaque accessory minerals in sediments of all types and ages is due to their crystal 

structure that leads to an impressive thermal and mechanical stability. Such an ubiquity in almost all 
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the geological settings misled on tourmaline's value as a powerful diagnostic tool to infer precise 

information on its geological environment, leading to a limited interest in this mineral group. 

Tourmaline neglection ceased only after years of systematic research on this complex group of 

minerals, and a specific classification combined to the information derived from the chemical 

composition defined "a new mineralogical era" dominated by tourmaline.  

Tourmalines commonly occur as euhedral crystals showing a predominantly prismatic habit and a 

variety of morphological forms (Goldschmidt, 1922), reported in Figure 1.  

 

 
Figure 1 Tourmaline's morphology, crystallographic information and main physical properties. From 

van Hinsberg et al. (2011). 

 

 

One of the most obvious characteristics of tourmaline's morphology is the hemimorphism, id est the 

occurrence of different forms at the termination of the crystal, along the crystallographic axis c (Fig. 

2). This feature leads to distinctive physical properties of tourmaline, as pyroelectricity and different 

growth rates at the two poles, respectively defined antilogous (+c) and analogous (-c). Vertical 

striations on the prism faces are common and lead to an easier identification of hand samples.  
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Figure 2 Tourmaline exhibits hemimorphism in the direction of the vertical axis. Its forms are the 

prisms, (g), which as a result of hemimorphism appears as a trigonal prism, and (a); the 

scalenohedron, (s), and the two rhombohedrons, (R) and (r), at the antilogue pole, while only (R) 

occurs at the analogue pole. From George Huntington Williams (1892) Elements of Crystallography 

for Students of Chemistry, Physics, and Mineralogy (New York, NY: Henry Holt and Company) 

 

 

Crystal chemistry of tourmaline  

 

Tourmaline is classified among the subclass of cyclosilicates, because of its distinctive structural 

feature of the six-membered tetrahedral rings stacking along the crystallographic axis c (Figure 3). 

All the [TO4] tetrahedra point towards the -c direction of the c axis, making tourmaline non-

centrosymmetric.  
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Figure 3 The six-membered tetrahedral ring of tourmaline. 

 

Tourmaline is a borosilicate mineral, since it is inextricably built over the BO3 triangular planar 

polyhedron which only contains boron (a full description of tourmaline structure is reported in Bosi 

2018 and Hawthorne and Dirlam 2011). This polyhedron is linked to the trigonal antiprism XO9 (with 

which it shares an edge) that lies on the corners of a rombohedral unit cell thus defining its space 

group simmetry R3m. Every XO9 antiprism is bordered by a six-membered tetrahedral ring [T6O18] 

and linked to two sets of octahedra: a triplet of YO6 octahedra which caps the antiprism towards the 

+c axis and another triplet of YO6 octahedra which caps the six-membered tetrahedral ring towards 

the -c axis. Such a defined unit of polyhedra (T6O18 + XO9 + YO6) forms a structural “island” stacking 

along the c axis (Figure 4a). Every structural island is framed by a “spiral” of ZO6 octahedra that 

define the tridimensional structure of tourmaline (Figure 4b). In particular, such a tridimensional 

structure is the key to understand the high tourmaline mechanical resistance and hardness (7-71/2 on 

Mohs scale). 

 

 

 
 

Figure 4 Tourmaline structure: a) the "island" made of T6O18 (in blue) + XO9 (in yellow) + YO6 (in 

red) polyhedral; b) the “spiral” of ZO6 octahedra (in green). 

 

Y

X

T
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The crystal-chemical formula for tourmaline supergroup minerals is defined as follows: 

XY3Z6T6O18(BO3)3V3W, where X represents the nine-fold coordinated polyhedra, crystallographically 

referred as [9]X site, Y is the YO6 polyhedra referred as [6]Y site, and Z stands for the spiral of octahedral 
[6]Z sites framing the tourmaline structure. T6O18 is the six-membered tetrahedral ring referred as [4]T 

site, BO3 is the triangular planar site reserved to boron ([3]B site). V and W are intended as group of 

anions occupying [3]O3 and [3]O1 sites, respectively.  

Evidence of tetrahedral boron in substitution of Si were reported by Ertl et al. (1997), for olenite 

(4.225 apfu of B), Ertl et al. (2008; 2010) and of B/Al in substitution of Si by Hawthorne (1996) and 

in several experimental works on synthetic tourmalines (Wodara and Schreyer 1997; 1998; Berryman 

et al., 2016).  

Tourmaline structure is very "flexible" as it can accommodate a wide range of chemical constituents 

and this feature is the key for its survival at very different pressure and temperature conditions. The 

X site population is represented by Na+, K+, Ca2+ cations; when the site is vacant, it is conventionally 

symbolized as "�". The dominance of one cation over the others or over vacancies at the X site leads 

to a preliminary classification of tourmalines (Henry et al., 2011) into three groups: alkali, calcic or 

vacant (Figure 5).  

 

 

 
Figure 5 Ternary system for the primary tourmaline groups based on the dominant occupancy of 

the X site. From Henry et al., (2011). 
 

 

The X site population is not only important for classification purposes, but it also affects the structural 

parameters of tourmaline. In fact, going from Ca dominant (Ca2+=1.18 Å) to K dominant (K+=1.55 

Å) tourmalines implies a significant increase in size of the X-site coordination polyhedron and 

corresponding shortening of the neighboring O1-H1 bonds. Moreover, the unit cell volume increases 
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from 1560 ± 3 Å3 of tourmaline with vacant X site to 1590 ± 2 Å3 of calcic tourmaline and such an 

increase is mainly borne by the c axis (Berryman et al., 2016).  

The Y site is a quite regular octahedron which can be occupied by mono or multi-valent cations, e.g.: 

Li1+, Mg2+, Fe 2+, Mn2+, Cu2+, Al3+, Cr3+, V3+, Fe3+, Mn3+ and Ti4+. The expansion of the Y site due to 

the accommodation of larger cations affects the tetrahedral ring configuration, leading to a smaller 

puckering of it, and the smaller the Y site the more the Z octahedron is smaller and more compressed 

(Foit, 1989). The Z site is commonly occupied by Mg, Fe2+, Al, Fe3+, Cr3+, V3+ with a certain disorder 

extent given by the following formula YAl + ZR → YR + ZAl where "R" is a generic cation. 

Tourmaline's intra-crystalline volume diffusion rates are so low that any composition acquired during 

a given growth stage of its formation history is largely preserved. Therefore, tourmaline is a very 

powerful tool to investigate its host rock history, acting not unlike a "geological DVD" (Dutrow and 

Henry, 2011; van Hinsberg et al., 2011). The ability of tourmaline to adjust its chemical composition 

as a function of the available chemical constituents is the key for its extensive stability field covering 

a wide range of geological settings, from diagenetic environments to Ultra High Pressure (UHP) 

conditions (Lussier et al., 2016). A preliminary stability field diagram of tourmaline, depending on 

its composition, is given by van Hinsberg et al., (2011) and reported in Figure 6.  

 

 

 
 

Figure 6 Upper P–T stability estimates for tourmaline of various compositions based on constraints 

from natural samples (circle) and experimental data (squares), with extrapolations (dashed lines); 

from van Hinsberg et al. (2011). Selected reaction boundaries (gray lines) are shown for reference. 

(A) High-pressure and high-temperature stability. (B) Lower-pressure and high-temperature 

stability. Dravite: (1) Robbins and Yoder (1962); (2) Krosse (1995); (3) Ota et al. (2008). 
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Magnesio-foitite: (4) Werding and Schreyer (1996). Na-free Mg system (5) and Na-bearing Mg 

system: (6) von Goerne et al. (1999). Natural tourmaline: (7) Kawakami (2001); (8) Spicer et al. 

(2004). Schorl: (9) Holtz and Johannes (1991). Mineral abbreviations: dia = diamond, gr = graphite, 

coe = coesite, qtz = quartz, ms = muscovite, ab = albite, and = andalusite, kfs = K feldspar, fl = 

fluid, sil = sillimanite. 
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1.3 Axinite 

 

Minerals of the axinite groups are borosilicates occurring as accessory phases, commonly found in 

metamorphic environments, characterized by an axe morphology given by their acute edges. Seldom 

used as gemstones, axinites are colorful minerals ranging from blue to pinkish orange.  

Axinite minerals crystallize in P1" space group in the triclinic crystal system. Their crystal-chemical 

formula is expressed as follows: [X1 X2 Y Z1 Z2]2[T1 T2 T3 T4 T5]2O30(OwOH1–w)2. The sites X1, 

X2, Y, Z1 and Z2 are octahedrally coordinated and sites T1, T2, T3, T4 and T5 are tetrahedrally-

coordinated. The highly distorted octahedrally-coordinated X1 site accommodates Ca (and very 

minor Na) and the smaller octahedrally-coordinated site X2 is occupied by Ca and minor Mn (for 

tinzenite, X2 = Mn). Four end-member terms were defined depending on the Y site population 

(Andreozzi et al., 2004): axinite-(Mn) if Y = Mn (also true for tinzenite), axinite-(Fe) if Y = Fe2+ or 

axinite-(Mg) if Y = Mg, with minor Al and Fe3+ (Figure 7). Z1 = Al and Fe3+; Z2 = Al; T1, T2, and 

T3 = Si; T4 = Si (and presumably very minor B); T5 = B and minor Si.  

 

 
Figure 7 Ternary plot for the axinites classification based on the dominant occupancy of the Y site. 

Colored dots are compositions of axinites reported in literature from Pringle and Kawachi (1980), 

Grew (1996), Andreozzi et al. (2000), Filip et al. (2006; 2008), Vigier and Fritsch (2020). 

 

Andreozzi et al. 2000

Andreozzi et al. 2004

Pingle and Kawachi 1980

Grew 1996

Filip et al. 2006

Filip et al. 2008

Vigier and Fritsch 2020

axinite-(Fe) axinite-(Mn) 

axinite-(Mg) 
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Most of the axinites described in literature range from axinite-(Fe) to (minor) axinite-(Mn) with very 

few samples falling in the axinite-(Mg) portion, as reported in Fig. 7. Axinites composition is 

observed to vary depending on the metamorphic grade: more ferroan at low metamorphic grade and 

more manganoan with increasing metamorphic grade (Pringle and Kawachi, 1980). 

The reason why we have a lack of a complete Mn-Mg solid solution is allegedly to infer to the unusual 

enrichment in both Mn and Mg of formation fluids rather than a structural constraint. 

Axinites are sorosilicates, therefore their fundamental unit is made of Si2O7 tetrahedral groups. Two 

Si2O7 groups are bonded by BO4 tetrahedra in order to make a six-membered ring (Figure 8).  

For this reason, axinites can be also ascribed to the cyclosilicates class. Each ring is then stacked over 

a layer of X1-X2-Y-Z1-Z2 octahedra (Figure 9).  

 

 
Figure 8 Six-membered ring of axinite: the Si2O7 tetrahedral groups are represented in blue, the 

BO4 tetrahedra are represented in green. 
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Figure 9 Axinite crystal structure: the Si2O7 tetrahedral groups are represented in blue, the BO4 

tetrahedra are represented in green. The layer of X1-X2-Y-Z1-Z2 octahedra is represented in 

magenta. 

 

 

1.4 Geological implications: water and boron recycling in subduction systems 

 

Understanding the rheology of geological systems is crucial to explain the complex phenomena 

occurring at inaccessible parts of the Earth such as subduction zones, where crustal material 

experiences a recycling process and new phases are formed at different temperatures and pressures 

along the slab. Water is a key factor in affecting the rheology of any geological system, and hydrogen 

ions are naturally stored in the crystal structure of hydrous minerals; when they approach their 

breakdown conditions, some dehydrogenation occurs (i.e., the loss of H+ from the crystal structure), 

and water is progressively released into the system. Once the breakdown conditions of a specific 

mineral are reached, its crystal structure collapses and the hosted chemical elements, together with 

the remaining water, are thus ready to reorganize themselves in new structures which are stable at the 

new temperatures and pressures. In a dynamical view, the newly formed mineral phases become 

carriers of both the recycled elements and water at higher depths down the slab, until their breakdown 

conditions are reached, and their chemical elements are released once again until water reaches the 

regions where it gets stored in Nominally Anhydrous Minerals (NAMs) as H point defect in the 

crystal structure. Notably, some of the released elements are strongly partitioned into the fluid phase 

(as holds true especially for B) and are therefore able to migrate and act as metasomatic fluids that 

can contaminate the surrounding rocks and promote their partial melting. Specifically, B is well-

known to lower both the solidus temperature of the rocks and the viscosity of the melts (Pichavant 

1981; Dingwell et al. 1992) as water does (Ni et al., 2016; Kohn and Grant 2006; Hirschmann et al., 

2009). 

Mapping out the water path through this sort of “relay race” along the slab down the mantle is 

therefore important to get a more detailed picture of the rheological behavior of subduction systems.  

As a common feature of many subduction systems, clusters of intermediate-depth earthquakes [~70-

300 km in depth, (Gutenberg and Richter, 1954)], occurring along two parallel layers separated by an 

aseismic portion of circa 40 km in thickness, have been observed, defining the so-called double 

seismic zones [e.g., Tonga (Kawakatsu, 1985); Alaska (Ratchkovsky et al., 1997), northeast Taiwan 

(Kao and Rau, 1999), Cape Mendocino (Smith et al., 1993), northern Chile (Comte et al., 1999), 

eastern Aleutians (Hudnut and Taber, 1987)].  



 15 

However, intra-slab earthquakes are not supposed to occur at those locations, because temperature 

and pressure are too high to allow a brittle failure of the rock. So, the most accepted interpretation of 

those intermediate-depth earthquakes is addressed as "dehydration embrittlement", that is the 

transition from ductile to brittle behavior of a rock due to dehydration reactions within the slab that 

release a certain amount of water, thus increasing the pore fluid pressure and overcoming the 

confining pressure of the rock (Seno and Yamasaki, 2003). Specifically, earthquakes occur within 

the slab's portions where a certain degree of hydration is expected, whereas they are not observed 

where the slab is predicted to be anhydrous (Hacker et al., 2003). The sudden stress drop of the rock 

due to mineral dehydration was experimentally observed for serpentine which is the most abundant 

phase among the subducting material, at least at the top of the slab as a result of ocean-ridge 

hydrothermal alteration (Raileigh and Paterson, 1965).  

Approaching 300 ºC and 1 GPa along the subducting slab, water is mainly stored in zeolite, prehnite 

and pumpellyite, and the bulk water content of the upper crust is 6–9 wt% (Schmidt and Poli, 1998; 

Peacock, 1993). Upon further P-T increase to around 600 ºC and 2.5 GPa (high-pressure blueschist 

to eclogite facies at the forearc depths, <80 km) the slab continues to dehydrate appreciably and the 

major hydrous minerals include chlorite, amphibole, micas, and epidote, with lawsonite only stable 

for a cold subduction path (Zheng, 2019). Across the amphibole-out boundary, the bulk water content 

decreases from ∼2 wt% to ∼1 wt%, corresponding to a volume fraction increase of NAMs from 

∼50% to >70%. Along a cold subduction path, the already highly-dehydrated oceanic crust enters a 

P-T regime (500–800 ºC and 2.5–10 GPa) with dehydration rates notably lower than at previous 

stages. Furthermore, both the variety and abundance of hydrous minerals are significantly reduced, 

with the major phases including lawsonite, zoisite, chloritoid, talc and phengite. Increasing fraction 

of water is distributed in NAMs, and the bulk water content further drops to only a few 1000 ppm at 

the subarc (80–160 km) and postarc (>200 km) depths. If subduction proceeds along a hot path, the 

oceanic crust will plunge into the melting regime (650–950 ºC and <5 GPa). Zoisite, amphibole and 

micas are the major water hosts, and the bulk water content remains >1 wt% before melting at P < 

2.5 GPa. At higher pressures, amphibole is no longer stable, resulting in a bulk water content of <1 

wt% in the crust before melting (Ni et al., 2017). 

It was experimentally determined that accessory minerals containing boron (illite, muscovite, 

tourmaline) in the subducting slab play a crucial role in water and light elements transport and release, 

at least down to 300 km depth (e.g., Schmidt and Poli, 1998; Ono, 1998). When illite and muscovite 

are no longer stable along the subducting slab (i.e., in the granulite to amphibolite facies conditions), 

tourmaline becomes the dominant sink for boron (Sperlich et al., 1996; Henry and Dutrow, 1996) and 

therefore, boron fate deep down the slab is strictly related to tourmaline's stability. 
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2. Experimental work 

 

In this research project, the breakdown conditions of a wide compositional suite of borosilicate 

minerals were investigated. Natural tourmaline (the most important boron carrier in the crust) and 

axinite (one of the less investigated) of various composition were used as starting materials. Notably, 

different compositions of such mineral phases were chosen with the call to investigate a possible 

correlation between chemistry and stability. 

All the samples were fully characterized in this experimental work or previously by the work of other 

authors (see Table 1) always through a multi-analytical approach, including Scanning Electron 

Microscopy (SEM), Electron MicroProbe Analysis (EMPA), Single Crystal X-Ray Diffraction (SC-

XRD) and Infrared (IR) Spectroscopy. The starting material that was characterized but not yet used 

in the experiments, as the anortho-schorl, will be investigated in future research projects. 

Two different sets of experiments were carried out: HT experiments at Room Pressure (RP-HT), 

High-Pressure High-Temperature experiments (HP-HT), see Table 2. 

 

Table 1 List of the samples used in the experimental work. 

Sample Characterized in this work Characterized by other Authors 

Schorl X  

Fe-rich fluor-elbaite  X 

Mn-bearing fluor-elbaite X  

Uvite  X 

Axinite  X 

Anortho-schorl X  

Oxy-dravite X  

Maruyamaite X  
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Table 2 List of the samples used in the experimental work along with their composition. 

Sample RP-HT   HP-HT Formula 

Schorl X X X(Na0.74□0.24K0.01Ca0.01)Σ1.00Y(Fe2+2.05Al0.92Ti0.02Mn0.01Zn0.01)Σ3.00Z(Al5.41Fe2+0.53Mg0.06)Σ6.00(Si6O18)(BO3)3 

V(OH)3 W[(OH)0.46F0.41O0.13] 

Fe-rich fluor-

elbaite 

X  X(Na0.79�0.18Ca0.02K0.01)Σ1.00Y(Al0.95Fe2+0.94Li0.86Mn2+0.18Zn0.11Ti0.01)Σ3.05 ZAl6 T(Si5.99Al0.01)Σ6.00 B2.98O27 V(OH)3 

W[(OH)0.43F0.58]Σ1.01 

Mn-bearing 

fluor-elbaite 

X  X(Na0.41□0.35Ca0.24)Σ1.00Y(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 

Uvite X  X(Ca0.61Na0.35�0.04)Σ1.00 Y(Mg1.51Fe2+0.47Al0.70Fe3+0.14Ti0.18)Σ3.00 Z(Al4.54Fe3+0.18V3+0.02Mg1.27)Σ6.01 T(Si5.90Al0.10)Σ6.00 

(BO3)3 V(OH)3 W[(OH)0.55F0.05O0.40]Σ1.00 

axinite X  VI[Ca2.00(Ca1.95Mn0.05)(Mn0.48Fe2+0.67Mg0.80Fe3+0.01Al0.04)(Al1.92Fe3+0.04)Al2] 
IV[(B1.95Si0.04)Si8.00]O29.99(OH)2.01 
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2.1. Crystal chemistry of starting materials 

 

2.1.1 Schorl 
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Abstract
A black tourmaline sample from Seagull batholith (Yukon Territory, Canada) was established to be a schorl with concen-
trations of Fe2+ among the highest currently found in nature (FeOtot ~ 18 wt.% and Fe2+ ~ 100% of Fetot) on the basis of a 
multi-analytical characterization through Mössbauer spectroscopy, electron microprobe, Laser-Ablation Inductively-Coupled-
Plasma Mass-Spectrometry and single-crystal X-ray diffraction. From the crystal-chemical analysis, the following empirical 
formula is proposed: X(Na0.74□0.24K0.01Ca0.01)Σ1.00

Y(Fe2+
2.05Al0.92Ti0.02Mn0.01Zn0.01)Σ3.00 Z(Al5.41Fe2+

0.53Mg0.06)Σ6.00(Si6O18)
(BO3)3

V(OH)3
W[(OH)0.46F0.41O0.13]Σ1.00, which can be approximated as NaY(Fe2+

2Al)Z(Al5Fe2+)(Si6O18)(BO3)3(OH)3(OH,F). 
Compared to the formula of the ideal ordered schorl, NaY(Fe2+

3)Z(Al6)(Si6O18)(BO3)3(OH)3(OH), the studied sample has a 
partial disorder of Fe2+ across the Y and the Z sites that can be expressed by the intracrystalline order–disorder reaction YAl 
+ ZFe2+ → YFe2+ + ZAl. Such a partial cation disorder must be invoked to explain tourmaline structural stability because an 
ideal ordered schorl results in a large misfit between the < YFe2+–O > and < ZAl3+–O > mean bond lengths (that is, between 
the YO6 and ZO6 polyhedra). This misfit is reduced by introducing Al at Y (i.e., through the < Y–O > shortening) and Fe2+ 
at Z (i.e., through the < Z–O > lengthening). The result is that in tourmaline the site distribution of high Fe2+ concentrations 
is dictated by long-range structural constraints.

Keywords  Tourmaline · Schorl · Mössbauer spectroscopy · Electron microprobe · Laser-ablation inductively-coupled-
plasma mass-spectrometry · Single-crystal X-ray diffraction

Introduction

Tourmaline is the most common and earliest boron mineral 
formed on Earth, recently gaining an interest from the geo-
science community (Grew et al. 2016; Dutrow and Henry 

2018; Henry and Dutrow 2018). The importance of tourma-
line as a powerful geological tool for probing P–T–X condi-
tions at all crustal levels in the Earth, resides in its very large 
P–T stability field, common occurrence, and negligible intra-
volume element diffusion rates (e.g., Henry and Dutrow 
1996; van Hinsberg and Schumacher 2007). Moreover, due 
to its complex crystal chemistry, which allows a large num-
ber of chemical substitutions (e.g., Henry and Dutrow 1996, 
2018; Bosi 2018), tourmaline is extremely sensitive to its 
chemical environment and it is, therefore, valuable as both 
a petrogenetic and provenance indicator (e.g., Henry and 
Dutrow 1992, 1996; Dutrow and Henry 2011; van Hinsberg 
et al. 2011a; Bosi et al. 2018a, 2019a; Ertl et al. 2008, 2012, 
2018; Ahmadi et al. 2019; Sipahi 2019).

The tourmaline general chemical formula can be written 
as XY3Z6T6O18(BO3)3V3W, where X = Na+, K+, Ca2+, □ 
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(= vacancy); Y = Al3+, Fe3+, Cr3+, V3+, Mg2+, Fe2+, Mn2+, 
Zn2+, Li+, Ti4+, □; Z = Al3+, Fe3+, Cr3+, V3+, Mg2+, Fe2+; T 
= Si4+, Al3+, B3+; B = B3+; V = (OH)–, O2–; W = (OH)–, F–, 
O2–. The letters X, Y, Z, T and B represent groups of cations 
accommodated at the [9]X, [6]Y, [6]Z, [4]T and [3]B crystal-
lographic sites (identified with italicized letters); the letters 
V and W represent groups of anions accommodated at the 
[3]O(3) and [3]O(1) crystallographic sites, respectively. The 
H atoms occupy the H(3) and H(1) sites, which are related 
to O(3) and O(1), respectively. It is worth mentioning that, 
unlike amphibole or spinel, the structural and the chemical 
formula of tourmaline coincide: each crystallographic site 
in the structural formula matches a (non-italicized) letter in 
the chemical formula (Bosi et al. 2019b).

Tourmaline-supergroup minerals are currently classified 
into three groups based on the X-site occupancy: vacant, 
alkali and calcic (Henry et al. 2011). The X-site occupancy is 
usually related to both paragenesis and crystallization condi-
tions of the rock in which tourmaline crystallized, and these 
relations may be used to reconstruct the host-rock thermal 
history (Henry and Dutrow 1996; van Hinsberg et al. 2011a, 
b, 2017; Dutrow and Henry 2018; Bosi et al. 2018a, 2019a). 
A further level of classification into subgroups is based on 
charge arrangements at the Y and Z sites, where small cati-
ons such as Al and Mg and relatively larger cations such as 
Fe2+ can be accommodated.

Using a large set of structural data, Bosi and Lucchesi 
(2007) presented a structural-stability field for tourmaline as 
a function of < Y–O > and < Z–O > mean bond lengths. The 
endpoints of this field indicate that the tourmaline structure 
can tolerate only a limited mismatch in dimensions between 
< Y–O > and < Z-O > (i.e., their difference, Δ(Y–Z) = < Y–O 
> – < Z–O > , should be smaller than 0.15 Å). The empirical 

validation of the occurrence of a long-range structural con-
straint and its effect on the occupancy of Y and Z sites are 
of particular interest. In fact, cation ordering in tourmaline 
structure may be exploited for geothermometric purposes 
(e.g., Henry and Dutrow 1992; Ertl et al. 2008; Filip et al. 
2012; Bosi et al. 2016a, b; Ertl et al. 2018), while its vari-
ation can affect tourmaline physical properties, such as 
intrinsic dipole moment (Kim et al. 2018) and bulk moduli 
(Berryman et al. 2019). The possibility of Fe2+ to partially 
disorder across the Y and the Z sites, in particular, has been 
deeply investigated and largely discussed in several papers 
(see for example Andreozzi et al. 2008; Bosi and Andreozzi 
2013, and references therein).

In the present study, a natural schorl with Fe2+ concen-
trations very close to that of schorlitic end-members was 
studied with an inclusive, multi-analytical approach with the 
aim to confirm that the crystal-chemical behavior of Fe2+ in 
tourmaline is controlled by structural stability requirements.

Material and experimental methods

The sample used for this study is a black tourmaline from a 
quartz-tourmaline orbicule found in the leucogranites of the 
Seagull batholith in the Yukon Territory, Canada (Fig. 1). 
According to Sinclair and Richardson (1992), the orbicules 
are considered to have developed during the final crystalliza-
tion stages in which a hydrous melt/fluid (enriched in B, F, 
Cl and Fe) separated from a peraluminous granite, and tour-
malines from the Seagull batholith are schorl with up to ~ 20 
wt.% FeO and normalized Fe2+ cations up to 2.78 atoms per 
formula unit (apfu). To the best of our knowledge, these Fe2+ 
concentrations are the highest found in natural schorl so far.

Fig. 1   Quartz-tourmaline pegmatitic orbicules included in leucogranites from Seagull batholith (Yukon Territory, Canada). Black tourmaline 
crystals up to 2-cm large are visible in the right inset
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In the present study, the Fe oxidation state was obtained 
by 57Fe Mössbauer Spectroscopy (MS); the chemical com-
position was obtained by using Electron MicroProbe (EMP) 
for major and minor elements and Laser-Ablation Induc-
tively-Coupled-Plasma Mass-Spectrometry (LA-ICP-MS) 
for trace elements (including Li) and B; crystal-structure 
details were obtained by Structure REFinement (SREF) of 
X-ray single-crystal diffraction data.

MS

A fragment of the black Seagull tourmaline was ground 
under ethanol with an agate mortar, and 15 mg of the recov-
ered fine powder was packed to make a disk of 10 mm of 
diameter. The absorber was then loaded in a Plexiglas® 
sample holder, and measurements were performed using a 
conventional spectrometer with a 57Co source of 0.99 GBq 
(25 mCi) embedded in a Rh matrix available at the Earth 
Sciences Department, Sapienza University of Rome (Italy). 
The spectrum was collected in transmission mode, at room 
temperature and at velocities between –4 to + mm/s, and 
recorded in a multichannel analyzer with 512 channels. The 
velocity was calibrated with a 25-µm thick α-iron foil. The 
obtained absorption spectrum was fitted to Lorentzian line-
shapes using the RECOIL 1.04 fitting program (Lagarec and 
Rancourt 1998), with results reported in Table 1.

EMP

Electron microprobe analysis for the Seagull tourmaline 
sample was obtained using a wavelength-dispersive spec-
trometer (WDS mode) with a Cameca SX50 instrument 
at the “Istituto di Geologia Ambientale e Geoingegneria 
(Rome, Italy), CNR”, operating at an accelerating potential 
of 15 kV, with a 15 nA current and a 10 μm beam diameter. 
Minerals and synthetic compounds were used as standards: 
wollastonite (Si, Ca), magnetite (Fe), rutile (Ti), corundum 
(Al), vanadinite (V), fluorphlogopite (F), periclase (Mg), 
jadeite (Na), orthoclase (K), sphalerite (Zn), rhodonite 
(Mn), metallic Cr, Ni and Cu. The PAP correction procedure 
for quantitative electron probe microanalysis was applied 

(Pouchou and Pichoir 1991). Results are reported in Table 2 
and represent the mean values of 10 spot analyses across 
the crystal used for SREF study. Vanadium, Cr, Ni and Cu 
were below their respective detection limits (0.03 wt%) in 
the studied sample.

LA‑ICP‑MS

In-situ trace-element and boron analyses were collected using 
Laser-Ablation Inductively-Coupled-Plasma mass-spectrom-
etry at Laurentian University (Canada). Samples were ablated 
using Resonetic Resolution M-50 coupled to a Thermo Elec-
tron XSeries II quadrupole ICP-MS. A 193 nm argon fluoride 
excimer laser was operated at a rate of 8 Hz. Line scans were 
completed using a 40 μm beam width and a scan speed of 
20 μm/s with a measured fluence of ~ 3 j/cm2. Line scans were 
utilized to test for chemical zonation, which in turn was not 
present. Dwell times for rare-earth elements were increased to 
15 ms from 10 ms (for other trace elements) to improve detec-
tion limits. External reference materials include: (1) NIST 610 
(Jochum et al. 2011), (2) NIST 612 (Jochum et al., 2011) and 
(3) BHVO2G (Raczek et al. 2001). Standards were ablated 
every 10–15 analyses of the unknowns. Drift correction was 
applied using the baseline reduction scheme in IOLITE (Paton 
et al. 2011). Reference standards were utilized to assess the 
accuracy of the analyses. Results are reported in Table 3, 

Table 1   Room temperature 57Fe Mössbauer parameters for Seagull 
schorl from Yukon Territory (Canada)

Centroid shift (δ) in mm/s relative to α-Fe foil; errors are estimated 
no less than ± 0.02 mm/s for δ, quadrupole splitting (ΔEQ), and peak 
width (Γ), and no less than ± 3% for doublets areas

χ2 δ ΔEQ Γ % Area Assignment

0.75 1.10 2.43 0.31 26 YFe2+

1.11 2.11 0.31 36 YFe2+

1.11 1.69 0.30 13 YFe2+

1.08 1.20 0.46 25 ZFe2+

Table 2   Chemical composition of Seagull schorl from Yukon Terri-
tory (Canada)

Uncertainties for oxides and fluorine (in brackets) are standard devia-
tion of 10 EMP spots across the crystal used for SREF study. Number 
of ions normalized to 31 (O, OH, F)
a Calculated by stoichiometry, in agreement with LA-ICP-MS results 
for B
b According to Mössbauer spectroscopy results
c Calculated by stoichiometry (see text)

Oxides wt.% Ions apfu

SiO2 34.79 (35) Si 5.998
TiO2 0.13 (3) Ti4+ 0.016
B2O3

a 10.08 B 3.000
Al2O3 31.18 (31) Al 6.334
FeOb 17.91 (22) Fe2+ 2.582
MgO 0.23 (22) Mg 0.058
MnO 0.04 (3) Mn2+ 0.006
ZnO 0.05 (5) Zn 0.006
CaO 0.04 (6) Ca 0.008
Na2O 2.22 (5) Na 0.741
K2O 0.04 (1) K 0.010
F 0.75 (12) F 0.409
H2Oc 3.01 (OH) 3.463
–O≡F −0.32
Total 100.15
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together with elemental detection limits, and represent the 
mean values of 9 analyses across the sample.

SREF

A representative crystal fragment of the Seagull tourmaline 
was selected for X-ray diffraction measurements on a Bruker 
KAPPA APEX-II single-crystal diffractometer (Sapienza Uni-
versity of Rome, Earth Sciences Department), equipped with 
a CCD area detector (6.2 × 6.2 cm active detection area, 512 
× 512 pixels) and a graphite-crystal monochromator, using 
MoKα radiation from a fine-focus sealed X-ray tube. The sam-
ple-to-detector distance was 4 cm. A total of 3681 exposures 
(step = 0.2°, time/step = 20 s) covering a full reciprocal sphere 
with a redundancy of about 12 was collected. Final unit-cell 
parameters were refined using the Bruker AXS SAINT pro-
gram on 9981 reflections with I > 10 σ(I) in the range 5° < 2θ 
< 80°. The associated intensities were processed and corrected 
for Lorentz and background effects plus polarization, using the 
APEX2 software program of Bruker AXS. The data were cor-
rected for absorption using a multi-scan method (SADABS). 
The absorption correction led to a significant improvement in 
Rint. No violation of R3m symmetry was detected.

Structure refinement was done using the SHELXL-2014 
program (Sheldrick 2015). Starting coordinates were taken 
from Bosi et al. (2015). Variable parameters were: scale factor, 
extinction coefficient, atom coordinates, site-scattering values 
(for X, Y and Z) and atomic-displacement factors. Regarding 
the atomic model refinement, the X site was modeled using 
the Na scattering factor. The occupancies of the Y and Z sites 
were obtained considering the presence of Al versus Fe. The 
T, B and anion sites were modeled, respectively, with Si, B 
and O scattering factors and with a fixed occupancy of 1, 
because refinement with unconstrained occupancies showed 
no significant deviations from this value. A final refinement 
was then performed by modelling the site occupancy of the 
O(1) site with O and F fixed to the value obtained from the 
empirical formula (see below). Similar chemical constraints 
were applied to refine the H(1) and H(3) sites. There were no 
correlations greater than 0.7 between the parameters at the end 
of the refinement. Table 4 lists crystal data, data-collection 
information and refinement details; Table 5 displays the frac-
tional atom coordinates, site occupancy factors and equivalent 
isotropic-displacement parameters; Table 6 shows selected 
bond lengths. A CIF file is included in supplemental material.

Results and discussion

Chemical composition and iron speciation

The black tourmaline sample from Seagull batholith (Yukon 
Territory, Canada) is chemically homogeneous and was 

Table 3   Boron and trace-elements contents of Seagull schorl from 
Yukon Territory (Canada)

Data from LA-ICP-MS, average of 9 analyses across the sample
bdl below detection limit

Elements Detection limit (ppm) Average value (ppm)

7Li 50 bdl
9Be 50 bdl
11B 25 33,725 (1973)
31P 15 bdl
33S 100 bdl
39K 5 483 (39)
45Sc 0.5 84 (14)
47Ti 4 2538 (812)
51V 0.8 3 (2)
52Cr 1.5 bdl
55Mn 1 543 (22)
59Co 0.1 0.93 (0.21)
60Ni 1.5 bdl
65Cu 1.5 16 (9)
66Zn 1 349 (30)
69Ga 0.5 139 (8)
72Ge 0.5 5.8 (0.5)
75As 2 69 (15)
85Rb 0.2 bdl
88Sr 0.02 5 (1)
89Y 0.02 1.2 (0.7)
90Zr 0.04 1.0 (0.4)
93Nb 0.05 8 (4)
95Mo 0.25 bdl
115In 0.01 2.3 (0.6)
118Sn 0.1 40 (15)
121Sb 0.05 1.4 (0.7)
139La 0.01 4 (1)
140Ce 0.01 9 (3)
141Pr 0.02 1.0 (0.3)
146Nd 0.15 3 (1)
147Sm 0.20 0.5 (0.2)
153Eu 0.05 bdl
157Gd 0.10 0.4 (0.2)
159Tb 0.02 0.07 (0.05)
163Dy 0.15 0.4 (0.2)
165Ho 0.03 0.08 (0.04)
166Er 0.08 0.2 (0.1)
169Tm 0.02 0.04 (0.03)
172Yb 0.07 0.3 (0.2)
175Lu 0.03 bdl
178Hf 0.10 bdl
208Pb 0.30 8 (4)
232Th 0.01 0.2 (0.1)
238U 0.05 0.3 (0.2)
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established to be a schorl (see below) with concentrations 
of Fe2+ among the highest currently found in nature (FeOtot 
~ 18 wt.%, Table 2). The Mössbauer absorption spectrum 
of the Seagull tourmaline shows two dominant absorptions 
between –1 and +3 mm/s (Fig. 2). The spectrum was decon-
voluted using Lorentzian doublets in agreement with models 
already used in the existing literature (Andreozzi et al. 2008; 
Bosi et al. 2019b). Accordingly, a model with five doublets 
was initially adopted and their hyperfine parameters were 
tentatively refined. Four doublets gave center shift (δ) values 
around 1.10(2) mm/s and were assigned to [6]Fe2+. They are 
distinguished by their quadrupole splitting (ΔEQ) values: 
the first three doublets, conventionally labelled Y1, Y2 and 
Y3, have ΔEQ = 2.43(9), 2.11(6), 1.69(11) were interpreted 
as Fe2+ at the Y sites with different nearest and next-near-
est neighbor coordination environments. The fourth Fe2+ 
doublet, which has ΔEQ = 1.20(5) mm/s was interpreted 
as [6]Fe2+ in a different chemical environment (or crystallo-
graphic-site symmetry) from the Y sites, that is Fe2+ at the 
Z site. This interpretation is in agreement with the model 
described in Andreozzi et al. (2008) and Bosi et al. (2015). 
A potential fifth doublet, centered around 0.3 mm/s and rep-
resenting [6]Fe3+, was quantified to be ≤ 2% of the Fetot, but 
its area was smaller than the experimental uncertainty (± 
3%) and its hyperfine parameters could not be refined. The 
contribution of [6]Fe3+ was therefore considered to be neg-
ligible and all the Fe was eventually considered as [6]Fe2+ 
(Table 1). Notably, the same conclusions were also obtained 
by Sinclair and Richardson (1992). Concerning site distri-
bution of Fe2+, the absorption doublet assigned to ZFe2+ 
was quantified at 25(5)% of the Fetot, which corresponds 
to 0.65(13) apfu and converges to ZFe2+ obtained by SREF 
data (see below).

Table 4   Single-crystal X-ray diffraction data details for Seagull 
schorl from Yukon Territory (Canada)

Rint = merging residual value; R1 = discrepancy index, calculated 
from F-data; wR2 = weighted discrepancy index, calculated from F2-
data; GooF = goodness of fit; Diff. Peaks = maximum and minimum 
residual electron density. Radiation, MoKα = 0.71073 Å. Data collec-
tion temperature = 293 K. Space group R3m; Z = 3

Crystal sizes (mm) 0.20 × 0.20 × 0.24

a (Å) 15.9957 (3)
c (Å) 7.1863 (2)
V (Å3) 1592.36 (7)
Range for data collection, 2θ (°) 6–80
Reciprocal space range hkl –23 ≤ h ≤ 25

–27 ≤ k ≤ 28
–12 ≤ l ≤ 11

Total number of frames 3681
Set of reflections 13,875
Unique reflections, Rint (%) 2181, 1.96
Redundancy 12
Absorption correction method SADABS
Refinement method Full-matrix last-squares on F2

Structural refinement program SHELXL
Extinction coefficient 0.00037 (12)
Flack parameter 0.04 (1)
wR2 (%) 3.44
R1 (%) all data 1.53
R1 (%) for I > 2σ(I) 1.47
GooF 1.054
Largest diff. peak and hole (± e–/Å3) −0.65 and 1.08

Table 5   Fractional atom 
coordinates (x,y,z), site 
occupancy factors (s.o.f.) and 
equivalent-isotropic (Ueq) and 
isotropic (Uiso) displacement 
parameters (in Å2) for Seagull 
schorl from Yukon Territory 
(Canada)

* Uiso; H(1) and H(3) hydrogen atoms were constrained to have a Uiso 1.2 times the Ueq value of the O(1) 
and  O(3) oxygen atoms, respectively

Site x y z Ueq s.o.f

X 0 0 0.2289 (3) 0.0226 (6) Na0.781 (9)

Y 0.12556 (2) 0.06278 (2) 0.62788 (6) 0.00894 (8) Fe0.697 (4) Al0.303 (4)

Z 0.29881 (2) 0.26176 (2) 0.61151 (6) 0.00607 (9) Al0.912 (2) Fe0.088 (2)

B 0.11023 (6) 0.22046 (13) 0.4559 (2) 0.0072 (2) B1.00

T 0.19178 (2) 0.18983 (2) 0 0.00519 (7) Si1.00

O(1) (≡W) 0 0 0.7825 (4) 0.0342 (7) O0.5912 F0.4088

O(2) 0.06155 (5) 0.12311 (9) 0.48594 (19) 0.0139 (2) O1.00

O(3) (≡V) 0.26873 (11) 0.13437 (5) 0.51074 (17) 0.0130 (2) O1.00

O(4) 0.09294 (5) 0.18588 (9) 0.06854 (16) 0.0093 (2) O1.00

O(5) 0.18616 (10) 0.09308 (5) 0.09067 (16) 0.00946 (19) O1.00

O(6) 0.19777 (6) 0.18768 (6) 0.77707 (12) 0.00805 (14) O1.00

O(7) 0.28452 (6) 0.28502 (6) 0.07988 (11) 0.00782 (13) O1.00

O(8) 0.20964 (6) 0.27039 (6) 0.44196 (13) 0.00966 (14) O1.00

H(1) 0 0 0.916 (4) 0.041* H0.5912

H(3) 0.260 (2) 0.1299 (10) 0.383 (3) 0.016* H1.00
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Site populations

The Li content was considered negligible for crystal-chem-
ical purposes because it is below the detection limit of LA-
ICP-MS analysis. The B content was assumed to be stoi-
chiometric (B = 3.00 apfu corresponding to B2O3 = 10.08 
wt.%) as corresponding to the LA-ICP-MS results, within 

the experimental uncertainty (Table 3). A stoichiometric B 
content is further supported by the SREF results (Tables 5, 
6): the values of the B- and T-site occupancy factors and 
the < B–O > and < T–O > distances are effectively con-
sistent with the B and T sites fully occupied by B and Si, 
respectively (e.g., Bosi and Lucchesi 2007). Based on MS 
results, the oxidation state of all Fe atoms was considered 
exclusively +2. The (OH) contents and the atomic fractions 
were then calculated by charge balance under the assumption 
of (T + Y + Z) = 15.00 apfu and 31 anions. The excellent 
agreement between the number of electrons per formula unit 
(epfu) derived from chemistry and from SREF (258.3 epfu 
versus 258.6 epfu, respectively) supports the above stoichio-
metric assumptions.

With regard to the site populations at X, B, T, O(3) (≡ V) 
and O(1) (≡ W), the standard site preference suggested for 
tourmaline (e.g., Henry et al. 2011) were actually satisfied, 
while the Y and Z site populations were optimized according 
to the procedure of Bosi et al. (2017) and by fixing the minor 
elements Ti4+, Mn2+ and Zn at Y. The robustness of this opti-
mized cation distribution was successively confirmed by the 
procedure of Wright et al. (2000) in which the default setting 
was assumed, but the chemical variability was constrained 
by electroneutrality. The resulting empirical formula for the 
Seagull tourmaline is:

X(Na0.74□ 0.24K0.01Ca0.01)Σ1.00
Y(Fe2+

2.05Al0.92Ti0.02 
Mn0.01Zn0.01)Σ3.00 Z(Al5.41Fe2+

0.53Mg0.06)Σ6.00(Si6O18)
(BO3)3

 V(OH)3
 W[(OH)0.46F0.41O0.13]Σ1.00.

The refined site-scattering values and those calcu-
lated from the optimized site-populations are in excellent 

Table 6   Selected bond distances 
(Å) for Seagull schorl from 
Yukon Territory (Canada)

Standard uncertainty in parentheses. Superscript letters: A = (y – x, y, z); B = (y – x, – x, z); C = (x, x – y, 
z); D = (y – x + 1/3, – x + 2/3, z + 2/3); E = (–y + 2/3, x – y + 1/3, z + 1/3); F = (–y, x – y, z). Transforma-
tions relate coordinates to those of Table 5
T* = positioned in adjacent unit cell

Bond distance - Value (Å) Bond distance - 
Value (Å)

Bond distance - Value (Å) Bond dis-
tance - Value 
(Å)

B-O(2) 1.366 (2) Y–O(2)B (× 2) 2.0020 (8)
B-O(8)A (× 2) 1.3807 (13) Y–O(6)C (× 2) 2.0414 (9)
< B-O > 1.376 Y–O(1) 2.0640 (15)

Y–O(3) 2.1546 (15)
T*-O(6) 1.6063 (9) < Y–O > 2.051
T-O(7) 1.6093 (8)
T-O(4) 1.6267 (5) Z-O(6) 1.8753 (9)
T-O(5) 1.6397 (5) Z-O(7)E 1.8901 (8)
< T-O > 1.621 Z-O(8)E 1.8910 (9)

Z-O(8) 1.9326 (9)
X-O(2)B,F (× 3) 2.514 (2) Z-O(7)D 1.9710 (9)
X-O(5)B,F (× 3) 2.7635 (15) Z-O(3) 1.9819 (6)
X-O(4)B,F (× 3) 2.8210 (15) < Z-O > 1.924
< X-O > 2.700

Fig. 2   Room temperature 57Fe Mössbauer spectrum for Seagull 
schorl from Yukon Territory (Canada). Experimental spectrum (exp) 
is represented by open circles, calculated spectrum (calc) by thick red 
curve (reduced χ2 = 0.68). Lorentzian absorption doublets assigned to 
[6]Fe2+ are represented by thin green lines
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agreement (Table 7). It is worth noting the occurrence at 
Z site of significant amounts of Fe2+ (0.53 apfu), which is 
a cation heavier than Al and it is thus required to justify 
the refined Z-site scattering value (Z-m.a.n, where m.a.n. is 
the mean atomic number) of 14.14(3), considerably larger 
than the expected value for a Z site fully occupied by Al 
(Z-m.a.n = 13). Such a cation distribution is also corrobo-
rated by the refined < Z–O > value (1.924 Å), which is 
larger than the typical < Z–O > values observed for a Z site 
fully occupied by Al (1.902–1.913 Å; Bosi and Andreozzi 
2013) and reflects the presence of cations larger than Al 
at the Z site (as, for example, Fe2+). Finally, as previously 
highlighted, the amounts of Fe2+ at Z retrieved by SREF 
(0.53 apfu) are consistent with the absorption area of the 
MS doublet assigned to ZFe2+ (Table 1), which corresponds 
to ~ 0.65(13) apfu.

Influence of the tourmaline structural stability 
on the Al‑Fe2+ order–disorder

The empirical formula of the Seagull tourmaline is con-
sistent with a tourmaline belonging to the alkali group 
(Henry et al. 2011): Na-dominant at the X position of the 
tourmaline general chemical formula and (OH)-dominant 
at W (OH > F). The Y and Z positions are dominated by 
Fe2+ and Al, respectively. In accord with the IMA-CNMNC 
rules (Bosi et  al. 2019d), the end-member formula is 
X(Na)Y(Fe2+)3

Z(Al)6(Si6O18)(BO3)3(OH)3(OH), correspond-
ing to schorl (Henry et al. 2011). By our most comprehen-
sive understandings, the Seagull schorl is the Fe2+-richest 
schorl investigated by SREF thus far, even richer than the 
fluor-schorl from Steinberg, Germany, for which FeOtot = 
16.5 wt.% and Fe2+ ≤ 96% of Fetot (Ertl et al. 2016).

The composition of the studied schorl can be 
approximated as NaY(Fe2+

2Al)Z(Al5Fe2+)(Si6O18)
(BO3)3(OH)3(OH,F). With respect to the ideal ordered schorl 
(Fe2+ ordered at Y and Al at Z, see above), the observed 
partial disorder of Fe2+ over the Y and the Z sites (68% and 
9% atoms/site, respectively) can be explained by the intrac-
rystalline order–disorder reaction YAl + ZFe2+ → YFe2+ + 
ZAl, which is needed to satisfy the long-range structural sta-
bility of tourmaline (Bosi 2018). In fact, in the ideal ordered 
schorl the expected difference between the < YFe2+–O > 

and < ZAl–O > would be Δ(Y–Z) = 0.232 Å [< YFe2+–O > = 
2.136(1) Å and < ZAl–O > = 1.904(3) Å, calculated from 
the ionic radii of Bosi (2018)], that is too large and incon-
sistent with the structural stability limits of the tourmaline 
supergroup minerals: Δ(Y–Z) less than 0.15 Å [as proposed 
by Bosi and Lucchesi (2007) and successively confirmed by 
Bosi (2018) using 322 SREF data sets]. Consequently, the 
structure of the ordered schorl would be unstable (Fig. 3). In 
the studied schorl, the misfit between < Y–O > and < Z–O > 
is reduced to 0.127 Å by the reaction YAl + ZFe2+ → YFe2+ 
+ ZAl, which mitigates the potential misfit by shortening < 
Y–O > up to 2.051 Å (introducing YAl) and increasing < 
Z–O > up to 1.924 Å (introducing ZFe2+). Therefore, the 
data are consistent with the partial disordering of significant 
amounts of Fe2+ into the Z sites as a mechanism to establish 
long-range structural stability (Fig. 3).

The site redistribution of Fe–Mg–Al over the Y and Z 
sites was experimentally investigated at high temperature 
for schorl, dravite, Fe-bearing oxy-dravite, lucchesiite 
and Fe-rich fluor-elbaite by Filip et al. (2012), Bosi et al. 
(2016a,b, 2018b, 2019c). These studies, conducted at both 
oxidizing and reducing conditions, showed significant 
Fe–Mg–Al intersite exchanges when Fe-bearing tourmalines 
were heated up to 700–800 °C, with Fe always involved in 
the disordering process (up to 0.37 apfu of ZFe for schorl and 
lucchesiite). Although the possibility of a geothermometric 
exploitation of tourmaline intersite exchanges is encourag-
ing, the present results (with ZFe2+ = 0.53 apfu) suggest 
adopting some precautions, at least for very high Fe con-
tents, due to the important role of the long-range structural 
constraints on Fe2+ site distribution.

Conclusions

The comprehensive multi-analytical approach of this study 
of a schorl sample from Seagull batholith (Yukon Territory, 
Canada) constrains the crystal-chemical behavior of Fe2+ 
in tourmaline. The studied sample is the Fe2+-richest schorl 
with SREF data known in the literature.

From a crystal-chemical viewpoint, a partial disorder 
of Fe2+ over the Y and Z sites was observed, and this is 
required for the long-range structural constraints to be 

Table 7   Site-scattering values 
and optimized site-populations 
for Seagull schorl from Yukon 
Territory (Canada)

epfu electrons per formula unit, apfu atoms per formula unit

Site Refined site-scattering 
(epfu)

Optimized site-population (apfu) Calculated 
site-scattering 
(epfu)

X 8.59 (8) 0.74 Na + 0.24 □ + 0.01 K + 0.01 Ca 8.49
Y 66.18 (26) 2.05 Fe2+ + 0.92 Al + 0.02 Ti4+ + 0.01 Mn2+ 

+ 0.01 Zn
66.01

Z 84.86 (17) 5.41 Al + 0.53 Fe2+ + 0.06 Mg 84.82
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fulfilled. Similar arguments were applied to explain the 
observed partial disorder of Mg over Y and Z for dravite 
and fluor-dravite, as well as the failure in synthesizing 
the tsilaisite end-member composition (Bosi and Lucchesi 
2007; Clark et al. 2011; Bosi et al. 2012; Bosi 2018). For 
tourmaline to be stable, the 3-D framework of ZO6 octa-
hedra must be able to accommodate the structural islands 
made of (XO9 + YO6 + BO3 + TO4) polyhedra. With Z 
site fully occupied by Al, very high amounts (>> 2 apfu) 
of Mg2+, Fe2+ and Mn2+ ordered at the Y site would make 
tourmaline unstable, because the resulting difference 
between < Y–O > and < Z–O > would be too large [i.e., 
Δ(Y–Z) > 0.15 Å]. A partial disorder of Al and R2+-cations 
over Y and Z is, therefore, necessary to reduce the misfit 
between YO6 and ZO6 and to guarantee tourmaline struc-
ture stability.
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Abstract

A gem-quality purplish-red tourmaline sample of alleged liddicoatitic composition from the Anjanabonoina pegmatite, Madagascar, has
been fully characterised using a multi-analytical approach to define its crystal-chemical identity. Single-crystal X-ray diffraction, chem-
ical and spectroscopic analysis resulted in the formula: X(Na0.41□0.35Ca0.24)Σ1.00

Y(Al1.81Li1.00Fe
3+
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 which corresponds to the tourmaline species elbaite having the typical
space group R3m and relatively small unit-cell dimensions, a = 15.7935(4) Å, c = 7.0860(2) Å and V = 7.0860(2) Å3.

Optical absorption spectroscopy showed that the purplish-red colour is caused by minor amounts of Mn3+ (Mn2O3 = 0.20 wt.%).
Thermal treatment in air up to 750°C strongly intensified the colour of the sample due to the oxidation of all Mn2+ to Mn3+

(Mn2O3 up to 1.21 wt.%). Based on infrared and Raman data, a crystal-chemical model regarding the electrostatic interaction between
the X cation and W anion, and involving the Y cations as well, is proposed to explain the absence or rarity of the mineral species
‘liddicoatite’.

Keywords: purplish-red tourmaline, crystal-structure refinement, electron microprobe, laser induced breakdown spectroscopy, Raman
spectroscopy, infrared spectroscopy, optical absorption spectroscopy
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Introduction

Tourmaline is the most common and the earliest-formed boron
mineral on Earth and has recently received increasing interest
from the geoscience community (Grew et al., 2016; Dutrow and
Henry, 2018; Henry and Dutrow, 2018). Tourmaline minerals
are complex borosilicates that have been studied extensively in
terms of their crystal structure and crystal chemistry (e.g. Foit,
1989; Grice and Ercit, 1993; Ertl et al., 2002; Novák et al., 2004;
Bosi and Lucchesi, 2007; Bosi 2013, 2018; Novák et al., 2011;
Henry and Dutrow, 2011; Henry et al., 2011; Cempírek et al.,
2013; Ertl et al., 2018; Andreozzi et al., 2020).

The general chemical formula of tourmaline can be written as:
XY3Z6T6O18(BO3)3V3W, where X = Na, K, Ca and□ (= vacancy);
Y = Al, Cr, V, Fe, Mg, Mn, Zn, Cu, Li and Ti; Z = Al, Cr, V, Fe and
Mg; T = Si, Al and B3+; B = B3+; V = (OH) and O; and W = (OH),
F and O. Note that the non-italicised letters X, Y, Z and B
represent groups of cations hosted at the [9]X, [6]Y, [6]Z, [4]T and

[3]B crystallographic sites (letters italicised). The letters V and
W represent groups of anions accommodated at the [3]O3 and
[3]O1 crystallographic sites, respectively. The H atoms occupy
the H3 and H1 sites, which are related to O3 and O1, respectively.
The dominance of specific ions at one or more sites of the struc-
ture gives rise to a range of distinct mineral species.

Tourmaline-supergroup minerals are currently classified into
three groups, vacant, alkali and calcic, based on the X-site occu-
pancy (Henry et al., 2011). The X-site occupancy is usually related
to both paragenesis and crystallisation conditions of the host rock,
and these relations may be used to reconstruct the host-rock ther-
mal and chemical history (e.g. Henry and Dutrow, 1996; van
Hinsberg et al., 2011a,b; Dutrow and Henry, 2018; Bosi et al.,
2018, 2019c; Ahmadi et al., 2019). A further level of classification
into subgroups is based on charge arrangements at the Y and Z
sites. Tourmalines are also distinguished by the dominant anion
at the W position of the general formula into hydroxy-, fluor-
and oxy-species.

Tourmaline is also one of the most important gem materials
on the market today, particularly renowned for its spectrum of
colours: from colourless, through red, pink, yellow, orange,
green, blue and violet, to brown and black (Pezzotta and Laurs,
2011). The transition elements (Ti, V, Cr, Fe, Mn and Cu) are
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often invoked as colour-causing agents. Red tourmalines are com-
monly given the varietal name ‘rubellite’, which refers to tourma-
lines with colours ranging from rose, dark pink to purplish red,
but do correspond to several regular mineral species: elbaite,
fluor-elbaite, rossmanite, fluor-liddicoatite (Pezzotta and Laurs,
2011) and oxy-dravite (Bosi and Skogby, 2013).

Specifically, fluor-liddicoatite was redetermined and renamed in
2011 by the Subcommittee on Tourmaline Nomenclature of the
International Mineralogical Association’s Commission on New
Minerals, Nomenclature and Classification (IMA-CNMNC) when
the nomenclature of tourmaline-supergroup minerals was recon-
sidered (Henry et al., 2011) and the ‘liddicoatite’ from the
Antandrokomby type locality (Dunn et al., 1977; Aurisicchio
et al., 1999; Webber, 2002; Dirlam et al., 2002; Ertl et al., 2006;
Lussier et al., 2011; Lussier and Hawthorne, 2011) regained proper
attention. Note that with the renaming of the type material as fluor-
liddicoatite, the hydroxy species ‘liddicoatite’ is no longer properly
defined as a species. A new type material definition is necessary to
re-establish the name. Two gem-quality samples of purplish-red
prismatic crystals of alleged ‘liddicoatite’ on quartz matrix from
the collection of M.E. Ciriotti (MEC) were analysed with a Jeol
JSM IT300LV scanning electron microscope (SEM) and energy dis-
persive X-ray spectroscopy (EDS) (University of Turin, Earth
Sciences Department) to verify if they were F-dominant species.
Although B and Li were not measured, both samples were deter-
mined to be F-dominant and were classified as fluor-liddicoatite.
A small portion of a further alleged ‘liddicoatite’ sample (presented
as ‘probed’ liddicoatite by its seller) in quartz–rhodizite matrix
from Antandrokomby localities (the same type of purplish-red
crystals are shown in the specimen in Fig. 1) was obtained by
MEC, courtesy of the new owner. The sample was analysed through
SEM-EDS and surprisingly showed no trace of F; in addition, its
composition did not fit ‘liddicoatite’ in terms of Na and Ca.

In the present study, such a tourmaline sample from the
Anjanabonoina pegmatite, central Madagascar, has been fully
characterised by X-ray single-crystal diffraction, electron micro-
probe analysis, laser induced breakdown spectroscopy,
micro-Raman, infrared and optical absorption spectroscopy,
with the aim of defining its crystal-chemical identity and species.

Occurrence

The indexed stout prismatic purplish-red crystal was labelled
(by the supplier) ‘liddicoatite’ from Anjanabonoina pegmatites,
Ambohimanambola, Betafo, Vakinankaratra, Madagascar, ∼55 km
west-southwest of the city of Antsirabe. In addition to
Anjanabonoina, ‘liddicoatite’ has been identified from several local-
ities in central and south-central Madagascar, including Antaboaka,
Jochy, Lacamisinten, Malakialina, Maroandro and the Sahatany
Valley, as well as Vohitrakanga (De Vito, 2002a,b; Dirlam et al.,
2002), but the present labelled locality is correct (F. Pezzotta,
personal communication).

The Anjanabonoina aplite–pegmatite field is situated in the
Neoproterozoic Itrembo Group, which consists of a lower unit
of gneisses and an upper unit of quartzites, schists and marbles
(Pezzotta and Franchi, 1997; Fernandez et al., 2001). The pegma-
tites were emplaced in a complex geological environment, perhaps
at the contact between the lower and upper unit. The gem-bearing
pegmatites postdate the main tectonic phase and, therefore, are
thought to have intruded during a late phase of the magmatic
cycle about 490 Ma (Paquette and Nédélec, 1998). The Li–Cs–
Ta (with minor Nb–Y–F) aplite–pegmatite field extends for
∼2.5 km. The veins are 2 to 12 m thick and large parts are kaoli-
nised feldspars and/or deeply weathered (De Vito, 2002a,b).

More details about the history of the 1500s to 2000s explora-
tions and mining of the Malagasy tourmaline gem deposits can
be found in Strunz (1979), Pezzotta (1999) and Dirlam et al.
(2002).

Experimental methods and results

Thermal treatment

In order to study potential dehydration and redox effects, two
oriented and polished crystals were heat treated in air at 700°C
(20 h) and 750°C (90 h). These thermal conditions have previ-
ously been shown to be sufficient to impose changes in Fe
redox states and intracrystalline cation distribution (e.g. Filip
et al., 2012; Bosi et al., 2016a,b). The 55 and 309 μm thick samples
were placed in a gold container and inserted in a preheated

Fig. 1. Crystals of Mn-bearing purplish-red tourmaline
from Madagascar, up to 1 cm in size (field of view ca.
5 cm). Sample deposited in the collections of the
Natural History Museum of Milano, Italy (photo by
R. Appiani).
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horizontal tube furnace equipped with a quartz-glass tube. The
experiments were ended by pushing the sample container out to
the cold zone of the quartz tube, which caused the sample to
cool to room temperature within one minute. A distinct increase
in colour intensity appeared after heat treatment, as shown in
Fig. 2. Minor cracks appeared in the thicker sample after treat-
ment at the higher temperature.

Single-crystal structure refinement (SREF)

A representative crystal fragment of the purplish-red tourmaline
from Madagascar was selected for X-ray diffraction measurements
on a Bruker KAPPA APEX-II single-crystal diffractometer
(Sapienza University of Rome, Earth Sciences Department),
equipped with a charge-coupled device (CCD) area detector
(6.2 cm × 6.2 cm active detection area, 512 × 512 pixels) and a
graphite-crystal monochromator 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 reciprocal sphere with a redundancy of ∼12 was col-
lected. Final unit-cell parameters were refined using the Bruker
AXS SAINT program on reflections with I > 10 σ(I ) in the range
5° < 2θ < 78°. The intensity data were processed and corrected
for Lorentz, polarisation 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 absorption correction led to an improvement in Rint (from
0.033 to 0.027). No violation of R3m symmetry was detected.

Structure refinement was done using the SHELXL-2013 pro-
gram (Sheldrick, 2015). Starting coordinates were taken from
Bosi et al. (2013). Variable parameters were scale factor, extinc-
tion coefficient, atom coordinates, site-scattering values (for X,
Y and Z sites) and atomic-displacement factors. Attempts to
refine the extinction coefficient yielded values within its standard
uncertainty, thus it was not refined. Neutral scattering factors
were used for the cations and oxygen atoms. As for the atomic
model refinement and in accordance with the chemical analysis
results (see below), the X site was modelled by setting the vacancy
content to 0.32 atoms per formula unit (apfu) and allowing the
remainder of the site to refine as Ca = (0.65 – Na). Similarly,
the Y site was refined by setting the (Mn+Fe) occupancy to
0.19 apfu and allowing the remainder of the site to refine as

Al = (2.81 – Li) apfu. The T site was modelled by Si versus
B. The Z, B and anion sites were modelled with Al, B and O scat-
tering factors, respectively, and with a fixed occupancy of 1 as
refinement with unconstrained occupancies showed no significant
deviations from this value. A final refinement was then performed
by modelling the site occupancy of the O1 site with O and F fixed
to the value obtained from the empirical formula (see below).
Similar chemical constraints were applied to refine the H1 and
H3 sites. There were no correlations greater than 0.7 between
the parameters at the end of the refinement.

Table 1 lists crystal data, data-collection information and
refinement details; Table 2 gives the fractional atom coordinates

Fig. 2. Microphoto of Mn-bearing tourmaline from
Madagascar before (on the left) and after (on the
right) heat treatment at 750°C. Sample thickness
300 μm, long edge corresponds to 2 mm.

Table 1. Single-crystal X-ray diffraction data details for the purplish-red
tourmaline from Madagascar.

Crystal data
Crystal sizes (mm) 0.10 × 0.16 × 0.18
Space group; Z R3m, 3
a (Å) 15.7935(4)
c (Å) 7.0860(2)
V (Å3) 1530.69(9)
Data collection
Data collection temperature (K) 293
Range for data collection, 2θ (°) 5–78
Radiation, wavelength (Å) MoKα, 0.71073
Reciprocal space range, hkl –26≤ h≤ 25

–22≤ k≤ 24
–12≤ l≤ 12

Total number of frames 3577
Measured reflections 12,849
Unique reflections, Rint (%) 2026, 3.03
Redundancy 12
Absorption correction method SADABS
Refinement
Refinement method Full-matrix last-squares on F2

Structural refinement program SHELXL-2013
Extinction coefficient 0.0017(3)
Flack parameter 0.05(7)
wR2 (%) 3.98
R1 (%) all data 1.89
R1 (%) for I > 2σ(I ) 1.80
GooF 1.020
Largest diff. peak and hole (±e–/Å3) –0.45 and 0.35

Notes: Rint = merging residual value; R1 = discrepancy index, calculated from F-data; wR2 =
weighted discrepancy index, calculated from F2 data; GooF = goodness of fit; Diff. Peaks =
maximum and minimum residual electron density.
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and equivalent isotropic displacement parameters; Table 3 shows
selected bond lengths. A Supplementary Table with anisotropic
displacement parameters and a crystallographic information file
have been deposited with the Principal Editor of Mineralogical
Magazine and are available as Supplementary material (see below).

Electron microprobe analysis (EMPA)

Electron microprobe analysis, carried out on the same crystal that
was used for the SREF, was performed using a wavelength disper-
sive spectrometer (WDS mode) with a Cameca SX50 instrument
at the Istituto di Geologia Ambientale e Geoingegneria, CNR,
Rome, Italy. The following analytical conditions were used: accel-
erating voltage 15 kV, beam current 15 nA and spot diameter
10 μm. Minerals and synthetic compounds were used as stan-
dards: wollastonite (Si, Ca), magnetite (Fe), rutile (Ti), corundum
(Al), vanadinite (V), fluorophlogopite (F), periclase (Mg), jadeite
(Na), orthoclase (K), sphalerite (Zn), rhodonite (Mn), metallic Cr
and Cu. The PAP routine was applied (Pouchou and Pichoir,
1991). The results (Table 4) represent mean values of 8 spot ana-
lyses. Vanadium, Cr, Cu, Zn and K were below detection limits
(<0.03 wt.%). Chemical analysis is given in Table 4; no other ele-
ments heavier than F were detected.

Micro-laser induced breakdown spectroscopy (μ-LIBS)

Lithium analysis, carried out on a representative sample fragment,
was performed using a double pulse Q-Switched (Nd-YAG, λ =

1064 nm) laser with a 1 μs delay between the two pulses with
an energy of 110 mJ per pulse. The small spot size (7–10 μm)
was obtained using a petrographic optical microscope (objective
lens 10X NA 0.25 WD 14.75 mm). The LIBS spectra were
acquired by an AvaSpec Fiber Optic Spectrometer (390–900 nm
with 0.3 nm resolution) with a delay of 2 μs after the second
pulse and an integration time of 1 ms.

The main problem regarding Li quantification by LIBS con-
cerns the self-absorption of the emission line used to extract
quantitative data. In the present tourmaline, the quantitative
data were obtained from linear regression using the main Li emis-
sion line intensity (ILi = 670.706 nm, corresponding to the reson-
ance transition 1s2 2s > 1s2 2p) in the range from 0.009 to
2.04 wt.% of Li2O. In this regard, we verified that the self-
absorption effect of this specific line was negligible in the studied
concentration range, hence, not affecting the measurements. This
is consistent with previous studies on beryl (McMillan et al., 2006;
Tempesta and Agrosì, 2016; Tempesta et al., 2020). Moreover, the

Table 2. Fractional atom coordinates, equivalent isotropic and isotropic displacement parameters (Å2) and site occupancies for the purplish-red tourmaline from
Madagascar.

Site x/a y/b z/c Ueq Site occupancy

X 0 0 0.2208(2) 0.0206(6) Na0.396(10)Ca0.259(10)
Y 0.12118(5) 0.06059(2) 0.63828(10) 0.00809(17) Li0.260(4)Al0.680(4)Mn0.0604
Z 0.29680(3) 0.26032(3) 0.60773(7) 0.00650(8) Al1.00
B 0.10901(7) 0.21802(14) 0.4521(2) 0.0063(3) B1.00
T 0.19143(2) 0.18954(2) 0 0.00515(9) Si0.916(4)B0.084(4)
O1(≡W) 0 0 0.7750(3) 0.0200(5) O0.872F0.128
O2 0.06014(5) 0.12028(10) 0.4891(2) 0.0139(3) O1.00

O3(≡V) 0.26161(11) 0.13080(6) 0.50677(17) 0.0119(2) O1.00

O4 0.09391(5) 0.18781(11) 0.07377(18) 0.0107(2) O1.00

O5 0.18629(11) 0.09314(5) 0.09516(17) 0.0109(2) O1.00

O6 0.19435(6) 0.18391(6) 0.77405(13) 0.00771(15) O1.00

O7 0.28640(6) 0.28591(6) 0.07611(11) 0.00743(15) O1.00

O8 0.20947(7) 0.27000(7) 0.43694(13) 0.00766(15) O1.00

H1 0 0 0.909(4) 0.024a H0.5011

H3 0.2543(19) 0.1271(9) 0.379(3) 0.014a H1.00

aIsotropic displacement parameters (Uiso) for H1 and H3 constrained to have a Uiso 1.2 times the Ueq value of the O1 and O3 oxygen atoms.

Table 3. Selected bond lengths (Å) for the purplish-red tourmaline from
Madagascar.

X–O2 ×3 2.5145(18) Z–O6 1.8737(9) B–O2 1.362(2)
X–O5 ×3 2.6989(15) Z–O7 1.8816(9) B–O8 ×2 1.3785(13)
X–O4 ×3 2.7720(16) Z–O8 1.8820(9) <B–O> 1.373
<X–O> 2.662 Z–O8’ 1.8977(9)

Z–O7’ 1.9365(9) T–O7 1.6045(9)
Y–O1 1.9199(14) Z–O3 1.9666(7) T–O6 1.6054(9)
Y–O6 ×2 1.9503(10) <Z–O> 1.906 T–O4 1.6138(5)
Y–O2 ×2 1.9605(10) T–O5 1.6295(6)
Y–O3 2.1349(16) <T–O> 1.613
<Y–O> 1.979

Table 4. Chemical composition for the purplish-red tourmaline from Madagascar.

Average of 8 spots
Atoms normalised to 31

anions

SiO2 wt.% 35.59(35) Si (apfu) 5.600
TiO2 0.04(2) Ti4+ 0.004
B2O3 12.51a B 3.400
Al2O3 42.11(50) Al 7.810
Fe2O3 0.31(3) Fe3+ 0.036
MnOtot 1.09(2) Mn3+ 0.024
CaO 1.43(5) Mn2+ 0.121
Na2O 1.36(4) Ca 0.241
Li2O 1.59(11)b Na 0.414
F 0.26(8) Li 1.004
H2O 3.34a F 0.128
–O = F –0.11 OH 3.501
MnO 0.91c

Mn2O3 0.20c

Total 99.52

aCalculated by stoichiometry, (Y+Z+T+B) = 18.000 apfu.
bDetermined by μ-LIBS
cDetermined by OAS.
Errors for oxides and fluorine are standard deviations (in brackets); apfu = atoms per
formula unit.
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low variability of counts, verified by measurements on uniform
matrix materials such as that of NIST glass samples, allowed us
to perform measurements on tourmaline samples which normally
have chemical zoning. The calibration, obtained using spectra
recorded on two NIST standard glasses (SRM 610 and 612) and
four Li-bearing tourmalines from Bosi et al. (2005), Filip et al.
(2012), Grew et al. (2018) and Bosi et al. (2019d), resulted
in two calibration curves: one below and the other above
0.1 Li2O wt.% (Fig. 3). The latter was used for the present sample
to obtain the Li quantification from the linear fit equation:
Li2O = 0.00139(3) ⋅ ILi – 4.07(11). The result corresponds to
1.59(11) wt.% of Li2O (Table 4).

It can be noted that μ-LIBS represents a very proficient loca-
lised analytical method, in particular if LIBS is mounted to a
microscope to achieve a micrometric scale resolution. The intense
emissivity of Li in optical emission spectroscopy makes the LIBS
technique advantageous for Li quantification. Moreover, the
potential of LIBS for Li analysis of geological materials at the
micrometric scale has been validated in previous studies (Fabre
et al., 2002; Sweetapple and Tassios, 2015; McMillan et al., 2018).

Micro-Raman spectroscopy

Raman spectra of the Mn3+-bearing red tourmaline were obtained
using a micro/macro Jobin Yvon Mod. LabRam HRVIS
(University of Turin, Interdepartmental Centre “G. Scansetti”),
equipped with a motorised x-y stage and an Olympus microscope.
The back-scattered Raman signal was collected with a 50× object-
ive and the Raman spectrum was obtained for a 90° (perpendicu-
lar to c) oriented crystal. The 632.8 nm line of an He–Ne laser was
used as excitation; laser power (20 mW) was controlled by means
of a series of density filters. The minimum lateral and depth reso-
lution was set to a few μm. The system was calibrated using the
520.6 cm–1 Raman band of silicon before each experimental
session. The spectra were collected with a multiple and repeated

acquisition (5) with single counting times of 50 seconds to
improve the signal-to-noise ratio. The incident excitation light
was scrambled to eliminate orientation and polarisation effects.
The spectrum was recorded from 100 to 4000 cm–1 using the
LabSpec 5 software package (Horiba Jobin Yvon GmbH, 2004,
2005). Band-component analysis was undertaken using a
Lorentzian function (Fityk software package; Wojdyr, 2010).
The intensity of the vibrational modes was proven to be very
dependent on the polarisability tensor. The Raman spectrum of
the present sample in the spectral region of the framework and
(OH)-stretching vibrations is shown in Fig. 4.

Fourier-transform infrared (FTIR) spectroscopy

Polarised Fourier-transform infrared spectra were measured on
two doubly polished single-crystal sections oriented by means
of optical microscopy, and with thicknesses of 55 and 309 μm.
The spectrometer system consisted of a Bruker Vertex 70 spec-
trometer equipped with a halogen-lamp source and a CaF2
beam-splitter coupled to a Hyperion 2000 microscope with a
ZnSe wire-grid polariser and an InSb detector. Spectra were mea-
sured before and after heat-treatment experiments over the wave-
number range 2000–15,000 cm−1 with a resolution of 2 or 8 cm−1.
The measuring areas were masked by a 50–100 μm rectangular
aperture to avoid cracks and inclusions. The FTIR spectra of
the untreated and treated samples (e.g. Fig. 5) show typical,
strongly pleochroic absorption bands in the (OH)-stretching
region (3300–3800 cm–1), including bands above ∼3600 cm–1

that demonstrate the presence of W(OH) (see below).

Optical absorption spectroscopy (OAS)

Polarised, room temperature optical absorption spectra in the
range 30,000–12,500 cm–1 (333–800 nm) were recorded at a spec-
tral resolution of 1 nm on the same 309 μm thick section studied
by FTIR spectroscopy, using an AVASPEC-ULS2048 × 16 spec-
trometer attached via a 400 μm ultraviolet (UV) optical fibre
cable to a Zeiss Axiotron UV-microscope. A 75 W Xenon arc
lamp was used as a light source, and Zeiss Ultrafluar 10× lenses
served as objective and condenser. The diameter of the circular
aperture was 50 μm for the untreated sample and 30 μm for the
treated sample. A UV-quality Glan–Thompson prism with a
working range from 40,000 to 3704 cm−1 (250 to 2700 nm) was
used as a polariser. The wavelength scale of the spectrometer
was calibrated against Ho2O3-doped and Pr2O3/Nd2O3-doped
standards (Hellma glass filters 666F1 and 666F7). Spectral data
in the range 12,150–2000 cm–1 (800–5000 nm) was taken from
the FTIR measurements.

The optical absorption spectra of the untreated sample (Fig. 6) at
energies below the UV-absorption edge show a set of broad absorp-
tion bands at 21,950, 19,800, ∼18,000, 13,500 and ∼9500 cm–1

(corresponding to 456, 505, 556, 741 and 1053 nm). In addition, a
very weak and sharp absorption band occurs at 24,330 cm–1

(418 nm), and a set of very sharp, overlapping bands are recorded in
the NIR spectral range between 6700–7200 cm–1 (1492–1389 nm).
The absorption bands recorded in spectra of the untreated sample
at 24,330, 21,950 and ∼18,000 cm–1 are more intense for light
polarised perpendicular to the crystallographic c-axis. Conversely,
the absorption band 19800 cm–1 is only observed as a broad
shoulder in the E||c-spectrum. The set of sharp bands between
6700–7200 cm–1 is also completely E||c-polarised.

Fig. 3. Calibration of the Li emission line at 670.7 nm. The calibration resulted in two
branches (one below and the other above 0.1 Li2O wt.%) described by two regression
lines. Black squares represent samples from NIST standard glasses (SRM 610 and 612)
and Filip et al. (2012), black circles are from Bosi et al. (2005, 2019d) and Grew et al.
(2018); and a red filled circle represents the present sample.
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Fig. 4. Raman spectrum of the untreated Mn-bearing purplish-red tourmaline from Madagascar.

Fig. 5. Polarised FTIR spectra (E||c and E⊥c) of untreated Mn-bearing purplish-red
tourmaline from Madagascar. Sample thickness 55 μm. Spectra are vertically off-set
for clarity. Peak positions are indicated.

Fig. 6. Polarised OAS spectra (E||c and E⊥c) of untreated and treated Mn-bearing
purplish-red tourmaline from Madagascar. Sample thickness 309 μm. Spectra are ver-
tically off-set for clarity.
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The absorption spectra recorded on the heat-treated sample
(Fig. 6) display comparable features to those observed in the spec-
tra of the natural sample. However, all absorption bands at 21,950,
19,800, ∼18,000, 13,500 and ∼9500 cm–1 show pronounced inten-
sity gains, and the set of sharp absorption bands between 6700–
7200 cm–1 distinctly decreases in intensity.

Determination of atomic fractions

For the untreated sample, manganese oxidation state was deter-
mined by OAS (see below and Table 4). All Fe was considered
to be Fe3+ based on the OAS results and Mn and Fe redox poten-
tial arguments. Lithium was determined by μ-LIBS. Regarding the
B3+, the SREF data indicate that it fully occupies the B site, but
relatively small amounts of B3+ also occur at the T site:
T-m.a.n. = 13.24(7) and <T–O> = 1.613 Å are in fact significantly
smaller than the expected value for a T site fully occupied by Si
(TSi-m.a.n. = 14 and <TSi–O> = 1.619 ± 0.001 Å; Bosi and
Lucchesi, 2007), reflecting the presence of cations lighter and
smaller than Si, such as B3+ (Ertl et al., 2018). As a result, the
B2O3 and (OH) content were calculated by charge balance with
the assumption (T + Y + Z + B) = 18.00 apfu and 31 anions.

For the heat-treated sample, all Mn was considered as Mn3+

(i.e. Mn2O3 = 1.21 wt.%), in conformity with the heat treatment
conditions and the redox reaction:

(Mn2+)+ (OH)− � (Mn3+)+ (O2−)+ 1/2H2(g) (1)

Determination of site population and mineral formula

The anion site populations in the samples studied follow the gen-
eral preference suggested for tourmaline (e.g. Henry et al., 2011):
the O3 site (V position in the general formula) is occupied by
(OH)–, while the O1 site (W position in the general formula)
can be occupied by O2–, (OH)– and F–. The refined Z-site scatter-
ing and <Z–O> values (13 and 1.906 Å, respectively) are the typ-
ical values observed for a Z site fully occupied by Al (Bosi and
Andreozzi, 2013). The resulting empirical formula for the
untreated sample is as follows:

X(Na0.41A0.35Ca0.24)S1.00
Y(Al1.81Li1.00Fe

3+
0.04Mn3+0.02Mn2+0.12Ti0.004)S3.00

ZAl6[
T(Si5.60B0.40)S6.00O18](BO3)3(OH)3

W[(OH)0.50F0.13O0.37]S1.00

The bond-valence analysis is consistent with the proposed site
populations (Table 5). Moreover, the amount of 0.40 TB3+ apfu is
consistent with the relation of Hughes et al. (2004): [4]B =
[53.404–0.0346 ⋅ Vcell] = 0.44 apfu.

As for the treated sample, the following ordered formula is
proposed:

X(Na0.41A0.35Ca0.24)S1.00
Y(Al1.81Li1.00Fe

3+
0.04Mn3+0.15Ti0.004)S3.00

ZAl6[
T(Si5.60B0.40)S6.00O18](BO3)3(OH)3

W[(OH)0.38F0.13O0.49]S1.00

Discussion

Tourmaline classification

The empirical formula of the untreated sample is consistent with
a tourmaline belonging to the alkali-group, subgroup 2 (Henry
et al., 2011): it is Na-dominant (Na > □ > Ca) at the X position

of the general formula of tourmaline XY3Z6T6O18(BO3)3V3W and
hydroxy-dominant at W with (OH+F) > O and (OH) >>
F. Because Al and Si are the dominant cations at the Z and
T sites (respectively), the end-member formula can be approxi-
mated as X(Na)(Y3)

Σ6+ Z(Al6)
T(Si6O18)(BO3)3

V(OH)3
W(OH). For

formula electroneutrality reasons, the valency-imposed double
site-occupancy for the Y site is required with an atomic arrange-
ment (Li1.5Al1.5)

Σ6+. In accordance with the tourmaline nomencla-
ture and the IMA-CNMNC rules (Henry et al., 2011; Bosi et al.,
2019a,b), the present sample can be classified as Mn-bearing elbaite,
Na(Li1.5Al1.5)Al6Si6O18(BO3)3(OH)3OH.

Note that, although the empirical site-total-charge at Y
(= +6.986) is very close to +7, suggesting the arrangement
Y(Al2Li)

Σ7+, the latter must be ruled out because it would lead
to a charge imbalanced end-member formula: [Na(Al2Li)
Al6(Si6O18)(BO3)3(OH)3OH]Σ1+. Thus, only atomic arrangements
consistent with (Y3)

Σ6+, such as (Al1.5Li1.5)
Σ6+, can occur (Bosi

et al., 2019a,b).

Micro-Raman spectroscopy in the framework vibration region

In accordance with the studies of Mihailova et al. (1996), Reddy
et al. (2007), McKeown (2008) and Watenphul et al. (2016b),
five main ranges of framework vibrations can be identified in the
Raman spectrum of the untreated sample (Fig. 4) and attributed
to the following vibrating groups. (1) The range ∼200–300 cm–1

is dominated by YO6 vibrations; in particular, the band at
∼274 cm–1 corresponds to the Mn–O bond, previously observed
in a pink-tourmaline by Reddy et al. (2007). (2) The range
∼300–400 cm–1 (the strongest Raman peak) is generated by ZO6

vibrations, in particular the sharp peak at 377 cm–1 may be
given by the ZAl–O bond. (3) The range ∼500–750 cm–1 is domi-
nated by breathing modes of bridging oxygen atoms of TO4 rings.
(4) The range ∼950–1100 cm–1 is generated mainly from TO4

stretching vibrations. (5) The range ∼1300–1400 cm–1 arises
from B–O stretching vibrations.

With regard to the region of the (OH)-stretching vibrations
(3300–3800 cm–1), the Raman scattering peaks of the untreated
sample show wavenumbers similar to those of the infrared
absorption bands (cf. Fig. 4 with Fig. 5); thus, the
(OH)-stretching modes are discussed below.

Table 5. Weighted bond valences (valence units) for the purplish-red
tourmaline from Madagascar.

Site X Y Z T B SUM

O1 0.42×3→ 1.25
O2 0.12×3↓ 0.39×2↓→ 1.02 1.91
O3 0.24 0.43×2→ 1.09
O4 0.06×3↓ 0.99×2→ 2.04
O5 0.07×3↓ 0.95×2→ 1.97
O6 0.40×2↓ 0.55 1.01 1.96
O7 0.54 1.01 2.01

0.46
O8 0.51 0.98×2↓ 2.03

0.54

SUM 0.73 2.24 3.02 3.96 2.98
MAVa 0.90 2.29 3.00 3.93 3.00

Note: Weighted bond valence according to Bosi (2014). Bond valence parameters from
Brown and Altermatt (1985).
aExpected mean atomic valence (or formal charge) from the empirical formula.

248 Ferdinando Bosi et al.



FTIR spectra in the (OH)-stretching region and band
assignment

Infrared spectra of the untreated and treated samples recorded in
polarised mode parallel to the c-axis direction display a very
intense absorption feature in the 3400–3600 cm–1 region, which
is truncated due to excessive absorption (Fig. 5). This problem
is commonly encountered in polarised transmission spectra of
tourmaline single crystals, and it is normally not possible to
thin samples sufficiently to get this main band ‘on scale’. Bands
of lower intensity occur on both the low-energy (ca. 3340 cm–1)
and high-energy (3650, 3665 and 3703 cm–1) sides of the major
absorption band. Spectra polarised perpendicular to the c-axis
direction (E⊥c) show a set of bands with substantially lower
intensities (Fig. 5). The spectral range that is obscured by exces-
sive absorption in the E||c direction displays here the presence
of three bands at wavenumbers 3464, 3540 and 3597 cm–1, indi-
cating (OH)-dipoles aligned close to, but with a small inclination
to the c-axis (Gatta et al., 2014).

After thermal treatment, a number of changes can be observed
in the FTIR spectra: the sharp band at 3665 cm–1 progressively
decreases in intensity and almost disappears in the E||c direction
(Fig. 7), whereas a new band appears at 3395 cm–1, visible in the
E⊥c direction (Fig. 8). The (OH) bands in the overtone region
(Fig. 9) show a distinct decrease in absorption intensity, amount-
ing to 17±3% as estimated from spectral fitting. However, a gen-
eral decrease in absorption band intensity is not observed in the
principal (OH)-region in spectra of the heat-treated samples
polarised in the E⊥c direction. Instead, we observe a weak
increase in intensity, probably related to a decrease in polarisation
efficiency due to microcracks and other crystal imperfections
formed during heat treatment, leading to minor contributions
from the extremely intense absorbance in the E||c direction.

In the tourmaline structure, the O1 site (≡ W) is surrounded
by three Y cations, whereas the O3 site (≡ V) is surrounded by

one Y and two Z cations. In accord with Gatta et al. (2014), we
assume that: the O1(OH) group forms a very weak hydrogen
bond (bond strength < 0.05 valence units, vu) with O4 and O5,
whereas the O3(OH) group forms a weak hydrogen bond (bond
strength ∼0.11 vu) with the closest O5 atom (O3–H3⋅⋅⋅O5); the
strength of the hydrogen bond will cause a frequency shift of

Fig. 7. Polarised FTIR spectra (E||c) of untreated and heat-treated Mn-bearing tour-
maline. Sample thickness 55 μm. Spectra are vertically off-set for clarity. Peak posi-
tions are indicated.

Fig. 8. Polarised FTIR spectra (E⊥c) of untreated Mn-bearing tourmaline. Sample
thickness 309 μm. Spectra are vertically off-set for clarity. Peak positions are indi-
cated. Note new band appearing at 3395 cm–1 after treatment.

Fig. 9. Polarised FTIR/NIR spectra (E||c) of untreated and heat-treated Mn-bearing
tourmaline in the OH-overtone region. Sample thickness 309 μm. Spectra are verti-
cally adjusted for clarity.
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the principal (OH)-stretching vibration (e.g. Libowitzky, 1999).
Therefore, the relative weak vibrational bands above ∼3600 cm–1

may be assigned to the O1 site, whereas the strong bands
below ∼3600 cm–1 may be assigned to the O3 site (e.g.
Gonzalez-Carreño et al., 1988; Bosi et al., 2015). Based on the
studies of Skogby et al. (2012), Bosi et al. (2012, 2016b),
Watenphul et al. (2016a) and Kutzschbach et al. (2016) as well
as on the observed site populations, the FTIR bands of the
present purplish-red tourmaline may be related to the following
atomic arrangements:
∼3350 cm–1 is assigned to hydrogen bond O3O–H3⋅⋅⋅O5, which
may reflect both the presence of TB3+ and the X-site occupancy;
∼3395 cm–1 is assigned to 3[Y(Mn3+,Al)ZAlZAl]–O3(OH)3;
∼3464, 3540 and 3597 cm–1 to 3[Y(Li,Mn2+,Al)ZAlZAl]–O3(OH)3;
∼3650 cm–1 is assigned to Y(LiAlAl)–O1(OH)–X(□);
∼3665 cm–1 is assigned to Y(LiMn2+Al)–O1(OH)–X(□);
and ∼3703 cm–1 is assigned to Y(LiAlAl)–O1(OH)–X(Na).

The main difference between the FTIR spectra of the untreated
and treated sample occurs in gradual decrease in the intensity
of the band at 3665 cm–1 and the appearance of the band at
3395 cm–1 with the increase in temperature up to 750°C. As a
result, these bands, in particular that at 3665 cm–1, may be corre-
lated directly with the decreased Mn2+ and increased Mn3+ con-
tent, according to the redox reaction (1), reported in the section
‘Determination of atomic fractions’. However, it appears that
(OH) is also lost by mechanisms other than the redox reaction.
Only a partial loss of 0.12 (OH) apfu can be coupled to the oxi-
dation of Mn2+, whereas the total (OH) loss as estimated from the
decrease of (OH) overtone intensities (17 ± 3%) corresponds to
ca. 0.6 (OH) apfu. The reason for this additional dehydration is
unknown, but may be related to initial breakdown processes of
the crystal structure.

Of particular interest is also the association of the O1(OH)
stretching modes with the X-site constituents: the bands between

∼3600–3700 cm–1 are considered associated with X
□, whereas

those above 3700 cm–1 are considered associated with XNa+.
This distinction is related to the repulsive electrostatic interaction
between the Xn+ cation and H+ of the O1(OH) group, which rein-
forces the strength of the O1O–Hbond, shifting the (OH)-stretching
mode towards higher wavenumbers (e.g. Gonzalez-Carreño et al.,
1988; Berryman et al., 2016; Watenphul et al., 2016a).
Consequently, the presence of XNa+ determines an electrostatic
repulsion with H1H+ along the crystallographic c-axis, whereas
the substitution X

□ → XNa+ removes such a repulsion (Fig. 10).
From the energetic-stability viewpoint, the rossmanite type
arrangements (YYY)–O1(OH)–X(□) should hence be more likely
to occur than the elbaite type arrangement
(YYY)–O1(OH)–X(Na). The Xn+–H+ repulsion effect will be stron-
ger with the substitution XCa2+ → XNa+. On the other hand, this
cation–cation repulsion can be removed by the chemical sub-
stitution O1F–→ O1(OH)– or the deprotonation process O1(OH)– +
¼ O2(g) →

O1O2– +½ H2O(g), both of which would favour the
occurrence of fluor-liddicoatite and darrellhenryite type arrange-
ments (YYY)–O1(O,F)–X(Na,Ca).

Optical spectra

With the exception of the broad absorption band at ∼9500 cm–1,
the characteristics (band energy, band width and polarisation) of
all observed bands in the spectra of the present sample are in very
good agreement with those recorded for Mn3+-bearing tourma-
line specimens (Reinitz and Rossman, 1988; Ertl et al., 2005;
Novák et al., 2013; Bosi et al., 2017a). In agreement with these
previously published studies we assign bands at 21,950, 19,800,
∼18,000, 13,500 cm–1 to electronic transitions in octahedrally
coordinated Mn3+ and the very weak and sharp band at 24,330
cm–1 to an electronic transition in octahedrally coordinated
Mn2+. The set of strongly E||c-polarised, sharp bands in the

Fig. 10. Simplified structure of tourmaline showing the relative
positions of H1, H3, O1, O3 and X with respect to Y, Z and the
ring of tetrahedra TO4. Of particular interest is the strong inter-
action between X and H1 (distance ≈2.21 Å) and the very weak
interaction between X and H3 (distance ≈3.65 Å).
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NIR region between 6700–7200 cm–1 are due to overtones of the
fundamental (OH)-stretching modes.

Based on the intensity of the Mn3+ band at ∼18,000 cm–1 in
the spectrum perpendicular to the c-axes (Fig. 6) in combination
with the published molar absorption coefficient for that absorp-
tion band (Reinitz and Rossman, 1988), we calculate an Mn2O3

content of ∼1 wt.%. However, the strong intensity increase by a
factor of ∼4× for this band in spectra of our heat-treated sample,
in combination with the analysed MnOtot content, strongly sug-
gests that the absorption coefficient for the band is somewhat
higher than that indicated by Reinitz and Rossman (1988).
Assuming that all Mn2+ was oxidised to Mn3+ during the heat
treatment of our sample we determine an absorption coefficient
of ∼30 l mole–1cm–1, compared to the value of ∼7.5 suggested
by Reintitz and Rossman (1988). Based on this revised absorption
coefficient we calculate a Mn2O3 content of ∼0.2 wt.% for the
untreated sample.

In view of the limited set of transition metals (Mn, Fe and Ti)
in the present tourmaline, the number of potential origins for the
broad absorption band recorded at ∼9500 cm–1 is very limited as
well. The broadness of this band and its relatively high intensity
exclude that it is caused by electron transitions in Mn2+ or Fe3+,
which all give rise to much weaker and also sharper spin-
forbidden absorption bands. Furthermore, redox potential argu-
ments exclude the presence of Fe2+ in a Mn3+-bearing substance.
Finally, Ti4+ is not a chromophore and Ti3+ is also excluded on
the basis of redox potential considerations. Consequently, there
remain only transitions in Mn3+ as a cause for the ∼9500 cm–1

band. This assignment is in agreement with observations of a
broad Mn3+-related absorption band at ∼1040 nm (correspond-
ing to ∼9615 cm–1) in optical spectra of oxidised Mn2+-rich
elbaite (Ertl et al., 2012). It is also in agreement with the observed
increase in band intensity on heat treatment (oxidation) of the
present sample. The relatively low energy of this band offers
two main alternative assignment schemes. Firstly, low-energy
bands caused by transitions in Mn3+ are frequently observed in
spectra of substances, in which the cation is at the centre of octa-
hedra that are characterised by one or two metal–ligand bonds
deviating strongly from the remaining ones, either by being con-
siderably shorter or longer (Burns, 1993). Secondly, transitions in
tetrahedrally coordinated [4]Mn3+ may also give rise to spectral
bands of relatively low energy, as shown by a broad absorption
band at 10,800 cm–1 in spectra of [4]Mn3+-doped spinel (Bosi
et al., 2007). The observed intensity increase for the ∼9500 cm–1

band in response to heat treatment, i.e. oxidation, represents a
strong argument against this second suggestion, as this would
require Mn2+ to be located initially at the tetrahedrally coordinated
sites of tourmaline, which is highly unlikely (Bačík and Fridrichová,
2020). Furthermore, the SREF results provides no indications for
[4]Mn3+ and consequently we prefer the suggestion that the band
is caused by a transition in Mn3+ cations at octahedrally coordi-
nated sites, where the local electronic field around the cation is
strongly distorted from the Oh symmetry.

Conclusions

The comprehensive multi-analytical approach of the present
study shows that the gem-quality purplish-red colour of the
hand specimen of elbaite from the Anjanabonoina pegmatite
(Madagascar) is caused by Mn3+, which occurs as a minor elem-
ent (Mn2O3 = 0.20 wt.%, corresponding to 0.02 apfu). The colour

intensity strongly increases with increasing Mn3+ concentrations
(Mn2O3 up to 1.21 wt.%, corresponding to 0.15 apfu).

Although the bulk chemical composition of the present sample
corresponds to elbaite, based on the electrostatic H+–Na+ repul-
sion, the more intense FTIR bands related to O1 could be ascribed
to the rossmanite-type arrangements (YYY)–O1(OH)–X(□) rather
than elbaite-type ones (YYY)–O1(OH)–X(Na).

Following this model of the electrostatic interaction between
the X cation and W anions, the substitution F– → (OH)– as
well as the removal of H from the W(OH) group would favour
the occurrence of fluor-liddicoatite- and darrellhenryite-type clus-
ters. On the other hand, the presence of H in the W(OH) group
could explain the absence or rarity of tourmalines such as ‘liddi-
coatite’, ideally Ca(Li2Al)Al6Si6O18(BO3)3(OH)3OH. The latter is
still, in fact, a missing mineral species. Similar arguments might
be applied to uvite, CaMg3Al6Si6O18(BO3)3(OH)3OH (Bosi
et al., 2020), but in this case we have to consider the increased
total charge at the Y site of uvite (+6) compared to ‘liddicoatite’
(+5), which may accommodate composition with a strong H+–
Ca2+ repulsive effect. In this regard, Ertl and Bačík (2020)
described the correlations between the F content and the X-site
charge, whereas Henry and Dutrow (2011) showed: (1) that inter-
action among the X, Y and O1 sites can accommodate unfavour-
able compositions; (2) the latter may also be influenced by the
petrological environment, which may yield deviation from the
limitations imposed by the tourmaline crystal chemistry. Bosi
et al. (2017b) showed that direct correlation between F and Cr
observed in Cr tourmalines from the Sludyanka complex, Lake
Baikal, Russia, requires the occurrence of the local arrangements
Y(CrCrCr)–O1(F), which should be unstable from a short-range
bond-valence perspective (e.g. Bosi, 2013, 2018).

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1180/mgm.2021.20
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2.1.3 Oxy-dravite-maruyamaite series 
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Abstract 

Nine crystals of natural K-bearing oxy-dravite to maruyamaite extracted from a quartzofeldspatic 

gneiss from the ultra-high pressure (UHP) region of Kokchetav Massif (Kazakistan) were fully 

characterized with a multi-analytical approach. The whole oxy-dravite-maruyamaite series was 

investigated through Scanning Electron Microscope (SEM), Electron MicroProbe Analysis (EMPA) 

and single crystal X-Rays diffraction (SC-XRD), to better understand the impact of K content on 

tourmaline structure.  

In the studied samples, the Na-K substitution at the X site is part of a more general substitution, 

expressed as: XK+YAl+WO = XNa+YMg+W(OH,F), which leads from maruyamaite to oxy-dravite. 

From the discrepancy (d, in valence units vu) between bond valence sum (BVS) and formal mean 

charge at the X site, it is shown that with a K content increase, X sees a compression of its bonds 

(overbonded cation) where low contents of K lead to a stretching of the bonds (underbonded cation) 

of X polyhedron. 

 

Keywords: k-rich tourmaline, ultra-high-pressure minerals, maruyamaite, crystal-structure 

refinement, electron microprobe, single-crystal X-Rays Diffraction 
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The element potassium (K) is an incompatible element that strongly partitions into melts and fluids 

released during partial melting and devolatilization of mantle peridotites and subducted crustal 

material (e.g. Schmidt, 1996; Thomsen and Schmidt, 2008). 

Along subduction zones, among the potential water-B-K getters and carriers [e.g. sanidine, 

phlogopite, K-bearing amphiboles (see Harlow and Davies, 2004)], tourmaline has always been 

underestimated thus only being nominally confined to shallower geological settings. In contrast to 

what is commonly believed, tourmaline's stability field is way larger than expected, as tourmaline 

actually crystallizes in a variety of geological settings, representing the most important boron rock-

forming mineral from the surface of the crust to the upper Mantle (e.g., Marschall et al. 2009; Lussier 

et al. 2016). 

From a crystal-chemical viewpoint, tourmalines are a supergroup of complex cyclosilicates-borates, 

listed among the earliest minerals that made their first appearance on Earth (Grew et al. 2016). In the 

last few decades, tourmaline structure and chemistry has been extensively investigated, as it was very 

clearly exposed and overviewed by Bosi (2018). Its flexible structure is one of the most 

accommodating in terms of different elements that can be hosted, leading to an unmatched wide 

stability over very different pressure and temperature conditions (Dutrow and Henry, 2011; van 

Hinsberg et al. 2011). This peculiar feature is revealed by its general formula: XY3Z6T6O18(BO3)3V3W, 

where, commonly, X = Na+, K+, Ca2+, o (= vacancy); Y = Al3+, Cr3+, V3+, Fe2+/3+, Mg2+, Mn2+, Li+, 

Ti4+; Z = Al3+, Cr3+, V3+, Fe2+/3+, Mg2+; T = Si4+, Al3+, B3+; B = B3+, V = (OH)–, O2–; W = (OH)–, F–, 

O2–. When not italicized, letters represent groups of cations at the [9]X, [6]Y, [6]Z, [4]T, and [3]B 

crystallographic sites (letters italicized). When groups of anions are located at the 
 [3]O3 and [3]O1 sites, letters V and W are respectively used. Hydrogen atoms occupy the H3 and H1 

sites, which are related to O3 and O1, respectively. On the basis of X site dominant occupancy, 

tourmalines can be primarily classified as vacant, alkali and calcic (Henry et al. 2011). Among alkali 

tourmalines, K-dominant tourmalines are so far originated only from one unique location on Earth: 

Kokchetav Massif, Northern Kazakistan, and are officially named as maruyamaite 

[K(MgAl2)(Al5Mg)Si6O18(BO3)3(OH)3O]. About maruyamaite, in addition to its compositional 

peculiarity that reveals a true singularity in the chemistry of the formation environment, the P-T 

conditions that occurred at the moment of its crystallization were also estimated. Those conditions 

were framed into an UHP environment because micro-diamond inclusions were found into 

maruyamaite and K-oxy-dravite crystals from quartzo-feldspathic gneisses of the Kumdy-Kol area of 

the Kokchetav Massif (Lussier et al. 2016). Thus, high pressure was apparently claimed to be the 

reason for K accomodation at the X site (Shimizu and Ogasawara, 2005; 2013; Ota et al., 2008). 

Anyway, the genesis of maruyamaite in UHP environment is still under debate, since, as reported in 
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Berryman et al. (2014) and formerly postulated by Marschall et al. (2009), the absence of Na as a 

competitor for X site occupancy during tourmaline formation could have led to the otherwise 

disfavoured K incorporation. Moreover, a new occurrence of maruyamaite in the Barchi-Kol site 

(Musiyachenko et al., 2021) allowed to claim for a high K activity in the forming environment over 

UHP conditions, based on petrological observations and thermodynamic calculations, showing a 

similarity with experimental studies on K-bearing clinopyroxene, where it was observed that K 

oversaturation over pressure runs the game (Safonov et al., 2011). In addition, tourmaline developed 

in other UHP terrains typically do not exhibit comparable K contents, and generally contains <0.05 

apfu K (cf. Ertl et al. 2010). 

Apart from K-dominant tourmalines formation, their breakdown conditions - an thus, water, B, and 

K release - could be indeed influenced by K occupancy at the X site, since experimental work by 

Likhacheva et al. (2019) performed on maruyamaite (K-dominant tourmaline), showed a stabilizing 

function of K at P > 15 GPa and an overall structural resistance up to 20 GPa, even if the role of 

temperature has not been investigated so far. So, K-bearing tourmalines could transport K down to 

upper Mantle conditions, where also nominally anhydrous phases can host it to deeper parts of the 

Mantle, as documented by foundings of high K2O contents in clinopyroxene in diamondiferous 

ecogites and inclusion in diamonds from South African and Yakutian kimberlites (Erlank and 

Kushiro, 1970; Sobolev, 1977; Prinz et al., 1975; Bishop et al., 1978). For nominally anhydrous 

phases an important role of pressure for K to be accommodated into the crystal structure was 

observed, specifically P > 20 GPa for garnet (e.g. Wang and Takahashi, 1999). Therefore, 

maruyamaite's structural characterization and stability at different P and T is crucial to understand 

how tourmaline allows K to accommodate and how the structure adapts to that unusual composition 

In this study, 9 samples of natural K-bearing oxy-dravite to maruyamaite from the UHP region of 

Kokchetav Massif (Kazakistan) were characterized through SEM, EMPA and single crystal X-Rays 

diffraction, analyzing the whole oxy-dravite-maruyamaite series to better understand the impact of K 

content on tourmaline structure. 

 

Methods 

 

Starting material 

 

Tourmaline crystals were mechanically extracted from the host rock (a quartzofeldspathic gneiss from 

the Kumdy-Kol area, collected by Andrey Korsakov's research team) by a stainless steel clamp and 

selected under the microscope. More than 400 fragments of oxy-dravite were isolated and embedded 



 

 48 

in epoxy to obtain 4 samples containing roughly 100 fragments disposed in rows (Figure 1), each one 

characterized by a size of 100 to 500 microns. Through Scanning Electron Microscopy (SEM) the 

presence of a possible zonation was checked with EDS spectra and a preliminary location of the 

portions with homogeneous K content was therefore defined for each fragment. With the Electron 

MicroProbe (EMP) the portions with a homogeneous K content were mapped out through single spot 

quantitative analysis performed in WDS mode. Some of the homogeneous portions with an increasing 

content of K were mechanically extracted with a gold sewing needle from each fragment of interest 

and mounted on glass fibers in order to perform Single Crystal X-Rays Diffraction (SCXRD) and 

compare the obtained structural data to the EMPA. 

 

SEM 

 

The scanning electron microscopy was performed on each sample with a Carl Zeiss SEM EVO® 50 

available at the Department of Earth Sciences (Sapienza University of Rome), equipped with a W 

filament target and SE Everhart-Thornley detector plus a QBS detector, coupled with an EDS for 

qualitative elemental analysis. The resolution at 30 kV was 3.0 nm and the acceleration voltage range 

was 0.2 to 30 kV with a magnification power going from 5 to 1000000x. 

 

EMP 

 

Electron microprobe analysis for the tourmaline sample was obtained using a wavelength-dispersive 

spectrometer (WDS mode) with a Cameca SX50 instrument at the “Istituto di Geologia Ambientale 

e Geoingegneria (Rome, Italy), CNR”, operating at an accelerating potential of 15 kV, with a 15 nA 

current and a 10 µm beam diameter. Minerals and synthetic compounds were used as standards: 

wollastonite (Si, Ca), magnetite (Fe), rutile (Ti), corundum (Al), vanadinite (V), fluorphlogopite (F), 

periclase (Mg), jadeite (Na), orthoclase (K), sphalerite (Zn), rhodonite (Mn), metallic Cr, Ni and Cu. 

The PAP correction procedure for quantitative electron probe microanalysis was applied (Pouchou 

and Pichoir 1991). Results are reported in Table 2. Vanadium, Cr, Ni and Cu were below their 

respective detection limits (0.03 wt%) in the studied sample. 

 

SC-XRD 

 

Nine crystal fragments with composition ranging from K-bearing oxy-dravite to maruyamaite from 

Kokchetav Massif (Kazakistan) were selected for X-ray diffraction measurements on a Bruker 
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KAPPA APEX-II single-crystal diffractometer (Sapienza University of Rome, Earth Sciences 

Department), equipped with a charge-coupled device (CCD) area detector (6.2 cm Å~ 6.2 cm active 

detection area, 512 Å~ 512 pixels) and a graphite-crystal monochromator 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 reciprocal sphere with a redundancy 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, polarisation 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 

absorption correction led to an improvement in Rint. No violation of R3m symmetry was detected. 

Structure refinement was done using the SHELXL-2013 program (Sheldrick, 2015). Starting 

coordinates were taken from Lussier et al. (2016). Variable parameters were scale factor, extinction 

coefficient, atom coordinates, site-scattering values (for X, Y and Z sites) and atomic-displacement 

factors. Attempts to refine the extinction coefficient yielded values within its standard uncertainty, 

thus it was not refined. Neutral scattering factors were used for the cations and oxygen atoms. As for 

the atomic model refinement and in accordance with the chemical analysis results (see below), the X 

site was modelled by setting the vacancy content to a variable content of atoms per formula unit 

(apfu), and allowing the remainder of the site to refine as Ca = (0.65 – Na). The Y site was refined 

by fixing the (Mn+Fe) occupancy to 1 apfu. The T site was constrained by an occupancy of Si equals 

to 1 apfu. The Z, B and anion sites were modelled with Al, B and O scattering factors, respectively, 

and with a fixed occupancy of 1 as refinement with unconstrained occupancies showed no significant 

deviations from this value. A final refinement was then performed by modelling the site occupancy 

of the O1 site with O and F fixed to the value obtained from the empirical formula (see below). 

Similar chemical constraints were applied to refine the H1 and H3 sites. There were no correlations 

greater than 0.7 between the parameters at the end of the refinement. Table 1 lists crystal data, data-

collection information and refinement details. 

Site populations were determined by a minimization procedure which simultaneously takes into 

account both structural and chemical data (Bosi and Lucchesi 2004). Iron oxidation ratio was assigned 

after MS data reported in Lussier et al. (2016).  

Any deficiency of B at B site was excluded because the mean bond distance <B–O> of all samples 

corresponds to the typically observed bond distance for B in planar triangular coordination in 

inorganic structures (Hawthorne et al., 1996). 

 

Results and Discussion 
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Chemical composition obtained by EMPA is reported in Table 2. All the studied crystals belong to 

the maruyamaite-oxy-dravite series as displayed in Figure 2. Specifically, they can be classified as 

Fe2+-rich maruyamaite (samples 24c2a and 2c2b), and Fe2+- and F-rich oxy-dravite (the remaining 

samples), as reported in Table 3. Calculated and observed mean atomic numbers for the nine 

tourmaline samples at the different structural sites are listed in Table 4. 

In all samples the T site can be considered as practically fully occupied by Si as shown by the limited 

variation of the mean bond distances <T–O> ranging from 1.618 to 1.620 Å, which correspond to the 

ideal distance <Si–O> = 1.619(1) Å (e.g., Bosi and Lucchesi, 2007). The Z site shows a quite constant 

site population, where the Al:Mg ratio is about 5:1, as shown by the very limited variation of <Z–O> 

(see Table 5), ranging from 1.929 to 1.933 Å. The largest chemical variation is observed at the Y site, 

which is dominated by Mg ranging from 1.28 to 1.51 apfu, Al ranging from 1.10 to 1.27 apfu, Fe2+ 

ranging from 0.29 apfu to 0.33 apfu, and with Ti up to 0.25 apfu. Consistently, the <Y–O> is 

negatively correlated to Al (Fig. 3a). Notably, the linear fit equals to 1.906 Å when YAl is 3 apfu, in 

line with the ionic radii of Bosi and Lucchesi (2007).   

The X site is dominated by the homovalent substitution of K (ranging from 0.03 to 0.47 apfu) for Na 

(0.33 to 0.56 apfu). The incorporation of K at the X site enlarges the <X–O> from 2.665 to 2.687 Å, 

through a linear fit (Fig. 3b). The datum from Berryman et al (2014) falls out this trend, maybe 

because their sample presents vacancies at X site (0.3 apfu) that may enlarge the site itself. Moreover, 

their sample has been synthesized at 4 GPa. 

The increase in K content linearly increases the c-parameter from 7.197 to 7.223 Å, as reported in 

Figure 3c; no correlation between K content and the a-parameter was found.  

The unit cell volume increases from 1.582 to 1.586 Å3 with the K content (Figure 3d). 

In the studied samples, the Na-K substitution at the X site is part of a more general substitution, 

expressed as: XK+YAl+WO = XNa+YMg+W(OH,F), which leads from maruyamaite to oxy-dravite 

(Figure 4). Our samples are also in rich in Ca, which is positively correlated to Na (R2 = 0.62) and 

inversely correlated to K (R2 = 0.93), representing the minor uvite component of the samples. Fluorine 

is incorporate in the studied samples with an inverse correlation with WO2- (R2 = 0.80), through the 

overall substitution 2XK + 2YAl + WO = X(Na+Ca) + 2YMg  +  W(OH,F).  

In accordance with Shimizu and Ogasawara (2013), our samples show a clear zonation from a K-rich 

core to a Na (and Ca) rich rim, coherently with the retrograde metamorphism experienced by their 

host rock. Consequently, K was accommodated in tourmaline's structure at high pressure conditions, 

becoming less stable at lower pressure and getting replaced by Na (and Ca). However, it is worth 

noting that K-dominant tourmaline with povondraite composition also occurs in sedimentary rocks 

(sample 35899 of Grice et al., 1993). The possibility for K to be accommodated in povondraite's 
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(sample 35899 of Grice et al., 1993). The possibility for K to be accommodated in povondraite's 

structure at low pressure is favoured by the larger 3D-framework made of ZFe3+O6 polyhedra (Hovis 

et al., 2022) with respect to the other members of tourmaline supergroup which are usually built over 

a network of ZAlO6 polyhedra (exception made for chromdravite).  

The X site shows distortion indices ranging from 9.8 *104 (for the sample with 0.47 apfu of K) to 

2.14 *103 (for the sample with 0.03 apfu of K), which were calculated with the following formula 

∆#= %
& ∑ [(*+ − *- *-]/⁄&

%  edited from the bond-length distortion indices formulae of Ertl et al. 

(2002) and listed in Table 7. From the discrepancy (d, in valence units vu) between bond valence sum 

(BVS) and formal mean charge at the X site, listed in Table 7, it is shown that with a K content 

increase, X is in compression (overbonding) where low contents of K lead to an extention 

(underbonding) of X (Figure 5). 
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Table 1 Single-crystal X-ray diffraction data collected at room temperature. 

 

 

 

 

 

 

 

Sample MRY24C2a MRY2C2b MRY14b MRY25b MRY32a MRY111a MRY92a MRY92b MRY92c 

          

crystal size (mm) 0.16 x 0.20 x 0.20 
0.24 x 0.21 x 

0.07 
0.12 x 0.10 x 0.02 0.28 x 0.28 x 0.20 0.16 x 0.12 x 0.09 0.20 x 0.14 x 0.12 0.16 x 0.14 x 0.08 0.24 x 0.21 x 0.16 0.16 x 0.12 x 0.04 

a (Å) 15.92628(19)    15.9246(2) 15.9284(2) 15.92900(14) 15.93109(19) 15.92922(18) 15.9211(3) 15.9273(3) 15.9218(2) 

c (Å) 7.22263(10)     7.21910(10) 7.20010(10) 7.20700(10) 7.19726(9) 7.19972(10) 7.2149(2) 7.20670(10) 7.21340(10) 

V (Å3) 1586.55(4) 1585.44(5) 1582.02(5) 1583.66(4) 1581.93(4) 1582.10(4) 1583.82(7) 1583.26(6) 1583.63(5) 

Data collection range, 2! (°) 6-75 6-75 6-73 6-73 6-73 6-73 6-73 6-73 5-73 

Reciprocal space range hkl –27 ≤ h ≤ 26 –26 ≤ h ≤ 26 –25 ≤ h ≤ 26 –26 ≤ h ≤ 26 –26 ≤ h ≤ 26 –26 ≤ h ≤ 26 –26 ≤ h ≤ 26 –26 ≤ h ≤ 26 –26 ≤ h ≤ 26 
 –24 ≤ k ≤ 27 –26 ≤ k ≤ 27 –26 ≤ k ≤ 26 –26 ≤ k ≤ 26 –26 ≤ k ≤ 26 –26 ≤ k ≤ 26 –26 ≤ k ≤ 26 –26 ≤ k ≤ 22 –26 ≤ k ≤ 22 
 –12 ≤ l ≤ 11 –12 ≤ l ≤ 11 –8 ≤ l ≤ 11 –10 ≤ l ≤ 11 –12 ≤ l ≤ 12 –11 ≤ l ≤ 10 –10 ≤ l ≤ 8 –11 ≤ l ≤ 11 –10 ≤ l ≤ 10 

Number reflections 11867 11927   11781 11682 11710 11731 11795 11676 11846 

Unique reflections, Rint (%) 1770, 1.19 1902, 1.81 1698, 2.91 1679, 1.37 1850, 1.86 1813, 1.83 1636, 1.96 1804, 3.42 1718, 2.57 

Redundancy 12 12 12 12 12 12 12 12 12 

Extincion coefficient 0.00070(17) 0.00114(17) 0.00047(17) 0.00055(17) 0.00049(16) 0.00056(17) 0.00056(17)  0.0009(2) 0.00038(18) 

Flack parameter 0.09(3) 0.10(4) 0.07(5) 0.08(4) 0.10(4) 0.10(4) 0.08(4) 0.07(4) 0.08(4) 

wR2 (%) 3.21 3.26 3.79 3.27 3.35 3.33 3.33 3.62 3.60 

R1 (%) all data 1.27 1.35 1.83 1.25 1.39 1.31 1.35 1.43 1.71 

R1 (%) for I  > 2"(I) 1.26 1.30 1.68 1.24 1.36 1.29 1.32 1.43 1.59 

GooF   1.090 1.099 1.051 1.088 1.083 1.109 1.080 1.074 1.050 
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Table 2 Chemical composition of the 9 crystal fragments studied. 

Sample MRY24C2a MRY2C2b MRY14b MRY25b MRY32a MRY111a MRY92a MRY92b MRY92c 

 avg of 5 spots avg of 3 spots avg of 3 spots avg of 10 spots avg of 3 spots avg of 6 spots avg of 11 spots avg of 9 spots avg of 5 spots 

SiO2 (wt.%) 36.12(0.29) 36.22(0.15) 36.49(0.38) 35.99(0.26) 36.97(0.21) 36.43(0.27) 35.91(0.24) 35.77(0.41) 36.16(0.49) 

TiO2 1.03(0.04) 1.05(0.05) 0.67(0.14) 0.66(0.10) 0.63(0.06) 0.61(0.05) 0.70(0.06) 0.70(0.07) 0.66(0.08) 

B2O3 10.46c 10.49c 10.57c 10.51c 10.71c 10.55c 10.45c 10.46c 10.52c 

Al2O3 31.96(0.25) 32.10(0.25) 32.13(0.59) 32.14(0.24) 32.05(0.10) 31.44(0.19) 31.96(0.33) 32.24(0.35) 32.02(0.44) 

Cr2O3 0.03(0.03) 0.04(0.04) 0.04(0.03) 0.00 0.07(0.01) 0.07(0.02) 0.00 0.04(0.02) 0.00 

V2O3 0.08(0.02) 0.06(0.01) 0.05(0.03) 0.04(0.02) 0.05(0.01) 0.04(0.02) 0.05(0.02) 0.04(0.02) 0.04(0.02) 

FeOtot 2.82(0.18) 2.98(0.12) 2.84(0.46) 2.80(0.31) 2.45(0.13) 2.65(0.31) 2.92(0.13) 2.89(0.14) 2.80(0.29) 

MgO 8.92(0.14) 8.80(0.09) 9.33(0.47) 9.32(0.46) 10.11(0.07) 9.95(0.27) 9.15(0.27) 9.07(0.09) 9.37(0.44) 

CaO 1.12(0.05) 1.08(0.03) 1.64(0.23) 1.62(0.23) 1.99(0.08) 2.00(0.13) 1.48(0.20) 1.42(0.05) 1.61(0.29) 

Na2O 1.02(0.06) 1.07(0.04) 1.74(0.07) 1.53(0.22) 1.66(0.15) 1.43(0.68) 1.31(0.20) 1.16(0.05) 1.40(0.22) 

K2O 2.21(0.10) 2.12(0.05) 0.52(0.29) 0.88(0.53) 0.14(0.05) 0.30(0.07) 1.31(0.45) 1.65(0.07) 1.04(0.58) 

F 0.16(0.07) 0.11(0.06) 0.33(0.18) 0.33(0.13) 0.57(0.07) 0.43(0.10) 0.40(0.13) 0.35(0.05) 0.34(0.05) 

H2O 2.84 2.88 2.87 2.89 2.90 2.95 2.83 2.86 2.89 

-O = F -0.07 -0.05 -0.14 -0.14 -0.24 -0.18 -0.17 -0.15 -0.15 

FeO 2.54 2.68 2.56 2.52 2.21 2.39 2.63 2.60 2.52 

Fe2O3 0.31 0.33 0.32 0.31 0.27 0.29 0.32 0.32 0.31 

Total 98.75 99.00 99.11 98.65 100.08 98.71 98.34 98.52 98.78 

Atoms per formula unit 

(apfu) normalised to 31 anions 

Si(apfu) 6.000 6.000 6.000 5.955 6.000 6.000 5.970 5.942 5.977 

Ti 0.128 0.131 0.083 0.082 0.076 0.076 0.088 0.087 0.082 

B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 

Al 6.257 6.267 6.227 6.266 6.129 6.103 6.261 6.313 6.237 

Cr 0.004 0.006 0.005 0.000 0.008 0.009 0.000 0.005 0.000 

V 0.011 0.008 0.006 0.006 0.006 0.005 0.007 0.005 0.005 
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aStandard deviation is reported in brackets.  
bavg = average 
cCalculated by stoichiometry, (Y+Z+T+B) = 18.000 apfu. 
dFeO/Fe2O3 ratio is referred to the value measured in Lussier et al. (2016). 

 

 

 

 

Fe3+ 0.039 0.041 0.039 0.039 0.033 0.037 0.041 0.040 0.039 

Fe2+ 0.353 0.372 0.351 0.349 0.299 0.329 0.366 0.361 0.348 

Mg 2.209 2.174 2.288 2.298 2.447 2.443 2.268 2.246 2.308 

Ca 0.200 0.191 0.289 0.287 0.346 0.353 0.263 0.252 0.285 

Na 0.330 0.344 0.556 0.491 0.521 0.458 0.422 0.375 0.449 

K 0.469 0.449 0.108 0.186 0.029 0.063 0.278 0.350 0.220 

F 0.084 0.060 0.170 0.170 0.290 0.224 0.210 0.182 0.180 

OH 3.152 3.179 3.144 3.194 3.138 3.245 3.139 3.166 3.182 
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Table 3 Crystal-chemical formula per each tourmaline crystal fragment and its classification. 

Sample Crystal-chemical formula 

24c2a 

(maruyamaite) 
X(K0.47Na0.33Ca0.20)Σ1.00 Y(Mg1.28Al1.27Fe2+0.31Ti0.13V0.01)Σ3.00 Z(Al4.99Mg0.93Fe2+0.04Fe3+0.04)Σ6.00 TSi6O18(BO3)3 O3(OH)3 O1[(OH)0.15F0.08O0.77]Σ1.00 

2c2b 

(maruyamaite) 
X(K0.45Na0.34Ca0.19�0.02)Σ1.00 Y(Mg1.31Al1.25Fe2+0.29Ti0.25V0.01Cr0.01)Σ3.00 Z(Al5.01Mg0.87Fe2+0.08Fe3+0.04)Σ6.00 TSi6O18(BO3)3 O3(OH)3 O1[(OH)0.18F0.06O0.76]Σ1.00 

14b 

(oxy-dravite) 
X(K0.11Na0.56Ca0.29�0.05)Σ1.00 Y(Mg1.44Al1.15Fe2+0.31Ti0.08V0.01Cr0.01)Σ3.00 Z(Al5.07Mg0.84Fe2+0.04Fe3+0.04)Σ6.00 TSi6O18(BO3)3 O3(OH)3 O1[(OH)0.14F0.17O0.69]Σ1.00 

25b 

(oxy-dravite) 
X(K0.19Na0.49Ca0.29�0.04)Σ1.00 Y(Mg1.43Al1.15Fe2+0.32Ti0.08V0.01)Σ3.00 Z(Al5.07Mg0.86Fe2+0.03Fe3+0.04)Σ6.00 [T(Si5.95 Al0.05)Σ6.00 O18](BO3)3O3(OH)3 O1[(OH)0.19F0.17O0.64]Σ1.00 

32a 

(oxy-dravite) 
X(K0.03Na0.52Ca0.35�0.10)Σ1.00 Y(Mg1.51Al1.10Fe2+0.29Ti0.08V0.01Cr0.01)Σ3.00 Z(Al5.02Mg0.93Fe2+0.01Fe3+0.03)Σ6.00 TSi6O18(BO3)3 O3(OH)3 O1[(OH)0.14F0.29O0.57]Σ1.00 

111 

(oxy-dravite) 
X(K0.06Na0.46Ca0.35�0.13)Σ1.00 Y(Mg1.51Al1.10Fe2+0.30Ti0.08V0.01Cr0.01)Σ3.00 Z(Al5.00Mg0.93Fe2+0.03Fe3+0.04)Σ6.00 TSi6O18(BO3)3 O3(OH)3 O1[(OH)0.25F0.22O0.53]Σ1.00 

92a 

(oxy-dravite) 
X(K0.28Na0.42Ca0.26�0.04)Σ1.00 Y(Mg1.32Al1.27Fe2+0.32Ti0.09V0.01)Σ3.00 Z(Al4.96Mg0.95Fe2+0.05Fe3+0.04)Σ6.00 [T(Si5.97 Al0.03)Σ6.00 O18](BO3)3O3(OH)3 O1[(OH)0.14F0.21O0.65]Σ1.00 

92b 

(oxy-dravite) 
X(K0.35Na0.38Ca0.25�0.02)Σ1.00 Y(Mg1.38Al1.20Fe2+0.33Ti0.09V0.01Cr0.01)Σ3.00Z(Al5.06Mg0.87Fe2+0.04Fe3+0.04)Σ6.00 [T(Si5.94Al0.06)Σ6.00 O18](BO3)3 O3(OH)3O1[(OH)0.17F0.18O0.65]Σ1.00 

92c 

(oxy-dravite) 
X(K0.22Na0.45Ca0.29�0.05)Σ1.00 Y(Mg1.31Al1.25Fe2+0.35Ti0.08V0.01)Σ3.00 Z(Al4.97Mg1.00Fe3+0.03)Σ6.00 [T(Si5.98Al0.02)Σ6.00 O18](BO3)3 O3(OH)3 O1[(OH)0.18F0.18O0.64]Σ1.00 
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Table 4 Observed and calculated site-scattering values (epfua) for K-oxy-dravite samples studied 
Sample/Site X Y Z T 

 obs calc obs Calc obsb Calc obsb calc 

24c2a 15.74(6) 16.53 43.01(13) 43.06 78.00 78.14 84.00 84.00 

2c2b 15.40(6) 16.14 42.64(13) 42.84 78.00 78.68 84.00 84.00 

14b 13.73(7) 13.95 42.34(13) 42.42 78.00 78.24 84.00 84.00 

25b 14.26(6) 14.69 42.59(13) 42.60 78.00 78.03 84.00 83.95 

32a 13.71(5) 13.20 42.26(13) 42.14 78.00 77.59 84.00 84.00 

111 13.99(6) 13.30 42.26(13) 42.23 78.00 77.90 84.00 84.00 

92a 15.15(6) 15.19 42.64(13) 42.69 78.00 78.18 84.00 83.97 

92b 14.19(7) 15.82 42.68(17) 42.74 78.00 78.12 84.00 83.94 

92c 14.87(6) 14.82 43.35(13) 43.17 78.00 77.42 84.00 83.98 

Note: Calculated site-scattering values from crystal-chemical formula (Table 4) 
a epfu = electrons per formula unit 
b Fixed in the final stages of refinement 

 

 

 

 

Table 5 Structural parameters and mean bond lengths of the studied crystal fragments, the Calculated 

Distortion Indices (DI) and the discrepancy (d, in valence units vu) between bond valence sum (BVS) 

and formal mean charge at the X site. 

sample a (Å) c (Å) V (Å3) <X–O> (Å) <Y–O> (Å) <Z–O> (Å) DI (∆"10%) d (vu) 

         

24C2 15.9263(19) 7.2260(10) 1586.5534(4) 2.687 2.009 2.009 0.981 0.225 

         

2C2b 15.9246(2) 7.2191(10) 1585.4434(5) 2.684 2.009 2.009 1.118 0.225 

         

14b 15.9284(2) 7.2001(10) 1582.0254(5) 2.666 2.017 2.017 2.102 -0.084 
         

25b 15.9290(14) 7.2070(10) 1583.6608(4) 2.674 2.017 2.017 1.624 -0.036 

         

32a 15.9311(19) 7.1973(9) 1581.9357(4) 2.665 2.017 2.017 2.135 -0.186 

         

111a 15.9292(18) 7.1997(10) 1582.1049(4) 2.668 2.017 2.017 1.870 -0.165 



 

 59 

         

92a 15.9211(3) 7.2149(2) 1583.8246(7) 2.681 2.009 2.009 1.184 0.036 

         

92b 15.9273(3) 7.2067(10) 1583.2570(6) 2.673 2.014 2.014 1.567 0.150 

         

92c 15.9218(2) 7.2134(10) 1583.6345(5) 2.677 2.011 2.011 1.326 -0.016 

 

 
Figure 1 Back-scattered electrons image of a polished section displaying some of the studied 

crystal fragments embedded in epoxy (a) and detail of a single fragment (2C2b) selected to extract 

the tourmaline portion (b); Tur = tourmaline, Kfs = K-feldspar. 

 

Tur

Kfs

a b
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Figure 2 Ternary plot displaying the studied samples on the basis of their X site population. Odrv = 

oxy-dravite; Mry = maruyamaite; (F)uvt = Fluor-uvite. 
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Figure 3 (a) dependence of <Y–O> (Å) from the Al content (apfu) at the Y site of the studied 

samples. Data from Lussier et al. (2016) and Likhacheva et al. (2019) are reported for comparison. 

(b) dependence of <X–O> (Å) from the K content (apfu) at the X site of the studied samples. Data 

from Lussier et al. (2016) and Likhacheva et al. (2019) are reported for comparison. 

(c) dependence of c parameter (Å) from the K content (apfu) at the X site of the studied samples. 

Data from Berryman et al. (2014), Lussier et al. (2016) and Likhacheva et al. (2019) are reported 

for comparison, respectively as "Ber", "Ls" and "Lk". 

(d) dependence of cell volume V (Å3) on the K content (apfu) at the X site of the studied samples. 

Data from Berryman et al. (2014), Lussier et al. (2016) and Likhacheva et al. (2019) are reported 

for comparison. 

 

 

a b

c d
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Figure 4 Substitution  XK+YAl+WO (apfu) = XNa+YMg+W(OH)  that leads from maruyamaite (left) 

to oxy-dravite (right). Data from Lussier et al. (2016) and Likhacheva et al. (2019) are reported for 

comparison, respectively as "Ls" and "Lk". Data from Berryman et al. (2014) are not shown 

because their maruyamaite is synthethic. 
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Figure 5 K content vs the difference between the bond valence sum (BVS) and the formal mean 

charge for the X site of the nine investigated crystals. 
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2.1.4 Schorl 1-A 
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A crystal fragment of schorl from Langesundsfjord (Norway), showing a zonation with a biaxial optic behavior in the 
rim, was studied by electron microprobe analysis, single-crystal X-ray diffraction, Mössbauer, infrared and optical 
absorption spectroscopy and optical measurements. Measured 2Vx is 15.6°. We concluded that biaxial character of the 
sample is not due to internal stress because it cannot be removed by heating and cooling. Diffraction data were refined 
with a standard R3m space group model, with a = 16.0013(2) Å, c = 7.2263(1) Å, and with a non-conventional triclinic 
R1 space-group model keeping the same hexagonal triple cell (a = 16.0093(5) Å, b = 16.0042(5) Å, c = 7.2328(2) Å, 
α = 90.008(3)°, β = 89.856(3)°, γ = 119.90(9)°), yielded Rall = 1.75% (3136 unique reflections) vs. Rall = 2.53% (17342 
unique reflections), respectively. The crystal-chemical analysis resulted in the chemical formula X(Na0.98K0.01☐0.01)Σ1.00 
Y(Fe2+

1.53Al0.68Mg0.35Ti0.20Fe3+
0.20Mn0.02V0.01Zn0.01)Σ3.00

Z(Al5.10Fe2+
0.50 Mg0.40)Σ6.00(Si6O18)(BO3)3(OH)3[(OH)0.39F0.22O0.39]Σ1.00, 

which agrees well in terms of calculated site-scattering (X 10.9 epfu, Y 63.7 epfu, Z 83.7 epfu) and refined site-scattering 
(X 11.4 epfu, Y 63.4 epfu, Z 83.6 epfu). About 0.19 apfu Fe2+ is at the Z sites in the R1 model that showed that one out 
of six independent Z sites (Zd) has higher refined site scattering [15.5 eps vs. mean 13.7(2) eps for the other five sites] 
and larger mean bond length [1.969 Å vs. 1.927(6) Å for the other five sites] and larger octahedral angle variance [53° 
vs. 42(3)°]. All these features support local order of Fe2+ at the Zd site. Optical absorption spectra also show evidence 
of Fe2+ at the Z sites. The elongation of the Zd-octahedron is along a direction that forms an angle of ca. 73° with a 
unit-cell edge and is coincident with the direction of the γ-refraction index. All these data support the triclinic character 
of the structure of the optically biaxial part of the tourmaline sample from Langesundsfjord and provide evidence that 
even in the presence of excellent statistical agreement factors from excellent X-ray diffraction data, the lowering of 
symmetry due to cation ordering may have been overlooked in many other tourmaline samples in the absence of a check 
of the optical behaviour. According to the nomenclature rules, the studied triclinic schorl, should be named schorl-1A.

Keywords: Tourmaline, crystal structure, electron microprobe, Mössbauer spectroscopy, infrared spectroscopy, optical absorption 
spectroscopy
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and Sunagawa 1975), or by internal stress arising 
from inclusions (as in diamonds; Howell 2012 and 
references within) or other minerals (Campomenosi 
et al. 2020).

•	 desymmetrization due to order; for example, garnet 
showing topochemical orthorhombic space group Fddd 
(Takeuchi and Haga 1976) or tetragonal and sector 
zoning (Hofmeister et al. 1988; Grifen et al. 1992; 
Andrut et al. 2002; Antao 2013; Cesare et al. 2019). 
It can also be observed by post-growth order-related 
phase transitions as for rutile (Foord and Mills 1978) 
or analcime (Akizuki 1981).

•	 crystal growth; due to differential incorporation of 
cations and anions among structurally different sites 
on the surface that in the bulk crystal are structurally 

1.	Introduction

It is not uncommon to find references in the literature to 
anomalous optical behavior in minerals, e.g., birefrin-
gence in nominally optically isotropic minerals or the 
symmetry of optical indicatrix lower than expected for 
the crystal system of the mineral. For polychrome tour-
malines, it has been well known since the 19th century 
(Madelung 1883; Brauns 1891). Change of refractive 
index caused by strain (Wertheim 1851, 1854) may be 
related to structural deformation. Several causes have 
been suggested for such behavior:
•	 internal stress arising from defects and compositional 

heterogeneities (“tourmaline”, beryl, “apatite”, “gar-
net”, quartz; Foord and Mills 1978); topaz (Isogami 

http://dx.doi.org/10.3190/jgeosci.344
http://dx.doi.org/10.3190/jgeosci.344
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identical. For example, in elbaite (Hughes et al. 2011) 
or in elbaite–liddicoatite (Shtukenberg et al. 2007), 
and in garnet (Akizuki 1984; Allen and Buseck 1988).

Internal stress can be released through annealing of the 
crystal as observed by Foord and Cunningham (1978) 
in tourmaline from San Diego mine, California, and the 
process was permanent if the crystal was heated until  
2V = 0°. Similar results were obtained by Hariya and 
Kimura (1978) in garnet.

As mentioned above, tourmaline samples can show 
anomalous biaxial behaviour. In 2009, luinaite-(OH) was 
approved (IMA No. 2009-046) with the formula (Na,☐)
(Fe2+,Mg)3Al6(BO3)3Si6O18(OH)4, monoclinic symmetry 
and Cm space group from several different localities. 
Kolitsch et al. (2011; 2013) reported occurrences of 
luinaite-(OH) and luinaite-(F) from the Langesundsfjord 
area, along with schorl, fluor-schorl, dravite, fluor-elbaite, 
fluor-liddicoatite and rossmanite, and described it as hav-
ing Cm (monoclinic) that is caused by order of Fe3+ and 
Al3+ as a result of the conditions of crystallization. 

Kolitsch and co-workers reported high-resolution data 
(2θ = 75° MoKα) and a = 10.433(2), b = 16.045(3), c = 
7.241(1) Å, β = 117.61(3)° and a refined bulk chemi-
cal formula (occupancies of individual split Y and Z 
sites were not given): ~(Na0.94☐0.06)Σ1.00 (Fe2.22Al0.78)Σ3.00 
(Al5.10Fe0.90)Σ6.00 (Si6O18) (BO3)3 (OH)3 (OH0.80F0.20)Σ1.00.

Recently, however, luinatite-(OH) has been formally 
discredited (IMA proposal n. 21-L; Bosi et al. 2022), 
and any deviation from the reference space group R3m 
symmetry should be accommodated in the nomenclature 
by adding a suffix to the root name that indicates any 
atypical symmetry (Henry et al. 2011).

2.	Sample description

A sample of schorl composition showing a different 
optical behavior, uniaxial in the dark brownish core 

and biaxial in the darker brownish rim, coming from 
Langesundsfjord (Norway), has been studied (GEO-
NRM#19252409, Swedish Museum of Natural History). 
Schorl has been reported by Brøgger (1890) from the 
wider Langesundsfjord area in the Larvik Plutonic Com-
plex (LPC). Brøgger (1890) noted two main suites of al-
kaline pegmatites: the Langesundsfjord and Fredriksvärn 
suites, which contain different HFSE-minerals. Today 
these are considered as agpaitic and miaskitic mineral 
assemblages, respectively. The Langesundsfjord suite 
shows primary complex Na, Zr silicates (Andersen et al. 
2010). A 36 μm section was cut perpendicular to c-axis. 
Conoscopic images (Fig. 1) showing uniaxial behavior in 
the lighter core of the section and biaxial behavior with 
the negative optic sign were obtained in the darker rims. 
The biaxial character of the sample is not due to internal 
stress because it could not be removed by heating and 
cooling, as observed in tourmaline samples from the 
San Diego mine (California) by Foord and Cunningham 
(1978).

3.	Experimental methods

3.1.	Optical measurements

Optical measurements were done with a Supper Co. 
spindle stage in a Leitz Dialux microscope equipped with 
a CMOS camera using the Excelibr spreadsheet (Steven 
and Gunter 2018). A portion corresponding to the dark 
biaxial rim was first measured, giving 2Vx = 15.6° (in 
white light). The orientation of the optical indicatrix was 
obtained using the same crystal mounted on a Rigaku 
XtaLAB Synergy-S diffractometer (MoKα): c ^ X = 2°,  
b ^ Z = 164.3° and a ^ Z = 75.8°.

3.2.	Electron MicroProbe Analysis (EMPA) 

Electron microprobe analysis on the rim and core of the 
tourmaline crystal, was done using a wavelength-disper-
sive spectrometer (WDS mode) with a Cameca SX50 
instrument at the Istituto di Geologia Ambientale e Geo-
ingegneria, CNR, Rome, Italy. The following analytical 
conditions were used: accelerating voltage 15 kV, beam 
current 15 nA and beam diameter of 10 μm. Minerals 
and synthetic compounds were used as standards: wol-
lastonite (Si, Ca), magnetite (Fe), rutile (Ti), corundum 
(Al), vanadinite (V), fluorophlogopite (F), periclase (Mg), 
jadeite (Na), orthoclase (K), sphalerite (Zn), rhodonite 
(Mn), metallic Cr and Cu. The PAP routine was applied 
(Pouchou and Pichoir 1991). Results are reported in 
Tab. 1. Calcium, Cr and Cu were below detection limits 
(< 0.03 wt. %).Fig. 1a – Image of the crystal cut perpendicular to c-axis and the inter-

ference images obtained at the core and the rim of the section.
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3.3.	Mössbauer 
spectroscopy

Mössbauer spectroscopy was 
used to determine the Fe3+/ΣFe 
ratio of the sample, using a con-
ventional spectrometer system 
operated in constant-acceleration 
mode. An absorber was prepared 
from 12 mg sample material 
obtained from the core region 
of a crystal that was mixed with 
an acrylic resin and pressed to 
a 12-mm diameter disc under 
mild heating (< 150 °C). Spectra 
were collected over 1024 chan-
nels in the velocity range –4.2 to 
+4.2 mm/s using a 57Co rhodium 
matrix standard source of 50 
mCi nominal activity. The raw 
spectrum was folded and cali-
brated against an α-Fe foil. The 
spectrum (Fig. 2) was fitted using 
the software MossA (Prescher 
et al. 2012) with four doublets 
assigned to Fe2+ and one doublet 
assigned to Fe3+, resulting in an 
Fe3+/ΣFe ratio of 0.13 (Tab. 2).

3.4.	Infrared and Optical Absorption  
Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was 
used to characterize the fundamental (OH) vibrational 

absorption bands in the range 3000–4000 cm–1 (Fig. 3). 
The spectrometer system consisted of a Bruker Vertex 70 
spectrometer equipped with a halogen-lamp source and 
CaF2 beam-splitter, coupled to a Hyperion II IRmicro-
scope equipped with a ZnSe wire-grid polarizer and an 
InSb detector. Polarized absorption spectra were acquired 
on two differently oriented crystal sections; one cut paral-
lel to the c-axis with a thickness of 45 µm (Fig. 1), and 
one cut perpendicular to the c-axis with a thickness of 36 
µm (Fig. 4 and 5). The spectra were measured over the 
wavenumber range 2000–12000 cm−1 with a resolution of 
4 cm−1, with the measuring area masked by a rectangular 
75 × 100 µm aperture. 

Polarized room-temperature optical absorption spectra 
in the range 30000–5000 cm–1 (333–1000 nm) were re-
corded at a spectral resolution of 1 nm on the same 45 μm 

Tab. 1 Average chemical compositions of the rim and core of the tourmaline crystal from Langesunds-
fjord, Norway.

rim
(n = 10)

core
(n = 20)

rim core

SiO2
a (wt. %) 34.55(9) 34.67(22) Si (apfu) 6.000 6.000

TiO2 1.59(8) 0.39(10) Ti4+ 0.207 0.051
B2O3

b 10.01 10.05 B 3.000 3.000
Al2O3 28.22(35) 30.04(43) Al 5.777 6.128
V2O3 0.08(2) 0.04(2) V3+ 0.011 0.006
FeOtot 15.29(31) 14.67(19)
MnO 0.16(4) 0.14(2) Mn2+ 0.023 0.021
MgO 2.92(7) 2.58(6) Mg 0.755 0.664
ZnO 0.05(5) 0.05(4) Zn 0.007 0.007
Na2O 2.90(5) 2.88(5) Na 0.975 0.967
K2O 0.04(2) – K 0.009 –
F 0.41(4) 0.16(9) F 0.224 0.089
H2Ob 2.93 2.96 (OH) 3.393 3.420
O = F –0.17 –0.07
FeO 13.93c 12.67d Fe2+ 2.023 1.834
Fe2O3 1.512c 2.22d Fe3+ 0.198 0.289
Total 99.112 98.79
Notes: Errors for oxides and fluorine are standard deviations (in parentheses) of n spot WDS analyses; 
apfu = atoms per formula unit, normalized to 31 anions (see text).
a	 SiO2 assumed to equal 6.000 apfu. The SiO2 average value measured in the rim and core of  
	 tourmaline crystal are 34.81 wt. % and 35.09 wt. %, respectively.
b	 By stoichiometry
c	 By Optical absorption spectroscopy
d	 By Mössbauer spectroscopy

Fig. 2 57Fe Mössbauer spectrum (core region) obtained at room tempera-
ture. Fitted absorption doublets assigned to Fe2+ and Fe3+ are indicated 
in blue and red, respectively. Diamonds denote measured spectrum, and 
the black curve represents summed fitted doublets.

Tab. 2 Mössbauer parameters obtained at room temperature.

d (mm/s) ΔEQ (mm/s) FWHM (mm/s) Area (%) Assignment

1.11 2.61 0.21 16.4 VIFe2+

1.10 2.42 0.22 26.3 VIFe2+

1.10 2.15 0.30 22.7 VIFe2+

1.07 1.64 0.46 21.0 VIFe2+

0.55 0.70 0.54 13.6 VIFe3+

d  = centroid shift, ΔEQ = quadrupole splitting, FWHM = full width at 
half-maximum.
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thick single crystal section, cut along the c-axis, that was 
studied by FTIR spectroscopy. Spectra of the differently 
coloured core and rim regions (Fig. 5) were measured 
on a 36 μm thick crystal section cut perpendicular to the 
c-axis. All spectra were recorded using an AVASPEC-
ULS2048×16 spectrometer (Swedish Museum of Natural 
History, Stockholm, Sweden) attached via a 400 μm UV 
fiber cable to a Zeiss Axiotron UV-microscope. A 75 W 
Xe arc lamp was used as a light source, and Zeiss Ultra-
fluar 10× lenses served as objective and condenser. The 

diameter of the circular measure apertures was in the 
range 50–75 μm. A UV-quality Glan–Thompson prism 
with a working range from 40000 to 3704 cm–1 (250 
to 2700 nm) was used as a polarizer. The wavelength 
scale of the spectrometer was calibrated against Ho2O3-
doped and Pr2O3/Nd2O3-doped standards (Hellma glass 
filters 666F1 and 666F7). Spectral data in the range 
10000–5000 cm–1 (1000–2000 nm) was taken from the 
FTIR measurements.

3.5.	Single-crystal X-ray diffraction

A Single-crystal X-ray Structure REFinement (SREF) 
study was done on a crystal fragment (0.020 × 0.123 × 
0.303 mm) from the optically biaxial rim and extracted 
from a thin section of a tourmaline crystal perpendicular 
to the prism length. The thin fragment was glued to a 
glass fibre and mounted on a Rigaku XtaLAB Synergy 
diffractometer equipped with a Hybrid Pixel Array De-
tector, using graphite-monochromatized MoKα radiation  
(λ = 0.71073 Å); experimental conditions were 50 kV 
and 1 mA and the detector-to-sample distance was 6.2 
cm. A combination of 44 ω scans at different values of 
and ϕ, χ angles as well as different detector positions at 
several θ values, with step scan 1°, was used to collect 
5039 images to achieve a complete scan of the reciprocal 
space up to a resolution of 0.50 Å. Exposure time was 
10 s per frame at the low θ setting and 22 s at the high θ 
setting of the detector. The strategy was meant to obtain 
a complete dataset of high-resolution data allowing for 
refinement in the point group 1.

Fig. 3 Polarized FTIR spectra (core region), vertically off-set for clar-
ity. The main band is truncated around 2 absorbance units in the E || c 
direction due to excessive absorption. Sample thickness 45 µm.

Fig. 4 Polarized optical absorption spectra of the core of a 45 μm thick 
single crystal cut parallel to the c-axis.

Fig. 5 Polarized optical absorption spectra of the core and rim of a 36 
μm thick single crystal cut perpendicular to the c-axis. Spectra were 
recorded at core and rim positions indicated by arrows in Fig. 1.
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modes at 3564 and 3719 cm–1, and a weak shoulder fea-
ture around 3420 cm–1. As typically observed for infra-
red spectra of tourmalines, the (OH) bands are strongly 
polarized parallel to the c-axis, with the main band off-
scale due to excessive absorption. The relatively strong 
band at 3719 cm–1, which occurs in the region where 
bands due to (OH) at the O1 site (≡ W) are expected, 
indicates a significant amount of W(OH). This band is 
likely caused by the occurrence of the atomic arrange-
ments Y[Fe2+Fe2+(Fe2+,Al)]–O1(OH)–X(Na), based on the 
studies of Watenphul et al. (2016) and Bosi et al. (2016). 
Conversely, the band at 3564 cm–1 and the shoulder at 
3420 cm–1 are related to the presence of (OH) groups at 
the O3 site (≡ V) (e.g., Gonzalez-Carreño et al. 1988; 
Bosi et al. 2015a).

The optical absorption spectra (Fig. 4 and Fig. 5) 
show strong and broad absorption bands at 22700, 
~14000 and ~9000 cm–1, which are strongly polarized 
in E  c (Fig. 4). In addition, weak and relatively nar-
row absorption bands occur at 20600 and 18000 cm–1.
The relatively broad absorption bands at ~14000 and 
9000 cm–1 are assigned to Fe3+-enhanced spin-allowed 
d–d transitions in six-coordinated Fe2+ in accord with 
previous optical studies of tourmaline (e.g., Mattson 
and Rossman 1987). Each of these two absorption bands 
shows a distinct shoulder, which indicates that they are 
composed of two partly overlapping absorption bands. 
In detail, the higher energy band shows two-band com-

The crystal structure was re-
fined starting from a tourmaline 
R3m structure model by Hughes et 
al. (2011). Neutral-atoms scatter-
ing curves from The International 
Tables (Wilson 1992) were used 
for all the atom positions keeping 
full fixed occupancy for T, B and 
anion sites [but for the O1 (≡ W) 
and O3 (≡ V) sites] and occupan-
cies were refined at the X, Y and 
Z cation sites refining relative oc-
cupancy of Fe and Al for each type 
of site, and for the O1 sites refining 
relative occupancies of O versus F. 
Hydrogen atoms bonded to O3 site 
were observed in Fourier-differ-
ence maps and were added to the 
model refining atom coordinates 
and constraining the isotropic dis-
placement to be 20 % higher than 
the equivalent isotropic value at 
the O3 site. Refinement was done 
with SHELXTL (Sheldrick 2015) 
with anisotropic-displacement 
parameters for all non-hydrogen 
atoms, and the structure was refined on F2. At convergence, 
the discrepancy factor was R1 = 0.017 for 3079 unique reflec-
tions with Fo > 4 σ(F) and R1 = 0.018 for all 3136 reflections. 
For the triclinic model, starting coordinates were taken from 
the tourmaline R1 structure model of Hughes et al. (2011), 
using the same approach as described above. At convergence, 
hydrogen atoms bonded to the oxygen at the O3 sites were 
observed in Fourier-difference maps and were added to the 
model. The model refined to discrepancy factors of R1 = 
0.023 for 16304 unique reflections with Fo > 4 σ(F) and R1 
= 0.025 for all 17342 reflections. 

Experimental details, unit-cell parameters and statistical 
indices for both R1 and R3m models are given in Tab. 3. 
Fractional atom coordinates, site occupancies, isotropic-
displacement parameters and weighted bond-valence sums 
(using the parameters of Gagnè and Hawthorne 2015) are 
reported in Tab. 4. Bond distances are given in Tab. 5. A crys-
tallographic information file (CIF) containing observed struc-
ture factors has been deposited as Supplementary material.

4.	Results

4.1.	Infrared and Optical Absorption 
Spectroscopy

Infrared spectra in the 3100–4000 cm–1 region (Fig. 3) 
show two prominent bands related to O–H stretching 

Tab. 3 Crystal data and experimental conditions for single-crystal XRD study.

Crystal system Triclinic Trigonal
Space group R1 R3m
Unit cell dimensions a = 16.0093(5) Å 16.0013(2) Å

b = 16.0042(5) Å
c = 7.2328(2) Å 7.22630(10) Å
α = 90.008(3)°
β = 89.856(3)°
γ = 119.90(9)°

Unit cell volume (Å3) 1606.6(13) 1602.35(5)
Z 3 3
Absorption coefficient 2.36 mm–1 2.36 mm–1

F(000) 1526 1526
Theta range for data collection 2.54 to 44.93° 2.54 to 44.93°

Index ranges –31 ≤ h ≤ 31, –31 ≤ k ≤ 31, 
–14 ≤ l ≤ 14

–31 ≤ h ≤ 31, –31 ≤ k ≤ 31, 
–14 ≤ l ≤ 14

Reflections collected 86725 86725
Independent reflections 17342 [Rint = 0.0408] 3136 [Rint = 0.0662]
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Extinction coefficient 0.00029(7) 0.00055(13)
Flack parameter 0.003(4) 0.029(5)
Data / restraints / parameters 17342 / 3 / 474 3136 / 1 / 95
Goodness-of-fit on F2 0.974 1.069
Final R indices [I>2σ(I)] R1 = 0.023, wR2 = 0.047 R1 = 0.017, wR2 = 0.040
R indices (all data) R1 = 0.025, wR2 = 0.047 R1 = 0.018, wR2 = 0.040
Largest diff. peak and hole (eÅ–3) 0.937 and –0.827 0.837 and –0.832
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ponents at ~14200 and 13100 
cm–1, and the absorption band 
at lower energy is composed of 
components at 9100 and 8300 
cm–1. This observed splitting of 
each of the two bands at ~14000 
and ~9000 cm–1 is due to the 
fact that they are both caused by 
electronic transitions involving 
Fe2+ at Y-sites as well as Z-sites 
(e.g., Smith 1978; Mattson and 
Rossman 1987; Taran et al. 1993; 
Bosi et al. 2015b). The broad 
and strong absorption band at 
22700 cm–1 is caused by Fe2+–
Ti4+ charge transfer (CT) pro-
cesses (e.g., Taran et al. 1993). 
The weak bands at 20600 and 
18000 cm–1 are due to elec-
tronic transitions in Fe3+ pairs 
at neighboring Y-sites (Matt-
son and Rossman 1984). Ad-
ditional sharp absorption bands 
that were observed in the E ||  
c-spectrum in the range 6700–
7000 cm–1 represent overtones of 
the fundamental (OH)-stretching 
modes. Comparison of the E   
c-spectra of the optically uniaxial 
core and the optically biaxial rim 
(Fig. 5) shows a distinct decrease 
in intensity of the absorption 
bands at ~14000 and ~9000 cm–1 
for the rim. As the intensities of 
these two bands are proportional 
to the [Fe2+]*[Fe3+] concentration 
product in the sample, one can 
conclude that the [Fe2+]*[Fe3+] 
value in the crystal rim is only 
75% of that of the crystal core. 
From this observation, in com-
bination with the EMP data for 
the rim and the Fe3+/Fetot ratio for 
the crystal core as determined by 
the Mössbauer spectroscopy, it 
gives 13.92 wt. % FeO and 1.53 
wt. % Fe2O3 for the rim. Conse-
quently, the Fe3+/Fetot-ratio in the 
crystal rim is 0.089 as compared 
to a ratio of 0.136 in the crystal 
bulk (from Mössbauer), which is 
mainly represented by the core 
composition.The much darker 
brown color of the crystal rim 

Tab. 4 Site occupancy (s.o.), atom coordinates and equivalent isotropic displacement parameters (Å2). 
Equivalent displacement parameter, Ueq, is defined as one third of the trace of the orthogonalized Uij 
tensor. Bond valence (B.V.S.) in valence units (v.u.).

Site Atom s.o. x/a y/b z/c Ueq B.V.S.
R1
X Na 1.037(5) 0.00028(7) 0.00024(7) 0.25347(12) 0.0271(3) 0.889
Sia Si 1 0.85754(3) 0.52376(3) 0.35224(5) 0.00580(6) 4.018
Sib Si 1 0.66345(3) 0.52318(3) 0.35089(5) 0.00584(6) 4.030
Sic Si 1 0.47602(3) 0.33507(3) 0.35190(5) 0.00583(6) 4.016
Sid Si 1 0.85708(3) 0.33515(3) 0.35308(5) 0.00584(6) 4.025
Sie Si 1 0.66352(3) 0.14148(3) 0.35247(5) 0.00588(6) 4.027
Sif Si 1 0.47589(3) 0.14180(3) 0.35261(5) 0.00587(6) 4.020
Ya Al 0.366(3) 0.60366(2) 0.39553(2) –0.01702(3) 0.00932(7) 2.354

Fe 0.634(3) 0.60366(2) 0.39553(2) –0.01702(3) 0.00932(7)
Yb Al 0.363(3) 0.79148(2) 0.39597(2) –0.01564(3) 0.00883(6) 2.558

Fe 0.637(3) 0.79148(2) 0.39597(2) –0.01564(3) 0.00883(6)
Yc Al 0.399(3) 0.60335(2) 0.20827(2) –0.01624(3) 0.00912(7) 2.308

Fe 0.601(3) 0.60335(2) 0.20827(2) –0.01624(3) 0.00912(7)
Za Al 0.953(3) 0.63171(3) 0.70363(3) 0.29762(5) 0.00621(11) 2.892

Fe 0.047(3) 0.63171(3) 0.70363(3) 0.29762(5) 0.00621(11)
Zb Al 0.960(3) 0.96270(3) 0.70130(3) 0.63114(5) 0.00604(11) 2.894

Fe 0.040(3) 0.96270(3) 0.70130(3) 0.63114(5) 0.00604(11)
Zc Al 0.934(3) 1.07095(3) 0.70356(3) 0.29759(5) 0.00629(10) 2.843

Fe 0.066(3) 1.07095(3) 0.70356(3) 0.29759(5) 0.00629(10)
Zd Al 0.811(3) 0.73780(2) 0.70139(2) 0.63033(4) 0.00677(9) 2.659

Fe 0.189(3) 0.73780(2) 0.70139(2) 0.63033(4) 0.00677(9)
Ze Al 0.964(3) 0.96241(3) 0.26211(3) 0.63122(5) 0.00608(11) 2.913

Fe 0.036(3) 0.96241(3) 0.26211(3) 0.63122(5) 0.00608(11)
Zf Al 0.929(3) 0.96511(3) 0.59553(3) –0.03573(5) 0.00621(10) 2.840

Fe 0.071(3) 0.96511(3) 0.59553(3) –0.03573(5) 0.00621(10)
B1 B 1 0.77933(11) 0.89017(10) 0.4712(2) 0.00774(19) 2.963
B2 B 1 0.77625(10) 0.55377(10) –0.1905(2) 0.00776(19) 2.966
B3 B 1 0.10989(10) 0.88943(10) 0.4761(2) 0.00776(19) 2.967
O1a O 0.64(3) 0.66564(12) 0.33260(13) 0.13163(19) 0.0309(4) 1.236
F1a F 0.36(3) 0.66564(12) 0.33260(13) 0.13163(19) 0.0309(4)
O2a O 1 0.54368(8) 0.27197(9) –0.16428(15) 0.01388(19) 1.982
O2b O 1 0.72711(9) 0.27113(9) –0.16167(15) 0.01311(18) 2.011
O2c O 1 0.72793(9) 0.45593(8) –0.16350(15) 0.01340(18) 2.044
O3a O 1 0.53209(8) 0.46779(8) –0.13486(14) 0.01266(17) 1.119
H3a H 1 0.5388(19) 0.4640(19) –0.253(4) 0.015
O3b O 1 0.86882(10) 0.73373(10) 0.52987(15) 0.0156(2) 1.118
H3b H 1 0.8775(19) 0.746(2) 0.409(4) 0.019
O3c O 1 0.93420(9) 0.46741(8) –0.13587(14) 0.01305(18) 1.142
H3c H 1 0.9310(19) 0.4665(19) –0.254(4) 0.016
O4a O 1 0.75845(7) 0.51964(8) 0.42009(14) 0.01081(16) 2.036
O4b O 1 0.48010(8) 0.24062(7) 0.42261(14) 0.01061(16) 2.039
O4c O 1 0.75707(8) 0.24105(7) 0.42044(14) 0.01098(16) 2.049
O5a O 1 0.57346(7) 0.42544(7) 0.44156(14) 0.01082(16) 1.976
O5b O 1 0.57262(7) 0.14753(8) 0.44368(14) 0.01087(16) 1.974
O5c O 1 0.85005(8) 0.42598(7) 0.44215(14) 0.01049(15) 1.984
O6a O 1 0.86365(8) 0.52161(8) 0.13035(13) 0.00953(15) 2.006
O6b O 1 0.65550(8) 0.52024(7) 0.12910(13) 0.00924(15) 1.977
O6c O 1 0.65594(8) 0.13585(7) 0.13063(13) 0.00912(15) 1.965
O6d O 1 0.86400(8) 0.34366(8) 0.13134(13) 0.00912(15) 2.011
O6e O 1 0.47859(8) 0.34248(8) 0.13003(13) 0.00951(15) 1.958
O6f O 1 0.48031(8) 0.13874(8) 0.13137(13) 0.01108(16) 1.937
O7a O 1 0.66432(8) 0.61744(7) 0.42875(14) 0.01048(15) 1.984
O7b O 1 0.95017(7) 0.61814(7) 0.43266(13) 0.00907(15) 1.970
O7c O 1 0.66663(8) 0.04934(7) 0.43268(14) 0.00971(15) 1.970
O7d O 1 0.38044(7) 0.04865(7) 0.43043(13) 0.00882(14) 1.977
O7e O 1 0.38104(7) 0.33331(7) 0.43127(13) 0.00923(15) 1.987
O7f O 1 0.94812(8) 0.33162(8) 0.43604(14) 0.01029(15) 1.976
O8a O 1 0.87555(7) 0.60366(8) –0.20605(15) 0.01057(15) 1.945
O8b O 1 1.06094(7) 0.79018(7) 0.46340(15) 0.01073(16) 1.962
O8c O 1 1.20888(7) 0.93929(7) 0.46216(14) 0.01028(15) 1.960
O8d O 1 0.72997(8) 0.79163(7) 0.45430(16) 0.01246(17) 1.965
O8e O 1 1.06320(8) 0.60691(7) 0.12676(15) 0.01121(16) 1.957
O8f O 1 0.05962(8) 0.26961(8) 0.46655(15) 0.01178(16) 1.967
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(Fig. 1) results from its higher 
concentration of Fe2+ and Ti4+. 
The intensified color is explained 
by a much stronger Fe2+–Ti4+ 
charge-transfer (CT) band at ca. 
22700 cm–1 in the spectrum of 
the rim (Fig. 5). According to the 
EMP data for TiO2 and FeO in 
combination with optical absorp-
tion spectroscopy (for the rim) 
and Mössbauer spectroscopy (for 
the core), the [Fe2+]*[Ti4+] con-
centration product is ~4.5 times 
higher in the rim as compared to 
the core. The result for the rim 
spectrum is an absorbance for the 
Fe2+–Ti4+ CT band at ca. 22700 
cm–1 that is offscale, although the measured tourmaline 
crystal is only 36 μm thick. 

4.2.	Determination of number of atoms per 
formula unit (apfu)

In agreement with the structure-refinement results, the 
boron content was assumed to be stoichiometric (B3+ = 
3.000 apfu). Both the site-scattering (see Hawthorne et 
al. 1995 for the definition of site-scattering and site-pop-
ulations) and the bond lengths of B and T are consistent 
with the B site fully occupied by B and no B at the T site 
(e.g., Bosi and Lucchesi 2007). The oxidation state of 
iron  was determined by the MS and OAS in the core and 
rim, respectively, of the tourmaline crystal. All Mn was 
considered as Mn2+. In accordance with Pesquera et al. 
(2016), the Li2O content was assumed to be insignificant 
as MgO > 2 wt. % is contained in the sample studied. The 
(OH) content and the apfu were then calculated based on 
31 anions and by charge balance with the assumption (Y + 
Z) = 9.000 apfu since the SiO2 content was assumed to be 
equal to 6.000 apfu. It is worth noting that the calculated 
and measured SiO2 values are practically the same within 
the standard uncertainty (Tab. 1).

4.3.	Single-crystal X-ray diffraction and  
chemical formula

With regard to the site populations at X, B, T, O3 (≡ V) 
and O1 (≡ W), the standard site preference suggested for 
tourmaline (e.g., Henry et al. 2011) were actually satis-
fied, while the Y and Z site populations were optimized 
according to the procedure of Wright et al. (2000) in 
which the default setting was assumed, but the chemi-
cal variability was constrained by electroneutrality. The 
resulting empirical chemical formula, with the appropri-

ate grouping of sites, for the optically biaxial rim of the 
Langesundsfjord tourmaline is:
X(Na0.98K0.01☐0.01)Σ1.00 

Y(Fe2+
1.53Al0.68Mg0.35Ti0.20Fe3+

0.20Mn0.02 
V0.01Zn0.01)Σ3.00 

Z(Al5.10Fe2+
0.50Mg0.40)Σ6.00 (Si6O18) (BO3)3 

(OH)3 [(OH)0.39F0.22O0.39]Σ1.00.
The calculated site-scattering from EMPA data  

(X 10.97 epfu, Y 63.37 epfu, Z 84.03 epfu) accords with 
the refined site-scattering (X 11.41 epfu, Y 63.34 epfu,  
Z 83.84 epfu). The detailed Y and Z site populations in 
the R1 model are reported in Tab. 6. The related weighted 
bond-valence sums, using Gagnè and Hawthorne (2015) 
parameters, are reported in Tab. 4.

The order of about 0.50 apfu of Fe2+ at the Z sites 
comes from the structure refinement of the R1 model that 
showed that one out of 6 independent Z sites (labeled 
as Zd) shows higher refined site scattering (15.5 eps vs. 
mean 13.7(2) eps for the other 5 sites), as well as longer, 
mean bond length (1.969 Å vs. 1.927(6) Å for the other  
5 sites, Tab. 5) and larger octahedral-angle variance value 
(OAV, after Robinson et al. 1971; 53.44° vs. 42(3)°, 
Tab. 5). All these features support the local order of Fe2+ 
at the Zd site, and optical absorption spectra support this 
order. Some Fe2+ is ordered preferentially at Zf but to a 
lesser extent than at Zd (almost 1/3 of Zd; Tab. 6).

A less pronounced order of Al at the Yc site was also 
observed: lower refined scattering, mean bond length, 
and OAV than the other two Y sites is observed at Yc site 
(Tabs 4 and 5). This site shares one edge with the Zd site 
and another with Zf, where Fe2+ is preferentially ordered 
in Z sites. There is prominent order of Fe3+ and Ti4+ at 
the Yb site. Incident bond-valence values are within 1.93 
and 2.05 valence units (v.u.) at all anion sites of the R1 
model, but for O1 and O3(a,b,c), which shows values of 
1.24 v.u. and 1.12–1.14 v.u., respectively, in agreement 
with the presence of limited O2– at O1 and only (OH) 
groups at O3 sites. In line with short-range bond-valence 
constraints around the O1 (≡W) site (e.g., Bosi 2011), the 

Site Atom s.o. x/a y/b z/c Ueq B.V.S.
R3m
X Na 1.02(1) 0.000000 0.000000 0.2344(3) 0.0263(5) 0.893
Y Fe 0.626(4) 0.12503(2) 0.06252(2) 0.63132(4) 0.00913(7) 2.441

Al 0.374(4) 0.12503(2) 0.06252(2) 0.63132(4) 0.00913(7)
Z Al 0.928(3) 0.29883(2) 0.26194(2) 0.61186(4) 0.00628(7) 2.854

Fe 0.072(3) 0.29883(2) 0.26194(2) 0.61186(4) 0.00628(7)
Si Si 1 0.19170(2) 0.18984(2) –0.00023(4) 0.00587(5) 4.037
B B 1 0.11028(5) 0.22056(11) 0.4553(2) 0.00776(19) 2.972
O1 O 0.496(7) 0.000000 0.000000 0.7790(4) 0.0321(9) 1.164
F1 F 0.496(7) 0.000000 0.000000 0.7790(4) 0.0321(9)
O2 O 1 0.06137(4) 0.12273(8) 0.48441(17) 0.01353(19) 1.932
O3 O 1 0.26791(11) 0.13396(5) 0.51187(16) 0.01382(19) 1.112
H3 H 1 0.260(3) 0.1298(13) 0.400(5) 0.017
O4 O 1 0.09258(5) 0.18517(9) 0.06866(16) 0.01088(16) 2.046
O5 O 1 0.18489(9) 0.09245(5) 0.08995(16) 0.01068(16) 1.988
O6 O 1 0.19700(6) 0.18729(6) 0.77805(10) 0.00958(11) 1.974
O7 O 1 0.28428(6) 0.28471(5) 0.07948(11) 0.00963(11) 1.982
O8 O 1 0.20943(6) 0.27010(6) 0.44230(12) 0.01141(12) 1.966

Tab. 4 Continued
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amount of calculated O2– can be 
locally related to the presence of 
Al3+–Ti4+–Al3+ or Al3+–Fe3+–Al3+ 
triplets at the Ya–Yb–Yc sites, 
ca. 38% of probability (with 
some Al3+ at Ya being substi-
tuted by Fe3+ or V3+). Fluorine is 
probably related to Fe2+–Mg2+–
Fe2+ triplets. 

5.  Discussion

Previous studies report opti-
cally anomalous tourmaline 
with biaxial character, which is 
incompatible with its putative 
R3m symmetry. The optically 
zoned tourmaline crystal has the 
chemical composition of schorl 
in the core and the rim: the 
former is slightly richer in Al, 
Fe3+ and O2–, whereas the latter 
is somewhat richer in Ti, Mg, F 
and Fe2+ (Tab. 1). 

Regarding the rim zone, the 
results of structure refinement 
with an R1 model show prefer-
ential order of Fe2+ at the Zd and 
Zf sites, and Fe3+ and Ti4+ order 
at the Yb site, in accord with the 
spectroscopic results. Interest-
ingly, order at the Z sites oc-
curs in alternating fashion along 
[110], breaking the symmetry of 
the 3Y–6Z cluster (Fig. 6). This 
is related to the observed el-
lipticity of the optical indicatrix 
in the Z–Y plane and its rela-
tive orientation to the crystallo-
graphic axes of the triclinic cell. 
Order is ascribed to preferential 
selectivity at the growing sur-
face of the prism. Positions re-
lated by symmetry in the bulk of 
a crystal may be structurally and 
energetically non-equivalent on 
a growing surface. These differ-
ences lead to an ordered distri-
bution of structural units on the 
surface that remains metastably 
included in the structure as the 
crystal growths if diffusion is 
too slow. The crystal's symme-

Tab. 5 Selected interatomic distances (Å) and angle distortion parameters.

R1 R3m
Sia– O6a 1.6090(10) Sib– O7a 1.6036(11) Sic– O7e 1.6080(10) Si– O7 1.6069(8)

O7b 1.609(2) O6b 1.6083(10) O6e 1.6111(11) O6 1.6061(8)
O4a 1.6291(11) O4a 1.6298(11) O4b 1.6277(11) O4 1.6280(5)
O5c 1.6429(11) O5a 1.644(2) O5a 1.644(2) O5 1.6418(5)

Mean 1.6225 Mean 1.6214 Mean 1.6226 Mean 1.6207
TAV (°2) 8.269 TAV (°2) 8.648 TAV (°2) 8.984 TAV (°2) 8.549

Sid– O7f 1.6042(11) Sie– O7c 1.6085(11) Sif– O6f 1.6034(10)
O6d 1.6084(10) O6c 1.6085(10) O7d 1.612(2)
O4c 1.631(2) O4c 1.627(2) O4b 1.6296(11)
O5c 1.6442(11) O5b 1.6425(11) O5b 1.6444(11)

Mean 1.6221 Mean 1.6217 Mean 1.6224
TAV (°2) 8.962 TAV (°2) 9.209 TAV (°2) 7.731

Ya– O1a 2.0388(19) Yb– O1a 2.043(2) Yc– O1a 2.031(2) Y– O1 2.0349(15)
O6b 2.0352(15) O6a 2.0451(19) O6f 2.0156(18) O6 2.0186(8)
O6e 2.0386(16) O6d 2.0383(12) O6c 2.0391(12) O6 2.0187(8)
O2c 2.0196(18) O2c 2.0196(14) O2a 2.0186(14) O2 2.0340(8)
O2a 2.0218(18) O2b 2.0303(18) O2b 2.0117(18) O2 2.0340(8)
O3a 2.1686(15) O3c 2.161(2) O3b 2.146(2) O3 2.1600(14)

Mean 2.0537 Mean 2.0562 Mean 2.0436 Mean 2.0500
OAV (°2) 79.728 OAV (°2) 79.439 OAV (°2) 70.690 OAV (°2) 77.053

Za– O8d 1.882(2) Zb– O8a 1.8957(19) Zc– O8b 1.8989(11) Z– O8 1.8993(8)
O7a 1.9483(12) O7b 1.8992(11) O8e 1.9350(11) O8 1.9370(9)
O6d 1.8872(12) O6c 1.8879(12) O7c 1.9028(11) O7 1.9019(8)
O7d 1.9000(11) O8b 1.9313(19) O6e 1.8931(12) O6 1.8914(8)
O8c 1.9397(19) O7e 1.9622(12) O7b 1.979(2) O7 1.9726(8)
O3c 1.9880(13) O3b 1.9616(14) O3a 1.987(3) O3 1.9869(6)

Mean 1.9241 Mean 1.9230 Mean 1.9326 Mean 1.9315
OAV (°2) 38.606 OAV (°2) 42.178 OAV (°2) 44.458 OAV (°2) 43.556

Zd– O8f 1.9314(12) Ze– O7f 1.8812(11) Zf– O6a 1.8857(18) O3– H3 0.81(3)
O6f 1.9258(18) O8f 1.9129(11) O7e 1.9026(15)
O7a 1.9358(15) O6b 1.8853(11) O8e 1.8986(11)
O8d 1.9759(12) O8c 1.8971(11) O8a 1.9455(11)
O7f 2.0189(14) O7d 1.962(2) O7c 1.9780(13)
O3b 2.0264(15) O3a 1.986(2) O3c 1.9910(14)

Mean 1.9689 Mean 1.9208 Mean 1.9336
OAV (°2) 53.440 OAV (°2) 39.069 OAV (°2) 45.639

B1– O8d 1.373(2) B2– O8f 1.3754(19) B3– O8b 1.380(2) B– O8 ×2 1.3772(11)
O8e 1.3815(19) O8a 1.382(2) O8c 1.377(2)
O2a 1.375(2) O2c 1.371(2) O2b 1.371(2) O2 1.3718(19)

Mean 1.3764 Mean 1.3763 Mean 1.3761 Mean 1.3754

Na1– O2c 2.4803(18)
O2a 2.4800(18)
O2b 2.4910(15) Na1– O2 ×3 2.4815(19)
O5c 2.746(3)
O5a 2.7761(19) O5 ×3 2.7666(14)
O5b 2.8006(18)
O4c 2.782(3) O4 ×3 2.8316(15)

O3a– H3a 0.81(3) O4b 2.855(3) Mean 2.6932
O3b– H3b 0.89(3) O4a 2.848(3)
O3c– H3c 0.86(3) Mean 2.6954 O3– H3 0.81(3)
Note: TAV and OAV = tetrahedral and octahedral angle variance by Robinson et al. (1972)
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try is reduced, which leads to 
anomalous birefringence. This 
is the cause for anomalous opti-
cal properties claimed in elbaite 
following Shtukenberg et al. 
(2007) and Hughes et al. (2011) 
and it is very likely the cause for 
the sample of this study.

Nominally uniaxial crystals 
(trigonal space group R3m) of-
ten exhibit biaxiality with the 
axial angle attaining values of 
5–10° or even 30° (Shtukenberg 
et al. 2007). Natural polychrome tourmalines are in fact, 
characterized by relative:
–	 small optical axial angles, which are mainly stress-

-induced optical anomalies;
–	 large optical axial angles, which are due to growth 

ordering of atoms induced optical anomalies.
The value obtained for the studied sample is more in 

agreement with growth ordering. The observed elongation 
of the Zd-octahedron is along a direction that forms an 
angle of ca. 73° with the a unit-cell edge and coincides 
with the direction for γ-refraction index (Fig. 6). The 
γ-refraction index is also perpendicular to the growth 
direction of the prism face. A similar orientation of the 
slow-length axis of the indicatrix has been described 
very recently in sector-zoned garnet crystals from Port 
Macquarie (Australia) by Cesare et al. (2022), showing 

anomalous birefringence by using polychromatic polar-
izing microscopy (Shribak 2015, 2017). This technique 
allows elucidation of a very subtle variation of the 
retardation at low birefringence. It is also sensitive to 
the apparent orientation of the elongation of the optical 
indicatrix through the different polarization of the wave-
lengths comprised in white light. In Fig. 2d of Cesare 
et al. (2022), it is clearly shown that the slow length is 
along the growing direction. Although this is interpreted 
by Cesare et al. (2019) as due to a desymmetrization due 
to cubic to tetragonal change, it might well be related to 
the kinetic ordering of atoms during the growing of the 
garnet crystals (probably due to ordering of Fe2+ at the Y 
site in the garnet structure) being perhaps related to cyclic 
chemical zonation along the growing front. We suggest a 
similar process for the schorl studied here. 

Our results clearly support a lowering of symmetry in 
our tourmaline sample that is compatible with triclinic sym-
metry due to Fe2+ order along particular crystallographic 
directions. This order seems to be the cause of a slower 
vibrating direction leading to the ellipticity of the optical 
indicatrix: it should have a circular section perpendicular 
to in a uniaxial crystal but becomes elliptic with ω’ > ω and 
ω’ becoming γ, whereas ε becomes α, in agreement with a 
negative sign (–) of the optical indicatrix of trigonal tour-
maline. Our sample is triclinic but has the same structure 
topology as trigonal tourmaline, it should be designated as 
schorl-1A (Nickel and Grice 1998). Similarly, schorl ex-
hibiting monoclinic symmetry would be termed schorl-1M. 

6.	Conclusions

A single crystal of schorl composition from Lange-
sundsfjord (Norway) shows different crystallographic 
symmetry, accompanied by a different optical behavior: 
trigonal (R3m) and uniaxial in the dark brownish core 
and triclinic (R1) and biaxial in the darker brownish rim. 
Anomalous optical behavior, related to triclinic structure, 
is due to the preferential ordering of Fe2+ at one of the 
non-equivalent 6 Z sites. 

Tab. 6 Site assignments on the basis of observed site-scatterings and bond-valence sums.

Site Occupants Observed site-scattering 
(e–)

Calculated mean bond length 
(Å)

Ya Fe2+
0.604Al0.305Mg0.052Fe3+

0.029V3+
0.011 21.26(4) 2.054

Yb Fe2+
0.327Mg0.274Ti4+

0.207Fe3+
0.169Mn2+

0.023 21.31(4) 2.053
Yc Fe2+

0.597Al0.371Mg0.025Zn0.007 20.79(4) 2.044
Za Al0.898Fe2+

0.053Mg0.049 13.64(4) 1.924
Zb Al0.900Mg0.054Fe2+

0.047 13.55(4) 1.923
Zc Al0.854Fe2+

0.074Mg0.072 13.89(4) 1.933
Zd Al0.681Fe2+

0.201Mg0.119 15.49(4) 1.969
Ze Al0.916Fe2+

0.042Mg0.042 13.50(4) 1.921
Zf Al0.852Fe2+

0.079Mg0.069 13.96(4) 1.934

Fig. 6 The crystal structure projected onto [001] showing the order at 
the Y sites. Atoms drawn as ellipsoids at 90% probability. T sites in 
blue; Al-dominant at sites in cyan; B sites in yellow; Fe2+ -dominant 
sites in purple; Na sites in light brown; oxygen anion on sites in red. The 
saturation of the hue is related to the dominant cation. The orientation 
of the γ–β section of the optical indicatrix is shown with the orientation 
from optical measurements (see text). Obtained with Vesta 3 (Momma 
and Izumi 2011).
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Some schorl samples from the Langesundsfjord area, 
named as luinaite-(OH) and reported as monoclinic (Cm) 
by Kolitsch et al. (2013), should be best termed as schorl-
1M. Consequently, it can be concluded that trigonal, 
monoclinic, and triclinic schorl samples may occur in 
Langesundsfjord area. Our study indicates that even in 
the presence of excellent statistical residual factors from 
excellent X-ray diffraction data, the lowering of sym-
metry due to cation ordering may have been overlooked 
in many other tourmaline samples in the absence of an 
opportune check of the optical behavior.
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Abstract
The thermal behaviour of a fluor-elbaite from Minas Gerais (Brazil) was investigated at room pressure through in situ high-
temperature X-ray powder diffraction (HT-XRPD), until the breakdown conditions were reached. The variations of fluor-
elbaite structural parameters (unit-cell parameters and mean bond distances) were monitored together with site occupancies, 
and two main internal reactions were identified: the thermally-induced Fe oxidation process counterbalanced by (OH)– depro-
tonation, which starts at 500 °C (773 K), followed by a partial intracrystalline Fe–Al exchange between the octahedrally-
coordinated Y and Z sites. The fluor-elbaite breakdown reaction occurs between 850 °C (1123 K) and 900 °C (1173 K). The 
breakdown products were identified at room temperature by XRPD and the breakdown reaction can be described by the 
following reaction: tourmaline → B-bearing mullite + hematite + spinel + B-poor (Na, Li, H2O)-bearing glass. Boromullite 
itself was not observed in the final heating products, and the B-bearing mullite from the breakdown reaction exhibited unit-
cell parameters a = 7.5382(2) Å, b = 7.6749(2) Å, c = 2.8385(1) Å, V = 164.22(1) Å3 (space group Pbam) consistent with an 
approximate Al8.5B1.5Si2O19 composition.

Keywords  Fluor-elbaite · HT-XRPD · Thermal expansion · Iron oxidation · Deprotonation · Intracrystalline cations 
exchange · Structural breakdown

Introduction

Tourmaline is one of the most fascinating and colourful 
accessory mineral occurring in a variety of geological envi-
ronments, from diagenetic stages to granulite facies grade 
(e.g., Henry and Dutrow 1996; Dutrow and Henry 2011; 
Bosi et al. 2018a, 2019a; Andreozzi et al. 2020).

Tourmaline is a cyclosilicate rich in B with a very com-
plex composition represented by the general chemical for-
mula: XY3Z6T6O18(BO3)3V3W, 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 non-italicized letters X, Y, Z, T and B rep-
resent groups of cations at the [9]X, [6]Y, [6]Z, [4]T and [3]B 

crystallographic sites (italicized letters) and the letters V and 
W represent groups of anions accommodated at the [3]-coor-
dinated O3 and O1 crystallographic sites, respectively. 
Tourmaline-supergroup minerals are currently classified into 
three groups, vacant, alkali and calcic, based on the X-site 
occupancy (Henry et al. 2011). A further level of classifica-
tion into subgroups is based on the charge arrangements at 
the Y and Z sites. Tourmalines are also distinguished by the 
dominant anion at the W position of the general formula into 
hydroxy-, fluor- and oxy-species.

Tourmaline gained more and more interest along the 
years surely because of its remarkable power to carry a lot 
of information about its genetic conditions (e.g., Federico 
et al. 1998; Dutrow and Henry 2011). However, tourma-
line relevance stands even more in its role of boron and 
water carrier from the crust deep down the mantle and the 
implications it may have (Henry and Dutrow 1996; Ota 
et al. 2008a, b; Shimizu and Ogasawara 2013; Lussier et al. 
2016). In fact, the boron and water released because of tour-
maline breakdown reduce both the solidus temperature of 
the hosting rock and the viscosity of any associated melt 
(Pichavant 1981; Dingwell et al. 1992). Remarkably, how 
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the breakdown conditions are reached in terms of structural 
variations has never been investigated so far, as well as it 
remains unclear when the deprotonation process exactly 
starts, i.e., if "water" is actually released throughout the 
breakdown process or way before the structural collapse as 
suggested, for example, by the studies of Filip et al. (2012) 
and Bosi et al. (2018b).

The present work aims at investigating the thermal behav-
iour of the fluor-elbaite, ideally Na(Li1.5Al1.5)Al6(Si6O18)
(BO3)3(OH)3F (Bosi et al. 2013) at room pressure. A Fe-
bearing deep green fluor-elbaite sample from the Cruzeiro 
pegmatite (Minas Gerais, Brazil), previously fully character-
ized by Bosi et al. (2019b) with the formula:

was studied by in situ high-temperature X-ray powder dif-
fraction (HT-XRPD) up to the structural breakdown.

Experimental

The fluor-elbaite crystal fragment was gently grinded in 
ethanol, in an agate mortar; the powder was then loaded in 
a 0.7 mm diameter SiO2-glass capillary kept open at one 
side. The capillary was fixed to a hollow corundum tube 
using a HT cement and mounted and aligned on a goniome-
ter head. The capillary was inserted into the heating chamber 
for capillaries, developed by MRI and Bruker AXS, that is 
placed along the beam path of the diffractometer. Character-
istics and thermal calibration procedure of the chamber are 
reported in Ballirano and Melis (2007).

In situ HT-XRPD data were measured on a Bruker AXS 
D8 Advance that operates in θ/θ geometry in transmission 
mode. The instrument is fitted with focussing multilayer 
graded (Göbel) mirrors placed along the incident beam and 
Soller slits on both the incident (2.3° opening angle) and 
diffracted (radial) beams. The data were collected using a 
position sensitive detector (PSD) VÅntec-1 operating at an 
opening angle of 6° 2θ. Details of the data collection are 
reported in Table 1.

At the end of the heating run, the powder was cooled back 
at room temperature (RT) within the chamber, removed from 
the capillary, re-homogenised and charged in a new borosili-
cate–glass capillary. This procedure was followed to reduce 
the possible effect of textured recrystallization at the walls of 
the capillary. As a side effect, re-homogenisation involved also 
powder lying at the coldest extremity of the capillary where T, 
owing to thermal gradients, was significantly smaller than that 
reached in the analysed part of the sample. A measurement of 
this sample was performed outside the chamber.
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Data evaluation was performed by the Rietveld method 
using Topas 6 (Bruker 2016). The Fundamental Parameters 
Approach (FPA: Cheary and Coelho 1992) was used to describe 
the peak shape. The equation of Sabine et al. (1998) for a cylin-
drical sample was applied for absorption correction using the 
approach of Ballirano and Maras (2006) for handling the cor-
relation existing between displacement parameters and absorp-
tion. In particular, isotropic displacement parameters were 
c o n s t r a i n e d  a s  fo l l ow:  B Y  =  B Z  =  B B  =  B T ; 
BO2 = BO3 = BO4 = BO5 = BO6 = BO7 = BO8. Preferred orientation 
effects were corrected using spherical harmonics (8th-order, 
nine refinable parameters) by selecting the number of appropri-
ate terms following the procedure described by Ballirano 
(2003). As expected for data collected in transmission-mode on 
capillaries, the coefficients refined to small values. Starting 
structural data were those of Bosi et al. (2019b) and each 
refined structure at a given non-ambient T was used as input for 
the subsequent T. EoSFit7-GUI (Gonzalez-Platas et al. 2016) 
was used to analyse the dependence of the unit-cell parameters 
from T employing the equation of Berman (1988) for fitting the 
data. This equation has the advantage to permit accommodation 
of non-linear thermal expansion. It is expressed as 
XT = X

0

[

1 + a
0

(

T − Tref
)

+
1

2
a
1

(

T − Tref
)2
]

 with X = V, a, 
c. Miscellaneous information regarding the refinements is listed 
in Table 1 and a representative example of Rietveld plots is 
shown in Fig. 1. CIF files of the fluor-elbaite structure refined 
at the various T are given in Online Resource.

Results and discussion

Breakdown products of F‑elbaite

The first evidence of fluor-elbaite structural breakdown was 
observed at 850 °C owing to the occurrence of very weak 

Table 1   Miscellaneous data of 
the data collection and Rietveld 
refinements of the fluor-elbaite 
studied

Definition of the statistical indi-
cators, from Young (1993)

2θ range (°) 7–145
2θ step-size (°) 0.021798
Counting time (s) 3
Tmax (°C) 850
T steps (°C) 50
Rp (%) 1.772–2.275
Rwp (%) 2.392–3.312
RBragg (%) 0.907–1.303
DWd 0.801–1.363
Χ2 1.767–2.509
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diffraction reflections assigned to a mullite-like phase. The 
breakdown was completed at the T of 900 °C. The quantita-
tive phase analysis (QPA) of the sample cooled down at RT 
(Fig. 2) indicates the occurrence of prevailing mullite-like 

phase plus minor hematite and traces of spinel as breakdown 
products. Furthermore, the increased intensity of the broad 
band centred at ca. 22° 2θ, in addition to the contribution 
of the capillary glass, also reveals the occurrence of some 

Fig. 1   Representative example of the Rietveld plots of the diffraction pattern collected at 423 K. Blue: experimental; red: calculated; grey: differ-
ence; vertical bars: position of calculated Bragg reflections of the fluor-elbaite studied

Fig. 2   Magnified 10–80° 2θ view of the Rietveld plots of the prod-
ucts of breakdown of the fluor-elbaite studied. Blue: experimental; 
red: calculated; grey: difference; vertical bars: position of calculated 

Bragg reflections of (from above to below) mullite, hematite, fluor-
elbaite (unreacted) and spinel
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amorphous material, likely being the cooling product of a 
Si-rich hydrous fluid derived from the tourmaline break-
down. Relicts of unreacted fluor-elbaite were caused by the 
re-homogenisation of the powder (see “Experimental”).

Refined unit-cell parameters of the mullite-like 
phase, in the space group Pbam, were a = 7.5382(2) Å, 
b = 7.6749(2) Å, c = 2.8385(1) Å, V = 164.22(1) Å3 and 
are consistent with those of B-mullites (Lührs et al. 2014). 
An estimation of the B content was carried out using the 
regression equations proposed by Lührs et  al. (2014), 
based on the b- and c-parameters (b = –0.0030(2) × B2O3 
mol.% + 7.6921(8): R2 = 0.99; c = –0.0041(2) × B2O3 
mol.% + 2.8876(19): R2 = 0.96). The results point out to 
a content of ca. 6–12 mol.% B2O3, corresponding to the 
Al8B2Si2O19-Al9BSi2O19 compositional range. It is worth 
noting that the mineral boromullite, space group being 
Cmc21, a = 5.7168(19) Å, b = 15.023(5) Å, c = 7.675(3) Å, 
V = 659.2(7) Å3 with composition Al9BSi2O19, has been 
described by Buick et  al. (2008). However, attempts to 
use this superstructure as starting structure for the present 
B-mullite (using a 4 × larger supercell a’ = 2c = 5.6770(1) Å, 
b′ = 2a = 15.0763(4) Å and c’ = b = 7.6749(2) Å, obtained 
by the transformation matrix 002/200/010) produced rela-
tively strong unobserved reflections, clearly indicating the 
inability of the model to fit the data. Moreover, Werding 
and Schreyer (1992) reported the orthorhombic unit-cell 
parameters a = 5.681(2) Å, b = 15.014(5) Å, c = 7.671(4) Å, 
V = 654.3(3) Å3 for a sample of Al8B2Si2O19 composition. 
It is interesting to notice that V’ of the present sample, cal-
culated from the 4 × larger supercell, is equal to 656.88(3) 
Å3, which is a value located exactly halfway between those 
of Al8B2Si2O19 and Al9BSi2O19.

Finally, the recently discovered (Li,Be)-bearing boro-
silicate mineral vránaite, ideally Al16B4Si4O38 (Novák et al. 
2015; Cempírek et al. 2016), was also considered since it 
was found as a breakdown product of spodumene in the 
elbaite-subtype Manjaka granitic pegmatite (Novák et al. 
2015), and its space group I2/m can be derived from the 
orthorhombic supergroup Pbam (Fischer and Schneider 
2008) to which our structural refined data refer to. Vránaite 
cell parameters are a = 10.383(1) Å, b = 5.668(1) Å, 
c = 10.823(1) Å, β = 90.11(1) °, V = 637.0(1) Å3. However, 
similarly to boromullite, attempts to fit the XRPD data using 
the structural parameters of vránaite produced significantly 
worse agreement indices than those obtained for B-mullite. 
In particular, the markedly different cell parameters resulted 
in a unit cell volume of ca. 657 Å3, significantly larger than 
that reported for vránaite.

Thus, a mullite-type phase of approximate Al8.5B1.5Si2O19 
composition may represent the breakdown crystalline phase 
incorporating B.

Because the B/Si ratio observed in pristine fluor-elbaite 
was 1:2 and that of the present recrystallized B-mullite is 

approximately 1.5:2, it is most likely that the Si-rich amor-
phous component retrieved at the end of the breakdown pro-
cess is very poor in B.

Moreover, considering that pristine fluor-elbaite is a 
hydrated phase containing a definite amount of Na and Li 
and that no hydrated Na- and Li-bearing breakdown products 
are observed, it is very likely that the silicatic amorphous 
component may also contain Na and Li and H2O, as com-
monly used in experimental investigation of tourmaline for-
mation (e.g., Orlando et al. 2017).

The observed hematite accommodates the oxidised Fe 
and spinel probably accommodates the remaining Fe (Mn) 
and Al of the pristine fluor-elbaite.

Thermal expansion and HT structure modifications

Variation of unit-cell parameter values for the fluor-elbaite 
at each T is reported in Table 2, and the relative expansion 
of the same parameters as a function of T is shown in Fig. 3.

A non-linear thermal expansion is observed, with the 
occurrence of several discontinuities. The a-parameter 
deviates from the regularly increasing trend around 500 °C 
and shows a flattening, suddenly followed by a marked 
decrease that ends at 700 °C; above this T, the a-parameter 
increases again with approximately the same rate observed 
below 500 °C. The c-parameter experiences a different 
behaviour as the discontinuity occurs at a higher T (650 °C) 
and consists in an increased expansion rate. These oppo-
site behaviours suggest the onset of two different structural 

Table 2   Refined cell parameters at the various temperatures of the 
fluor-elbaite studied

T (°C) a (Å) c (Å) Volume (Å3)

30 15.9187(1) 7.1283(1) 1564.35(2)
50 15.9199(1) 7.1297(1) 1564.87(3)
100 15.9228(1) 7.1328(1) 1566.15(2)
150 15.9262(1) 7.1362(1) 1567.56(3)
200 15.9298(1) 7.1398(1) 1569.04(3)
250 15.9345(1) 7.1441(1) 1570.92(3)
300 15.9387(1) 7.1481(1) 1572.64(3)
350 15.9435(1) 7.1527() 1574.59(3)
400 15.9475(1) 7.1572(1) 1576.37(3)
450 15.9504(1) 7.1618(1) 1577.97(3)
500 15.9489(2) 7.1662(1) 1578.63(5)
550 15.9361(3) 7.1701(1) 1576.94(7)
600 15.9193(3) 7.1748(1) 1574.48(6)
650 15.9087(2) 7.1842(1) 1574.63(4)
700 15.9077(1) 7.1965(1) 1577.14(3)
750 15.9097(1) 7.2040(1) 1579.16(3)
800 15.9134(1) 7.2099(1) 1581.20(3)
850 15.9138(2) 7.2181(1) 1583.07(5)
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processes and are reflected by the net volume contraction 
occurring in the 500–600 °C thermal range, followed by 
the restart of volume increase after 650 °C.

It is worth noting that ε0 microstrain (lattice strain), 
defined as βi = 4ε0 tan θ, where βi is the integral breadth 
of the jth reflection, refined as a part of the profile shape 
optimization (Ballirano and Sadun 2009), shows a signifi-
cant increase in the same thermal range (450–700 °C) where 
the unit-cell parameters deviate from the regular trends 
(450–700 °C, Fig. 4).

The variation of the unit-cell parameters with T was 
modelled up to 400 °C, i.e., before the onset of structural 
modifications, using the Berman equation (Berman 1988). 
Table 3 reports the relevant parameters of the fitting proce-
dure. The data indicate that the c-parameter is softer than the 
a-parameter against T.

As far as the structural modifications are referred to, 
the < X–O > mean bond distance shows an irregular increase 
with T (Fig. 5). In spite of a marked enlargement tentatively 
exhibited at higher temperature, the possibility of Na release 
and a consequent increase of the X-site vacant component, 
which might enlarge < X–O > (Bosi et al. 2005), is not fully 
supported by experimental data. Moreover, the modifications 
observed by Bosi et al. (2019b) on a single-crystal fragment 
of the same fluor-elbaite studied in this work, heated in air 
at the T of 800 °C and studied at RT by single crystal X-ray 
diffraction, confirmed that Na was not released after heating, 
as reported in their empirical formula,

X(Na
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Fig. 3   Change of normalized unit-cell parameters with T for the fluor-
elbaite studied

Fig. 4   Variation of ε0 microstrain with T for the fluor-elbaite studied. 
The dotted horizontal line, corresponding to the ε0 value at RT, is 
drawn as a guide for the eye

Table 3   Relevant parameters of the fitting procedure by the Berman 
equation of the unit-cell parameters vs. T data of the fluor-elbaite 
studied

Temperature of reference = 30 °C (303 K)

V0, a0, c0 (Å3, Å, Å) a0 (× 10–5 K−1) a1 (× 10–9 K−2) Χ2
w

V (Å3) 1564.38(6) 1.59(5) 2.6(3) 8.64
a (Å) 15.9188(2) 0.371(17) 0.66(10) 6.26
c (Å) 7.1284(1) 0.849(16) 1.32(9) 3.19

Fig. 5   Variation of < X–O > bond distances with T for the fluor-elbaite 
studied
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which has the same Na content of the pristine fluor-elbaite.
The dependence of < Y–O > and < Z–O > bond distances 

from T displays a different behaviour (Fig. 6). In particular, 
the < Y–O > bond distance regularly increases from 2.048 
to 2.064 Å due to thermal expansion when T increases from 
RT to 500 °C, then contracts significantly to 2.027 Å in the 
range 500–700 °C and slightly increases again up to the 
breakdown T of 850 °C. Conversely, the < Z–O > bond dis-
tance regularly increases up to the breakdown, although an 
increment of the expansion is observed at 500 °C.

The < Y–O > and < Z–O > modifications observed in situ 
correlate nicely with the structural modifications observed 
by Bosi et al. (2019b) on the same fluor-elbaite as a result 
of their thermal treatment followed by ex situ study. In fact, 
these authors observed a marked < Y–O > shrinking together 
with limited < Z–O > enlargement which was interpreted as 
the occurrence of Fe2+ oxidation to Fe3+, counterbalanced 
by the deprotonation of (OH)– groups and described by the 
reaction (Fe2+) + (OH)– → (Fe3+) + (O2−) + 1/2H2(g). It is 
worth noting that the whole Fe content of the starting sample 
of fluor-elbaite was Fe2+; therefore, given that the empirical 
mean ionic radius of [6]Fe3+ is smaller than that of [6]Fe2+ 
[0.675(15) Å vs. 0.776(1) Å, respectively, Bosi (2018)], we 
may conclude that in fluor-elbaite the Fe oxidation starts at 
500 °C and the heating is definitely the driving force that 
also rules the associated deprotonation (required to restore 
the overall charge balance even under reducing conditions, 
see Bosi et al. 2019b for details).

To explain the observed variation of Fe occupancy at the 
Y and Z sites with T (Fig. 7), the onset of an intracrystalline 
exchange process after 650 °C has to be hypothesized. After 
Fe2+ oxidation to Fe3+, some amounts of Fe migrate from the 
larger YO6 polyhedron to the adjacent smaller ZAlO6 polyhe-
dron, which in turn moves Al to the Y site. This process can 
be described by the intracrystalline order–disorder reaction 

YFe + ZAl → ZFe + YAl, which was observed on thermally-
treated tourmaline single-crystals by Bosi et al. (2019b) for 
fluor-elbaite, Bosi et al. (2018b) for lucchesiite and Filip 
et al. (2012) for schorl. In the studied fluor-elbaite, this pro-
cess probably ends at 750 °C, when the Fe is reasonably 
supposed to be fully oxidized (Fig. 7).

Both the oxidation reaction of Fe2+ to Fe3+ at the Y 
site and the above reported intracrystalline order–disor-
der reaction contribute to explain the observed depend-
ence of < Y–O > and < Z-O > from T (Fig. 6). In fact, the 
abrupt contraction of < Y–O > is consistent with the com-
bination of the two reactions, which leads to the reduc-
tion of the aggregate size of the constituent cation < Yr > . 
As above mentioned, the empirical mean ionic radius 
of [6]Fe3+ is smaller than that of [6]Fe2+ [0.675(15) Å vs. 
0.776(1) Å, respectively], and the empirical mean ionic 
radius of [6]Al is much smaller than that [6]Fe3+ [0.547(3) 
Å vs. 0.675(15) Å, Bosi (2018)]. The minor expansion 
of < Z–O > in the same thermal range is consistent with the 
smaller increase of the aggregate size of the constituent cat-
ion < Zr > than < Yr > caused by double multiplicity of the Z 
site with respect to Y. A similar behaviour was observed for 
both Fe-dominant/rich tourmalines (e.g., Filip et al. 2012; 
Bosi et al. 2018b, 2019b) and Fe-bearing amphiboles (Oberti 
et al. 2018; Pacella et al. 2020; Ballirano and Pacella 2020).

Conclusions

The thermal behaviour of fluor-elbaite was investigated up 
to structural breakdown through in situ HT-XRPD.

Well before the breakdown, heating the fluor-elbaite 
at 500 °C (773 K) in air was enough to set the Fe oxida-
tion out, counterbalanced by the deprotonation reaction: 

Fig. 6   Dependence of < Y–O > (upper panel) and < Z–O > (lower 
panel) bond distances from T for the fluor-elbaite studied

Fig. 7   Evolution with T of the Fe (+ Mn) occupancy at the Y and Z 
sites for the fluor-elbaite studied
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(Fe2+) + (OH)– → (Fe3+) + (O2–) + 1/2H2(g). Since the cap-
illary acted as a closed system, the early formation of an 
aqueous fluid may be envisaged at this stage. At a higher 
temperature, quantified around 650 °C (923 K), Fe starts to 
migrate from the Y to the Z sites, according to the intracrys-
talline order–disorder reaction YFe + ZAl → ZFe + YAl.

Fluor-elbaite structural breakdown starts at 850  °C 
(1123 K), owing to the first occurrence of a mullite-like 
phase in the decomposition products, and the process is 
complete at 900 °C (1173 K). Tourmaline breakdown prod-
ucts have been identified as B-mullite (for the most part), 
hematite, spinel and a silicatic B-poor (Na, Li, H2O)-bearing 
glass.
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Acknowledgements  Sapienza University of Rome grant (Prog. Uni-
versità 2018 to F. Bosi) is gratefully acknowledged. We sincerely thank 
Jan Cempírek for his brilliant advices that significantly improved this 
work and Andreas Ertl for the warm-hearted and careful revision of this 
manuscript that definitely powered its scientific impact.

Funding  Open access funding provided by Università degli Studi di 
Roma La Sapienza within the CRUI-CARE Agreement.

Declarations 

Conflict of interest  The authors declare no conflict of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Andreozzi GB, Bosi F, Celata B, Capizzi LS, Stagno V, Beckett-
Brown CE (2020) Crystal-chemical behavior of Fe2+ in tourma-
line dictated by structural stability: insights from a schorl with 
formula NaY(Fe2+

2Al)Z(Al5Fe2+)(Si6O18)(BO3)3(OH)3(OH, F) 
from Seagull batholith (Yukon Territory, Canada). Phys Chem 
Miner 47:1–9

Ballirano P (2003) Effects of the choice of different ionization level for 
scattering curves and correction for small preferred orientation in 
Rietveld refinement: the MgAl2O4 test case. J Appl Crystallogr 
36:1056–1061

Ballirano P, Maras A (2006) In-situ X-ray transmission powder diffrac-
tion study of the kinetics of the light induced alteration of realgar 
(α-As4S4). Eur J Mineral 18:589–599

Ballirano P, Melis E (2007) Thermal behaviour of β-anhydrite CaSO4 
to 1263 K. Phys Chem Miner 34:699–704

Ballirano P, Sadun C (2009) Thermal behavior of trehalose dihydrate 
(Th) and β-anhydrous trehalose (Tβ) by in-situ laboratory parallel-
beam X-ray powder diffraction. Struct Chem 20:815–823

Ballirano P, Pacella A (2020) Towards a detailed comprehension of the 
inertisation processes of amphibole asbestos: in situ high-temper-
ature behaviour of fibrous tremolite. Mineral Mag 84:888–899

Berman RG (1988) Internally-consistent thermodynamic data for min-
erals in the system Na2O–K2O–CaO–MgO–FeO–Fe2O3–Al2O3–
SiO2–TiO2–H2O–CO2. J Petrol 29:445–522

Bosi F (2018) Tourmaline crystal chemistry. Am Mineral 103:298–306
Bosi F, Andreozzi GB, Federico M, Graziani G, Lucchesi S (2005) 

Crystal chemistry of the elbaite-schorl series. Am Mineral 
90:1784–1792

Bosi F, Andreozzi GB, Skogby H, Lussier AJ, Abdu Y, Hawthorne FC 
(2013) Fluor-elbaite, Na(Li1.5Al1.5)Al6(Si6O18)(BO3)3(OH)3F, a 
new mineral species of the tourmaline supergroup. Am Mineral 
98:297–303

Bosi F, Naitza S, Skogby H, Secchi F, Conte AM, Cuccuru S, Hålenius 
U, De La Rosa N, Kristiansson P, Nilsson EJC, Ros L, Andreozzi 
GB (2018a) Late magmatic controls on the origin of schorlitic and 
foititic tourmalines from late-Variscan peraluminous granites of 
the Arbus pluton (SW Sardinia, Italy) crystal-chemical study and 
petrological constraints. Lithos 308:395–411

Bosi F, Skogby H, Hålenius U, Ciriotti M (2018b) Experimental cation 
redistribution in the tourmaline lucchesiite, CaFe2+

3Al6(Si6O18) 
(BO3)3(OH)3O. Phys Chem Miner 45:621–632

Bosi F, Naitza S, Secchi F, Conte AM, Cuccuru S, Andreozzi GB, 
Skogby H, Hålenius U (2019a) Petrogenetic controls on the origin 
of tourmalinite veins from Mandrolisai igneous massif (Central 
Sardinia, Italy): Insights from tourmaline crystal chemistry. Lithos 
342–343:333–344

Bosi F, Skogby H, Hålenius U (2019b) Thermally induced cation redis-
tribution in fluor-elbaite and Fe-bearing tourmalines. Phys Chem 
Miner 46:371–383

Buick I, Grew ES, Armbruster T, Medenbach O, Yates MG, Bebout 
GE, Clarke GL (2008) Boromullite, Al9BSi2O19, a new mineral 
from granulite-facies metapelites, Mount Stafford, central Aus-
tralia and a natural analogue of a synthetic “boron-mullite.” Eur 
J Mineral 20:935–950

Bruker AXS (2016) Topas V6: general profile and structure analysis 
software for powder diffraction data. Bruker AXS, Karlsruhe

Cempírek J, Grew ES, Kampf AR, Ma C, Novák M, Gadas P, Škoda 
R, Vašinová-Galiová M, Pezzotta F, Groat LA, Krivovicev SV 
(2016) Vránaite, ideally Al16B4Si4O38, a new mineral related to 
boralsilite, Al16B6Si2O37, from the Manjaka pegmatite, Sahatany 
Valley, Madagascar. Am Mineral 101:2108–2117

Cheary RW, Coelho AA (1992) A fundamental parameters approach of 
X-ray line-profile fitting. J Appl Crystallogr 25:109–121

Dutrow B, Henry D (2011) Tourmaline: a geologic DVD. Elements 
7:301–306

Federico M, Andreozzi GB, Lucchesi S, Graziani G, César-Mendes 
J (1998) Crystal chemistry of tourmalines. I. Chemistry, com-
positional variations and coupled substitutions in the pegmatite 
dikes of the Cruzeiro mine, Minas Gerais, Brazil. Can Mineral 
36:415–431

Filip J, Bosi F, Novák M, Skogby H, Tuček J, Čuda WM (2012) 
Iron redox reactions in the tourmaline structure: high-temper-
ature treatment of Fe3+-rich schorl. Geochim Cosmochim Acta 
86:239–256

Fischer RX, Schneider H (2008) Crystal chemistry of borates and 
borosilicates with mullite-type structures: a review. Eur J Min-
eral 20:917–933

https://doi.org/10.1007/s00269-021-01147-5
http://creativecommons.org/licenses/by/4.0/


	 Physics and Chemistry of Minerals (2021) 48:24

1 3

24  Page 8 of 8

Gonzalez-Platas J, Alvaro M, Nestola F, Angel R (2016) EosFit7-GUI: 
a new graphical user interface for equation of state calculations, 
analyses and teaching. J Appl Crystallogr 49:1377–1382

Henry DJ, Dutrow BL (1996) Metamorphic tourmaline and its pet-
rologic applications. In: Grew ES, Anovitz LM (eds), Boron: 
mineralogy, petrology and geochemistry. Rev Miner Geochem 
33:503–557

Henry DJ, Novák M, Hawthorne FC, Ertl A, Dutrow BL, Uher P, Pez-
zotta F (2011) Nomenclature of the tourmaline supergroup miner-
als. Am Mineral 96:895–913

Lührs H, Soellradl S, King SP, Hanna JV, Konzett J, Fischer RX (2014) 
Ambient and high-pressure synthesis, composition, and crystal 
structure of B-mullites. Cryst Res Tech 49:21–31

Lussier A, Ball NA, Hawthorne FC, Henry DJ, Shimizu R, Ogasa-
wara Y, Ota T (2016) Maruyamaite, K(MgAl2)(Al5Mg)
Si6O18(BO3)3(OH)3O, a potassium-dominant tourmaline from 
the ultrahigh-pressure Kokchetav massif, northern Kazakhstan: 
description and crystal structure. Am Mineral 101:355–361

Novák M, Cempírek J, Gadas P, Škoda R, Vašinová-Galiová M, Pez-
zotta F, Groat LA (2015) Boralsilite and Li, Be-bearing “boron 
mullite” Al8B2Si2O19, breakdown products of spodumene from the 
Manjaka pegmatite, Sahatany Valley, Madagascar. Cam Mineral 
53:357–374

Oberti R, Boiocchi M, Zema M, Hawthorne FC, Redhammer GJ, Susta 
U, Della Ventura G (2018) The high-temperature behaviour of 
riebeckite: expansivity, deprotonation, selective Fe oxidation and 
a novel cation disordering scheme for amphiboles. Eur J Mineral 
30:437–449

Orlando A, Ruggieri G, Chiarantini L, Montegrossi G, Rimondi V 
(2017) Experimental investigation of biotite-rich schist reacting 

with B-bearing fluids at upper crustal conditions and correlated 
tourmaline formation. Minerals 7:155–177

Ota T, Kobayashi K, Katsura T, Nakamura E (2008a) Tourmaline 
breakdown in a pelitic system: implications for boron cycling 
through subduction zones. Contrib Mineral Petrol 155:19–32

Ota T, Kobayashi K, Kunihiro T, Nakamura E (2008b) Boron cycling 
by subducted lithosphere; insights from diamondiferous tourma-
line from Kokchetav ultrahigh-pressure metamorphic belt. Geo-
chim Cosmochim Acta 72:3531–3541

Pacella A, Tomatis M, Viti C, Bloise A, Arizza L, Ballirano P, Turci F 
(2020) Thermal inertization of amphiboles asbestos modulates Fe 
topochemistry and surface reactivity. J Hazard Mater 398:123119

Sabine TM, Hunter BA, Sabine WR, Ball CJ (1998) Analytical expres-
sions for the transmission factor and peak shift in absorbing cylin-
drical specimens. J Appl Crystallogr 31:47–51

Shimizu R, Ogasawara Y (2013) Diversity of potassium-bearing tour-
malines in diamondiferous Kokchetav UHP metamorphic rocks: 
a geochemical recorder from peak to retrograde metamorphic 
stages. J Asian Earth Sci 63:39–55

Werding G, Schreyer W (1992) Synthesis and stability of werdingite, a 
new phase in the system MgO–Al2O3–B2O3–SiO2 (MABS), and 
another new phase in the ABS-system. Eur J Mineral 4:193–207

Young RA (1993) Introduction to the Rietveld method. In: Young RA 
(ed) the Rietveld method. Oxford University Press, Oxford, pp 1–38

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.



 

 85 

2.2.2 Mn-bearing fluor-elbaite 

 



www.jgeosci.org

Journal of Geosciences, 67 (2022), 151–161	 DOI: 10.3190/jgeosci.347

Original paper

HT breakdown of Mn-bearing elbaite from the Anjanabonoina 
pegmatite, Madagascar

Paolo BALLIRANO1, Beatrice CELATA1*, Henrik SKOGBY2, Giovanni B. ANDREOZZI1,  
Ferdinando BOSI1

1	Department of Earth Sciences, Sapienza University of Rome, Piazzale Aldo Moro 5, I-00185 Rome, Italy;  
	 beatrice.celata@uniroma1.it
2	Department of Geosciences, Swedish Museum of Natural History, SE-10405 Stockholm, Sweden
*	Corresponding author
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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 

http://dx.doi.org/10.3190/jgeosci.347
http://dx.doi.org/10.3190/jgeosci.347
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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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Abstract
The thermal behaviour of an uvite from San Piero in Campo (Elba Island, Italy) was investigated at room pressure through 
in situ high-temperature powder X-ray diffraction (PXRD), until the breakdown conditions were reached. The variation of 
uvite structural parameters (unit-cell parameters and mean bond distances) was monitored together with site occupancies and 
we observed the thermally induced Fe oxidation process counterbalanced by (OH)− deprotonation, which starts at 450 °C 
and is completed at 650 °C. The uvite breakdown reaction occurs between 800 and 900 °C. The breakdown products were 
identified at room temperature by PXRD and the breakdown reaction can be described as follows: tourmaline → indial-
ite + yuanfuliite + plagioclase + “boron-mullite” phase + hematite.

Keywords  Uvite · HT-PXRD · Thermal expansion · Iron oxidation · Deprotonation · Intracrystalline cation exchange · 
Structural breakdown

Introduction

Tourmalines are a mineral supergroup of complex borosili-
cates occurring in different geological settings, from dia-
genetic stages to ultra-high-pressure (UHP) environments 
(e.g., Henry and Dutrow 1996; Dutrow and Henry 2011; 
Lussier et al. 2016). Such an extensive stability field is due 
both to the capacity of tourmaline to adjust its composition 
depending upon the formation environment and to its crystal 
structure (discussed below).

The general chemical formula of tourmaline is: 
XY3Z6T6O18(BO3)3V3W, 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−. The 
non-italicized letters X, Y, Z, T and B represent groups of 
cations at the [9]X, [6]Y, [6]Z, [4]T and [3]B crystallographic 
sites (italicized letters), and the letters V and W represent 
groups of anions accommodated at the [3]-coordinated O3 
and O1 crystallographic sites, respectively. Tourmaline-
supergroup minerals are primarily classified into three 

groups, vacant, alkali and calcic, based on the X-site occu-
pancy (Henry et al. 2011). A further level of classification 
into subgroups is based on charge arrangements at the Y and 
Z sites. Tourmalines are also distinguished by the dominant 
anion at the W position of the general formula into hydroxy-, 
fluor- and oxy-species.

Tourmaline structure is inextricably built over the triangular 
planar (BO3) group, which is bonded to the trigonal antiprism 
XO9 and to YO6 octahedron. Each one of the XO9 antiprisms is 
linked to a ring of six tetrahedra [T6O18]. All those structural 
elements of tourmaline constitute separate islands that extend 
along c crystallographic axis. Finally, the structural backbone 
of tourmaline is made by ZO6 polyhedra that tie the islands 
together thus giving tourmaline the mechanical properties that 
makes it a very resistant mineral in clastic sediments and UHP 
environments (e.g., Bosi 2018). Also for this reason, tourma-
line is able to give inferences about the chemical conditions 
of its formation (Dutrow and Henry 2011). Thus, tourmaline 
is stable in a variety of geological setting, including where 
crustal material is recycled through subduction zones down to 
the upper mantle (Henry and Dutrow 1996; Ota et al. 2008a,b; 
Shimizu and Ogasawara 2013). Tourmaline can also form in 
subduction environments in presence of B-bearing aqueous 
fluids, when the other phases in paragenesis with it reach 
their breakdown conditions and some elements are recycled 
in tourmaline’s structure which is stable at those depths, so 
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that it may form, or overgrow (if it was pre-existing in the 
recycled material) with a new composition, depending upon 
the elements available to be incorporated. At greater depths, 
tourmaline itself experiences breakdown, and aqueous fluids 
are released and may escape once again going metasomatize 
the surrounding rocks, reducing both their solidus temperature 
and the viscosity of possibly associated melt (Pichavant 1981; 
Dingwell et al. 1992).

If subducting serpentinites are strictly coupled with car-
bonaceous (meta)sediments, the release of Ca-rich metaso-
matic fluids along the slab is likely to occur as a consequence 
of dehydration reactions, going for example to form strongly 
Ca-enriched patches and layers of hybrid rocks (lawsonite-
bearing) in metagabbro matrix (Tartarotti et al. 2019). Those 
Ca-rich metasomatic fluids may also lead to the formation of 
Ca-bearing tourmaline that acts as Ca-carrier at greater depths 
until the breakdown conditions are reached. In some cases, 
tourmaline can experience an extreme chemical evolution that 
ends up with a change in its nomenclature, for example from 
alkali to calcic, following the possible substitution scheme 
for Ca incorporation into tourmaline reported in Henry and 
Dutrow (1990).

The breakdown conditions of tourmaline are composition-
dependent and a reference diagram of tourmaline stability 
field is reported in van Hinsberg et al. (2011), mainly regard-
ing alkali tourmalines (schorl and dravite) and vacant ones 
(magnesio-foitite).

The occurrence of Ca-rich tourmalines in nature was exper-
imentally demonstrated to be a function of pressure, tempera-
ture and metamorphic fluids composition (Berryman et al. 
2016), but calcic tourmalines remain so far the less investigated 
in terms of thermal behaviour, dehydration and breakdown 
products, also because uvite, ideally CaMg3(Al5Mg)(Si6O18)
(BO3)3(OH)3(OH), was only recently officially approved by 
the International Mineralogical Association’s Commission on 
Nomenclature and Classification as a new mineral species of 
tourmaline supergroup (Bosi et al. 2022).

The present work aims at investigating the thermal behav-
iour and stability of the calcic tourmaline uvite, at room 
pressure (RP). The holotype of uvite from San Piero in 
Campo (Elba Island, Italy), described by Bosi et al. (2022) 
with formula X(Ca0.61Na0.35□0.04)Σ1.00 Y(Mg1.51Fe2+

0.47 
Al0.70Fe3+

0.14Ti0.18)Σ3.00 Z(Al4.54Fe3+
0.18V3+

0.02Mg1.27)Σ6.01 
T(Si5.90Al0.10)Σ6.00 (BO3)3 V(OH)3 W[(OH)0.55F0.05O0.40]Σ1.00, 
was studied by in situ high-temperature powder X-ray dif-
fraction (HT-PXRD) up to the structural breakdown.

Experimental

A fragment of an uvite crystal was gently ground in an agate 
mortar under ethanol. The resulting powder was loaded in 
a 0.7 mm-diameter SiO2-glass capillary kept open at one 

side. To avoid unwanted movements of the powder along 
the capillary, some kaolin wool-glass was used as a stopper 
at the open side. Finally, the capillary was fixed to a hol-
low corundum tube using an HT cement. In situ HT-PXRD 
experiments were performed using a heating chamber for 
capillaries, developed by MRI and Bruker AXS, placed 
along the beam path of the diffractometer. Relevant features 
and details of the thermal calibration procedure of the cham-
ber may be found in Ballirano and Melis (2007).

Data were measured, using CuKα radiation, on a Bruker 
AXS D8 Advance, operating in θ/θ geometry in transmis-
sion mode, fitted with focussing multilayer graded (Göbel) 
mirrors placed along the incident beam and Soller slits on 
both the incident (2.3° opening angle) and diffracted (radial) 
beams. Intensities were collected by a position sensitive 
detector (PSD) VÅntec-1 set at an opening angle of 6° 2θ.

At the end of the heating run, the capillary was cooled 
back at room temperature (RT) within the chamber with a 
10 °C/min rate. The powder was removed from the capil-
lary, re-homogenized and loaded in a new borosilicate-glass 
capillary following the same procedure, aimed at reducing 
the possible effect of textured recrystallization at the walls of 
the capillary, adopted by Celata et al. (2021) and Ballirano 
et al. (2022). Data collection was performed keeping the 
sample outside the chamber using the same angular range, 
step-scan size, and counting time of the HT measurements 
(see Table 1).

Data were evaluated by the Rietveld method using Topas 
V.6 (Bruker AXS 2016) which implements the Funda-
mental Parameters Approach (FPA: Cheary and Coelho 
1992) to describe the peak shape. Absorption correction 
for a cylindrical sample was performed using the equa-
tion of Sabine et al. (1998) and the procedure described 
by Ballirano and Maras (2006) was applied for handling 
the correlation existing between displacement param-
eters and absorption. The isotropic displacement param-
eters were constrained as follows: BY = BZ = BB = BT; 

Table 1   Miscellaneous data of the data collection and Rietveld 
refinements

Definition of the statistical indicators as indicated in Young (1993)

2θ range (°) 7–135
2θ step-size (°) 0.021798
Counting time (s) 4
Tmax (°C) 900
T steps (°C) 25
Heating rate (°C/min) 0.5
RP (%) 0.960–1.255
Rwp (%) 1.232–1.676
RBragg (%) 0.649–0.851
DWd 1.190–1.526
χ2 1.046–1.346
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BO1 =  BO2 =  BO3 =  BO4 =  BO5 =  BO6 =  BO7 =  BO8; 
BH1 = BH3 = 1.2* BO1. Texture effects were corrected using 
spherical harmonics (8th-order, nine refinable parameters), 
selecting the number of appropriate terms by using the 
approach of Ballirano (2003). Starting structural data were 
taken from Bosi et al. (2022) and each refined structure at a 
given non-ambient T was used as input for the subsequent 
T. Experimental conditions and miscellaneous information 
regarding the refinements are listed in Table 1, a magnified 
3D-plot of the full data set is shown in Fig. 1, and a repre-
sentative example of Rietveld plots is shown in Fig. 2. CIFs 
of the uvite structure refined at the various T are given in 
online resource.

Results and discussion

Breakdown products of uvite

The first evidence of uvite structural breakdown was 
observed at 800 °C owing to the occurrence of weak dif-
fraction reflections that were subsequently assigned with 
the help of the diffraction pattern collected on the material 
cooled to RT. The breakdown was completed at the T of 
900 °C. The diffraction pattern of the sample cooled down at 
RT (Fig. 3) was refined by the Rietveld method keeping fixed 
all structural parameters to reference data except for unit-
cell parameters. Therefore, the resulting quantitative phase 
analysis (QPA) must be considered as semi-quantitative. 
Data indicate the occurrence of prevailing indialite, ideally 
Mg2Al3[AlSi5O18] (Balassone et al. 2004), plus yuanfuliite, 

ideally Mg(Fe3+,Al)O(BO3) (Appel et al. 1999), plagioclase, 
a “boron-mullite” phase (labelled as Al4B2O9 in the graph; 
Fischer et al. 2008) and hematite as breakdown products of 
uvite. According to various determinative methods (Kroll 
1983) and considering the relatively large standard uncer-
tainty of the refined cell parameters, plagioclase composition 
could be restrained to the 75–90 An mol% range. All these 
phases were also identified in the HT diffraction patterns 
collected at T ≥ 800 °C, indicating that they were not pro-
duced during the cooling process. Furthermore, no inten-
sity variation of the broad bump centred at ~ 22° 2θ, due to 
the capillary glass, was observed at the end of the thermal 
heating run testifying the absence of relevant amounts of 
amorphous material.

The observed assemblage of phases is significantly dif-
ferent with respect to that resulting from the thermal break-
down of both Fe-rich fluor-elbaite (Celata et al. 2021) and 
Mn-bearing fluor-elbaite (Ballirano et al. 2022). In particu-
lar, the mullite-like phase reported as the prevailing crystal-
line product of Fe-rich fluor-elbaite and Mn-bearing fluor-
elbaite breakdown is replaced by indialite. This is due to the 
occurrence of significant Mg and lower Al content of the 
pristine uvite sample (5.24 atoms per formula unit, apfu) 
as compared to the fluor-elbaite ones (5.96 and 7.81 apfu, 
respectively).

Moreover, the absence of abundant B-rich amorphous 
material is justified by the occurrence, among the breakdown 
products of uvite, of two different phases (yuanfuliite and 
boromullite) where B may be accommodated.

Owing to the limited amount of “boron mullite” in 
mixture, it was not possible to derive reliable unit-cell 

Fig. 1   Magnified 7–40° 2θ 3D-view of the full data set collected in the 30–900 °C thermal range
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Fig. 2   Representative example of the Rietveld plots of the diffraction pattern collected at 175 °C. Blue: experimental; red: calculated; grey: dif-
ference; vertical bars: position of calculated Bragg reflections of the uvite studied

Fig. 3   Magnified 7–60° 2θ view of the Rietveld plots of the prod-
ucts of breakdown of the uvite studied. Blue: experimental; red: cal-
culated; grey: difference; vertical bars: position of calculated Bragg 
reflections of (from above to below) plagioclase, indialite, hematite, 

yuanfuliite and “boron mullite”. The contribution of “boron mul-
lite” (labelled as Al4B2O9 in the legend) is indicated as a continuous 
magenta line



Physics and Chemistry of Minerals (2022) 49:40	

1 3

Page 5 of 10  40

parameters to characterize in detail its chemistry as it was 
done for the Al2O3–B2O3–SiO2 (ABS) phases arising from 
the breakdown of fluor-elbaite samples (Celata et al. 2021; 
Ballirano et al. 2022).

Thus, after uvite breakdown, Ca is hosted in plagioclase 
(75–90% An) and allegedly in both indialite and yuanfuliite 
(< 0.10 apfu). No melt was observed, so, at these conditions, 
no B–Ca-bearing aqueous fluids are produced.

Our experimental results can be intended as a preliminary 
study of the lower limit of uvite’s stability field, setting the 
stage for future HP–HT experiments aimed to mimic the 
conditions of a subducting slab to better understand the role 
and behaviour of Ca–tourmaline in dehydration processes 
and release of Ca-bearing metasomatic fluids.

Thermal expansion and HT structure modifications

Variation of unit-cell parameter values at each T for the uvite 
sample is reported in Table 2, and shown in a graphical way 
in Fig. 4. The dependence of the unit-cell parameters from 
T was modelled using the Berman equation (Berman 1988). 
This approach indicated the occurrence of a discontinuity 
at 450 °C, and for this reason, the fitting was limited to a 
maximum T of 425 °C. The corresponding functions are 
shown as continuous red lines in Fig. 4. Table 3 lists the 
relevant parameters of the fitted functions that are compared 
to those of Fe-rich fluor-elbaite (Celata et al. 2021) and Mn-
bearing fluor-elbaite (recalculated from the published data 
of Ballirano et al. 2022). Data indicate that the c-parameter 
is softer than the a-parameter against T. It is worth noting 
that uvite expands at a rate slightly greater than that of both 
Fe-rich fluor-elbaite and Mn-bearing fluor-elbaite.

The dependence of the normalized unit-cell parameters 
with T is reported in Fig. 5. The trend is very similar to that 
observed in both Fe-rich fluor-elbaite and Mn-bearing fluor-
elbaite (Celata et al. 2021; Ballirano et al. 2022).

The first deviation from the regularly increasing trend 
of the a-parameter occurs at 450 °C and it ends at 625 °C; 
above this T, the a-parameter increases again with approxi-
mately the same rate observed below 450 °C. The c-param-
eter shows a discontinuity at the same T (450 °C) consisting 
in a very small inflexion before regaining the same expan-
sion rate. The data measured at T = 900 °C, during the onset 
of the breakdown, apparently deviate from the trends, but 
they are affected by a high standard uncertainty value. It is 
worth noting that Mn-bearing fluor-elbaite shows a diverg-
ing behaviour for the a- and c-parameter at T exceeding 
750 °C that may be related to the onset of the intracrystal-
line order–disorder reaction YLi + ZAl → ZLi + YAl (Ballirano 
et al. 2022).

Based on reference data (Celata et al. 2021; Ballirano 
et  al. 2022), the discontinuity of the unit-cell param-
eters’ dependence from T observed in the 450–625 °C 

thermal range is caused by the onset of the transition 
elements (TEs) oxidation process which is coupled to 
deprotonation at the H1 and/or H3 sites. In the case of 
uvite, the equation describing the process takes the form 
of (Fe2+) + (OH)− → (Fe3+) + (O2−) + 1/2H2(g), (Bosi 
et  al. 2019). In fact, such a discontinuity is similar to 
that observed in Fe-rich fluor-elbaite and Mn-bearing 
fluor-elbaite (Celata et al. 2021; Ballirano et al. 2022); 
the magnitude of the contraction of the cell parameters is 
consistent with the corresponding amounts of TEs (Fe-
rich fluor-elbaite: 1.12 apfu Fe2+  + Mn2+; uvite, 0.47 apfu 
Fe2+; Mn-bearing fluor-elbaite, 0.12 apfu Mn2+).

Table 2   Refined cell parameters of the studied uvite at the various 
temperatures

T (°C) a (Å) c (Å) Volume (Å3)

30 15.97430 (7) 7.22915 (4) 1597.574 (16)
50 15.97556 (7) 7.23068 (5) 1598.166 (18)
75 15.97774 (8) 7.23283 (5) 1599.076 (19)
100 15.97902 (8) 7.23433 (5) 1599.666 (19)
125 15.98156 (8) 7.23662 (5) 1600.682 (18)
150 15.98344 (8) 7.23857 (5) 1601.490 (18)
175 15.98529 (8) 7.24063 (5) 1602.315 (19)
200 15.98734 (8) 7.24250 (5) 1603.140 (19)
225 15.98915 (8) 7.24465 (5) 1603.980 (19)
250 15.99199 (8) 7.24716 (5) 1605.11 (2)
275 15.99436 (8) 7.24963 (5) 1606.13 (2)
300 15.99709 (8) 7.25208 (5) 1607.22 (2)
325 15.99985 (9) 7.25473 (5) 1608.36 (2)
350 16.00159 (9) 7.25682 (6) 1609.17 (2)
375 16.00454 (9) 7.25930 (5) 1610.32 (2)
400 16.00636 (9) 7.26132 (6) 1611.13 (2)
425 16.00847 (9) 7.26340 (6) 1612.02 (2)
450 16.00939 (10) 7.26504 (6) 1612.57 (2)
475 16.01013 (10) 7.26654 (6) 1613.05 (2)
500 16.01033 (10) 7.26831 (6) 1613.48 (2)
525 16.01014 (10) 7.27038 (6) 1613.91 (2)
550 16.00973 (10) 7.27229 (6) 1614.25 (2)
575 16.01016 (10) 7.27507 (6) 1614.95 (2)
600 16.01014 (10) 7.27735 (6) 1615.45 (2)
625 16.01128 (10) 7.27979 (6) 1616.22 (2)
650 16.01295 (10) 7.28216 (6) 1617.09 (2)
675 16.01465 (10) 7.28404 (6) 1617.85 (2)
700 16.01706 (10) 7.28628 (6) 1618.83 (2)
725 16.01871 (10) 7.28813 (6) 1619.58 (2)
750 16.02091 (10) 7.29026 (6) 1620.50 (2)
775 16.02372 (11) 7.29274 (6) 1621.62 (3)
800 16.02665 (11) 7.29551 (7) 1622.83 (3)
825 16.0290 (4) 7.2980 (2) 1623.86 (10)
850 16.031 (2) 7.2977 (12) 1624.2 (5)
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Fig. 4   Variation of unit-cell 
parameters with T for the stud-
ied uvite. The continuous red 
lines represent the fitted Ber-
man functions for a, c and vol. 
Parameters of the corresponding 
functions are listed in Table 3

Table 3   Relevant parameters 
of the fitting procedure by 
the Berman equation of the 
unit-cell parameters vs T data, 
up to oxidation, of different 
tourmaline samples

Data for Fe-rich fluor-elbaite from Celata et al. (2021). Data for Mn-bearing fluor-elbaite recalculated from 
Ballirano et al. (2022). Please notice that in Celata et al. (2021), the values of a1 were erroneously listed as 
× 10−9 K−2 instead of 10−8 K−2. Temperature of reference = 30 °C (303 K). Uvite Tmax 698 K, step 25 °C; 
Fe-rich fluor-elbaite Tmax 698 K, step 50 °C; Mn-bearing fluor-elbaite Tmax 723 K, step 25 °C

V0, a0, c0 (Å3, Å, Å) a0 (× 10−5 K−1) a1 (× 10−8 K−2)

V (Å3)
 Uvite 1597.54 (8) 1.93 (6) 2.1 (3)
 Fe-rich fluor-elbaite 1564.38 (6) 1.59 (5) 2.6 (3)
 Mn-bearing fluor-elbaite 1530.15 (7) 1.56 (5) 2.6 (3)

a (Å)
 Uvite 15.97420 (23) 0.448 (18) 0.55 (9)
 Fe-rich fluor-elbaite 15.91875 (19) 0.371 (17) 0.66 (10)
 Mn-bearing fluor-elbaite 15.7927 (3) 0.36 (2) 0.69 (10)

c (Å)
 Uvite 7.22912 (17) 1.04 (3) 0.97 (15)
 Fe-rich fluor-elbaite 7.12842 (8) 0.849 (16) 1.32 (9)
 Mn-bearing fluor-elbaite 7.08421 (9) 0.841 (16) 1.23 (8)
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As far as the structural modifications are referred to, the 
< X–O > mean bond distance is characterized by a regular 
increase with T which is nicely fitted by a linear dependence 
(Fig. 6).

The dependences of < Y–O > and < Z–O > bond dis-
tances from T display contrasting behaviours (Figs. 7, 8). 
The < Y–O > bond distance increases in a fairly regular 
way from 2.045 to 2.065 Å. Minor dispersion of the data 

from the linear trend may be possibly related to the effect 
of the minor TEs’ oxidation. Differently, this behaviour 
is evident in the case of Fe-rich fluor-elbaite, whose 
TEs’ content is significantly higher than that of uvite. In 
fact, a contraction of the < Y–O > bond distance, in the 
thermal range where the TEs’ oxidation occurs (Celata 
et al. 2021), is observed and ascribed to the smaller ionic 
radius of Fe3+ than that of Fe2+. Differently, the < Z–O > 

Fig. 5   Dependence of the 
normalized unit-cell parameters 
from T for uvite. For compari-
son purpose, data from Fe-rich 
fluor-elbaite (Celata et al. 2021) 
and Mn-bearing fluor-elbaite 
(Ballirano et al. 2022) are also 
reported

Fig. 6   Variation of < X–O > 
bond distance with T for the 
studied uvite
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bond distance shows a very minor decrease, from 1.935 
to 1.929 Å, as a function of T. It is unclear whether the 
decrease is significant or not as it is of a magnitude com-
parable to the standard uncertainty of individual Z–O bond 
distances. Such a variation could be possibly attributed 
to minor intracrystalline order–disorder reaction such 
as YFe + ZAl → ZFe + YAl described by Ballirano et  al. 
(2022) for Mn-bearing fluor-elbaite. However, analysis of 

the mean atomic number (man; Hawthorne et al. 1995) at 
both Y and Z sites (Fig. 9) shows that the small, constant 
reduction of man at Z, is not counterbalanced by a propor-
tional increase at Y. This reduction may hence be related 
to the simplification adopted to constrain the displacement 
parameters of atoms at the Y, Z, B and T sites to be equal 
throughout the various refinements.

Fig. 7   Dependence of < Y–O > 
bond distances from T for the 
studied uvite

Fig. 8   Dependence of < Z–O > 
bond distances from T for the 
studied uvite
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Conclusions

The thermal behaviour of uvite was investigated for the 
first time up to structural breakdown through in  situ 
HT-PXRD.

Well before the breakdown, heating the uvite at 
450  °C in air was enough to set the Fe oxidation 
out, counterbalanced by the deprotonation reaction: 
(Fe2+) + (OH)− → (Fe3+) + (O2−) + 1/2H2(g).

Tourmaline breakdown products have been identified 
as indialite (prevalent) yuanfuliite, plagioclase, a “boron-
mullite” phase, and hematite. No melt was produced 
after uvite breakdown and Ca is stored in plagioclase 
(75–90% An).
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INTRODUCTION
Tourmalines are classified as a supergroup of complex 

borosilicates, being the dominant boron minerals 
commonly found as accessory phases in sedimentary, 
metamorphic, and igneous rocks.

Their ubiquity is given by different factors: the capacity 
to accommodate a variety of chemical elements in their 
crystal structure, so as to adapt to different geological 
environments, and the features of their crystal structure 
itself hence their mechanical resistance.

The general formula for tourmaline supergroup minerals 
is: XY3Z6T6O18(BO3)3V3W, 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-. The unitalicized 
letters X, Y, Z, T and B represent groups of cations at the 
[9]X, [6]Y, [6]Z, [4]T and [3]B crystallographic sites (italicized 
letters), whereas the letters V and W represent groups of 
anions accommodated at the [3]-coordinated O3 and O1 
crystallographic sites, respectively. Tourmaline-supergroup 
minerals are primarily classified into three groups, vacant, 
alkali and calcic, based on the X-site occupancy (Henry et 
al., 2011). A further level of classification into subgroups 
is based on charge arrangements at the Y and Z sites. 
Tourmalines are also distinguished by the dominant anion 
at the W position of the general formula into hydroxy-, 

ABSTRACT

Schorl is one of the most widespread tourmaline compositions in the world, known 
from many different geological settings. Its role as boron and water carrier has been 
moderately investigated together with its stability field. In this study, the richest schorl in 
Fe2+ content was investigated to constraint its breakdown temperature at room pressure 
through in situ powder X-Ray Diffraction (in situ pXRD), its breakdown products and 
the coupled thermally induced dehydrogenation-dehydrogenation process experienced 
approaching the breakdown conditions. 
Schorl turned out to begin its breakdown at 850 °C with the first appearance of hematite, 
followed by a dominant B-mullite phase. The breakdown reaction of schorl can be 
expressed as follows: 2NaFe2+

3Al6(BO3)3Si6O18(OH)=3Fe2O3+4/3Al9Si2BO19+(Na- Si- 
B-rich) glass+4H2O.
The breakdown process is completed at 950 °C, when no trace of residual tourmaline 
is found. Annealing the schorl at 450 °C in air was enough to set the Fe oxidation out, 
counterbalanced by the deprotonation reaction: (Fe2+)+(OH)- → (Fe3+)+ (O2-)+1/2H2(g).

Keywords: Schorl; HT-pXRD; thermal expansion; iron oxidation; deprotonation; 
intracrystalline cations exchange; structural breakdown.
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fluor- and oxy-species. A more comprehensive discussion 
on tourmaline crystal-chemistry is given in Bosi (2018). 

Depending on its composition, tourmaline appeared to 
be stable at different pressure and temperature conditions: a 
preliminary diagram of the extensive tourmaline’s stability 
field was provided by van Hinsberg et al. (2011). Most of 
the experimental work done to investigate the boundaries 
of tourmaline’s stability field was carried out on dravite 
or schorl (which are the most widespread compositions), 
considered in an artificial multi-phase system (Robbins 
and Yoder, 1962; Holtz and Johannes, 1991; Ota et al., 
2008). Pure tourmaline systems with samples of dravitic 
and schorlitic composition were investigated at High 
Temperature (HT) and Room Pressure (RP) by Pieczka 
and Kraczka (2004), Bačik et al. (2011), Liu et al. (2019), 
Hovis et al. (2022). The present work aims at constraining 
the breakdown temperature of a natural schorl, ideally 
NaFe2+

3Al6(Si6O18)(BO3)3(OH)3(OH), as reported by 
Andreozzi et al. (2020), in a mono-phase system through 
in situ High-Temperature powder X-Ray Diffraction 
(HT-pXRD) at room pressure, focusing on the thermally 
induced dehydrogenation-oxidation coupled mechanism 
and identifying the eventual breakdown products.

EXPERIMENTAL 
A representative black Seagull schorl single crystal was 

selected and a small fragment was separated and gently 
ground under ethanol in an agate mortar. The same material 
was analyzed in detail by Andreozzi et al. (2020) that 
reported an empirical formula X(Na0.74□0.24K0.01Ca0.01)
S1.00 

Y(Fe2+
2.05Al0.92Ti0.02Mn0.01Zn0.01)S3.00 

Z(Al5.41Fe2+
0.53 

Mg0.06)S6.00 (Si6O18) (BO3)3 
V(OH)3 

W[(OH)0.46F0.41O0.13]. 
The resulting powder was loaded in the tip of a 0.5 mm 
diameter SiO2-glass capillary. A wad of kaolin wool-glass 
was used as a stopper to avoid movements of the powder 
along the capillary. The portion of the capillary filled by 
the powder was of ca. 25 mm in length. Subsequently, the 
capillary was fixed to a hollow corundum tube using a HT 
cement and aligned onto a standard goniometer head.

In situ HT-pXRD data were collected using a heating 
chamber whose description, as well as details of its thermal 
calibration, can be found in Ballirano and Melis (2007).

Diffraction data were measured, using CuKa radiation, 
with a Bruker AXS D8 Advance which operates in 
transmission mode. The instrument is fitted with focusing 
multilayer graded (Göbel) mirrors along the incident 
beam, Soller slits on both the incident (2.3° opening angle) 
and diffracted (radial) beam, and with a position sensitive 
detector (PSD) VÅntec-1 set at an opening angle of 6° 2q.

According to the large transition elements (TE) 
content of the sample, both a high absorption (calculated 
mR=3.18, for an estimated packing efficiency of 60%) 
and a significant secondary fluorescence were expected. 

Preliminary data collections confirmed the existence of 
the problem, possibly limiting the extraction of reliable 
structural parameters especially at HT. A diffraction 
pattern was measured at room temperature (RT) outside 
the chamber for a characterization of the sample owing to 
the possible chemical inhomogeneity of the crystal from 
which the fragment was extracted. The pattern indicated 
the occurrence in mixture of traces of quartz.

High-T data were measured in the 30-925 °C range. 
After reaching the maximum temperature, the capillary 
was cooled back at RT within the chamber with a 10 °C/
min cooling rate. Following the procedure adopted by 
Celata et al. (2021) and Ballirano et al. (2022 a,b), to avoid 
the effect of textured recrystallization at the walls of the 
capillary, the powder was extracted, re-homogenized, and 
loaded in a new capillary for performing a data collection 
keeping the capillary outside the chamber. 

Data were evaluated by the Rietveld method using 
Topas V.6 (Bruker AXS 2016). This program adopts 
the Fundamental Parameters Approach (FPA: Cheary 
and Coelho, 1992) to model the peak shape. The 
equation of Sabine et al. (1998) was used to correct 
for absorption effects of a cylindrical sample and the 
procedure described in Ballirano and Maras (2006) was 
followed to remove the correlation existing between 
displacement parameters and absorption. The isotropic 
displacement parameters were constrained as follow: 
BY=BZ=B =BT; BO1=BO3; BO2=BO4=BO5= BO6=BO7=BO8; 
BH1=BH3=1.2 * BO1. Owing to the impossibility to refine 
simultaneously the site occupancy fraction (sof) and the 
displacement parameter of the X site, the sof was kept 
fixed at the starting value. Preferred orientation effects 
were modelled using spherical harmonics (8th-order, nine 
refinable parameters: Ballirano, 2003). Starting structural 
data were taken from Andreozzi et al. (2020) and each 
refined structure at a given non-ambient T was used as 
input for the subsequent T. Miscellaneous data of the RT 
data collection and of the Rietveld refinement are listed in 
Table 1. Unit-cell parameters determined at RT are shown 
in Table 2, relevant bond distances, isotropic displacement 
parameters, and mean atomic number (man; Hawthorne et 
al., 1995) at RT are reported in Table 3. Miscellaneous data 
of the HT data collection and of the Rietveld refinements 
are given in Table 4. A magnified 3D-plot of the full data 
set is shown in Figure 1 and a representative example of 
Rietveld plots is shown in Figure 2. The CIF of the schorl 
structure refined at RT is given in Online Resource.

RESULTS AND DISCUSSION
RT structure of the schorl sample

The Rietveld refinement confirms the occurrence in 
mixture of 1.22(5) wt% of quartz (Figure S1).

The structure at RT is in close agreement, despite 
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the relatively large standard uncertainties (ss), with 
that refined from single-crystal X-ray diffraction 
measurements (Andreozzi et al., 2020). However, the 
present unit-cell parameters are slightly larger than those 
of reference data (Table 2), suggesting some chemical 
differences between the two fragments as already reported 
by Sinclair and Richardson (1992). Moreover, refined 
man (Table 3) indicates its increase at the Y site in the 
present sample [22.93(11) vs 22.06(4)], whereas that at Z, 
it is similar [13.93(9) vs 14.14(3)] to the data of Andreozzi 
et al. (2020).

Bond distances are consistent with the data of 
Andreozzi et al. (2020) showing only minor differences. 
Both <Y-O> and <Z-O> are slightly shorter in the present 
sample (2.034 Å vs 2.051 Å and 1.914 Å vs 1.924 Å) 
and they nicely plot within the structural-stability limits 
for tourmaline minerals (Bosi and Lucchesi, 2007; Bosi, 
2018; Andreozzi et al., 2020). By contrast, the observed 
<X-O> is slightly longer (2.716 Å vs 2.700 Å) than that 
reported by Andreozzi et al. (2020). It is worth noting that 
the observed differences in mean bond-distances are of 
the order of 2-3s of the individual bond distances, thus 

2q range (°) 7-145

2q step-size (°) 0.021798

Counting time (s) 8

Rp (%) 0.521

Rwp (%) 0.807

RBragg (%) 0.429

DWd 1.296

c2 1.751

Quartz (wt%) 1.22(5)

Definition of the statistical indicators as indicated in Young 
(1993).

Table 1. Miscellaneous data of the RT data collection and 
Rietveld refinement.

Andreozzi et al. (2020) Present work

a (Å) 15.9957(3) 16.00573(11)

c (Å) 7.1863(2) 7.19134(6)

V (Å3) 1592.36(7) 1595.48(3)

Table 2. Unit-cell parameters at RT of the schorl sample. Data of 
Andreozzi et al. (2020) are reported for comparison.

Andreozzi et al.
(2020) Present work

X Biso 1.785 1.1(2)

<Y,Z,B,T> Biso 0.541 0.79(3)

<O1,3> Biso 1.864 2.08(18)

<O2,4-8> Biso 0.766 0.65(6)

man Y 22.06(4) 22.93(11)

man Z 14.14(3) 13.93(9)

B-O(2) 1.366(2) 1.378(18)

B-O(8) x2 1.3807(13) 1.373(8)

<B-O> 1.376 1.375

T-O(6) 1.6063(9) 1.610(5)

T-O(7) 1.6093(8) 1.629(5)

T-O(4) 1.6267(5) 1.621(4)

T-O(5) 1.6397(5) 1.598(4)

<T-O> 1.621 1.615

X-O(2) x3 2.514(2) 2.565(10)

X-O(5) x3 2.7635(15) 2.782(9)

X-O(4) x3 2.8210(15) 2.801(9)

<X-O> 2.700 2.716

Y-O(2) x2 2.0020(8) 2.015(5)

Y-O(6) x2 2.0414(9) 2.024(6)

Y-O(1) 2.0640(15) 2.048(7)

Y-O(3) 2.1546(15) 2.075(9)

<Y-O> 2.051 2.034

Z-O(6) 1.8753(9) 1.871(5)

Z-O(7) 1.8901(8) 1.879(6)

Z-O(8) 1.8910(9) 1.897(6)

Z-O(8) 1.9326(9) 1.908(7)

Z-O(7) 1.9710(9) 1.965(6)

Z-O(3) 1.9819(6) 1.961(4)

<Z-O> 1.924 1.914

Table 3. Relevant bond distances (Å), group of isotropic 
displacement parameters (Å2: see text for explanation) and mean 
atomic number (man) of Y and Z sites. Data of Andreozzi et al. 
(2020) are reported for comparison.
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they may be considered as questionable. For this reason, 
we did not attempt to correlate variation of man and mean 
bond distances to discuss modifications of the present Y 
and Z site populations.

Breakdown products of schorl
The first evidence of schorl structural breakdown was 

observed at 850 °C owing to the occurrence of weak 
extra diffraction reflections (Figure 1). These reflections 
progressively increased in intensity at the expenses of 
those of schorl. The breakdown was completed at 925 °C 
as signaled by the complete disappearance of the schorl 
reflections. The diffraction pattern of the sample cooled 
down at RT (Figure 3) was used for identifying the schorl 
breakdown products and the pattern was refined by the  
Rietveld method constraining all structural parameters 
to reference data, except for the unit-cell parameters. 

Consequently, the resulting quantitative phase analysis 
(QPA) must be considered as semi-quantitative. Data 
indicate the occurrence of prevailing B-mullite and 
hematite as schorl breakdown products plus some 
amorphous material (Table 5). The occurrence of relicts 
of unreacted schorl results from the re-homogenisation 
of the powder. In fact, this procedure admixed powders 
coming not only from the portion bathed by the X-rays 
but also from inner zones of the capillary affected by 
some thermal gradient. 

All these crystalline phases were also identified in the 
HT diffraction patterns collected at T 800 °C, therefore, 
clearly indicating that they were not produced during 
the cooling process. The observed assemblage of phases 
is similar to that observed for both Fe-rich fluor-elbaite 
(Celata et al., 2021) and Mn-bearing fluor-elbaite 
(Ballirano et al., 2022a) but is significantly different with 
respect to that resulting from the thermal breakdown of 
uvite (Ballirano et al., 2022b). In fact, the B-mullite-like 
phase reported as the prevailing crystalline product of 
the breakdown of schorl, Fe-rich fluor-elbaite, and Mn-
bearing fluor-elbaite, in uvite did not form and indialite 
was instead observed as the dominant breakdown product. 

Evaluation of the unit-cell parameters of B-mullite (Table 
5) provided interesting crystal-chemical and structural 
information. Unit-cell parameters of B-mullite are similar 
to those of the product of the thermal breakdown of Fe-
rich fluor-elbaite (Celata et al., 2021), whereas they are 
larger than those of the equivalent phase arising from the 
breakdown of Mn-bearing fluor-elbaite (Ballirano et al., 
2022a) (Table S1). In this regard, it is worth noting that 
Lührs et al. (2014) have shown the existence of relations 
linking unit-cell parameters and B2O3 mol% content of 
B-mullites. Generally speaking, an increase of the B2O3 
mol% content produces a progressive contraction of the 

2q range (°) 7-135
2q Step-size (°) 0.021798
Counting time (s) 4
Tmax (°C) 925
T steps (°C) 25
Heating rate (°C/min) 0.5
Rp (%) 0.878-1.014
Rwp (%) 1.172-1.243
RBragg (%) 0.385-0.548
DWd 1.131-1.730

c2 1.090-1.389

Table 4. Miscellaneous data of the HT data collection and 
Rietveld refinements.

Figure 1. Magnified view (7-40° 2q) of the full data set of the heating cycle of schorl.
* relevant reflections of hematite;# relevant reflections of B-mullite.
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unit-cell values. Accordingly, in the case of the B-mullite 
arising from the thermal breakdown of both schorl and 
Fe-rich fluor-elbaite, the B2O3 content may be estimated, 
by using the various regression equations of Lührs et 
al. (2014), to ca. 10 mol%, whereas it is significantly 

higher for the B-mullite arising from the breakdown of 
Mn-bearing fluor-elbaite (16-17 mol%: Ballirano et al., 
2022a). The different B2O3 mol% of the B-mullites reflects 
the different B2O3 content of the pristine tourmalines. In 
fact, Mn-bearing fluor-elbaite contains 0.40 additional B 

Figure 2. Magnified 7-80° 2q view of a representative example of the Rietveld plots of the diffraction pattern collected at 350 °C. Blue: 
experimental; red: calculated; grey: difference; below: vertical bars indicate the position of calculated Bragg reflections of schorl. The 
vertical blue line identifies the position of the strongest reflection of quartz.

Figure 3. Magnified 7-80° 2q view of the Rietveld plots of the products of breakdown of the schorl. Data collected at RT. Blue: 
experimental; red: calculated; grey: difference; vertical bars: position of calculated Bragg reflections of (from above to below) 
B-mullite, hematite, and schorl (unreacted). Intensities on logarithmic scale.
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atoms per formula unit (apfu) at the T site (Ballirano et 
al., 2022a).

Thermal expansion
The dependence of the studied schorl cell parameters 

from T is reported in Table 6, and their relative expansion 
as a function of T is shown in Figure 4.

The trend of the studied schorl is very similar to that 
observed in Fe-rich fluor-elbaite (Celata et al., 2021), 
Mn-bearing fluor-elbaite (Ballirano et al., 2022a) and 
uvite (Ballirano et al., 2022b) (Figure 5). The main 
event is evidenced by the significant contraction of the 
unit-cell parameters occurring, approximately, in the 
450-675 °C thermal range. However, this contraction is 
more pronounced for schorl, consistently with the larger 
TE content as compared to that of the other tourmaline 
samples (schorl: 2.58 apfu Fe2+; Fe-rich fluor-elbaite: 
0.94 apfu Fe2++0.18 apfu Mn2+; uvite: 0.47 apfu Fe2+; 
Mn-bearing fluor-elbaite: 0.12 apfu Mn2+). Based on 
reference data, the contraction is produced by the onset of 
the TE oxidation process, coupled to deprotonation at H1 
and/or H3 sites. In the case of schorl the general equation 
describing the process takes the form of (Fe2+)+(OH)- → 
(Fe3+)+(O2-)+1/2H2(g), (Bosi et al., 2019). The thermal 
range for the onset of the coupled dehydrogenation-
oxidation process converges with those observed in 
literature (e.g. Hovis et al., 2022; Pieczka and Kraczka, 
2004; Castañeda et al., 2006; McKeown, 2008; Bačik et 
al., 2011; Filip et al., 2012; Liu et al., 2019) and it was 
constrained at ca. 450 °C.

It is worth noting that, in the 550-625 °C thermal range, 
a significant peak broadening/splitting is observed. This 
phenomenon may be explained by the simultaneous strong 
contraction of the unit-cell parameters and the presence of 
some longitudinal thermal gradient (Table 6).

The variation of the unit-cell parameters with T was 
modelled up to 425 °C, i.e. before the onset of TE oxidation, 
using the Berman equation (Berman 1988). Table 7 reports 
the relevant parameters of the fitting procedure. Data 
indicate that the a-parameter is softer than the c-parameter 
against T, coherently with other analyzed tourmalines. 
Uvite is, among those analyzed, the tourmaline showing 

the largest thermal expansion whereas elbaite minerals 
are characterized by smaller and very similar ao and a1 
parameters. Schorl has an intermediate behavior (Figure 5 
and Table 7). Our findings agree with Hoang et al. (2013), 
where variation of cell parameters, experienced before the 
breakdown, is correlated to the amount of TE (Fe2+ ions, 
and therefore to the oxidation of Fe2+ to Fe3+). 

The unit-cell parameters of the relict tourmaline 
recovered at RT after the heating run (Table 5) shows a 
significant contraction as compared to the pristine schorl, 
clearly indicating that the (Fe2+)+(OH)- → (Fe3+)+(O2-)+ 
1/2H2(g) reaction has taken place and has been quenched 
to RT. 

Unfortunately, the quality of the diffraction data 
prevents us from a detailed description of the structural 
modifications occurring during the heating run.

Unit-cell parameters of B-mullite and hematite during 
the thermal breakdown of schorl are reported in Table 8.

Schorl stability field 
Referring to the diagram reported in van Hinsberg et 

al. (2011), the results obtained by our experimental work 
prove that schorl is still stable with respect to literature 
data (Holt and Johannes, 1991) when temperature 
approaches 825 °C and that breakdown is experienced 
between 825 and 850 °C. Schorl breakdown temperature 
at 3 Kbar from literature data is considerably lower, 750-
775 °C (Holt and Johannes, 1991), mainly because it was 
analyzed in a SiO2 saturated system in order to mimic a 
natural gneiss even if doped with an excess of tourmaline, 
and also because a certain water content (0.6 to 6.0 wt% 
H2O) was added to the starting material. 

CONCLUSIONS 
The thermal behavior of schorl was investigated up to 

structural breakdown through in situ HT-pXRD. Results 
show higher breakdown temperature (~850 °C) with 
respect to the literature. Annealing the schorl at 450 °C in 
air was enough to set the Fe oxidation out, counterbalanced 
by the deprotonation reaction: (Fe2+)+(OH)- → (Fe3+)+ 
(O2-)+1/2H2(g). 

Tourmaline breakdown products were identified 

Phase Space group a (Å) b (Å) c (Å) V (Å3) wt%

B-Mullite Pbam 7.5307(5) 7.6703(6) 2.8427(2) 164.20(2) 64.0(6)

Hematite R-3c 5.02610(9) = a 13.7084(3) 299.904(13) 26.9(5)

Tourmaline after HT R3m 15.8577(14) = a 7.2115(9) 1570.5(3) 9.2(3)

Pristine schorl R3m 16.0050(3) = a 7.1910(2) 1595.26(7) 100

Table 5. RT unit-cell parameters and quantitative phase analysis (QPA) of the thermal breakdown products of schorl.
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T (°C) a (Å) c (Å) V (Å3) wt%
B-mullite

wt%
hematite

30 16.0050(3) 7.19099(15) 1595.26(7) - -

50 16.0057(3) 7.19236(15) 1595.70(7) - -

75 16.0079(3) 7.19435(15) 1596.57(7) - -

100 16.0091(3) 7.19564(15) 1597.11(7) - -

125 16.0110(3) 7.19794(15) 1597.99(7) - -

150 16.0129(3) 7.19980(15) 1598.80(7) - -

175 16.0143(3) 7.20142(16) 1599.43(7) - -

200 16.0165(3) 7.20364(15) 1600.35(7) - -

225 16.0181(3) 7.20577(15) 1601.14(7) - -

250 16.0201(3) 7.20787(15) 1602.02(7) - -

275 16.0224(3) 7.21013(16) 1602.98(7) - -

300 16.0242(3) 7.21226(17) 1603.82(7) - -

325 16.0260(3) 7.21442(18) 1604.65(8) - -

350 16.0287(3) 7.21713(17) 1605.81(8) - -

375 16.0309(3) 7.21963(18) 1606.79(8) - -

400 16.0322(3) 7.22168(17) 1607.51(8) - -

425 16.0350(3) 7.22434(17) 1608.68(8) - -

450 16.0363(4) 7.22664(19) 1609.44(9) - -

475 16.0367(4) 7.2284(2) 1609.91(9) - -

500 16.0368(5) 7.2307(2) 1610.45(11) - -

525 16.0365(5) 7.2327(3) 1610.83(12) - -

550 16.0306(7) 7.2332(3) 1609.75(15) - -

575 16.0142(11) 7.2339(5) 1606.6(3) - -

600 15.9737(13) 7.2391(7) 1599.7(3) - -

625 15.9327(8) 7.2454(4) 1592.8(2) - -

650 15.9180(4) 7.2528(2) 1591.51(10) - -

675 15.9150(4) 7.2587(2) 1592.23(10) - -

700 15.9176(3) 7.26292(18) 1593.66(8) - -

725 15.9180(3) 7.26553(18) 1594.38(8) - -

750 15.9208(3) 7.26905(19) 1595.65(8) - -

775 15.9227(3) 7.2734(2) 1596.98(8) - -

800 15.9236(4) 7.27787(19) 1598.15(8) - -

825 15.9255(3) 7.28344(18) 1599.76(7) - -

850* 15.9285(4) 7.28836(19) 1601.43(8) - 2.3(2)

875* 15.9328(5) 7.2926(3) 1603.23(12) 26.0(3) 7.9(5)

900* 15.9314(15) 7.2914(9) 1602.7(4) 56.0(5) 12.1(11)

925 - - - 83.3(9) 16.7(9)

Table 6. Refined unit-cell parameters of the studied schorl at the various temperatures.
In italics: thermal range where peak broadening/splitting was observed due to strong contraction of the unit-cell parameters and the 
presence of some longitudinal thermal gradient. * In mixture with B-mullite and hematite. Breakdown completed at 925 °C.
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Figure 4. Variation of normalized unit-cell parameters with T for the schorl studied.

Figure 5. Comparison of the normalized unit-cell parameters from T for the various tourmaline species: schorl (present work), Fe-rich 
fluor-elbaite (Celata et al., 2021), Mn-bearing fluor-elbaite (Ballirano et al., 2022a), and uvite (Ballirano et al., 2022b).
The pinkish area delimitates the common temperature range where transition elements oxidation occurs.
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as a “boron-mullite” phase (dominant), and hematite 
plus some amorphous material and the breakdown 
reaction of schorl can be expressed as follows: 
2NaFe2+

3Al6(BO3)3Si6O18(OH)=3Fe2O3+4/3Al9Si2BO19 
+(Na- Si- B-rich) glass+4H2O.
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V0, a0, c0 (Å3, Å, Å) a0 (x 10-5 K-1) a1 (x 10-8 K-2)

V (Å3) Uvite 1597.54(8) 1.93(6) 2.1(3)
Schorl 1595.22(5) 1.70(4) 2.19(19)
Fe-rich fluor-elbaite 1564.38(6) 1.59(5) 2.6(3)
Mn-bearing fluor-elbaite 1530.15(7) 1.56(5) 2.6(3)

a (Å) Uvite 15.97420(23) 0.448(18) 0.55(9)
Schorl 16.00479(19) 0.386(14) 0.46(7)
Fe-rich fluor-elbaite 15.91875(19) 0.371(17) 0.66(10)
Mn-bearing fluor-elbaite 15.7927(3) 0.36(2) 0.69(10)

c (Å) Uvite 7.22912(17) 1.04(3) 0.97(15)
Schorl 7.19103(10) 0.927(17) 1.28(8)
Fe-rich fluor-elbaite 7.12842(8) 0.849(16) 1.32(9)
Mn-bearing fluor-elbaite 7.08421(9) 0.841(16) 1.23(8)

Table 7. Relevant parameters of the fitting procedure by the Berman equation of the unit-cell parameters vs T data, up to oxidation, for 
different tourmaline species. Data of Fe-rich fluor-elbaite, Mn-bearing fluor-elbaite and uvite from Celata et al. (2021) and Ballirano 
et al. (2022 a,b).
Temperature of reference = 30 °C (303 K).
Uvite Tmax 425 °C, step 25 °C;
Schorl Tmax 425 °C, step 25 °C;
Fe-rich fluor-elbaite Tmax 425 °C, step 50 °C;
Mn-bearing fluor-elbaite Tmax 450 °C, step 25 °C;

Phase T (°C) a (Å) b (Å) c (Å) volume (Å3)

B-Mullite

850 - - - -

875 7.579(4) 7.713(4) 2.8496(12) 166.56(14)

900 7.571(2) 7.721(3) 2.8506(8) 166.62(9)

925 7.5652(19) 7.730(2) 2.8504(7) 166.69(7)

Hematite

850 5.0740(12) = a 13.819(5) 308.10(19)

875 5.0801(3) = a 13.8265(14) 309.02(5)

900 5.0826(3) = a 13.8349(11) 309.52(4)

925 5.0827(3) = a 13.8363(10) 309.56(5)

Table 8. Unit-cell parameters of B-mullite and hematite during the thermal breakdown of schorl.
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2.2.5. Axinite 
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Abstract 

A natural sample of axinite from Luning, Nevada, with composition 
VI[Ca3.94Mn058Fe2+0.75Mg0.77Zn0.01Al3.96]IV[B1.95Si8.04]O30.0(OH)2.0 was studied through in-situ High 

Temperature Powder X-Ray Diffraction (HT-pXRD) up to breakdown at room pressure.  

The breakdown reaction occurs at 850 °C and the breakdown products were identified at room 

temperature by X-Ray Powder Diffraction (XRPD). The breakdown reaction can be described as 

follows: axinite → anorthite + clinopyroxene + SiO2 (Qtz) + (possible) amorphous material.  

The uncertainties related to the refinement of diffraction data from a triclinic structure at high 

temperature were too large to obtain reliable information on dehydrogenation and iron oxidation of 

the studied sample.  

 

KEYWORDS: axinite, HT-XRPD, thermal expansion, iron oxidation, deprotonation, structural 

breakdown. 
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Introduction 

 

Minerals of the axinite groups are little-known borosilicates occurring as accessory phases, 

commonly found in metamorphic environments, characterized by an ax morphology given by their 

acute edges. Seldom used as gemstones, axinites are colorful minerals ranging from blue to pinkish 

orange.  

Axinite minerals crystallize in P1& space group in the triclinic crystal system. Their crystal-chemical 

formula is expressed as follows: [X1 X2 Y Z1 Z2]2[T1 T2 T3 T4 T5]2O30(OwOH1–w)2 (Andreozzi et 

al., 2004). The sites X1, X2, Y, Z1 and Z2 are octahedrally coordinated and sites T1, T2, T3, T4 and 

T5 are tetrahedrally coordinated. The X1 site accommodates Ca (and very minor Na), X2 is occupied 

by Ca (for tinzenite, X2 = Mn), Z1 = Al and Fe3+; Z2 = Al; T1, T2, and T3 = Si; T4 = Si (and 

presumably very minor B); T5 = B and minor Si, and four end-member terms are defined depending 

on the Y site population: axinite-(Mn) if Y = Mn (also true for tinzenite), axinite-(Fe) if Y = Fe2+ or 

axinite-(Mg) if Y = Mg, with minor Al and Fe3+ (Figure 1).  

Most of the axinites described in literature range from axinite-(Fe) to (minor) axinite-(Mn) with very 

few samples falling in the axinite-(Mg) portion, see Fig.1. Axinites composition is observed to vary 

depending on the metamorphic grade: more ferroan at low metamorphic grade and more manganoan 

with increasing metamorphic grade (Pringle and Kawachi, 1980). 

The reason why we have an apparent lack of a complete Mn-Mg solid solution is allegedly to infer to 

the unusual enrichment in both Mn and Mg of formation fluids rather than a structural constraint. 

Axinites are sorosilicates, therefore their fundamental unit is made of Si2O7 groups. Two Si2O7 groups 

are bonded by BO4 tetrahedra in order to make a six-membered tetrahedral ring. For this reason, 

axinites can be also ascribed to the cyclosilicates class. Each tetrahedral ring is then stacked over a 

layer of X1-X2-Y-Z1-Z2 octahedra.  

Axinites are boron carrier minerals in the crust, considered as an alternative phase to tourmaline in 

metamorphic environments (Andreozzi et al., 2000). Their crystal-chemistry has been extensively 

studied (e.g. Grew, 1996; Andreozzi et al., 2000; Andreozzi et al., 2004) but their stability field has 

not been investigated systematically. The only constraints related to axinites stability are given by 

extrapolation from natural samples and insights from their host rocks (Pringle and Kawachi 1980; 

Dubé and Guha 1993; Novák and Filip 2002; Filip et al., 2008) or experimental work performed on 

a Mn-Fe axinite by Wacławska et al. (1998) and an axinite-(Mn) by Krzhizhanovskaya et al. (2020). 
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In this work, the thermal behavior of a natural sample of (Mn,Fe,Mg)-bearing axinite from Luning, 

Nevada, was studied through in-situ High Temperature Powder X-Ray Diffraction (HT-pXRD) up to 

breakdown at room pressure. 

 

 

Experimental  

 

The sample of axinite from Luning, Nevada, has composition 
VI[Ca3.94Mn0.58Fe2+0.75Mg0.77Zn0.01Al3.96]IV[B1.95Si8.04]O30.0(OH)2.0 and was fully characterized by 

Andreozzi et al. (2000). A homogeneous fragment of this sample was grinded in an agate mortar 

under ethanol. The resulting powder was loaded in a 0.7 mm diameter SiO2-glass capillary kept open 

at one side. To avoid unwanted movements of the powder along the capillary, some kaolin wool-glass 

was used as a stopper at the open side. Finally, the capillary was fixed to a hollow corundum tube 

using a HT cement. Data were measured, using CuKa radiation, on a Bruker AXS D8 Advance, 

operating in q/q geometry in transmission mode, fitted with focussing multilayer graded (Göbel) 

mirrors placed along the incident beam and Soller slits on both the incident (2.3° opening angle) and 

diffracted (radial) beams. Intensities were collected by a position sensitive detector (PSD) VÅntec-1 

set at an opening angle of 6° 2q. 

In situ HT-PXRD experiments were performed using a heating chamber for capillaries, developed by 

MRI and Bruker AXS, placed along the beam path of the diffractometer. Relevant features and details 

of the thermal calibration procedure of the chamber may be found in Ballirano and Melis (2007). 

At the end of the heating run the capillary was cooled back at room temperature (RT) within the 

chamber with a cooling rate of 10°C/min. The powder was removed from the capillary, re-

homogenized and loaded in a new borosilicate-glass capillary following the same procedure, aimed 

at reducing the possible effect of textured recrystallization at the walls of the capillary, developed by 

Celata et al. (2021) and Ballirano et al. (2022a; 2022b). Data collection was performed keeping the 

sample outside the chamber using the same angular range, step-scan size, and counting time of the 

HT measurements (see Table 1). 

Data were evaluated by the Rietveld method using Topas V.6 (Bruker AXS 2016) which implements 

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

Absorption correction for a cylindrical sample was performed using the equation of Sabine et al. 

(1998) and the procedure described by Ballirano and Maras (2006) was applied for handling the 

correlation existing between displacement parameters and absorption. The isotropic displacement 

parameters were constrained as follow: BY = BZ = BB = BT; BO1 = BO2 = BO3 = BO4 = BO5 = BO6 = BO7 
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= BO8; BH1 = BH3 = 1.2 * BO1. Texture effects were corrected using spherical harmonics (8th-order, 

nine refinable parameters), selecting the number of appropriate terms by using the approach of 

Ballirano (2003). 

 

Results and discussion 

 

Breakdown of axinite at room pressure is constrained at T = 850 °C, when no characteristic diffraction 

peaks could be detected any more (Figure 2, Table 2), consistent with literature data, where 

breakdown temperatures of 897 °C (Wacławska et al.,1998), 890 °C (Hemingway et al., 1996) and 

900 °C (Krzhizhanovskaya et al., 2020) are reported. In the thermal range between 775 and 850 °C a 

splitting of the diffraction peaks was observed, due to the onset of a thermal gradient in the capillary.  

The breakdown products were identified as anorthite (64 %), a clinopyroxene-like phase 

Ca(Mg,Fe3+,Mn3+)(Al,Si)2O6 (27 %) and quartz (8 %), as shown in Figure 3. Some amorphous 

material was also detected in this study in a very limited amount. A minor occurrence of tridimite 

was detected around 900 °C, but it was likely formed in correspondence of the hottest portion of the 

capillary due to the polymorphic transformation of some quartz, but during the re-homogenization of 

the powder at room temperature it was not observed anymore.  

The breakdown products are consistent with literature data, which provide evidence of an incongruent 

melting of axinite resulting into anorthite and clinopyroxene (bustamite in Krzhizhanovskaya et al., 

2020) or rankinite in Wacławska et al (1998) and some possible amorphous material. 

The thermal behavior of axinite up to 575 °C is quite linear for all the unit cell parameters, with a 

sudden increase up to 677 °C followed again by a linear trend, as reported in Figure 4. The 

dependence of the unit-cell parameters from T up to a max T of 575 °C was modelled using the 

Berman equation (Berman 1988) and the relevant parameters of the fitting procedure are listed in 

Table 3. The major thermal expansion is ascribed to the b parameter.  

The deviation from linearity above 575 °C is possibly explained with the oxidations of the transition 

elements (Fe and Mn2+) as commonly observed for other borosilicate minerals (e.g. for tourmaline: 

Bosi et al. 2019; Celata et al. 2021; Ballirano et al. 2022a; Ballirano et al. 2022b) and as was similarly 

observed by Hemingway et al. (1996) and Krzhizhanovskaya et al. (2020) for axinite, but differently 

from tourmaline (where a contraction of the YO6 polyhedra is observed) here we have an enhanced 

expansion, the origin of which is not clear. Some polymorphic transformation was claimed by 

Krzhizhanovskaya et al. (2020) to explain the bulk expansion of axinite structure above 600 °C, not 

completely substantiated by the oxidation-dehydrogenation only, but no evidence from diffraction 
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data was observed by these authors and in this work. Therefore, other explanations are required to 

justify the sharp thermal expansion showed by the sample at above 600 °C.  
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Table 1 Miscellaneous data of the  

data collection and Rietveld refinements 

2q range (°) 7-145 

2q step-size (°) 0.021798 

Counting time (s) 4 

Tmax (K) 1173 

T steps (K) 25 

Rp (%) 1.170-1.506 

Rwp (%) 1.493-2.092 

RBragg (%) 0.268-0.505 

DWd 1.033-1.750 

c2 1.057-1.430 

Definition of the statistical indicators  

as indicated in Young (1993) 

 

 

Table 2 Refined cell parameters of the studied axinite at the various temperatures. 

T (°C) a (Å) b (Å) c (Å) V (Å3) 

30 7.14759(9) 9.18426(13) 8.95243(13) 567.689(14) 

50 7.14876(9) 9.18567(13) 8.95349(13) 567.929(13) 

75 7.14968(9) 9.18731(13) 8.95388(13) 568.128(14) 

100 7.15099(9) 9.18890(13) 8.95476(12) 568.373(14) 

125 7.15209(9) 9.19057(12) 8.95606(12) 568.648(13) 

150 7.15338(9) 9.19217(13) 8.95691(12) 568.888(13) 

175 7.15474(10) 9.19418(13) 8.95798(13) 569.187(14) 

200 7.15581(10) 9.19575(13) 8.95884(13) 569.416(14) 

225 7.15720(10) 9.19750(13) 8.95996(13) 569.701(14) 

250 7.15868(10) 9.19975(14) 8.96119(13) 570.031(15) 

275 7.16032(10) 9.20193(14) 8.96240(14) 570.363(15) 

300 7.16179(10) 9.20388(14) 8.96367(14) 570.674(15) 

325 7.16361(10) 9.20605(14) 8.96524(14) 571.046(15) 

350 7.16516(11) 9.20836(14) 8.96648(14) 571.386(16) 

375 7.16687(10) 9.21057(14) 8.96799(14) 571.745(16) 

400 7.16867(11) 9.21323(15) 8.96949(14) 572.140(16) 
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Table 3 Relevant parameters of the fitting procedure by the Berman equation of the unit-cell 

parameters vs T up to the discontinuity with respect to the linear behavior 

V0, a0, b0, c0 (Å3, Å, Å, Å) a0 (x 10-5 K-1) a1 (x 10-8 K-2) 
V 1.65(4) 2.22(14) 
a 0.59(2) 0.98(16) 
b 0.73(2) 0.59(8) 
c 0.37(1) 0.72(4) 

Temperature of reference = 298 K (25 °C) and Tmax 850 K (575 °C) 

 

 

425 7.17000(11) 9.21500(15) 8.97071(14) 572.422(16) 

450 7.17182(11) 9.21769(15) 8.97247(14) 572.844(16) 

475 7.17331(11) 9.21954(14) 8.97389(14) 573.165(16) 

500 7.17502(11) 9.22209(15) 8.97537(14) 573.550(16) 

525 7.17659(11) 9.22376(15) 8.97625(15) 573.818(16) 

550 7.17881(11) 9.22599(15) 8.97834(15) 574.271(16) 

575 7.18146(13) 9.22743(17) 8.98019(16) 574.680(18) 

600 7.18635(17) 9.22930(21) 8.98377(21) 575.420(24) 

625 7.19351(23) 9.23041(28) 8.98854(28) 576.359(32) 

650 7.20252(24) 9.23378(29) 8.99391(28) 577.630(32) 

675 7.20883(21) 9.23524(26) 8.99702(25) 578.429(29) 

700 7.21247(21) 9.23697(26) 8.99931(26) 578.966(29) 

725 7.21732(23) 9.23883(28) 9.00278(27) 579.665(31) 

750 7.22142(26) 9.24047(31) 9.00660(31) 580.324(36) 

775 7.22552(38) 9.24048(42) 9.01001(44) 580.880(50) 

800 7.23454(76) 9.23692(78) 9.01596(81) 581.796(126) 

825 7.29046(64) 9.24500(76) 9.05987(76) 589.377(88) 

850 7.29108(40) 9.24032(49) 9.06369(47) 589.433(56) 
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Figure 1 Ternary plot for the axinites classification based on the dominant occupancy of the Y site. 

Coloured dots are compositions of axinites reported in literature from Grew (1996), Pringle and 

Kawachi (1980), Andreozzi et al. (2000) and (2004), Filip et al. (2006), Filip et al. (2008), Vigier 

and Fritsch (2020), and the red triangle represents axinite 46 from Luning (Nevada) that is 

considered in this study and characterized by Andreozzi et al. (2000). 

 

 

 
Figure 2 3D-view of the full data set collected in the 30-900 °C thermal range. 

Andreozzi et al. 2000

Andreozzi et al. 2004

Pingle and Kawachi 1980

Grew 1996

Filip et al. 2006

Filip et al. 2008

Vigier and Fritsch 2020

axinite-(Fe) axinite-(Mn) 

axinite-(Mg) 
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Figure 3 Rietveld plots of the products of breakdown of the axinite sample. Blue: experimental; 

red: calculated; grey: difference; vertical bars: position of calculated Bragg reflections of (from 

above to below) quartz and clinopyroxene. The contribution of anorthite is indicated as a 

continuous green line. 

 

 
Figure 4 Dependence of the normalized unit-cell parameters from T for the axinite sample. 
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2.3. High-Pressure High-Temperature experiments 

 

2.3.1. Schorl 
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A B S T R A C T   

Hydrogen and B input throughout the Earth’s mantle is continuously fed through a sequence of dehydration and 
breakdown reactions of hydrous and B-bearing mineral phases stable at different conditions along the subducting 
slabs. Therefore, the stability of minerals hosting these elements plays a fundamental role. Tourmaline hosts very 
large amounts of B (up to 14 wt% of B2O3) along with hydroxyl groups (up to 4 wt% of H2O), thus representing a 
crucial mineral to investigate the fate of B and H in diverse geological settings. The recent finding of tourmaline 
minerals in ultra-high pressure metamorphic rocks has raised important questions about the actual tourmaline 
stability field, paying special attention to the high pressure and temperature stability limits of the various 
tourmaline species. 

A single-phase system made of natural schorl with the highest Fe2+ concentration known so far (about 18 wt% 
of FeO) was studied at a fixed pressure (3.5 GPa) and several temperatures (500, 700, 750, 800, 850 and 950 ◦C) 
to preliminarily constrain its stability conditions, breakdown mechanisms and breakdown products. Experiments 
at high pressure-high temperature conditions were performed using a multi anvil apparatus under buffered 
oxygen fugacity through a Re/ReO2 solid mixture. The experimental products were characterized through a 
multi-analytical approach consisting in Scanning Electron Microscopy imaging and Energy Dispersive System 
spectra acquisition, Electron MicroProbe analysis, powder X-Ray Diffraction, 57Fe Mössbauer spectroscopy and 
reflectance Fourier Transform infrared spectroscopy. 

At 3.5 GPa and T ranging from 500 up to 700 ◦C, the schorl experienced a partial Fe oxidation coupled with 
dehydrogenation: 

Fe2+ + (OH)− →Fe3+ +O2− + 0.5H2(g)

The observed Fe oxidation was limited to 30% (significantly lower than the full oxidation observed in ex
periments performed in air at room pressure), suggesting that oxidation-dehydrogenation is indeed a thermally 
activated process, but both environmental pressure and oxygen fugacity are important governing factors. 

In the pure schorl system at 3.5 GPa, the structural breakdown started at T = 700 ◦C and ended at 850 ◦C, 
resulting in the formation of almandine garnet as the first breakdown product together with topaz and a B-rich 
liquid phase: 
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Na
(
Fe2+

2Al
)(

Al5Fe2+)(Si6O18)(BO3)3(OH)3(OH,F)
schorl

→

→Fe2+
3Al2(SiO4)3
almandine

+
(
Fe3+,Al

)
2SiO4(OH, F)2
topaz

+ 2SiO2 + Al2O3 + 0.5Na2O + 1.5B2O3 + H2O
melt   

At 3.5 GPa and T ≥ 850 ◦C, tourmaline, garnet and topaz were not observed anymore and kyanite, prismatine- 
and boromullite-like phases and corundum became stable. Both prismatine-like and boromullite-like phases 
identified by stoichiometry can incorporate B from the B-rich hydrous melt formed after schorl breakdown and 
may carry it to lower depths. 

From our work it follows that the schorl-bearing granitoid rocks (or sediments) have the potential to form 
hydrous B-bearing metasomatic melts at 3.5 GPa and T ≥ 700 ◦C. In cold subduction environments, between the 
700–800 ◦C isotherms, the schorl is expected to be stable up to ~100 km depth along the subducting slab, 
although an excess SiO2 might be responsible for a reduction in tourmaline stability. The role of tourmaline 
companion minerals on its breakdown conditions and products is left as future issue when a multi-phase system 
will be considered.   

1. Introduction 

Understanding the rheology of geological systems is crucial to 
explain the complex phenomena occurring at inaccessible parts of the 
Earth such as subduction zones, where crustal material experiences a 
recycling process and new phases are formed at different temperatures 
and pressures along the slab. Water is a key factor in affecting the 
rheology of any geological system, and hydrogen ions are naturally 
stored in the crystal structure of hydrous minerals; when they approach 
their breakdown conditions, some dehydrogenation occurs (i.e., the loss 
of H+ from the crystal structure), and water is progressively released 
into the system. Once the breakdown conditions of a specific mineral are 
reached, its crystal structure collapses and the hosted chemical ele
ments, together with the remaining water, are thus ready to reorganize 
themselves in new structures which are stable at the new temperatures 
and pressures. In a dynamical view, the newly formed mineral phases 
become carriers of both the recycled elements and water at higher 
depths down the slab, until their breakdown conditions are reached, and 
their chemical elements are released once again. Notably, some of the 
released elements are strongly partitioned into the fluid phase (as holds 
true especially for B) and are therefore able to migrate and act as 
metasomatic fluids that can contaminate the surrounding rocks and 
promote their partial melting. Consequently, mapping out the water 
path through this sort of “relay race” along the slab down the mantle is 
important to get a more detailed picture of the rheological behavior of 
subduction systems. In fact, clusters of intermediate-depth earthquakes 
(~70–300 km, depth range of subducting slabs) have been observed as a 
common feature of many subduction zones [e.g., Tonga (Kawakatsu, 
1985); Alaska (Ratchkovsky et al., 1997), northeast Taiwan (Kao and 
Rau, 1999), Cape Mendocino (Smith et al., 1993), northern Chile (Comte 
et al., 1999), eastern Aleutians (Hudnut and Taber, 1987)] due to 
“dehydration embrittlement”, that is the transition from ductile to 
brittle behavior of a rock due to dehydration reactions along the slab 
that release a certain amount of water, increasing the pore fluid pressure 
and overcoming the confining pressure of the rock (Seno and Yamasaki, 
2003). 

It was experimentally determined that accessory minerals in the 
subducting slab play a crucial role in water and light elements transport 
and release at least down to 300 km in depth (e.g., Ono, 1998; Schmidt 
and Poli, 1998). A suite of accessory minerals made of lawsonite, 
phengite and dravitic tourmaline was identified as a possible sequence 
of getters and carriers for light elements and water (Moriguti et al., 
2004). Among such mineral phases, tourmaline is the most powerful to 
describe its hosting rock metamorphic history, as its composition is 
dependent from the environmental conditions of growth and it is pre
served nearly forever due to tourmaline’s extremely slow intra- 
crystalline diffusion rates (Hawthorne and Dirlam, 2011; Henry and 

Dutrow, 1996). Tourmaline is the dominant carrier of boron in crustal, 
metamorphic and igneous rocks (e.g., Tag et al., 1999). From meta
morphic assemblages, tourmaline can contain up to ~14 wt% of B2O3 (i. 
e., >80 wt% of the whole-rock B content and much more than the ppm 
amounts incorporated into lawsonite and phengite) and ~ 4 wt% of 
H2O, representing the most important carrier of these volatile elements 
within the continental upper crust (Grew et al., 2016; Henry and 
Dutrow, 1996). Its relevance in drawing up a track of the overall 
framework of water deep circulation stands in the solid constraint of its 
stability field boundaries. The P-T stability field of just very few tour
maline compositions has been studied so far, considering both experi
mental works and constraints from natural samples all in multi-phase 
systems (e.g., Bebout and Nakamura, 2003; Marschall et al., 2008; 
Nakano and Nakamura, 2001; Ota et al., 2008a). 

The general formula of tourmaline is XY3Z6T6O18(BO3)3V3W, where 
the letters X, Y, Z and B represent groups of cations accommodated at the 
[9]X, [6]Y, [6]Z, [4]T and [3]B crystallographic sites (with superscript 
numbers indicating the coordination number); the letters V and W 
represent groups of anions accommodated at the O(3) and O(1) crys
tallographic sites, respectively. In detail, X = Na+, K+, Ca2+, ( = va
cancy); Y = Al3+, Fe3+, Cr3+, V3+, Mg2+, Fe2+, Mn2+, Zn, Li+, Ti4+; Z =
Al3+, Fe3+, Cr3+, V3+, Mg2+, Fe2+; T = Si4+, Al3+, B3+; B = B3+; V =
(OH)− , O2− ; W = (OH)− , F− , O2− . 

Tourmaline has often been considered a crust mineral, but its 
occurrence in ultra-high-pressure metamorphic rocks (e.g., Ertl et al., 
2010; Marschall et al., 2009) has raised important questions on its sta
bility at pressure (P) and temperature (T) conditions of the Earth’s 
interior, even at depths where coesite and diamond occur. Further evi
dence of the stability of tourmaline at high P and T are represented by 
the occurrence of K-rich tourmaline, namely maruyamaite (Ota et al., 
2008b; Shimizu and Ogasawara, 2013), as well as Na- and Ca-rich 
tourmaline (Korsakov et al., 2019) along with microdiamonds in para- 
gneiss from the Kokchetav Massif (Kazakhstan). 

The stability field of tourmaline was tentatively defined in van 
Hinsberg et al. (2011) by reviewing experimental results from literature, 
obtained using dravite (Krosse, 1995; Ota et al., 2008a; Robbins and 
Yoder, 1962), magnesio-foitite (Werding and Schreyer, 1984), Na-free 
and Na-bearing Mg-tourmalines (von Goerne et al., 1999), Fe-rich dra
vite (Kawakami, 2004), dravite-schorl (Spicer et al., 2004), and schorl 
(only represented by a single experiment at 0.3 GPa and about 760 ◦C, 
Holtz and Johannes, 1991). A significant contribution was given by Ota 
et al. (2008a) investigating tourmaline breakdown conditions in a 
metapelite-like system with a HP-HT multi-anvil apparatus in order to 
assess B release in subduction zones. These authors studied a natural 
dravite from Kokchetav Massif (Kazakhstan) mixed with quartz-bearing 
natural metapelite and reported a decomposition reaction through a 
metastable tourmaline between 800 and 900 ◦C at 4 GPa, and between 
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700 and 900 ◦C at 4.5 GPa, to form an assemblage consisting of garnet, 
clinopyroxene, phengite, coesite, kyanite and rutile plus B-rich fluids. 
However, the coexistence of B- and H-bearing minerals in the starting 
metapelite mixture did not allow them to constrain the P-T conditions 
for pure tourmaline stability. Besides, the small amount of Fe contained 
in the starting dravite (~4 wt% of FeO) precluded the possibility to use 
their experiments to address the role of Fe on tourmaline stability. The 
behavior of Fe-bearing tourmalines at room P and HT was later 
addressed by Bačik et al. (2011), Filip et al. (2012) and Bosi et al. (2016, 
2018, 2019), who studied the speciation of Fe at the Y and Z sites of the 
tourmaline structure as a function of T and oxygen fugacity (fO2). In 
particular, Filip et al. (2012) performed heating experiments at room P 
on an Fe3+-rich schorl under both reduced and oxidized conditions; they 
observed that before the breakdown the Fe3+/Fetot ratio increases or 
decreases as a function of fO2 being balanced by H. Moreover, they 
concluded that schorl undergoes decomposition above 800 ◦C in air to 
form phases like mullite, hercynite, iron oxide plus an amorphous B- 
bearing phase. 

To further explore the behavior of Fe-tourmalines at upper mantle 
depth, we investigated the HP-HT breakdown of a Fe-rich single-phase 
system, a natural schorl from the Yukon Territory (Canada), by per
forming experiments at a fixed P of 3.5 GPa and T ranging from 500 to 
950 ◦C, and then studying the recovered run products. 

2. Materials and methods 

2.1. Starting material 

The schorl sample here used for HP-HT breakdown experiments 
comes from a quartz-tourmaline orbicule found in the leucogranites of 
the Seagull batholith in the Yukon Territory, Canada (Sinclair and 
Richardson, 1992) and is acknowledged to be the Fe2+-richest schorl 
known so far, with about 18 wt% of FeO and the empirical formula 
X(Na0.74□0.24K0.01Ca0.01)Σ1.00

Y (Fe2+
2.05Al0.92Ti0.02Mn0.01Zn0.01)Σ3.00

Z (Al5.41 
Fe2+

0.53Mg0.06)Σ6.00
T (Si6O18)B(BO3)3

V(OH)3
W[(OH)0.46F0.41O0.13]Σ1.00 

(Andreozzi et al., 2020). 

2.2. Experimental conditions 

The schorl crystal fragments were first selected under the optical 
microscope to minimize contamination from coexisting minerals (e.g., 
quartz and feldspars) and then grinded for 30 min to a fine powder. Due 
to the composition of the starting material, our experiments can be 
considered as performed in the Na2O-Al2O3-SiO2-FeO (NASF) plus B2O3 
plus H2O system. The powder was dried and doped with 20 wt% of a 
mixture of rhenium (99.9% purity) and rhenium (IV) oxide dihydrate 
(ReO2⋅2H2O) in 1:1 mol ratio so that the fO2 could be nominally buffered 
during the experiments by the Re/ReO2 system (RRO). The use of 
ReO2⋅2H2O was here preferred to ReO2 to fasten the attainment of 
equilibrium fO2 between the solid buffer mixture and the tourmaline 
starting material through the expected redox reaction: 

Re+H2O+ 0.5O2 = ReO2 +H2 (1) 

with H2 acting as a redox transfer. At the same time, the use of 
ReO2⋅2H2O implies the addition of <1 wt% free H2O to the whole 
starting material. 

2.2.1. HP-HT experiments 
Experiments at HP were performed using the 840-ton Walker-type 

multi anvil press available at National Institute of Geophysics and 
Volcanology (INGV) in Rome (Italy). Cell assemblies made of MgO 
doped with 5 wt% of Cr2O3 with 18-mm octahedra edge length (OEL) 
were used in combination with tungsten carbide second-stage anvils (F- 
grade) of 11-mm truncation edge length (TEL). A detailed sketch of the 
cell assembly is shown in Fig. S1 of Supplementary material. The ex
periments were performed using graphite capsules with a diameter of 2 

mm, filled by a mixture of schorl + RRO as starting material and then 
wrapped by Re foil. The capsules were placed inside MgO sleeves of 3.5- 
mm diameter to act as a pressure medium. A cylindrical ZrO2 sleeve 
surrounding the graphite heater (sleeve of 0.5 mm thick) was used as a 
thermal insulator. Pyrophyllite gaskets glued around the WC TEL were 
used as pressure transmitted-medium. A tiny amount of amorphous SiO2 
fine powder was placed between the capsule and the MgO sleeve and 
plugs as a pressure marker based on the quartz-coesite phase transition 
(Bose and Ganguly, 1995). The temperature during the experiments was 
monitored using a W-5%Re/W-26%Re thermocouple (C-type; diameter 
of 0.010 in.) inserted through a 4-hole alumina rod of 1.8 mm diameter 
and placed in contact with the top of the capsule. The experiments were 
conducted by increasing the pressure up to the target value at 1 GPa/h 
compression rate and then heated at 100 ◦C/min by supplying power to 
the furnace. The temperature was manually controlled within ±5 ◦C 
over the entire duration of the experiment by adjusting the output 
power. The experiments were finally quenched by shutting down the 
electrical power. A total of 6 runs were carried out at a pressure of 3.5 
GPa and temperatures of 500, 700, 750, 800, 850 and 950 ◦C with a 
dwell time ranging from 2 to 10 h (see Table 1). 

2.3. Analytical techniques 

After recovering the run products from the cell assemblies, half of the 
capsule was embedded in epoxy resin and then polished under ethanol, 
while the other half was stored for further analyses. Textural analyses 
were performed on the polished samples using the JEOL JSM-6500F 
field emission scanning electron microscope (FE-SEM) equipped with 
an energy dispersive spectrometer (EDS) available at INGV (Rome) and 
using the FEI Quanta 400 scanning electron microscope (SEM) available 
at the Department of Earth Sciences (Sapienza University of Rome). 
Accurate quantitative data were acquired by electron microprobe (EMP) 
with the JEOL JXA-8200 Superprobe equipped with five wavelength- 
dispersive spectrometers also available at INGV (Rome) and with the 
CAMECA SX50 available at the Istituto di Geologia Ambientale e Geo
ingegneria (IGAG-CNR, Rome, Italy). Chemical analyses of the run 
products were performed employing an accelerating voltage of 15 kV 
and beam current of 7.5 and 20 nA (calibration for JEOL JXA-8200), and 
15 kV and beam current of 15 nA (calibration for Cameca SX50), with a 
beam size of 1 to 10 μm of diameter. As for the JEOL instrument, the ZAF 
correction method was applied, and the following standards were used 
for quantitative measurements: olivine for Si, Mg and Fe; orthoclase for 
Al and K; albite for Na; apatite for Ca and F; rutile for Ti. As for the 
Cameca SX50 instrument, the PAP correction method was applied, and 
the following standards were used: wollastonite for Si and Ca; magnetite 
for Fe; rutile for Ti; corundum for Al; fluorphlogopite for F; periclase for 

Table 1 
Experimental conditions and recovered experimental products.  

Run P 
(GPa) 

T 
(◦C) 

Time 
(h) 

Buffer log fO2 

(ΔFMQ)* 
Experimental 
products 

M108 3.5 500 6 n.d. 1.94 Tur 
M99 3.5 700 4 n.d. 1.60 Tur, Grt 
M98 3.5 750 6 Re, 

ReO2
# 

1.54 Tur, Grt, Tpz, Qtz, 
Ky 

M100 3.5 800 3 Re, 
ReO2

# 
1.49 Tur, Grt, Tpz, glass 

M104 3.5 850 2 Re# 1.44 Glass, Ky, Prm- 
like, Tur, Grt 

M101 3.5 950 10 n.d. 1.35 Glass, Ky, Prm- 
like, Bmull-like, 
Crn 

Mineral abbreviations: Tur = tourmaline; Grt = garnet; Tpz = topaz, Ky =
kyanite; Prm = prismatine; Bmull = boromullite; Crn = corundum. 

* Relative to the fayalite-magnetite-quartz buffer. 
# Re and ReO2 observed by EBS image and/or p-XRD; n.d. = not 

distinguishable. 
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Mg; jadeite for Na and orthoclase for K. Counting time was 10 s for peak 
and 5 s for background. 

Part of the experimental material from run M98, M100 and M104 
was used for powder X-ray Diffraction (p-XRD) for phases identification 
and quantitative phase analysis (QPA) using the Bruker AXS D8 Advance 
diffractometer with incident beam optics multilayer X-ray mirror Göbel 
and PSD VÅntec-1 detector, at the Department of Earth Sciences (Sapi
enza University of Rome). The instrument operates in transmission 
mode on capillary samples. Diffraction data were collected within the 
5–145◦ 2θ angular range, step size of 0.022◦, and 10 s of counting time. 
Data were evaluated by the Rietveld method using Topas V.6 (Bruker, 
AXS, 2016). The sample M98 (from 750 ◦C) was also investigated by 
Mössbauer spectroscopy, using a conventional spectrometer system 
operated in constant-acceleration mode, available at the Department of 
Geosciences, Swedish Museum of Natural History. Due to the limited 
amounts of heat-treated material, a 57Co rhodium matrix point-source 
with a nominal activity of 10 mCi was used. The absorber was pre
pared by grinding sample material together with thermoplastic resin, 
which was then shaped to a ca. 1-mm sized cylinder under mild heating 
(ca. 100 ◦C). The absorber was attached on strip tape and positioned 
closely in front of the point source by aid of an XYZ-stage. The spectrum 
was collected at room-temperature over the velocity range − 4.2 to 
+4.2 mm/s distributed over 1024 channels and was calibrated against 
an α-Fe foil before folding and spectral fitting using the software MossA 
(Prescher et al., 2012). 

Infrared spectroscopic measurements were conducted on both schorl 
starting material and recovered run products (M98, M99, M100 and 
M108). Tiny fragments of a schorl single crystal used as starting material 
for HP-HT experiments were studied in the mid-infrared region 
(600–4800 cm− 1) by micro-reflectance Fourier-transform infrared 
spectroscopy (FTIR) spectroscopy using a Vertex 70v interferometer 
coupled with a Hyperion3000 microscope (Bruker Optics), a liquid ni
trogen cooled MCT (HgCdTe) detector and a KBr beam splitter at the 
Material Science branch of SISSI beamline of Elettra Synchrotron Trieste 
(Italy). Measurements were carried out using a conventional Globar 
source with a resolution of 1 cm− 1 and an aperture of 60 μm by col
lecting three acquisitions per area with an accumulation of 128 scans. 
Reflectance was calculated with respect to a gold mirror measured using 
the same pinhole aperture. 

The polished run products were measured in reflection mode 
(normalized to an Au mirror) in the spectral region between 600 and 
6000 cm− 1 at room T using a Bruker Vertex 70v vacuum spectrometer 

equipped with IR Hyperion 1000 microscope available at the Depart
ment of Physics (Sapienza University, Rome). The field-of-view of each 
analyzed sample was adjusted by closing variable rectangular apertures, 
placed between the objective (15×) and the liquid nitrogen cooled MCT 
(Mercury Cadmium Telluride) detector, along the optical path. Three 
spectra for sample were collected by using 128 scans for each run with a 
spectral resolution set to 2 cm− 1. To check potential influence of the 
aperture diameter on the spectra and the homogeneity of the samples, 
we varied the effective aperture diameter (only for samples M108). Each 
fixed aperture was used to collect both sample and the background 
spectra. No difference was noted in the reflectance spectra. The acquired 
reflectance spectra were normalized at maximum in the spectral range 
600–6000 cm− 1. 

3. Results and discussion 

3.1. Chemical composition of the recovered experimental products 

For each experiment, the recovered experimental products are listed 
in Table 1, their EMP analyses are reported in Table 2, and the quenched 
phases are shown in Fig. 1a-h. In these experiments, both chemical 
homogeneity and lack of reaction rims or zoning were considered as the 
evidence of the achieved equilibrium of the run products, bearing in 
mind that the decomposition of the schorl used as starting material is 
expected to be driven by the fast diffusion of volatile elements like B and 
H. On the other hand, the kinetics of decomposition of tourmaline at HP- 
T remains to be accurately investigated at present. 

This is the case of the run performed at 3.5 GPa and 500 ◦C (M108) 
that showed only subhedral Fe-rich tourmaline crystals with size from 
few to tens of microns, textural features consistent with products 
partially equilibrate and a composition very similar to the starting ma
terial (Fig. 1a and Table 2). Despite the need of time series experiments, 
currently missing in literature, the evidence that neither B2O3 nor H2O 
were released can be taken as a first indication of the stability of the 
schorl at 500 ◦C. However, as we cannot totally exclude the quenched 
schorl being metastable, we are confident that this run set the starting 
point for future similar experiments. 

At 3.5 GPa and 700 ◦C (M99), tourmaline is the dominant phase with 
a composition that is fairly well comparable with the starting material. 
An additional minor phase was identified via EMP (Table 2) as garnet 
with composition approaching pure almandine [Fe3Al2(SiO4)3]. The 
latter represents a product of the schorl breakdown. 

Table 2 
Representative EMP analyses of the recovered run products after HP-HT experiments at 3.5 GPa.  

T (◦C)/Run Phase SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O F Tot 

Room T Tur 34.79 0.13 31.18 17.91 0.23 0.04 2.22 0.04 0.75 87.29 
500/M108 Tur 34.32 0.40 29.66 17.76 0.27 0.06 2.57 0.06 1.09 86.20 
700/M99 Tur 34.44 0.43 31.16 17.50 0.42 0.05 2.58 0.02 0.98 87.58  

Grt 36.06 0.14 21.10 39.44 0.15 0.57 0.11 0.00 0.43 98.01 
750/M98 Tur 34.42 0.26 33.20 15.34 0.36 0.05 2.32 0.09 2.22 88.25  

Grt 35.30 0.36 19.55 40.87 0.84 0.16 0.12 0.01 0.30 97.50 
800/M100 Tur 34.64 0.42 29.57 18.22 0.37 0.05 2.66 0.10 1.18 87.19  

Grt 34.38 0.20 19.55 40.71 0.22 0.22 0.17 0.00 0.36 95.81  
Tpz 32.74 0.12 54.10 0.85 0.00 0.04 0.04 0.01 10.52 98.40  
Fe-Tpz 33.20 0.19 42.59 8.49 0.14 0.01 1.12 0.07 5.95 91.80  
Glass 30.42 0.21 25.22 18.18 0.23 0.08 2.14 0.07 0.68 77.22 

850/M104 

Glass 33.91 0.49 14.00 21.51 0.70 0.13 3.62 0.22 1.64 76.20 
Ky 36.11 0.07 62.01 2.03 0.13 0.02 0.04 0.03 0.00 100.44 
Prm-like 35.16 0.32 39.46 10.95 0.33 0.07 1.62 0.11 0.99 88.99 
Tur 35.48 0.27 33.19 14.62 0.40 0.09 2.34 0.16 1.45 88.00 

950/M101 Glass 40.20 0.63 17.53 17.98 3.43 0.66 2.37 1.15 1.07 85.02  
Ky 36.57 0.01 62.62 0.91 0.15 0.05 0.03 0.04 0.00 100.37  
Prm-like 25.80 0.43 45.85 11.64 2.00 0.43 1.46 0.77 0.54 88.97  
Bmul-like 13.86 0.24 74.75 6.13 0.84 0.18 0.76 0.43 0.16 97.34  
Crn 0.09 0.02 99.61 0.82 0.03 0.00 0.01 0.00 0.12 100.70 

Note: Fe is reported as FeO. Mineral abbreviations: Srl = schorl starting material; Tur = tourmaline; Grt = garnet; Tpz = topaz; Fe-Tpz = Fe-bearing topaz; Ky =
kyanite; Fe-Ky = Fe-bearing kyanite; Crn = corundum; Prm = prismatine; Bmull = boromullite. 
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Fig. 1. Back-scattered electron images of the recovered experimental products at 3.5 GPa. Pictures (a) represents run M108 (500 ◦C), (b)-(c)-(d) are for M98 (750 ◦C), 
(e)-(f) are for M100 (800 ◦C), (g) is for M104 (850 ◦C), (h) is for M101 (950 ◦C). Mineral abbreviations: Tur = tourmaline, Grt = garnet, Tpz = topaz, Ky = kyanite, 
Crn = corundum. 
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In the experimental products recovered from the run performed at 
750 ◦C (M98), both schorl and almandine are clearly observed (Fig. 1b). 
Textural analysis shows a well sintered quenched product, mostly con
sisting of schorl with irregular shape and subhedral almandine crystals 
up to ~20 μm (Fig. 1c). In addition to EMP, almandine was also iden
tified by EDS, p-XRD (Fig. S2a in Supplementary material). Moreover, 
small rounded single crystals of topaz were spotted through SEM images 
and EDS spectra (Fig. 1d), representing another schorl breakdown 
product, the formation of which is due to the presence of F in the starting 
schorl (see Table 2). 

At 800 ◦C (M100), topaz and Fe-rich topaz were identified by EMP 
(Fig. 1e and Table 2). A further step of the schorl breakdown is repre
sented by the formation of an interstitial glassy phase coexisting with 
schorl and almandine, which locally embeds shreds of residual tour
maline (Fig. 1f). The glass is composed of SiO2 ca. 30 wt%, Al2O3 25 wt 
%, FeO 18 wt%, Na2O 2 wt%, and volatiles/light elements ca. 25%. The 
occurrence of interstitial glass is also supported by p-XRD analysis, 
which show an increase of the intensity of the bump located in the 
15–30◦ range of 2θ, in addition to the contribution of the capillary glass. 

The run at 850 ◦C (M104) is dominated by glass (Fig. 1g and Fig. S2b 
of Supplementary material) and the occurrence of euhedral crystals of 
kyanite along with a prismatine-like phase is confirmed by EMP anal
ysis. The glass is still volatile-rich (~ 24 wt%), with relatively higher 
SiO2 (33.91 wt%) and lower Al2O3 (14.00 wt%) contents (Table 2). The 
Si-depleted Al-rich phases kyanite and prismatine are the breakdown 
products of almandine and topaz, which are indeed rare or absent. 
Sparse remnants of Fe-depleted tourmaline are occasionally detected, 
indicating the refractory behavior of this mineral promoted by the P-T- 
X-time conditions of these experiments. 

The run products at 950 ◦C (M101) show a dominant glassy phase 
(roughly twice the extent of M104) containing randomly dispersed 
euhedral crystals with prismatic and elongated morphology (Fig. 1h). 
With respect to the run M104, the glass composition is poorer in volatiles 
(~ 15 wt%), but higher in SiO2 (40.20 wt%) as most silicatic minerals 
continued to experience breakdown. Several Si-depleted phases, such as 
a boromullite-like phase and corundum (the most abundant crystalline 
phase) were identified by EMP (Table 2). Compared to the previous runs, 
both M104 and M101 are characterized by the occurrence of new 
crystalline phases (prismatine-like and boromullite-like) that incorpo
rate B from the B-rich aqueous fluid formed after the schorl breakdown. 
However, some B partitioning in the coexisting ultrabasic glass cannot 
be ruled out. 

3.2. Iron oxidation state and crystal chemistry of the recovered 
tourmaline 

As above-mentioned, during the HP-HT experiments the fO2 was 
nominally buffered by the Re/ReO2 solid mixture. Due to the low T of 
the experiments, the use of ReO2⋅2H2O was preferred to the common 
ReO2 with the attempt to ensure redox reaction to the whole capsule via 
H2 production (see reaction 1) rather than only limited to the mutual 
contact between RRO buffer and the near crystal. The complete absence 
of metallic Re in the experimental products would imply that no Fe 
oxidation had occurred, while the absence of ReO2 would have implied 
consumption of O2 from Eq. (1) likely due to the oxidation of Fe, ac
cording to the equilibrium: 

4FeO+ReO2 = 2Fe2O3 +Re (2)  

being both Fe2+ and Fe3+ species easily accommodated in the tourma
line structure (e.g., Filip et al., 2012). 

The presence of both Re and ReO2 solid buffer in the run products 
with multiple phases occurring was, however, difficult to be confirmed 
by either SEM (differences in both brightness and EDS spectra are 
difficult to assess) or p-XRD analysis (Fig. S2 of Supplementary material) 
due to the limited amount of powder analyzed. The nominal fO2 value of 

RRO buffer was, however, calculated through the experimental cali
bration at ambient pressure by Pownceby and O’Neill (1994). The fO2 
value normalized to the FMQ (O’Neill St, 1987) is calculated to vary 
between 1.94 log units at 500 ◦C (M108) and 1.35 log units at 950 ◦C 
(M101) at 3.5 GPa (Table 1) consistently with what is proposed in 
shallow regions of the subducted slab (Cannaò and Malaspina, 2018; 
Stagno and Fei, 2020). Again, because of the difficulty in discriminating 
Re by ReO2 in the run products, the calculated fO2 shown in Table 1 
must be considered as nominal fO2 buffered during the experiments. 
Importantly, only for runs M98 and M100 the p-XRD shows undoubtedly 
the coexistence of Re and ReO2 solid buffer. This finding led to the 
choice perform Mössbauer measurements on M98 to further investigate 
the possible redox mechanism summarized by reaction (2). 

The Mössbauer absorption spectrum of the experimental sample 
containing schorl and almandine recovered from the run M98 is domi
nated by a combination of absorption doublets (Fig. 2). They are 
centered (δ) around 1 mm/s and display high quadrupole splitting (ΔEQ) 
between − 1 and 3 mm/s. These hyperfine parameters are typical of 
Fe2+, but the evidence of a marked asymmetry in the central region 
between zero and 1 mm/s indicates that some Fe3+ is also present. The 
spectrum was fitted by using four doublets, three assigned to Fe2+ (δ =
1.10–1.31 mm/s) and one assigned to Fe3+ (δ = 0.46 mm/s). Assuming 
similar recoil-free fractions for both Fe species, an Fe3+/ΣFe ratio of 0.23 
was obtained (Table 3). 

As schorl and almandine are the unique Fe-bearing phases identified 
in the run M98 (by p-XRD and EMP analysis), the doublet centered at 
1.31 mm/s with the largest quadrupole splitting (3.49 mm/s) was 
assigned to Fe2+ occurring at the dodecahedrally-coordinated X-site of 
the garnet structure (31% of the total spectrum), and the two remaining 
doublets were assigned to Fe2+ mainly occurring at the octahedrally- 
coordinated Y site of the tourmaline structure (Amthauer et al., 1976; 
Andreozzi et al., 2008, 2020; Mikhailenko et al., 2020; Woodland and 
Ross, 1994). The assignment of the Fe3+ doublet (23% of the total 
spectrum) is less straightforward. Usually, Fe3+ in almandine-rich gar
nets is not abundant; as for example, the Fe3+/FeTot ratios recently 
measured in the almandine-pyrope-grossular series were ranging be
tween 0.02 and 0.10 (Mikhailenko et al., 2020). In the present sample, 
even adopting the maximum oxidation ratio previously observed, the 
garnet contribution to the Fe3+ absorption doublet may be estimated at 
no >3% of the total spectrum, whereas the remaining 20% of the ab
sorption should be assigned to the Fe3+ of tourmaline. On these bases, 

Fig. 2. Room temperature Mössbauer spectrum of sample M98 (3.5 GPa, 
750 ◦C). The fitted absorption doublet assigned to Fe3+ is drawn in red, those 
assigned to Fe2+ in tourmaline in blue and the one to Fe2+ in garnet in green. 
Diamonds denote measured spectrum, and black curve represents summed 
fitted spectra. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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for the run M98 the tourmaline Fe2+ and Fe3+ proportions were recal
culated and resulted in the ratio 70:30. This ratio implies that, during 
the HP-HT treatment, the Fe2+ in the schorl starting material partly 
oxidized just before breakdown (Fe3+/FeTot varied from 0% to 30%), as 

also indicated by the reduction of the a cell parameter of tourmaline 
observed in both M98 and M100 runs compared to the pristine material 
(Table S1 of Supplementary material). Note that the a-parameter 
contraction is consistent with the onset of Fe oxidation, as demonstrated 
by Celata et al. (2021) for a Fe2+-rich elbaite heated in air, in which the 
start of Fe2+ oxidation occurred at 500 ◦C. 

The thermally induced Fe oxidation process is balanced by a coupled 
dehydrogenation process, as summarized by the reaction: 

Fe2+ + (OH)− →Fe3+ +O2− + 0.5H2(g) (3) 

The thermal Fe oxidation was already observed for schorl (Filip et al., 
2012; Liu et al., 2019), schorl-dravitic tourmalines (Pieczka and 
Kraczka, 2004), Fe-dominant tourmalines (Bačik et al., 2011) and Fe- 
bearing tourmalines (Bosi et al., 2019; Celata et al., 2021). Namely, 
Bačik et al. (2011) and Bosi et al. (2016, 2018, 2019) documented the 
oxidation of Fe2+ and the proportional loss of H+ by recording the in
crease of the Fe3+ signal in the Mössbauer spectra and the simultaneous 

Table 3 
Mössbauer parameters of tourmaline (Tur) and garnet (Grt) from the recovered 
run products M98 (3.5 GPa, 750 ◦C).  

Sample δ ΔEQ Γ % Area Assignment 

M98 1.31 3.49 0.26 31 Fe2+ (Grt)  
1.17 2.55 0.41 20 Fe2+ (Tur)  
1.10 1.99 0.56 26 Fe2+ (Tur)  
0.46 0.76 0.75 23 Fe3+ (Tur + Grt) 

Notes: Data collected at room temperature; δ = centroid shift (mm/s) with 
respect to α-iron; ΔEQ = quadrupole splitting (mm/s); Γ = full width at half 
maximum (mm/s). Errors are estimated at about 0.02 mm/s for δ, ΔEQ and Γ, 
and no less than ±3% for doublet areas. 

Fig. 3. Normalized reflectance FTIR spectra of 
quenched experimental runs conducted at 3.5 GPa 
and temperatures from 500 to 800 ◦C (black) 
compared with the natural starting material 
(grey). a) T-O (600–1100 cm− 1), B–O 
(1200–1400 cm− 1) and hydroxyl (3500–4500 
cm− 1) vibrational regions. As indicated, the 
normalized reflectance of experimental products is 
shown multiplied by a factor of 3 in the high fre
quency region to facilitate the visualization. b) 
Variation of ΔR/Rbaseline normalized to the start
ing material as a function of temperature. The 
inset illustrates an example of the procedure 
adopted for ΔR/Rbaseline relative to sample M99.   
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decrease of the OH group signals in the IR spectra. In the present sample, 
when an oxidation rate of Fe corresponding to 30% is applied to the 
tourmaline retrieved from HP-HT experiments, Fe3+ contents of about 
0.80 atoms per formula unit (apfu) are obtained, balanced by H+ loss of 
about 0.80 apfu [see reaction (3)]. 

Remarkably, the extent of the oxidation-dehydrogenation reaction 
observed for the present schorl (after the buffered HP-HT experiments) 
is considerably less pronounced (30%) than that (about 100%) observed 
in schorl and Fe-dominant tourmalines heated in air and at room pres
sure (Bačik et al., 2011; Filip et al., 2012). In previous studies, increased 
amounts of Fe3+ were also observed to some extent even after heating 
the tourmaline under hydrogen atmosphere (Bosi et al., 2018, 2019; 
Filip et al., 2012). Present results compared with few earlier studies 
suggest that the oxidation-dehydrogenation is indeed a thermally acti
vated process in which both pressure and environmental oxygen 
fugacity might represent important governing factors. Specifically, high 
temperature and high oxygen fugacity boost Fe oxidation while low- 
pressure conditions trigger the H+ loss that can be only charge- 
balanced by a corresponding change in the Fe oxidation state accord
ing to reaction (3) (cf. Bosi et al., 2018, 2019). The same process is 
hindered by high pressure conditions that prevent H+ loss and stabilize 
structural OH− . 

All the studies regarding the effects of heat treatment on tourmaline 
agree that the Fe oxidation is triggered by T ≥ 500 ◦C at room pressure in 
air (Bačik et al., 2011; Castañeda et al., 2006; Celata et al., 2021; Liu 
et al., 2019; Pieczka and Kraczka, 2004). Moreover, around 650 ◦C the 
Fe ions start to migrate from the Y to the Z sites, according to the 
intracrystalline order–disorder reaction YFe + ZAl → ZFe + YAl (e.g., Bosi 
et al., 2019; Celata et al., 2021; Filip et al., 2012). Therefore, it can be 
assumed that in the present buffered HP-HT conditions, the oxidation- 

dehydrogenation process of schorl started at temperatures above 
500 ◦C, hampered by the low oxygen fugacity and the high pressure, and 
continued until the schorl breakdown, possibly coupled with intra
crystalline cation order–disorder above 650 ◦C. 

3.3. Schorl dehydration observed by micro-reflectance FTIR 

Micro-reflectance spectra were acquired on tourmaline samples from 
runs M108, M99, M98 and M100 with the aim to investigate the loss of H 
at 3.5 GPa as a function of temperature in the interval 500–800 ◦C. The 
collected spectra were compared with the schorl starting material (see 
Fig. S3 of Supplementary material). The fingerprint region is charac
terized by spectral features assigned to stretching and bending vibra
tions between 600 and 1400 cm− 1 in rings of six TO4 tetrahedra and 
(BO3) groups (Bosi et al., 2021; Shen et al., 2011). As shown in detail in 
Fig. S4 of Supplementary material for the high P runs at 500 and 800 ◦C, 
a combination of T-O-T bending and stretching, B–O bending and (Y,Z)- 
O stretching vibrations are visible in the runs in the frequency range 
between 600 and 800 cm− 1 along with the B–O stretching vibrations 
between 1200 and 1400 cm− 1 (Bosi et al., 2021; Reddy et al., 2007; Shen 
et al., 2011; Zhao et al., 2012); all of them can be referred to the schorl. 
The T-O vibrations located at 900–1150 cm− 1 are also consistent with 
the schorl starting material although an evident broadening/shoulder at 
about 900 cm− 1 is visible, likely raising from either the presence of Re/ 
ReO2 or the epoxy resin in which the sample was embedded. 

The sequence of spectra showed in Fig. 3a clearly reveals the gradual 
decrease of intensity in the OH region from 3300 to 4700 cm− 1 ac
cording to reaction (3). A first change is represented by the strong 
decrease of the peak around 3617 cm− 1 and the disappearance of the 
peaks at 4217, 4330 and 4536 cm− 1 (Fig. S5 of Supplementary material) 

Fig. 4. P-T stability diagram for tourmaline of various compositions (after van Hinsberg et al., 2011). As in the original diagram, circles and squares represent 
constraints from natural samples and experimental data, dashed and thick lines are the extrapolations proposed by the same Authors; in this new version of the 
diagram, half-full hexagons stand for the present results and those of recent experimental works performed on natural samples. 
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that can be taken as spectroscopic evidence that schorl at 500 ◦C reached 
the equilibrium. The main hydroxyl contribution is represented by the 
absorption at 3540 cm− 1 that is retained in the temperature interval of 
investigation (Fig. S5 of Supplementary material). The diagram in 
Fig. 3b is drawn by calculating ΔR/Rbaseline ratio, where ΔR is the dif
ference between R minimum value in the OH region, which occurs at 
about 3570 cm− 1, and R value of the relative baseline (Rbaseline, spline 
curve as shown in the inset of Fig. 3b), similarly to Yasuda (2014), 
divided by R baseline. The decrease of ΔR/Rbaseline up to 700 ◦C shown 
in Fig. 3b can be interpreted as the direct evidence of the partial dehy
drogenation that schorl undergoes according to the reaction (3). 

3.4. Tourmaline stability at upper mantle depth 

Our experimental results provide first evidence that the start of 
schorl breakdown at 3.5 GPa occurs at 700 ◦C, a temperature markedly 
lower than that documented by previous studies performed either low or 
room pressure (i.e., about 760 ◦C in Holtz and Johannes, 1991; about 
850–900 ◦C in Bačik et al., 2011; Filip et al., 2012; Liu et al., 2019; see 
Fig. 4). In absence of more time-dependent runs, the observed difference 
from this study can be attributed to the influence of both the environ
mental pressure and oxygen fugacity conditions. In addition, reaction 
(1) provides an excess H2O in the capsule environment (<1 wt%) that is 
expected to extend (or buffer) the stability of schorl by counter- 
balancing the effect of dehydrogenation caused by the T increase. This 
is a quite realistic scenario that can be ascribed to a hydrous subducting 
slab (Schmidt and Poli, 2003) and recently confirmed by the finding of 
hydrous minerals and fluids included in fibrous diamonds with a 
subduction-related origin (Weiss et al., 2015). 

In our work, after the schorl breakdown, the presence of quenched 
glass in the run products at T ≥ 800 ◦C revealed the formation of a 
hydrous liquid enriched in Si, Al, Na and B, according to the following 
reaction:  

On basis of reaction (4), the first liquid phase produced by the 
structural breakdown of schorl into almandine and topaz should contain 
~32 wt% SiO2, 27 wt% Al2O3, 8 wt% Na2O, 28 wt% B2O3 and 5 wt% 
H2O. This liquid phase will only change its composition at higher tem
peratures when almandine and topaz start to decompose, and Fe-free, 
Al-richer phases are stabilized. A reaction like (4) was proposed by 
Ota et al. (2008a) based on HP-HT experiments conducted on a multi
phase system mimicking a pelitic system doped with dravite. Analo
gously to our runs, both garnet and, later, kyanite occurred as 
breakdown products, suggesting their common formation despite the 
distinct chemical composition of the employed tourmaline. In addition, 
at 5.0 GPa and 700 ◦C Ota et al. (2008a) proposed the formation of a B- 
poor and H2O-rich fluid phase coexisting with garnet, clinopyroxene, 
boromuscovite (in phengite) and kyanite. The glass we observed 
(Table 2) has an Fe-rich ultrabasic nature because is in equilibrium with 
Fe-rich garnet, and its composition resembles, except for the volatile 
content likely consisting in B and H2O (±CO2 from the oxidation of the 
capsule material), that obtained by Dasgupta et al. (2006) by melting 
experiments on a carbonated silica-deficient eclogite, with SiO2 contents 
ranging from 30 to 40 wt%, FeO between 14 and 26 wt% and Na2O 
between 1.75 and 5.1 wt%. Indeed, the glass quenched by Dasgupta 
et al. (2006) is, to date, a valuable candidate for metasomatic liquids 

that would form during subduction of a carbonated oceanic crust and 
would undergo Si-depletion by fluids removal. 

To effectively model the genesis of tourmaline-driven metasomatic 
fluids, the HP-HT behavior of Mg-rich tourmalines such as dravite or 
maruyamaite should be studied as they would better mimic the fate of B- 
bearing pelitic sediments down to the Earth’s mantle (with implications 
for redox processes as C-precipitation and partial melting), but experi
mental results on the redox sensitivity of dravite and maruyamaite are 
missing to date. In contrast, the Fe-rich and reduced nature of the 
studied schorl (with all Fe as Fe2+) allowed shedding light on the 
mechanism of Fe oxidation in tourmaline at HP-HT, and our results 
represent a valid guide to refer to in terms of Fe-rich tourmalines P-T 
stability, dehydrogenation, breakdown, and redox-driven fluid forma
tion at upper mantle depth for pure tourmaline systems. 

The breakdown products observed for the studied schorl are well 
comparable to those reported for dravite at P > 1 GPa and T ≥ 900 ◦C by 
Werding and Schreyer (1996) based on the experiments of Krosse 
(1995), namely an assemblage of garnet and topaz followed by glass, 
kyanite, corundum, prismatine-like and boromullite-like phases. More
over, a boromullite-like phase was recently described as a breakdown 
product of the Fe2+-bearing fluor-elbaite studied by Celata et al. (2021). 
The occurrence of both prismatine- and boromullite- like phases is 
especially relevant because they may act as B-carriers towards higher 
depths, having a relatively extended stability field (e.g., Buick et al., 
2008; Schreyer and Werding, 1997; Werding and Schreyer, 1996). 

Finally, in case of schorl-rich granitoid rocks involved in a subduc
tion process (e.g., Xiong et al., 2022), our experiments suggest that the 
crustal contribution to the subducting slab has the potential to form 
hydrous B-bearing metasomatic melts at P of 3.5 GPa and T ≥ 700 ◦C due 
to schorl breakdown. Referring to the global range of thermal models for 
subduction zones proposed by Syracuse et al. (2010) and assuming a 
geobarometric gradient of 0.3 kbar/km, we can expect that pure schorl 
is stable up to ~100 km depth along the subducting slab, that is in be

tween the 700–800 ◦C isotherms. This model is also coherent with P-T 
curves estimated for subduction-zone terrains by Zimmermann et al. 
(1994) and Marschall et al. (2009). However, in a SiO2-saturated system, 
as a natural granitoid tourmaline-bearing rock, the breakdown tem
perature of tourmaline can be lower, as suggested by the experimental 
work of Ota et al. (2008a). Therefore, multi-phase experiments in a SiO2- 
saturated system are left as a future issue to investigate schorl break
down in complex systems. 

4. Summary and conclusions 

At 3.5 GPa and T ≥ 700 ◦C, in a pure schorl system the schorl 
structure is not stable anymore. The HP-HT breakdown temperature we 
obtained for schorl is considerably lower than the breakdown temper
atures recorded for other tourmalines reported in literature so far, as 
higher temperatures had been obtained for both schorl at low or room 
pressure and Al- and Mg-rich tourmaline pure systems. Besides, within 
the continental (sialic) crust, the schorl stability field is expected to be 
further reduced by the excess of SiO2. 

At 3.5 GPa and above 500 ◦C, the schorl experienced a partial H+ loss 
paralleled by Fe2+ oxidation. The extent of this reaction, which is 
thermally activated, is controlled by both environmental pressure and 
oxygen fugacity (as confirmed in a run where both Re and ReO2 coexist). 

Na
(
Fe2+

2Al
)(

Al5Fe2+)(Si6O18)(BO3)3(OH)3(OHF)
schorl

→

→Fe2+
3Al2(SiO4)3
almandine

+
(
Fe3+Al

)
2SiO4(OHF)2
topaz

+ 2SiO2 + Al2O3 + 0.5Na2O + 1.5B2O3 + H2O
melt

(4)   
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Indeed, the release of H by schorl is a two-step process, the first 
described as the dehydrogenation starting above 500 ◦C (reaction 3), the 
second consisting in the structural breakdown above 700 ◦C (reaction 4). 
The first step only releases a fraction of H of the schorl, quantified as 
0.80 apfu with respect to its stoichiometry (and corresponding to H2O 
about 0.90 wt%); the second step releases the rest of H, namely 2.66 apfu 
(corresponding to H2O about 2.10 wt%). In addition, the second step 
also releases all the B content of the schorl, that is 3.00 apfu (corre
sponding to B2O3 about 10 wt%). 

After the schorl breakdown, the reaction products are represented by 
almandine garnet, topaz, Fe-rich topaz, and a B-rich aqueous melt. This 
could be particularly relevant in subduction environments, as the release 
of both H2O and B would act as a flux, lowering surrounding rock’s 
melting point. 

At 3.5 GPa and temperatures ≥ 850 ◦C, almandine and topaz were 
not observed anymore, while corundum, kyanite, prismatine-like and 
boromullite-like phases became stable. Remarkably, the last two phases 
can incorporate B from the B-rich hydrous melt formed after the schorl 
breakdown and may carry it to lower depths, in a sort of relay race from 
crust to upper mantle. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.lithos.2022.106999. 
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in elbaite-schorl-dravite tourmalines. Am. Mineral. 93, 658–666. 

Andreozzi, G.B., Bosi, F., Celata, B., Capizzi, L.S., Stagno, V., Beckett-Brown, C., 2020. 
Crystal-chemical behavior of Fe2+ in tourmaline dictated by structural stability: 
insights from a schorl with formula NaY(Fe2+

2 Al)Z(Al5Fe2+)(Si6O18)(BO3)3(OH)3(OH, 
F) from Seagull batholith (Yukon Territory, Canada). Phys. Chem. Miner. 47 (25), 
3–9. 
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3. Discussion and conclusions 

 

According to the focus of this research project, which was the experimental determination of thermal 

behavior, breakdown conditions and products of a wide compositional suite of borosilicate minerals 

(specifically tourmaline and axinite), it was possible to firstly investigate the thermal behavior of the 

studied samples (Table 2) through the in situ HT PXRD at RP, which allowed to better understand 

the mechanisms leading up to breakdown. 

For all the tourmaline and axinite compositions investigated, a similar thermal behavior was 

observed. First, a linear thermal expansion of the unit cell parameters was observed up to ~ 450 °C 

and 575 °C for tourmalines and axinite, respectively. The data were fitted using the Berman equation 

(Berman 1988) and it turned out that for tourmaline the c-parameter is softer with respect to the a-

parameter against T (the softness is here meant as the extent to which a material expands upon 

heating). 

For axinite, the measured thermal expansion coefficients showed that the b-parameter is the softest 

against T. Above the mentioned temperatures, tourmalines and axinite started to behave differenlty. 

For tourmaline, a slight decrease of the thermal expansion was measured, specifically borne by 

volume and a parameter. Such a variation is due to the onset of a thermally induced coupled 

oxidation-dehydrogenation process as proposed first by Addison and Sharp (1962a) for amphiboles: 

Fe2+ + OH- + 1/4O2 = Fe3+ + O2- + 1/2H2O        (1) 

and adapted to tourmaline (schorl, Fe2+-bearing olenite and fluor-schorl) by Filip et al. (2012): 
YFe2++W+VOH- + 1/4O2 ⇆YFe3++W+VO2- + 1/2H2O       (2) 

The validity of this model was experimentally demonstrated for all the tourmaline compositions 

investigated in this research project and also observed for Mn. Therefore, a more general reaction can 

be written as:  
YR2+ + W+VOH– + 1/4O2 → YR3+ + W+VO2− + 1/2H2O       (3) 

where R is the transition element hosted in the crystal structure of tourmaline at the Y site.  

Therefore, during tourmaline progressive heating, partial water loss (intended as H+ ions release) 

from the crystal structure is possible even before structural breakdown, and it is associated to the 

thermally-induced coupled oxidation-dehydrogenation.  

As the oxidized transition element is smaller in terms of ionic radius with respect to the corresponding 

not oxidized atom, a downsizing of the YO6 polyhedron (hosting the transition element) was also 

observed, leading to a decrease of both volume and a parameter.  

The most the amount of transition elements accommodated in tourmaline's crystal structure, the most 

the extent of oxidation-dehydrogenation process experienced by structural parameters. In fact, schorl, 
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which contains the highest concentration of transition elements with respect to the other compositions 

here studied (schorl: Fe2+ = 2.05 apfu; fluor-elbaite: (Fe2+ + Mn2+) = 1.12 apfu; uvite: Fe2+ = 0.47 

apfu; Mn-bearing fluor-elbaite: Mn2+ = 0.12 apfu), is the most sensitive in terms of structural response 

to the oxidation-dehydrogenation phenomenon.  

However, according to Addison and Sharp (1962b) the coupled mechanism of oxidation-

dehydrogenation is actually more complex with respect to the simple reaction above mentioned (even 

if it was observed in amphiboles and phyllosilicates and it has not yet been investigated in 

tourmalines). It was described as a multi-stage process consisting in the main reaction (1) and two 

side reactions: 

Fe2+ + 1/4O2 = Fe3+ + 1/2O2-             (4) 

2OH- = O2- + H2O              (5) 

where reaction (4) occurs when there are no OH groups are available on the mineral surface, and 

reaction (5) occurring at very high temperatures even in minerals that are not oxidizable.  

For the side reaction (4) a charge transport mechanism is suggested, due to electron hopping across 

the structure from the inner not oxidized Fe2+ cations to the superficial oxidized Fe3+ cations and it 

would not involve any deprotonation. So, Fe2+ oxidizes to Fe3+, transferring one of its electrons to 

gaseous O2 of the air that is accommodated on the surface of the crystal as O2-. 

The migration of electrons is supposed to require less energy than the ionic transport, hence the 

electron transfer from Fe2+ to an adjacent Fe3+ is  thought  to  ensure  the  presence  of  the  reactant  

Fe2+ at  the surface.  

Addison et  al.  (1962a, b) also proposed that  the  electron  transfer can be stopped by ions that cannot 

accept electrons such as Mg2+, consequently the  higher  the  Fe2+ and  the  lower  the  content  of  

Mg2+ the  more  easily  Fe2+ can  be accessible for oxidation.  

For the electrons to move throughout the structure, a moderate conductivity is required. Tourmaline 

is known to be pyroelectric when heated and its pyroelectric coefficient at varying temperature is 

mainly originated from the intrinsic electric dipole moment changes of the XO9, YO6, ZO6, TO4, BO3 

polyhedra along the c-axis. Each coordination polyhedron of tourmaline is equivalent to an electric 

dipole. When temperature changes, the positive and negative charge centers of ionic groups generate 

relative displacements, resulting in the change of intrinsic electric dipole moment of tourmaline. 

Specifically, Zhou et al. (2018) found that the deformations of the SiO4 tetrahedra and BO3 polyhedra 

the c-axis direction are the major responsible to the origins of the pyroelectricity of tourmaline at 

varying temperature. 

There are different factors affecting the distortion of SiO4 polyhedra; for example the size of cations 

at the X site, where small cations as Ca are responsible for the shortening of X–O(4) and X–O(5) bond 
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lengths, leading to a larger distortion of the tetrahedral ring in terms of ditrigonality and crimping 

[when the bases ofthe tetrahedra are not parallel to (001) but are alternately tilted up 

and down by a small amount (Foit, 1989; Barton, 1969; Gorskaya et al., 1982)]. The puckering of the 

tetrahedral ring [i.e. the inwardly rotation of tetrahedra along the O(4)–O(5) axis] is instead affected 

by the chemical substitution occurring at the Y site where smaller cations lead to a larger distortion 

of the ring, as the substitution of Fe2+ with a smaller and highly charged cation as Al3+ leads to a 

compression of the Y octahedron, with a displacement of O(6) toward the threefold axis, thus affecting 

also the geometry of the tetrahedral ring (Foit, 1989).  

Accordingly, Zhao et al. (2013) observed that structure, temperature, Fe content and valence affect 

polyhedron distortion parameters. Their results show that the bond-length and bond-angle distortion 

of the SiO4 polyhedra in tourmaline decrease with increasing the Fe content, and the bond-length and 

bond-angle distortion of the SiO4 polyhedra increases with increasing the heat treatment time, 

indicating that the temperature, iron content and valence are important factors affecting the geometry 

of the SiO4 tetrahedral ring in tourmaline and, consequently, its pyroelectric properties. 

Contemporarily, the OH-  group are also  re-generated  at  the  surface by  protons  hopping  from  one 

oxygen on the adjacent oxygens from the interior of the crystal (Addison  and  Sharp,  1962a; Addison 

et al., 1962a, b), according to the following reaction: 

 

OH- = O2- + H+             (6) 

 

In tourmaline structure, diffusion of H+ has been experimentally investigated and the diffusion 

coefficient was reported as 10-16 (m2s-1) by Desbois and Ingrin (2007). Notably, the rate of diffusion 

is two to three times faster along the c direction and the configuration of tetrahedral rings pointing in 

the same direction makes a preferential way for H to diffuse along the structure.  

In amphiboles, there is only one structural site, O(4), potentially able to accept a transient H in 

amphiboles due to its underbonding (Addison and Sharp, 1962a). However, in tourmaline structure 

there are no underbonded oxygens. 

Oxidation as a function of time was not investigated in this work but Susta (2016) observed that in 

amphiboles the process is not time-dependent. 

Further annealing of tourmaline produced a partial intracrystalline cation-exchange between the Y 

and Z site, with aluminum coming from the Z site going to substitute the oxidized transition element 

R3+ at the Y site (exception made for Mn-bearing fluor-elbaite where Li was unexpectedly observed 

to migrate from Y to Z site instead of Mn): 
YR3++ZAl3+→ YAl3++ZR3+. 
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Since the ionic radius of aluminum is fairly smaller with respect to that of the oxidized transition 

elements (Fe3+ and Mn3+), a shrinking of the YO6 polyhedron, due to the increased occupancy of 

aluminum in substitution of the oxidized transition element, was observed.  

Accordingly, both volume and a parameter dropped sharply. The c parameter increased to 

compensate.   

For axinite, the model above discussed does not apply, as the deviation from linearity of its thermal 

expansion at above 575 °C outlines an expansion of the unit-cell parameters, not clearly explained by 

the oxidation-dehydrogenation model predicted for tourmaline, that should have resonably led to a 

contraction of the structure along the columns of AlO6 and (Mg,Fe)O6 octahedra. 

Further investigation on axinite structure is needed to figure out such a structural behavior during 

annealing.  

Moving forward into the next objectives of this work, breakdown conditions of the samples here 

considered were reached through high-temperature HT and high-temperature high-pressure HT-HP 

experiments. The breakdown of each phase was fixed in correspondence of the appearance of its first 

breakdown product.  

With reference to the tourmaline here studied in situ at RP, despite their different composition in 

terms of X and Y site occupancy (see Table 2), all of them experienced breakdown at temperatures 

falling within a very narrow range: from 803 to 850 °C. This means that the different occupancy of 

sites X and Y does not substantially affect the stability of tourmaline.  

Accordingly to what reported by Bosi (2018), the entire tourmaline structure can be interpreted as a 

continuous 3D framework of AlO6 polyhedra (Z sites) enclosing the structural "islands" made up of 

X-Y-T-B polyhedra (Figure 4). Therefore, what actually matters for tourmaline to behave differently 

in terms of thermal behavior and stability is the Z site composition. In fact, all the tourmalines here 

investigated share the same Z site occupancy, which is dominated by Al. 

When cations as Fe3+, Cr3+ and V3+ substitute Al at the Z site, the structure should be highly affected 

in its thermal behavior, as they are different in terms of chemical hardness. Hard cations as Al3+ are 

small in ionic radius, have high charge and behave as hard spheres, meaning that they do not deform 

in different ways to match the local environment. Soft cations commonly have a small ionic radius, 

low charge and are strongly polarizable. With respect to Al3+, the above mentioned Fe3+ Cr3+ and V3+ 

are softer. Consequently, it is reasonable to expect a different thermal behavior and breakdown 

temperature at RP of (Fe3+,Cr3+,V3+)-rich tourmaline compositions (namely, povondraite, oxy 

chromium-dravite and oxy vanadium-dravite). Unfortunately, no data about the breakdown 

temperature of such phases are available to date.  
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The schorl was the only tourmaline composition investigated at HP, and the first appearance of garnet 

at 700 °C and 3.5 GPa was chosen as the criterion to fix its breakdown temperature. Comparing this 

breakdown temperature with those observed at RP for schorl and other tourmaline compositions, and 

also considering the data reported in van Hinsberg et al. (2011), it can be stated that the high pressure 

is largely responsible of lowering the stability of tourmaline.  

In natural environments as cold subduction systems (see Syracuse et al., 2010), the borosilicates here 

studied are therefore stable in the inner colder core of the downgoing slab, even if the eventual 

saturation in SiO2 might lower even further the breakdown temperature, as suggested by the 

experimental work of Ota et al. (2008). 

With reference to axinite, annealing at RP led to the structural collapse at 850 °C, consistently with 

literature data regarding axinites of similar composition. No obvious correlation between composition 

and breakdown temperature was to date observed.   

The structural breakdown (the conditions of which were above-mentioned) of the tourmalines and 

axinites here considered, resulted in the formation of different products with or without the production 

of a melt. When a melt was produced as a result of breakdown, the obtained data show that it was 

usually enriched in B2O3, SiO2 and H2O.  

The crystalline phases that occur after tourmaline breakdown are mostly represented by 

aluminosilicates as mullite-like phases (dominant at RP) and garnet (at HP). Boron-bearing mullite-

type compounds were identified as new B carriers in a hypothetical scenario of a post-tourmaline 

paragenesis.   

As regards axinite, after breakdown it melts incongruently at 850 °C, giving products as anorthite and 

clinopyroxene and quartz, plus a very minor amount of amorphous material where boron and water 

are supposed to be stored.  

 

 

Implications 

 

Tourmaline at high-temperature and high-pressure conditions (comparable to those occurring in the 

shallower portion of a slab down to 120 Km) can release structural water as both H+ ions, during the 

thermally-induced coupled oxidation-dehydrogenation process, and OH- groups, during the 

breakdown reaction. The amount of water released during the oxidation-dehydrogenation process in 

this work was only evaluated for schorl composition through 57Fe Mössbauer spectroscopy, being 

equal to 0.80 apfu with respect to tourmaline stoichiometry (corresponding to H2O about 0.90 wt.%). 
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The remaining water amount released during breakdown is equal to 2.66 apfu (corresponding to H2O 

about 2.1 wt.%).  

Water content (intended as structural water represented by both H+ and OH-) is one of the most 

influential factors on melting behavior of silicate rocks, plastic deformation of subducting material 

and electrical conductivity at high-temperature and high-pressure conditions. Consequently, 

determining the distribution of water in the Earth's mantle is a substantial issue in solid Earth 

geophysics and geochemistry. Hydrogen in nominally anhydrous minerals can enhance the electrical 

conductivity of the upper mantle and transition zone. High conductivity anomalies are in fact widely 

observed both in the continental mid-crust as well as backarc and forearc regions of subduction zones, 

characterized by conductivity values of 0.01–1 S/m (Hu et al. 2017) and are assigned to the 

occurrence of fluids released by dehydration of hydrous minerals (commonly represented by 

amphiboles, chlorite, zoisite and talc) along the subducting slab. Therefore, it is crucial to investigate 

how water is carried down the slab and define the processes through which it is released.  

 
 
 

Open questions 
 

The mineral phases investigated in this research project were only considered in a mono-phase 

system, thus neglecting the role of other phases that naturally occur as companion minerals in the 

hosting rocks. The breakdown conditions of the examined borosilicates might likely be considerably 

affected by the presence of other minerals, therefore, further research on borosilicates breakdown 

considered in their natural assemblages should be pursued.  

Moreover, an oxidation-dehydrogenation process was observed before breakdown during the 

annealing of the tourmaline samples with both in situ and ex situ analytical techniques, but it was not 

always possible to obtain quantitative data about the amount of H+ lost during the process. 

Consequently, specific experiments could be designed to address this issue, for example  

thermogravimetric analysis (TGA) or, if only Fe is present as transition element, Mössbauer 

spectroscopy to be performed on the annealed powder.  

As regards the axinite, it is still unclear why the oxidation-dehydrogenation process was not observed 

after the annealing, as the bond valence sum clearly showed that hydrogen is still bonded to the 

structure. Even the sharp thermal expansion showed by the sample at above 600 °C remains 

unexplained, as it is not likely that a polymorph transformation occurred, as instead is reported in 

literature as a possible interpretation. 
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