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ABSTRACT  16 

A detailed Raman spectroscopic, electron microprobe, and laser ablation induced-coupled plasma mass 17 

spectrometric study of forty-six natural tourmalines (XY3Z6(T6O18)(BO3)3V3W) from ten subgroups was 18 

performed to evaluate the potential of the Raman scattering, in particular of the OH bond stretching 19 

vibrations, for the identification of tourmaline species and site-occupancy analysis. The widespread 20 

chemical variety of the studied samples is reflected in the different spectral shapes. The positions and 21 

intensities of the observed vibrational modes can be used for tourmaline species identification. Taking into 22 

account the charge of the Y and Z-site cations as well as the X-site occupancy, the Raman peaks generated 23 

by the bond stretching mode of the VOH groups were attributed to different YZZ-YZZ-YZZ cationic 24 

configurations, while the peaks originating from WOH stretching to chemically different YYY triplets next 25 

to an X-site vacancy, XNa, or XCa. It is shown that the integrated intensities of the VOH-stretching peaks 26 

can be used to calculate the contents of the major Y-site elements Mg, (Fe2++Mn2+), Li, and Al. The 27 
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analysis of the VOH-peak positions yields information on the X-site occupancy. The fitted linear equations 28 

can be used to determine the content of X(Na+Ca) and X-site vacancy per formula unit. Guidelines how to 29 

gain crystallochemical information from the Raman spectra of tourmaline, are suggested. This study, along 30 

with Part 1 dedicated to amphiboles (Leißner et al. 2015), reveals that Raman spectroscopy is well suited as 31 

a non-destructive, preparation-free, and easy-to-handle method for species identification and site-32 

occupancy analysis in complex hydrous silicate. Our results demonstrate that the chemistry on the non-33 

tetrahedral positions substantially influences the Raman-active H-O bond stretching phonon modes, which 34 

allows for quantitative compositional analysis, including the content of lithium.    35 

 36 

Keywords: tourmaline, Raman spectroscopy, electron microprobe analysis, LA-ICP-MS  37 

 38 
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INTRODUCTION 39 

Tourmalines are hydrous borosilicates with complex chemical composition, which form a mineral 40 

supergroup. The majority of tourmalines exhibit rhombohedral symmetry with space group R3m. The 41 

general formula is XY3Z6(T6O18)(BO3)3V3W with the common cations and anions at each site in order of 42 

their relative abundance (Henry et al. 2011): 43 

X = Na+, Ca2+, , K+  (with  as symbol for a vacant site); 44 

Y = Fe2+, Mg2+, Mn2+, Al3+, Li+, Fe3+, Cr3+, Ti4+, Zn2+, Cu2+, V3+;  45 

Z = Al3+, Fe3+, Mg2+, Fe2+, Cr3+, V3+; 46 

T = Si4+, Al3+, B3+;  47 

B = B3+; 48 

V = (OH)-, O2-; and 49 

W = F-, (OH)-, O2-.  50 

The crystal structure of tourmaline is composed of 6-membered rings of TO4 tetrahedra, whose apical 51 

oxygen atoms point towards the (-) c-pole, causing the acentric nature of the structure (Fig. 1). Triangular 52 

BO3 groups are sub-parallel to the (001) plane and they are placed above and below the tetrahedral rings. 53 

The nine-coordinated X site is located on the three-fold axis of symmetry, out of plane of the tetrahedral 54 

rings. The two octahedrally coordinated sites Y and Z are just inside and outside with respect to the ring 55 

contour. The V site, labeled as O(3) in crystallographic data, is shared by one YO6 and two ZO6 octahedra. 56 

The W site, labeled as O(1) in crystallographic data, is located on the 3-fold axis central to the tetrahedral 57 

rings and linked to 3 YO6 octahedra. 58 

The tourmaline supergroup currently consists of thirty-two species approved by the International 59 

Mineralogical Association’s Commission on New Minerals, Nomenclature and Classification. The 60 

classification is related to the dominant compositional variability that occurs at the X, Y, Z, and W site and, 61 

to lesser extent, also at the V site. The primary division is made according to the dominant X-site 62 

occupancy resulting in the three groups alkali, calcic, and X-vacant tourmaline. Secondary divisions 63 

distinguish between the dominant occupancies of the Y site considering also major variations in the Z- and 64 

T-site occupancy. Further divisions are made according to the dominant W-site occupancy resulting in 65 
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hydroxy-, fluor-, and oxy-species. Details of the most recent tourmaline classification and nomenclature are 66 

given by Henry et al. (2011).  67 

Tourmalines crystallize in a wide range of geological settings, including hydrothermal, 68 

metamorphic, metasomatic, magmatic and as detrital grains in clastic sediments (e.g., Henry and Dutrow 69 

1996; Slack 1996; Henry et al. 1999; Marschall et al. 2009). Within these settings, there is a large variety of 70 

host rock compositions, in which tourmalines can occur from silica-rich intrusive bodies and sediments, to 71 

silica-poor mafic rocks, pelites, impure limestones and evaporates, and their metamorphic equivalents. This 72 

widespread occurrence is enabled by the extensive pressure and temperature stability range of tourmaline 73 

(van Hinsberg et al. 2011 and references therein), which covers most of the conditions in the Earth’s crust 74 

down to the upper mantle. The tourmaline stability can be partially attributed to the flexibility in its crystal 75 

structure that can adopt various compositions as a response to alternating chemical environments and 76 

pressure-temperature conditions (Dutrow and Henry 2011). The compositional changes within the same 77 

tourmaline specimen are often rather abrupt and occur within a few micrometers due to negligible diffusion 78 

rates of major and trace elements. Thus, tourmalines can be regarded as almost ideal petrogenetic indicators 79 

to their host environment as they can capture the signature of the host rock bulk composition (Henry and 80 

Dutrow 1996; Keller et al. 1999; Selway et al. 1999, 2000; Williamson et al. 2000; Henry and Dutrow 81 

2001; London 2011; Trumbull et al. 2011; van Hinsberg et al. 2011). In addition, the systematic variations 82 

in tourmaline chemistry with the pressure and temperature of the host environment (Henry and Dutrow 83 

1996; Ertl et al. 2008, 2010) have been used to calibrate tourmalines for geothermometry (Colopietro and 84 

Friberg 1987; Henry and Dutrow 1996; Kawakami and Ikeda 2003; van Hinsberg and Schumacher 2007). 85 

Hence, the identification of different tourmaline species and their crystal chemistry is of great 86 

importance to access all that information. As zonation in tourmalines often occurs on a fine length scale 87 

(Hawthorne and Dirlam 2011), bulk analytical techniques are not quite appropriate. Therefore, it would be 88 

beneficial to have a quick and easy to perform analytical method with µm-scale spatial resolution that does 89 

not need extensive sample preparation to identify tourmaline species. For a variety of reasons Raman 90 

spectroscopy is the method of choice and has been used to systematically study chemical changes in other 91 

mineral groups, e.g., feldspars (Mernagh 1991), garnets (Hofmeister and Chopelas 1991), pyroxenes (Wang 92 
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et al. 2001), and amphiboles (Leißner et al. 2015). First, the set of Raman-active modes is restricted by 93 

symmetry-related selection rules, i.e., the Raman spectrum can be regarded as a fingerprint of a specific 94 

tourmaline species. Second, the positions of the Raman peaks and their integrated intensities are related to 95 

the compositional site occupancy as the phonon wavenumbers depend on the masses and interatomic force 96 

constants of the atoms involved in the corresponding modes, while the relative intensities depend on the 97 

abundance of the distinct chemical species. Third, Raman spectroscopy is a non-destructive micrometer-98 

scale technique with no special sample preparation requirements. 99 

In general, there are two approaches to study the chemical composition of the non-tetrahedrally 100 

coordinated sites in tourmaline by Raman spectroscopy: by analyzing directly the vibrations related to X-, 101 

Y-, and Z-site cations or by analyzing the influence of these cations on the vibrations of the other structural 102 

units: the silicate rings and the borate and hydroxyl groups. The O–H bond stretching is a high-energy 103 

vibrational mode that is usually observed in the wavenumber range ~3300-3800 cm-1. Therefore, even 104 

subtle relative changes in the mode wavenumber due to minor chemical changes in the O–H bond 105 

surrounding should result in absolute changes in the peak positions that are large enough to be detected. 106 

Thus, the stretching modes of the OH groups in the V and W sites are good candidates for establishing the 107 

functional relationship between Raman peak parameters and the crystal chemistry of tourmaline. This 108 

approach has been already successfully applied to another mineral supergroup of hydrous complex 109 

silicates: amphiboles (Leißner et al. 2015).m 110 

Given the major interest and geological importance of tourmaline, so far relatively few studies 111 

have used infrared and/or Raman spectroscopy to analyze different tourmaline species with respect to their 112 

chemical composition (e.g., Alvarez and Coy-Yll 1977; Gonzalez-Carreño et al. 1988; Grice and Ercit 113 

1993; Mihailova et al. 1996; Gasharova et al. 1997; Castañeda et al. 2000; Oliveira et al. 2002; McKeown 114 

2008; Hoang et al. 2011; Skogby et al. 2012; Zhao et al. 2012; Fantini et al. 2014; Bosi et al. 2015a,b; 115 

Berryman et al. 2015). The infrared studies focus predominantly on the OH bond stretching modes, 116 

whereas most of the Raman studies consider the framework vibrations below 1500 cm-1 to distinguish 117 

between tourmaline species on the chemical joins of, e.g., elbaite-schorl, dravite-buergerite-uvite, 118 

buergerite-schorl, uvite-feruvite, elbaite, and fluor-liddicoatite. Hoang et al. (2011) have used the 119 
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characteristic shape of the Raman spectrum of the O–H bond stretching modes to distinguish four different 120 

species, fluor-liddicoatite, elbaite, uvite, and feruvite, and have assigned the observed modes following the 121 

model from the infrared studies by Gonzalez-Carreño et al. (1988) and Castañeda et al. (2000). Skogby et 122 

al. (2012) considered the OH stretching modes in a single elbaite sample that has been previously 123 

characterized by electron and ion microprobe analyses, and structure refinements to X-ray diffraction data. 124 

They investigated short-range chemical ordering related to the OH groups and assigned specific local cation 125 

arrangements to the V and W site. Fantini et al (2014) investigated five different tourmaline species and 126 

assigned different local arrangements based on ion substitution to the two anionic sites. Berryman et al. 127 

(2015) studied synthetic tourmalines of four different species and suggested assignments for the different 128 

OH-stretching vibrations. However, a detailed Raman-scattering study of the OH stretching range with a 129 

number of samples from different tourmaline subgroups and complex chemistry as well as a comprehensive 130 

assignment model for the observed OH stretching modes is still missing.   131 

Therefore, the objective of this study is to analyze the Raman scattering, in particular arising from 132 

the OH stretching modes, of a large variety of natural tourmalines covering the main subgroups of all three 133 

primary groups in order to explore the potential of Raman spectroscopy to be used for non-destructive 134 

crystallochemical analysis of tourmaline.  135 

 136 

MATERIALS AND METHODS 137 

 138 

Samples 139 

Forty-six natural tourmaline samples from worldwide localities from all three primary tourmaline 140 

groups have been studied here, including five alkali subgroups, three calcic subgroups, and two X-vacant 141 

subgroups (Table 1). Most of the samples are from the collection of the Mineralogical Museum, Centrum 142 

für Naturkunde (CeNak), University of Hamburg, sample S43 was provided by Dr. D. Nishio-Hamane, 143 

sample S37 was provided by Dr. E. Lopatka, samples S5, S16, and S35 were provided by Dr. C. Schmidt, 144 

and samples S4, S27, S28, S29, S41, and S42 were provided by J. Clanin. The localities of the samples are 145 

specified in the supplementary material (Table S1). 146 
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 147 

Raman spectroscopy 148 

Raman scattering experiments were conducted in backscattering geometry with a Horiba Jobin-149 

Yvon T64000 triple-monochromator spectrometer (holographic gratings of 1800 grooves/mm) equipped 150 

with an Olympus BX41 confocal microscope (Olympus LM Plan FLN 50x objective with a numerical 151 

aperture of 0.5) and a Symphony liquid-N2-cooled charge-coupled device detector. Raman spectra of all 152 

samples were excited by the 514.5-nm line of a Coherent 90C Fred Ar+ plasma laser. In the case of a high 153 

continuum photoluminescence background, additional Raman spectra were collected using a wavelength of 154 

488.0 nm. For both laser lines the laser power on the sample surface was approximately 14 mW, which was 155 

verified not to generate any sample overheating during the experiment. The achieved spectral resolution 156 

was ~2 cm-1 and the accuracy in determining the peak positions was ~0.35 cm-1. The spectrometer was 157 

calibrated to the silicon Raman peak at 520.5 cm-1.   158 

For all samples polarized Raman spectra were collected from raw crystal surfaces in the spectral 159 

range 15 – 4000 cm-1 in (zz)yy , (zx)yy , and (xx)yy  scattering geometry (Porto’s notation); x, y, and z 160 

are the Cartesian coordinate axes with z parallel to the crystallographic c axis in the hexagonal setting, 161 

while the crystallographic a axis is either along x or along y. Note that for uniaxial crystals the magnitude 162 

of the Raman polarizability tensor components is not changed upon rotation about the c axis at 90°, i.e., 163 

both scattering geometries (a || x or a || y) generate the same spectra. The acquisition time was chosen to 164 

yield a satisfactory signal-to-noise ratio, i.e., most of the spectra were collected for 20 s averaging over 10 165 

accumulations. The OriginPro® 9.1 software package was used for data evaluation. The collected spectra 166 

were baseline corrected with a spline function, temperature reduced to account for the Bose-Einstein 167 

occupation factor )1),(/( += TnII measuredreduced ω , )1)//(exp(1),( −= kTTn ωω h  (Kuzmany 168 

2009), and normalized to the acquisition time. Peak positions, full widths at half maximum (FWHMs), and 169 

integrated intensities were determined from fits with pseudo-Voigt functions 170 

Gaussq)(+Lorentzq=PV ∗−∗ 1  with ]1,0[∈q . The criterion for the maximum number of 171 

pseudo-Voigt functions used to simulate the spectrum profile was ΔI < I/2 for all peaks, where I and ΔI are 172 

the calculated magnitude and uncertainty of the peak intensities.  173 
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 174 

Electron microprobe analysis (EMPA) 175 

Polished specimens were analyzed using a Cameca SX-100 SEM system with a wavelength-176 

dispersive detector. The energy of the electron beam was 15 keV and the beam current was 20 nA. The 177 

following standards were used: LiF for F, albite for Na, MgO for Mg, Al2O3 for Al, andradite for Si, Ca, 178 

and Fe, vanadinite for Cl and V, orthoclase for K, MnTiO3 for Ti and Mn, Cr3O3 for Cr, olivinite for Cu, 179 

SrTiO3 for Sr, and Ba-glass for Ba. The acquisition times were 20 s for Na, K, Mg, Ca, Mn, Fe, Al, Ti, and 180 

Si, 60 s for Ba, Sr, Cu, Cr, and Cl, and 120 s for F. For each element the signal-to-noise ratio was 181 

determined by background measurements that were carried out by slight offsetting of the microprobe 182 

spectrometer to each side of the X-ray emission peak, measuring a half of the counting time of the 183 

corresponding element and obtaining the intensity beneath the emission peak by interpolation. The program 184 

WinTcac (Yavuz et al. 2014) was used to calculate the chemical formulae and also for the classification of 185 

the tourmaline species, which was additionally verified by the spreadsheet in the supplement of Henry et al. 186 

(2011). Since 25 to 50 points were measured for each sample to identify possible chemical variability, the 187 

statistical standard deviations allow for a composition precision of about 0.01 atoms per formula unit (apfu) 188 

for each element in the calculated chemical formulae.  189 

 190 

Laser-ablation inductively-coupled-plasma mass spectrometry (LA ICP-MS) 191 

To verify the chemical formulae calculated from EMPA, LA ICP-MS measurements were 192 

conducted on selected samples to determine the contents of the light elements B and Li along with Na, K, 193 

Ca, Mg, Mn, Fe, Al, Si, and Ti. The experiments were conducted in a He flushed cell with a volume of 35 194 

cm3, using a ThermoFisher Finnigan Element XR high resolution multicollector ICP mass spectrometer 195 

connected to an in-house-built laser ablation system based on a Spectra-Physics Solstice femtosecond laser 196 

operating with a laser wavelength of 194 nm. Details on the experimental set up are given by Horn et al. 197 

(2006) and Oeser et al. (2015). For each sample data were collected from three spatial regions sized 198 

approximately 30 × 30 μm. Each region was subjected to a raster analysis with an ablation spot diameter of 199 
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35 µm. The NIST610 glass was used as a calibration standard for all elements. Oxide concentrations were 200 

calculated using the program ICPMSDataCal (Liu et al. 2008).   201 

 202 

Single-crystal X-ray diffraction 203 

Since the majority of Raman peaks arising from framework phonon modes in sample S33 204 

(povondraite) showed significant downward shifts as compared to the other tourmalines, the tourmaline-205 

type structure of this sample and sample S36 (fluor-buergerite) were double checked by single-crystal X-206 

ray diffraction analysis. The experiments were conducted with a Nonius KappaCCD diffractometer, using 207 

graphite monochromated Mo Kα radiation. Pixel intensities were integrated using the Eval15 suite of 208 

programs (Schreurs et al. 2010). Structure refinements were performed using the program Jana2006 209 

(Petricek et al. 2014). Scattering factors of uncharged atoms were used throughout. The site occupancies of 210 

the Y and Z-sites were refined based on scattering functions for Fe and Mg, assuming that scattering 211 

contributions from the minor elements Ti and Al do not deviate significantly from Fe and Mg respectively.  212 

 213 

RESULTS AND DISCUSSION 214 

Chemical composition from EMPA and LA ICP-MS 215 

Tourmalines contain typically 10-11 wt% B2O3, up to about 3.8 wt% H2O and variable amounts of 216 

Li2O up to about 3.5 wt%. Thus, the EMPA data points with total oxide sums below 82 wt% were excluded 217 

from the subsequent statistic averaging as they may represent analysis of surface defects. The calculations 218 

of the chemical formulae followed the procedure for normalization of EMPA data and estimation of light 219 

elements described in appendix V by Henry et al. (2011). The anionic sites are assumed to sum up to four, 220 

boron is calculated stochiometrically as three boron atoms per formula unit. For tourmalines with assumed 221 

low Li content the sum of T+Z+Y cations is normalized to 15, for all other samples normalization was done 222 

on the basis of Si = 6. In the case that the content of Li is estimated, this is done on the basis the Li fills any 223 

cation deficiency in the Y site. Hydrogen contents are determined by charge balance assuming the 224 

oxidation states of iron and manganese to be divalent except for fluor-buergerite (S36) and povondraite 225 

(S33), where all iron is trivalent. The total oxide sums amount to 99.7 ± 2.7 wt% for all samples when the 226 
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amounts of non-measured light elements are included. The chemistry of all fourty-six tourmaline samples 227 

and their classification according to the 2011 IMA tourmaline-supergroup nomenclature is given in Table 228 

1. The raw EMPA data are given in Supplementary Table S2. 229 

In addition, the amounts of lithium and boron were experimentally determined by LA ICP-MS 230 

measurements. Figure 2 compares the measured and calculated contents of B2O3 and Li2O for certain 231 

samples, which are in reasonably good agreement. The small deviations from the ideal one-to-one 232 

correlation, in particular for Li, all fall in the range of 0.1-0.3 apfu, which is the precision of the estimation 233 

of Li (Henry et al. 2011). As stated by Henry et al (2011), Li contents calculated from EMP data tend to be 234 

underestimated, which can also be seen in Fig. 2. Small deviations are also possible due to slight spatial 235 

divergences of the measurement spots of LA ICP-MS and EMPA, though backscattered electron images 236 

from the microprobe analysis spots were used to determine the positions for the LA ICP-MS and Raman 237 

measurements. In the following discussion, we use the contents of Li and B calculated from EMPA data.  238 

 239 

Raman-scattering analysis 240 

Group-theory considerations. Site symmetry group-theory analysis (Kroumova et al. 2003) 241 

predicts 32A1 + 22A2 + 54E phonon modes in tourmalines, one A1 + E of which are acoustic and the rest, 242 

31A1 + 22A2 + 53E, are optical. The acoustic modes are the lowest-energy phonon modes and therefore 243 

they are associated with the atoms having the largest mass and/or participating in the weakest interactions. 244 

In tourmalines such atoms are the X-site cations. The A1 and E optical modes are simultaneously Raman- 245 

and infrared-active, while the A2 modes are inactive. Thus, 31 peaks generated by A1 modes should be 246 

observed in y(zz)y  spectra, 53 peaks generated by E modes should appear in y(zx)y  spectra, and all 84 247 

optical phonon modes contribute to the y(xx)y  spectra (Table 2). However, less Raman peaks may be 248 

experimentally observed because of too low intensities of certain phonon vibrations and/or peak overlap. 249 

As an example, Fig. 3 shows a set of polarized Raman spectra of dravite measured in all possible scattering 250 

geometries. As can be seen, the peak intensity strongly depends on the scattering geometry. Furthermore, 251 

since 3m is a polar crystal class, the positions of peaks arising from the longitudinal optical (LO) A1 and E 252 

modes may be higher than the positions of peaks arising from the corresponding transverse optical (TO) A1 253 
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and E modes. Therefore, when chemically induced changes in the Raman peaks are analyzed, all samples 254 

should be measured in the same scattering geometry. In this study, we focused our analysis on y(zz)y  255 

spectra, in which the Raman intensities of the OH-stretching phonon modes are strongest. According to the 256 

site symmetry analysis, H(1) atoms (belonging to the WOH groups) participate in A1 + E Raman-active 257 

modes, whereas H(3) atoms (belonging to the VOH groups) participate in 2A1 + 3E modes (see Table 2). 258 

Symmetry considerations of the atomic vector displacements comprising the phonon modes (Kroumova et 259 

al. 2003) reveal that the WOH groups exhibit one O–H bond stretching vibration along the c axis (A1 mode) 260 

and one O–H bond libration (E mode) within the (a,b) plane. The VOH groups generate two A1 modes: one 261 

stretching mode along the c axis and one libration mode within the (a,b) plane as well as three E modes: 262 

one stretching vibration along the c axis and two libration modes within the (a,b) plane. Therefore, 263 

polarized y(zz)y  Raman spectra of tourmalines with no chemical deviation from the end-member 264 

composition should contain only two peaks in the spectral range 3300–3900 cm-1: one arising from an A1-265 

type WOH stretching and one from an A1-type VOH stretching mode. However, as can be seen in Fig. 4, this 266 

is obviously not the case. All tourmaline spectra studied here and in general the spectra of tourmaline 267 

species reported in the literature so far exhibit a complex shape of several, partially overlapping peaks. The 268 

significant deviation from the expected number of only two OH-stretching peaks is due the existence of 269 

diverse chemical species surrounding the hydroxyl groups, when one or more crystallographic cationic sites 270 

are occupied by at least two different elements.  271 

OH stretching mode assignment model. The O-H bonding is very sensitive to its local atomic 272 

surrounding. The wide variety of incorporated elements allows for a large number of possible substitutions 273 

(Hawthorne 1996), in particular on the X and Y site, but also on the Z and T site. The mode-assignment 274 

model presented here assumes that the VOH vibrations are primarily affected by the chemistry of the three 275 

YZZ octahedral triplets sharing the O(3) atom with the VOH group (see Fig. 1), whereas the WOH 276 

vibrations are strongly influenced by both the YYY octahedral triplet sharing the O(1) atom with WOH and 277 

the X-site cation next to the WH+ cation. Thus, the diversity of the local chemical environments of the W 278 

site as well as of the three symmetry-equivalent V sites per formula unit causes the increased number of 279 

OH-stretching peaks (see Fig. 4) due to two-mode behavior (Chang and Mitra 1971). It should be 280 
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emphasized that three V-site H cations participate in a single phonon mode and therefore one has to 281 

consider the atomic surrounding of all three H(3) atoms in the primitive unit cell, i.e. the wavenumber of 282 

the VOH stretching mode depends on the chemistry of the YZZ-YZZ-YZZ configuration, not on the 283 

chemistry of a sole YZZ species. Secondary effects on the OH modes by longer-distanced cations are 284 

expected to cause composition-induced shifts in the peaks positions due to one-mode behavior (Chang and 285 

Mitra 1971).  286 

Our assignment model is based on the following arguments: (i) VOH and WOH stretching modes 287 

can be distinguished by their frequencies and relative intensities. Raman peaks above ~3615 cm-1 originate 288 

from vibrations of the WOH group as the O(1)–H(1) bond length is in general shorter and thus weaker than 289 

the O(3)–H(3) bond length, so that VOH stretching modes can be observed from about 3400–3615 cm-1 290 

(Gonzalez-Carreño et al. 1988; Castañeda et al. 2002; Bosi et al. 2012; Gatta et al. 2014). (ii) An inverse 291 

correlation of the mode wavenumber with the sum of the charges of the three octahedral cations, which 292 

coordinate the OH group, is expected (Gonzalez-Carreño et al. 1988; Martìnez-Alonso et al. 2002). Higher 293 

octahedral cationic charges strengthen the cation-oxygen bond so that the O–H bond strength effectively 294 

decreases and consequently the OH stretching mode shifts towards lower wavenumbers. (iii) There is a 295 

strong influence of the occupancy of the X site on wavenumber of the WOH stretching modes, whereas it is 296 

minor on the VOH modes due to the longer distance between the V and X site. A positively charged cation 297 

occupying the X site repulsively interacts with the H+ cation of the WOH group creating an effective 298 

confined space of motion for the O-H bond stretching (Gonzalez-Carreño et al. 1988; Leißner et al. 2015). 299 

Thus, WOH stretching modes associated with X  appear at ~3615–3685 cm-1, whereas modes associated 300 

with occupied X sites at ~3710–3820 cm-1 and among these the order from lower to higher wavenumber is 301 

XNa, XCa, XK due to cationic charge and size (Berryman et al. 2015). 302 

VOH stretching mode assignment for different tourmaline species. The arguments given above 303 

lead to the following VOH stretching mode assignments of the tourmaline species in this study. For all 304 

alkali tourmaline species the most intense VOH peaks are assigned to the most probable YZZ-YZZ-YZZ 305 

triplet occupancy corresponding to the end-member composition. Thus, in dravite (Fig. 5a), the most 306 

intense VOH mode (3573±4 cm-1, Table 3) is assigned to 3YMgZAlZAl, representing the composition of the 307 
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ordered end member, even if there is a certain amount of Y-/Z-site occupancy disorder of Mg and Al 308 

(Hawthorne et al. 1993). Aluminum is the most common substituent in dravite and therefore, when the 309 

amount of octahedral Al increases, the YZZ triplets are overcharged compared to the chemical species 310 

corresponding to the end-member composition. Consequently, the VOH-stretching modes corresponding to 311 

2YMgZAlZAl-YAlZAlZAl and YMgZAlZAl-2YAlZAlZAl appear at lower wavenumbers, 3534±7 and 3494±8 312 

cm-1, as compared to the dominant mode.  313 

The mode assignment for the VOH modes in schorl is analogous to that of dravite, but with YFe2+ 314 

instead YMg (Fig. 5c). The peaks appear systematically at lower wavenumbers than the corresponding ones 315 

in dravite (see Table 3) due to the stronger Fe2+-O interaction as compared to Mg-O interaction. A similar 316 

downwards wavenumber shift depending on the Fe2+/Mg content is observed in amphiboles (Leißner et al. 317 

2015).  318 

For elbaite, the two dominant VOH modes are likewise related to the most probable YZZ triplets: 319 

the peak at 3593±4 cm-1 is associated with 2YLiZAlZAl-YAlZAlZAl and that at 3494±8 cm-1 with YLiZAlZAl-320 

2YAlZAlZAl (Fig. 5e). In addition, modes related to the major substituent Y(Fe2+, Mn2+) can often be 321 

observed with their intensity related to the element content. The mode at 3562±4 cm-1 is assigned to 322 

2YFe*ZAlZAl-YAlZAlZAl and the one at 3465±11 cm-1 to YFe*ZAlZAl-2YAlZAlZAl with 323 

YFe*=(YFe2++YMn2+). Separate Raman peaks exclusively related to either divalent iron or manganese 324 

cannot be distinguished, because these elements are very similar in mass, electronegativity, and ionic 325 

radius, which thus results in almost the same vibrational frequencies. The same VOH mode assignment is 326 

also used for darrellhenryite (samples S34 and S35) as this species should contain the same type of YZZ-327 

YZZ-YZZ and YYY-X chemical species as elbaite. Indeed experimentally no differences in the OH-peak 328 

positions within the errors are observed for Fe*-low elbaite and darrellhenryite samples. 329 

Povondraite is an alkali, ferri iron-containing tourmaline species, which contains no Al, but ferric 330 

iron and magnesium on the Z site. For short-range bond-valence requirements, the W site is solely occupied 331 

by oxygen. The Raman spectrum in Fig. 4 supports this site occupancy and the two observed VOH 332 

stretching vibrations at 3554±1 cm-1 and 3596±2 cm-1 are attributed to 2Y(Fe3+)Z(Fe3+)ZMg-333 

Y(Fe3+)Z(Fe3+)Z(Fe3+) and 3Y(Fe3+)Z(Fe3+)ZMg, respectively. X-ray single crystal structure refinement of 334 
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povondraite confirms the predominantly trivalent state of Fe, as indicated by the bond valence sums at both 335 

the Y and Z sites (Supplementary table 4). Judging by the averaged bond distances of these sites, Fe2+ 336 

would be strongly overbonded with a BVS of 2.58 and 2.82 respectively. The W site is significantly 337 

underbonded, with a BVS of 1.64. This underbonding would be even larger if not the entire Ti4+-content 338 

obtained by EMPA would be attributed to the Y-site. It can thus be concluded that the 0.59 apfu Ti mainly 339 

occupy the Y site, where they substitute for Fe3+. All other BVS are reasonably close to the formal charges 340 

of the cations and anions that constitute povondraite. Al has been attributed to the Z site, because it would 341 

be even more strongly underbonded at the Y site. With the addition of Al and Ti from EMPA, the 342 

povondraite formula obtained by X-ray structure refinement is 343 

Na0.63K0.37(Fe3+
1.64Mg0.77Ti0.59)(Fe3+

3.97Mg1.57Al0.47)(BO3)3Si6O18(OH)3O, which amounts to a slightly 344 

increased Mg/Fe3+ ratio, when compared with the EMPA (Table 1), but is otherwise in good agreement 345 

with the latter. The slight excess of 0.28 positive charges in the chemical formula might suggest that 346 

approximately 0.2 Fe2+ apfu substitute for Fe3+, i.e. approximately 3.5 % of Fe might be divalent. V-site H 347 

forms a weak hydrogen bond with O5 (O5-H3 bond valence of 0.053 vu), in accordance with the hydrogen 348 

bonding in oxy-dravite determined by Gatta et al. (2014). 349 

In fluor-buergerite and olenite the V site is nominally fully occupied by O2-, which implies that the 350 

Raman peak associated with VOH should be absent in the spectra. However, even though the OH stretching 351 

modes of these two species have significantly lower intensities compared to the tourmaline species 352 

discussed above, both spectra clearly show OH stretching modes in the wavenumber range of the VOH 353 

groups (Fig. 4). In agreement with Bosi et al. (2015a), this is attributed to occupancy disorder of OH over 354 

both V and W sites. Therefore, the VOH modes in fluor-buergerite are assigned to 3Y(Fe3+)ZAlZAl (3531±1 355 

cm-1) and 2Y(Fe3+)ZAlZAl-YAlZAlZAl (3490±2 cm-1) (Table 3). Possible small amounts of divalent iron 356 

(Donnay et al. 1996) might result in the occurrence of a peak related to 3Y(Fe2+)ZAlZAl at about 3573±3 cm-357 

1. It should be noted that there is a considerable downshift of the Fe3+-related VOH stretching modes 358 

compared to their Fe2+-related analogous modes in schorl. The dominant VOH peak in fluor-buergerite is 359 

~35 cm-1 lower than that in schorl, so the two species can be immediately discriminated, but the 360 
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determination of plausible Fe3+ in schorl is hindered by the overlap with VOH peaks resulting from YAl-rich 361 

species. 362 

The dominant VOH stretching mode in olenite appears at 3455±1 cm-1 and it is assigned to 363 

3YAlZAlZAl (Table 3). Additionally, the spectrum shows a peak at 3592±1 cm-1 attributed to 2YLiZAlZAl-364 

YAlZAlZAl due to the perfect match with the position of the corresponding peak in elbaite, a weak peak at 365 

3562±7 cm-1 that is associated with 2YFe*ZAlZAl-YAlZAlZAl, and a broad peak at 3504±4 cm-1 that may be 366 

attributed to either YLiZAlZAl-2YAlZAlZAl or YFe*ZAlZAl-2YAlZAlZAl or to the coexistence of both 367 

chemical species. EMPA calculations indicate none or too little Li in this sample, depending on the Li-368 

estimation procedure (Henry et al. 2011). Hence, the occurrence of Li-related VOH and also WOH modes in 369 

the spectrum of our olenite sample is most probably due to a slight mismatch in the spatial regions 370 

measured by EMPA and Raman spectroscopy. Samples from this locality (Olenii Ridge, Kola Peninsula, 371 

Russia, Supplementary Table S1) are known to have elbaite cores and olenite rims. Thus, the Li-related 372 

vibrations originate from the intergrowth of the elbaite fraction of the sample. 373 

The VOH mode assignment for tourmalines from the calcic subgroup is slightly different from that 374 

for the alkali subgroup as the dominant VOH stretching is not related to the YZZ-YZZ-YZZ species 375 

expected from the chemical composition of the ordered end member. This is due to the higher charge of 376 

calcium (2+) compared to sodium (1+). For example, in uvite Mg and Al can be almost randomly 377 

distributed over both Y and Z sites in accordance to previous studies (Hawthorne 1996). Indeed, the 378 

presence of YAl can be deduced from the occurrence of the same WOH stretching modes as in dravite (see 379 

Fig. 5 and Table 3). Therefore, the VOH modes are assigned only to distinguished chemical octahedral 380 

triplets, without specifying the cationic site allocations. However, the cationic chemical species can still be 381 

inferred from the arguments regarding the charge of the octahedral cations, starting from the lowest-382 

wavenumber peak. The latter should be related to the most strongly overcharged YZZ-YZZ-YZZ species, 383 

i.e. Al-richest species. In uvite, this should correspond to 3MgAlAl, because further Al substitution for Mg 384 

would correspond to dravite species. Thus, we assign the uvite lowest-wavenumber VOH-stretching peak at 385 

3485±5 cm-1 to 3MgAlAl. This peak appears at much lower wavenumber than the VOH-MgAlAl peak in 386 

dravite most probably because in uvite the 3MgAlAl species are entirely associated with X-site vacancies, 387 
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while in dravite they are in the vicinity of filled X sites (see the discussion in subsection Wavenumbers of 388 

the VOH stretching modes). By gradual substitution of Mg for Al, the VOH peaks at higher wavenumbers 389 

are then attributed to MgAlAl-2MgMgAl (3518±3 cm-1), 2MgMgAl-MgAlAl (3547±2 cm-1), and 390 

3MgMgAl (3579±2 cm-1) (Fig. 5b). The enhanced undercharge of the YZZ triplets as well as the increased 391 

average ionic radius (ri(Mg2+) > ri(Al3+)) are compensated by the higher-charged Ca2+ in the close-by X 392 

sites, which in nine-fold coordination has an ionic radius smaller than that of Na+ (Shannon 1976). 393 

Moreover, this assignment is also supported by the inverse correlation between the sum of octahedral 394 

cationic radii and the mode frequency as all uvite modes are shifted to higher wavenumbers compared to 395 

dravite (Table 3 and Fig. 6a). 396 

The assignment of the dominant VOH mode in fluor-liddicoatite to 3YLiZAlZAl instead of 397 

2YLiZAlZAl-YAlZAlZAl, representing the end-member stoichiometry, is comparable to the assignment of the 398 

dominant mode in uvite. The additional modes in descending order are assigned to 2YLiZAlZAl-YAlZAlZAl 399 

(3582±3 cm-1), YLiZAlZAl-YFe*ZAlZAl-YAlZAlZAl (3551±6 cm-1), YLiZAlZAl-2YAlZAlZAl (3511±3 cm-1), 400 

and 3YAlZAlZAl (3475±7 cm-1) (Table 3).  401 

Adachiite is a special, recently recognized, tourmaline species containing Al on the T site (Nishio-402 

Hamane et al. 2014). Although it belongs to the calcic group, 3YFeZAlZAl with nominally overcharged YZZ 403 

triplet occupancies is the dominant VOH stretching mode (see Table 3). This overcharge is compensated by 404 

the substitution of TAl for TSi in the tetrahedral ring, which also accounts for the shift towards lower 405 

wavenumbers of all modes compared to their analogous species in tourmalines with six TSi per formula 406 

unit. The difference of about 30 cm-1 of the VOH stretching related to 3YFeZAlZAl between adachiite and 407 

schorl is in agreement with similar TAl-induced downward frequency shifts observed in amphiboles and 408 

micas (Hawthorne et al. 1996).  409 

The assignment of the OH stretching modes of species of the X-vacant subgroup follows the same 410 

logic as for the alkali subgroup. The difference is that the most probable YZZ-YZZ-YZZ species is 411 

overcharged as compared to the alkali subgroup, which is compensated by the prevalence of X-site 412 

vacancies. Thus, the most intense VOH-stretching peak in foitite at 3551±1 cm-1 is related to 2YFe*ZAlZAl-413 

YAlZAlZAl (Fig. 5d) with Fe* = Fe2+, which matches the end-member formula. The presence of X-site 414 
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cations can be structurally balanced by lower-charged YZZ triplets so that a shoulder at higher 415 

wavenumbers (3566±1 cm-1) is observed, which is assigned to 3YFe*ZAlZAl. This assignment is strongly 416 

supported by the fact that the position of this extra Raman scattering in the spectrum of foitite matches well 417 

the position of the main peak in schorl spectra. The other well pronounced VOH peak in the spectrum of 418 

foitite appears at a lower wavenumber (3484±6 cm-1) than the strongest VOH peak and thus it is assigned to 419 

an even more overcharged YZZ-YZZ-YZZ configuration: YFe*ZAlZAl-2YAlZAlZAl. For YLi-containing 420 

foitites, an additional peak at 3517±2 cm-1 can be observed, which is assigned to YLiZAlZAl-2YAlZAlZAl 421 

(Fig. 5d). This assignment is also used for sample S46, the -Fe-O root name species, as its Raman 422 

spectrum shows no significant differences to the spectra of foitite.  423 

WOH stretching mode assignment for different tourmaline species. As explained above, the 424 

assignment of the WOH stretching modes is based on the chemistry of YYY-X configurations. The majority 425 

of tourmaline species studied here exhibit Raman peaks in the range 3615-3685 cm-1, which are caused by 426 

the stretching of WOH groups next to vacant X sites, whereas WOH modes related to filled X sites (3710-427 

3810 cm-1) are only observed, if the total OH content is larger than ~3.3 apfu (see Table 1). This is a strong 428 

indication that WOH groups prefer to be situated next to vacant X sites.  429 

Our assignment of the Raman peaks arising from WOH groups next to filled X sites takes only 430 

stable YYY clusters of mono-, di-, and trivalent cations into account, obeying the short-range bond-valence 431 

requirements at the O(1) site (Bosi et al. 2013). However, the assignment of the WOH stretching modes 432 

related to X  includes also overcharged YYY species that are not favored by bond-valence-theory 433 

considerations. The reason is that to obey the short-range bond-valence requirements overcharged YYY 434 

triples have been so far as associated with O2- on the W site. However, a vacancy on the X site next to a 435 

given WOH group can promote an overcharged YYY species in the vicinity of the same WOH group, i.e., 436 

the charge compensation of the species YYY-W-X can be realized by locally coupled overcharged YYY 437 

species and a vacant X site, rather than by O2- on the W site. This extends the possible YYY configurations 438 

associated with WOH groups next to vacant X sites and complicates the peak assignment. So, below we will 439 

consider first the Raman peaks attributed to YYY-WOH- X  for all tourmaline species, starting with foitite 440 

as representative for the X-vacant subgroup. Then, we will assign the Raman peaks attributed to YYY-441 



 18
 

WOH- Xfilled for all tourmaline species, starting with the dravite samples because they exhibit the highest 442 

amount of OH apfu among all the samples studied here.  443 

Foitite is characterized by two strong WOH-stretching peaks at 3631±1 and 3644±1 cm-1 related to 444 

YYY-WOH-X . The two peaks can be assigned either to YFe*YFe*YAl–X  and YFe*YFe*YFe*–X  445 

configurations or to YFe*YAlYAl–X  and YFe*YFe*YAl–X  configurations. The former is consistent with 446 

stable YYY species given by bond-valence analyses, but the latter matches the YYY species deduced from 447 

the two dominant VOH-stretching peaks at 3384±6 and 3551±1 cm-1. Moreover, if the first assignment 448 

would be valid, it would indicate oddly large amount of YFe*YFe*YFe*-WOH-X  species, which are 449 

undercharged and untypical of foitite. Hence, we assign the WOH-stretching peaks at 3631±1 and 3644±1 450 

cm-1 to YFe*YAlYAl–X  and YFe*YFe*YAl–X  species, respectively. Schorl samples studied here exhibit 451 

one WOH-stretching peak at 3630±1 cm-1 related to YYY-X  species, which matches perfectly the position 452 

of the YFe*YAlYAl-WOH-X  peak in foitite and thus it is assigned to YFe*YAlYAl-X  (see Table 3). Both 453 

dravite and uvite have two WOH-stretching peaks at 3639±3 and 3668±3 cm-1 related to YYY-X  species. 454 

The two peaks are slightly shifted towards higher wavenumbers as compared to the corresponding peaks in 455 

foitite and hence they are assigned to YMgYAlYAl-X  and YMgYMgYAl-X . It has to be emphasized that 456 

dravite and uvite generate WOH peaks at exactly the same positions (see Table 3 and Fig. 5), revealing 457 

identical chemical YYY-X  species and underlining the occurrence of Y-/Z-site occupancy disorder. 458 

Elbaite, darrellhenryite, fluor-liddicoaitite, and olenite studied here show a peak at 3652±3 cm-1, which is 459 

assigned to YLiYAlYAl-X . (Fe2+,Mn)-containing elbaite exhibits a peak at 3678±4 cm-1, which is attributed 460 

to YLiY(Li,Fe*)YAl-X  species. A weak peak at 3670±1 cm-1 is observed in Li-bearing foitites and hence 461 

may indicate YLiYFe*YAl–X  species. The validity of the peak assignments for all considered tourmaline 462 

species is strengthened by the fact that the position of the YRYAlYAl-WOH-X  as well as of the YRYRYAl-463 

WOH-X  peak increases in the order YR = YFe* → YMg → YLi. The only exception is adachiite, showing a 464 

peak at 3625±1 cm-1. The peak is assigned to YFeYFeYAl–X  and the significant wavenumber downshift as 465 

compared to the corresponding peak for foitite is ascribed to the presence of TAl.  466 

Dravite and uvite samples show two peaks related to YYY-WOH-Xfilled: at 3740±4 and 3770±2 cm-467 

1. Again the positions of the peaks are the same within uncertainties for both tourmaline species, indicating 468 
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the same YYY-Xfilled species. The two peaks can originate from two different YYY species associated with 469 

the same type of X-site cation or from the same YYY species associated with two different types of X-site 470 

cations. The chemical compositions of the natural dravite and uvite samples studied here allows for the 471 

latter interpretation. However synthetic K-dravite also shows two WOH peaks related to filled X site 472 

(Berryman et al. 2015), which indicates these two peaks should be attributed to two different YYY species. 473 

In addition, our preliminary temperature-dependent Raman measurements indicate that the peak near 3770 474 

cm-1 splits in two at low temperatures. Therefore the WOH peaks at 3740 and 3770 cm-1 are assigned to 475 

YMgYMgYAl–XNa and YMgYMgYMg–X(Na+Ca), respectively. Schorl and foitite show one WOH peak 476 

around 3723 cm-1 related to occupied X sites and it is assigned to YFe*YFe*YAl–XNa. Elbaite and 477 

darrellhenryite exhibit one peak at 3714±2 cm-1 and it is attributed to YLiYAlYAl–XNa. Possible assignment 478 

of this peak to YLiYLiYAl–XNa is ruled out, because the YRYRYAl–XNa peak position should increase in the 479 

order YR = YFe* → YMg → YLi. Again the only exception of this expected trend is the TAl-containing 480 

tourmaline species adachiite, having a peak at 3679±1 cm-1 attributed to a combination of YFeYFeYAl–XNa 481 

and YMgYMgYAl–XNa.  482 

The assignment of the VOH and WOH stretching modes is supported by the behavior of the 483 

averaged ionic radii of the cations in the trimer of YZZ triplets <rYZZ> as well as in the YYY triplet <rYYY>, 484 

calculated from data on ionic radii of the corresponding elements in tourmaline (Bosi and Lucchesi 2007), 485 

with the average wavenumbers of the corresponding OH stretching modes (Fig. 6a,b). The mean ionic 486 

radius <rYZZ> decreases with the increase in the octahedral cation–O(3) (cation-VO) bond strength and 487 

therefore, it should positively correlate with the O(3)–H(3) (VO-VH) bond strength and the corresponding 488 

peak position. Figure 6a clearly shows such a correlation within the same tourmaline species. Likewise, 489 

with the substitution of higher-charged cations on the Y site, <rYYY> decreases and so does the WOH-490 

stretching wavenumber (see Fig. 6b). The effect of the X site on the position of the WOH modes can be 491 

inferred from the same <rYYY> value but different averaged positions of YMgYMgYAl or YFeYFeYAl with 492 

X  and XNa or X(Na+Ca) (Fig. 6b).  493 

Integrated intensities of the VOH stretching modes. Changes in both the X- and Y-site 494 

occupancy are more directly reflected by the WOH vibrational modes than by the VOH vibrations, because 495 
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both the X- and Y-site cations interact directly with the W-site anions, resulting in two-mode behavior of 496 

WOH stretching. However, F– and O2– anions commonly replace OH- groups on the W site rather than on 497 

the V site (Grice and Ercit 1993; Henry and Dutrow 2011). In addition, our data indicate that if the W site 498 

is only partially occupied by OH- groups, the WOH are preferably placed next to the vacant X site rather 499 

than to be randomly distributed in the vicinity of both vacant and occupied X sites. Consequently, 500 

predominantly overcharged YYY species are detected via WOH vibrations. Therefore, the Raman intensities 501 

of the WOH-stretching peaks do not mirror correctly the X-site and Y-site occupancy. Thus, in the 502 

following we focus on the VOH stretching modes and use the integrated intensities for quantitative 503 

determination of the contents of the dominant Y-site elements/major substituents Mg, (Fe2++Mn2+), Li, and 504 

Al.  505 

The content of a Y-site element can be calculated by adding up the integrated intensities of those 506 

VOH peaks to which this element contributes with the corresponding intensity multiplied by the number of 507 

occupied Y octahedra by this element in the corresponding YZZ-YZZ-YZZ species. This total sum is 508 

normalized to the sum of the integrated intensity of all VOH modes. For example, the YMg content in 509 

dravite can be calculated by 510 

total
VZZYZZYZZYZZYZZY OHAlAlAlAlAlMgAlAlAlAlAlMgAlAlMgRaman

Y IIIIapfuMg /)23()( 223 −−
++=  511 

with I being the integrated intensity of each corresponding Mg-bearing OH stretching mode and total
V OH

I  512 

the sum of the integrated intensities of all VOH modes. A similar approach was successfully applied to 513 

determine the amount of octahedrally coordinated Mg and Fe2+ in amphiboles (Leißner et al. 2015). Figures 514 

7a-d show the contents of YMg, Y(Fe2++Mn2+), YLi, and YAl calculated from the integrated intensities of the 515 

Raman peaks in comparison to the element contents determined by EMPA. Good agreements along the 516 

one-to-one correlation lines within the errors are achieved for all major elements occupying the Y site in 517 

tourmalines. Small deviations from the one-to-one correlation lines, particularly for schorl, in Figs. 7a,b 518 

may in part results from the possible partial disorder of Mg and Fe2+ over the Y and Z site (e.g., Hawthorne 519 

et al. 1993; Henry et al. 2011; Bosi et al. 2015b). The calculation of the site occupancies from the EMP data 520 

does not account for this and hence the total amounts of measured Mg and Fe are assigned to the Y site so 521 

that the YMg and YFe contents might be overestimated. This can particularly be the case for tourmalines 522 
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with significant amount of O2- on the W site. The contents calculated from the integrated intensities of the 523 

Raman scattering analysis consider only the number of occupied octahedra by a certain element in the 524 

YZZ-YZZ-YZZ species, no matter if it is on the Y or Z site. Conveniently, the existence of occupancy 525 

disorder is inherently included in the element contents calculated from VOH Raman peak intensities, which 526 

suggests that the latter is not biased by any assumptions about element site distribution and thus better 527 

reflects the real crystal chemistry of tourmalines. The small deviations of the data points from the one-to-528 

one correlation lines in Figs. 7c,d maybe due to possible additional substitutions of subtle amounts of other 529 

elements whose vibrational modes are not distinguishable from the assigned ones due to overlapping peaks, 530 

or possible slight mismatches between the measurement spots of EMP and Raman scattering analysis (e.g., 531 

sample S37 as discussed above).  532 

In elbaite, the YFe* (Fe* = Fe2+, Mn2+) impurities strongly affect the integrated intensity of the 533 

VOH-stretching mode arising from YFe*ZAlZAl-2YAlZAlZAl species, while it does not impact the integrated 534 

intensity of the dominant VOH mode related to YLiZAlZAl-2YAlZAlZAl species. Thus, the intensity ratio of 535 

these two modes is directly correlated with the content of Y(Fe+Mn) (Fig. 8). The fitted linear equation has 536 

a small relative error of 6% so that for tourmaline species which do not nominally contain Fe2+ or Mn2+ this 537 

procedure yields better results in the determined Y(Fe+Mn) content than that shown in Fig. 7b. An attempt 538 

was made to determine the YMn/Y(Fe2+ Mn) ratio by considering different intensity ratios as well as shifts 539 

in the Raman peak positions, but unfortunately no reliable unambiguous trend was found to discriminate 540 

Mn and Fe2+.  541 

Wavenumbers of the VOH stretching modes. In order to check whether the X-site chemistry can 542 

be estimated from the VOH-stretching peaks, the peak positions for the Mg-, Fe*-, and Li-containing 543 

tourmaline species were plotted versus the sum of XNa and XCa contents measured by electron microprobe 544 

(see Figs. 9a, 10a, and 11a, respectively). The observed trends reveal association of certain YZZ octahedral 545 

configurations with occupied or vacant X sites in their vicinity. In some cases, further preferred relations to 546 

either cation can be deduced from the frequency shifts depending on the normalized sodium content (Fig. 547 

9b, 10b, and 11b).  548 
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The wavenumbers ω of all VOH modes in dravite show positive trends with the increased number 549 

of filled X sites (Fig. 9a). The data points can be fitted with linear functions, but with comparatively large 550 

relative errors in dω/dxNa+Ca up to 53% (Table 4). The data for sample S5 are excluded from fittings, 551 

because this sample contains 0.32 apfu Cr3+, which causes significant shifts by 5–10 cm-1 of all VOH 552 

stretching modes. The derivative dω/dxNa+Ca is largest for overcharged YZZ species confirming that vacant 553 

X sites preferably develop in the vicinity of overcharged triplets of octahedra. However, estimates of the X-554 

site occupancy in dravite can be more precisely determined from the dominant mode, because the relative 555 

error in the ω(xNa+Ca) slope is smallest (see Table 4). The wavenumber of the VOH stretching mode arising 556 

from the dominant YZZ triplet (3MgAlAl) as well as from 2MgAlAl-AlAlAl visually increases also with 557 

the increase in the XNa/X(Na+Ca) ratio (Fig. 9b), but the uncertainty in dω/dxNa+Ca obtained from linear fits 558 

is too large to quantify the exact amount of XNa and XCa in dravite.  559 

The positions of the VOH-stretching peaks related to 3YFe*ZAlZAl and 2YFe*ZAlZAl-YAlZAlZAl in 560 

schorl show no trends with the degree of X-site occupancy (Fig. 10a), indicating that these YZZ-YZZ-YZZ 561 

species are exclusively associated with filled X sites in the proximity. In foitite, the positions of all three 562 

main peaks, arising from 3YFe*ZAlZAl, 2YFe*ZAlZAl-YAlZAlZAl, and YFe*ZAlZAl-2YAlZAlZAl, exhibit 563 

positive linear trends. As YAl is the major substituent in both schorl and foitite, the positions of the VOH 564 

stretching mode related to YFe*ZAlZAl-2YAlZAlZAl species can be analyzed together. The distinctive 565 

positive linear trend of ω versus X(Na+Ca) has only 7% relative error (Table 4). Thus, the content of filled 566 

X sites per formula unit for both tourmaline species can be determined from the corresponding trend ω = ax 567 

+ b given in Table 4. No dependencies of the VOH peaks on the normalized content of sodium could be 568 

established, as most of the samples studied here are sodium dominated (Fig. 10b). The frequencies of the 569 

XCa-dominant Fe-bearing tourmaline adachiite (S43) strongly deviate from those of the corresponding 570 

modes in schorl and foitite because of the substitution of Al for Si in the tetrahedral ring and thus cannot be 571 

used to establish ω(xNa+Ca) or ω(xNa/(Na+Ca)) trends. 572 

For elbaite and darrellhenryite, the dominant VOH mode related to the Li-rich species, 573 

2YLiZAlZAl-YAlZAlZAl, shows a gradual increase in wavenumber with increasing the X-site occupancy, 574 

whereas the wavenumber of this mode in fluor-liddicoatite clearly deviates from this trend (Fig. 11a). The 575 
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difference in the position of 2YLiZAlZAl-YAlZAlZAl in elbaite/darrellhenryite and fluor-liddicoatite maybe 576 

due to the fact that fluor-liddicoatite has for charge-balancing reasons another dominating mode at higher 577 

wavenumbers, which is assigned to 3YLiZAlZAl. The content of occupied X sites per formula unit can be 578 

estimated for elbaite and darrellhenryite by the corresponding linear function given in Table 4, with a 579 

relative error in dω/dxNa+Ca of 27%. The dispersion of data points for the VOH peak related the YLiZAlZAl-580 

2YAlZAlZAl species is too large to establish any trend between the peak position and xNa+Ca. Figure 11b 581 

shows a clear separation between the frequencies of the sodium-dominated elbaites and the calcium-582 

dominated fluor-liddicoatite in dependence of the normalized sodium content XNa/X(Na+Ca). The position 583 

of the VOH peak related to 2YLiZAlZAl-YAlZAlZAl remains constant, whereas a distinct shift to higher 584 

wavenumber with the increase in XNa is observed for fluor-liddicoatite. In contrast, the position of the VOH 585 

peak arising from YLiZAlZAl-2YAlZAlZAl shifts to higher wavenumbers with the increase in XCa for all Li-586 

containing species. The trends in the wavenumber of this mode have been fitted separately for the alkali 587 

and calcic tourmaline species resulting in the same ω[Na/(Na+Ca)] slopes within the errors. Thus, the 588 

equation from combined fitting (Table 4) can be used to estimate the X-site occupying cation with the 589 

relative error of the slope being 22%.  590 

For all tourmaline species, the frequencies of the VOH stretching modes related to the highest 591 

degree of YAl substitution show the strongest influence depending on the X(Na+Ca) content. This implies 592 

that the corresponding YZZ configurations are predominantly associated with X-site vacancies, which is in 593 

line with the strongest overcharge of these triplets.   594 

 595 

CONCLUSIONS 596 

On the basis on the large suite of forty-six tourmaline samples from ten different subgroups 597 

studied here, we demonstrate that Raman scattering analysis of the framework and OH-stretching vibrations 598 

is a versatile tool for the identification of different tourmaline species. Peak positions and integrated 599 

intensities of the OH stretching vibrations can be used to determine the major X-site and Y-site cation 600 

occupancies. Moreover, the spectral shape, i.e. the occurrence of certain OH modes, is a good indicator for 601 

chemical disorder on the Y and Z as well as on the V and W site. As Raman spectroscopy is a non-602 
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destructive, preparation-free, quick and easy-to-handle method, the following guidelines are intended to 603 

help non-specialists to obtain crystallochemical data on tourmaline samples. 604 

1.) Raman spectra with incident and scattered light polarized parallel to the c axis of the 605 

tourmaline crystal should be taken in the spectral range 3000-4000 cm-1 and optionally between 100-1400 606 

cm-1 with a satisfactory signal-to-noise ratio and a recommended spectral resolution of 2 cm-1 or better.  607 

2.) Most of the tourmaline species can be identified by their spectral shape and peak positions, 608 

without fitting the spectra, using e.g., Fig. 4 as reference. The overview of the Raman spectra of eleven 609 

different tourmaline species in Fig. 4 can be used for comparison. Li-bearing tourmaline species are easily 610 

identified by the two dominant VOH vibrations at 3494 cm-1 and 3593 cm-1 originating from 2YLiZAlZAl-611 

YAlZAlZAl and YLiZAlZAl-2YAlZAlZAl species. While elbaite and darrellhenryite with comparable Fe*-612 

contents can hardly be distinguished without further chemical analysis, elbaite and fluor-liddicoatite can be 613 

discriminated by the inspection of the peak positions. The strongest peak in fluor-liddicoatite is observed 614 

above 3600 cm-1, whereas in elbaite the dominant mode at higher wavenumbers is observed at 3593±4 cm-615 

1. Y(Fe2+, Mn2+) impurities in elbaite or darrellhenryite can be immediately spotted by the presence of a 616 

Raman peak near 3560 cm-1. 617 

The spectra of Mg-dominated species show one dominant VOH peak near 3575 cm-1 with two 618 

shoulders at lower wavenumbers. If the samples are chemically close to the end-member compositions, 619 

dravite and uvite can be distinguished by the position of the dominant VOH mode, which is observed at 620 

3573±4 cm-1 in dravite and at 3579±2 cm-1 in uvite. However, if significant amounts of impurities, e.g., iron 621 

are incorporated, the discrimination between these two species may be difficult without further analysis.  622 

The VOH spectral shape of schorl is similar to that of Mg-dominated species, but the dominant 623 

peak is observed at significantly lower wavenumber, 3566±1 cm-1
.  624 

Foitite can be identified by the two strong VOH vibrations at 3551±1 and 3484±6 cm-1 in 625 

combination with the doublet of WOH peaks at 3631±1 and 3644±1 cm-1.  626 

In Fe3+-dominant species, the main VOH peak is significantly shifted to lower wavenumbers: 627 

3531±1 cm-1 for fluor-buergerite and 3554±1 cm-1 for povondraite. For these species, it is helpful to 628 

compare also the framework vibrations in Fig. 4.  629 
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Al-dominated olenite is characterized by the dominant VOH mode at 3455±1 cm-1
, which is the 630 

lowest wavenumber of the dominant OH vibration for all tourmaline species. 631 

3.) Quantitative analysis determination of the Y- and Z-site occupancies by Mg, (Fe2++Mn2+), Al, 632 

and Li can be achieved by fitting the Raman spectrum profiles in the OH-stretching wavenumber range 633 

(3000-4000 cm-1). For that purpose the spectra should be baseline corrected with a polynomial function and 634 

fitted with pseudo-Voigt peak-shape functions. The maximum number of fitted peaks is given by the 635 

intensity criterion ΔI < I/2 with I being the peak intensity and ΔI the uncertainty. Temperature corrections 636 

of the spectra are not necessary since at room temperature the influence of the Bose-Einstein distribution 637 

factor is negligible above 500 cm-1.  638 

The YMg content in dravite can be calculated by 639 

total
V OHcmcmcm

Y IIIIapfuMg /)23()( )3494()3534()3573( 111 −−− ++= ωωω , whereas the YAl content can 640 

be obtained from total
V OHcmcm

Y IIIapfuAl /)2()( )3494()3534( 11 −− += ωω with I being the integrated 641 

intensity of the peak at the given wavenumber and total
V OH

I  the total integrated intensity of all VOH 642 

stretching vibrations.  643 

The Y-site iron content in schorl can be determined using the equation 644 

total
V OHcmcmcm

Y IIIIapfuFe /)23()( )3500()3545()3566( 111 −−− ++= ωωω  and YAl is given by 645 

total
V OHcmcm

Y IIIapfuAl /)2()( )3500()3545( 11 −− += ωω . For foitite, YFe2+ can be calculated by 646 

total
V OHcmcmcm

Y IIIIapfuFe /)23()( )3484()3551()3570( 111 −−− ++= ωωω  and YAl by 647 

total
V OHcmcm

Y IIIapfuAl /)2()( )3484()3551( 11 −− += ωω .  648 

For elbaite, the YLi content is calculated from the equation 649 

total
V OHcmcm

Y IIIapfuLi /)2()( )3494()3593( 11 −− += ωω . The YAl content is given by 650 

total
V OHcmcmcmcm

Y IIIIIapfuAl /)22()( )3465()3562()3494()3593( 1111 −−−− +++= ωωωω  with the last two 651 

terms in the sum being non-zero in the presence of Y-site iron and manganese. If so, the amounts of the 652 

impurity iron and manganese can be inferred from 653 

total
V OHcmcm

Y IIIapfuMnFe /)2())(( )3465()3562(
22

11 −− +=+ ++
ωω .  654 

The uncertainties in the chemical-element amounts determined from the Raman data depend on 655 

the quality of the measured spectra, including the spectral resolution and signal-to-noise ratio, as well as on 656 
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the goodness of fits, which may vary from specimen to specimen. For the data presented here the relative 657 

uncertainties vary between 2 % and 17 % depending on the amounts of minor and trace elements that were 658 

not taken into account in the calculation. The element amount determined by Raman spectroscopy is not 659 

biased by possible Y/Z-site disorder, but it refers to the Y-site occupancy in agreement with the calculation 660 

of the chemical formulae according to the currently accepted classification of tourmaline species (Henry et 661 

al. 2011). 662 

These equations can be used for all other tourmaline species with slight modifications according to 663 

the corresponding peaks in the measured Raman spectra and using the peak assignment given in Fig. 5 and 664 

Table 3.  665 

4) The content of X(Na+Ca) and thus the content of X-site vacancies can be determined from the 666 

position of the dominant VOH mode in dravite using the equation ω3573 = (30±10)x(Na+Ca) + (3547±10). For 667 

schorl and foitite, xNa+Ca can be determined from the positions of the VOH modes related to the YAl-richest 668 

YZZ-YZZ-YZZ species near ω3500 and ω3484, respectively, by the equation ω = (41±3)x(Na+Ca) + (3467±2). 669 

The position of the dominant Li-bearing mode in elbaite and darrellhenryite near ω3593 can be used to 670 

quantify xNa+Ca, using the equation ω3593 = (22±6)x(Na+Ca) + (3576±4). An estimate of the X-site occupying 671 

cation is possible using the position of the second Li-bearing mode, ω3494 in elbaite and ω3511 in liddicaotite, 672 

by the equation ω = (39±15)x(Na/(Na+Ca)) + (3467±11). 673 

5) The OH- tourmaline species can be qualitatively discriminated from fluor- and oxy-tourmalines 674 

via the number of WOH-stretching peaks. For alkali and calcic species, when there are no WOH-stretching 675 

peaks related to occupied X sites, then the sample is fluor-tourmaline if the Z- and Y-site occupancies, as 676 

determined from the VOH-stretching modes, do not allowed for WO2- or it is oxy-tourmaline, if the Z- and 677 

Y-site occupancies suggest WO2-.  678 

IMPLICATIONS 679 

The two mineral supergroups: tourmalines and amphiboles are of great importance in Earth 680 

sciences as "geological DVDs" as well as in materials and environmental science. The analysis of the OH 681 

stretching vibrations of tourmaline by Raman spectroscopy showed that this is a well-suited analytical 682 

method for the identification of tourmaline species and determination of crystallochemial information. The 683 
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likewise successful application of this method in studying the OH stretching vibrations of amphiboles 684 

(Leißner et al. 2015) implies that the analysis of peak positions and intensities of certain vibrational groups 685 

has a great potential for the determination of the site occupancies in general in mineral supergroups, e.g., 686 

micas, epidotes, having OH groups bonded to cationic sites with variable chemistry. Compared to other 687 

analytical techniques, Raman spectroscopy combines the advantages of non-destructiveness, preparation-688 

free, µm-scale analysis, quick and easy-to-handle experiments with simple data analysis. Thus, it can in 689 

particular be useful for samples for which cutting and polishing is undesirable or hardly possible.  690 

Furthermore, this study demonstrates that the Raman-scattering analysis can reveal disordering of 691 

cations or anions over two sites in the crystal structure, which is commonly determined only by X-ray 692 

diffraction or quite often simply neglected. As it is shown here, the OH groups in tourmalines can be 693 

disordered over both V and W sites, although the chemical formulae calculated from EMPA data imply 694 

certain distributions. The consequent local over- or undercharge is compensated by preferred clustering of 695 

elements in the YYY and YZZ triplets in combination with the occupancy of the X site in the vicinity of 696 

these triplets. The WOH groups, which are positioned on the axis of symmetry the six-membered TO4 rings 697 

show a preference for close-by vacant X sites, which are positioned on the same axis. It is quite likely that 698 

similar local clustering of certain elements to compensate element disorder over different sites in the crystal 699 

structure occurs also in other complex hydrous silicates such as micas.  700 

 701 
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Figure captions 874 

 875 

Figure 1. Crystal structure of tourmaline with rhombohedral symmetry (R3m); X-site cations are given in 876 

yellow, Y-site octahedra in brown, Z-site octahedra in light blue, TO4 tetrahedra in dark blue, BO3 groups 877 

in green, oxygen atoms are shown in red, hydrogen in rose. The V and W sites are marked by the black 878 

ellipses and are occupied here by OH groups. The structural data were taken from Ertl et al. (2006) and the 879 

software package VESTA (Momma and Izumi 2011) was used for figure preparation. 880 

 881 

Figure 2. Comparison of B2O3 and Li2O contents measured by LA ICP-MS and calculated from the EMPA 882 

data (see text for details). The horizontal error bars represent the statistical deviation on the EMPA values, 883 

whereas the vertical error bars correspond to the experimental accuracy of the ICP-MS data (5% relative 884 

error). The gray lines mark the one-to-one correlations. 885 

 886 

Figure 3. Polarized Raman spectra of dravite (S2) measured in five scattering geometries given in Porto’s 887 

notation ssii )kE(Ek  with ki = propagation of incident light, Ei = polarization of incident light, ES = 888 

polarization of scattered light, ks = propagation of scattered light. Spectra are vertically offset for clarity.   889 

 890 

Figure 4. Polarized y(zz)y  Raman spectra of representative tourmaline species. For better comparison the 891 

spectra are normalized to the intensity of the dominant Al–O stretching vibration at 365-375 cm-1 except 892 

S33, which is normalized to the Fe-O stretching vibration at 222 cm-1, and are vertically offset for clarity. 893 

The prefix "F-" in the plot stands for "fluor-". Note that sample S18 is a (Fe+Mg)-containing fluor-elbaite.  894 

 895 

Figure 5. Peak assignment of the Raman active O–H stretching modes of a) dravite (S3), b) fluor-uvite 896 

(39), c) schorl (S8), d) foitite (S44), e) fluor-elbaite (S18), and f) fluor-liddicoatite (S40). The prefix "F-" in 897 

the plots stands for "fluor-". The superscripted letters designate the corresponding site in the general 898 

tourmaline formula. Fe* is used as abbreviation for (Fe2++Mn2+). 899 

 900 
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Figure 6. Behavior of (a) the mean ionic radius <rYZZ> of the triplet of YZZ octahedra and (b) the mean 901 

ionic radius <rYYY> of the YYY octahedral triplet with the wavenumber of the OH stretching mode related 902 

to a given chemical species, averaged over the tourmaline samples; the error bars represent statistical 903 

deviations. <rYZZ> and <rYYY > are calculated using the ionic radii for the Y- and Z-site cations in 904 

tourmalines by Bosi and Lucchesi (2007). Note that the given Y and Z site allocations for uvite (purple 905 

circles) is the one used for the calculation of the mean ionic radius.   906 

 907 

Figure 7. Major Y-site cation contents in atoms per formula unit of a) magnesium, b) divalent iron plus 908 

manganese, c) lithium, and d) aluminum calculated from the integrated intensities of the assigned 909 

vibrational modes in the Raman spectra versus the corresponding contents measured by EMPA (YLiEMPA calc. 910 

is the Li content calculated EPMA data). Tourmaline species are shown in different symbol colors 911 

according to the legend in a). One-to-one correlations are indicated by the black dashed lines.  912 

 913 

Figure 8. Ratio of the integrated intensities of the VOH peaks arising from 2YFe*ZAlZAl-YAlZAlZAl and 914 

2YLiZAlZAl-YAlZAlZAl species in elbaite as a function of Y(Fe2++Mn2+) per formula unit from EMPA. Data 915 

points with red contours are excluded from fitting (see the text). Gray lines represent linear fits.  916 

 917 

Figure 9. Positions of the VOH stretching modes related to 3YMgZAlZAl (circles), 2YMgZAlZAl-YAlZAlZAl 918 

(squares), and YMgZAlZAl-2YAlZAlZAl (diamonds) in dravite versus the content of a) X(Na+Ca) per formula 919 

unit and b) XNa/X(Na+Ca) obtained from EMPA. The data points with the orange contours stem from 920 

sample S5, a dravite with YCr instead of YAl, and are excluded from fitting. Linear fits are given by gray 921 

lines. 922 

 923 

Figure 10. Positions of the VOH stretching modes related to 3YFe*ZAlZAl (circles), 2YFe*ZAlZAl-924 

YAlZAlZAl (squares), and YFe*ZAlZAl-2YAlZAlZAl (diamonds) of schorl (green) and foitite (blue) versus the 925 

content of a) X(Na+Ca) per formula unit and b) XNa/X(Na+Ca) obtained from EMPA. Fe2+ and Mn2+ are 926 
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considered together as Fe* in the species names. Data points with red contours are excluded from fitting 927 

(see text). Linear fits are given by gray lines. 928 

 929 

Figure 11. Positions of the VOH stretching modes related to 3YLiZAlZAl (circles), 2YLiZAlZAl-YAlZAlZAl 930 

(squares), and YLiZAlZAl-2YAlZAlZAl (diamonds) of elbaite (orange), fluor-liddicoatite (light blue), and 931 

darrellhenryite (light pink) versus the content of a) X(Na+Ca) per formula unit and b) XNa/X(Na+Ca) 932 

obtained from EPMA. Data points with red contours are excluded from fitting (see text). Linear fits are 933 

given by gray lines. 934 

 935 

 936 

 937 

 938 

 939 

 940 

 941 

 942 

 943 

 944 
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Samples Name (IMA2011)

X Y3 Z6 T6 V3 W

alkali-subgroup 1
S1 Dravite Na0.79±0.01☐ 0.12±0.01Ca0.08±0.01 Mg2.67±0.02Al0.24±0.03Fe0.04±0.01Ti0.03±0.01 Al6 Si6 (OH)3 (OH)0.76±0.02F0.11±0.02O0.12±0.01

S2 Dravite Na0.76±0.02Ca0.13±0.01☐ 0.12±0.01 Mg2.71±0.02Al0.18±0.02Fe0.05±0.01Ti0.04±0.01 Al6 Si6.02±0.01 (OH)3 (OH)0.76±0.03F0.13±0.02O0.12±0.01

S3 Dravite Na0.61±0.01☐ 0.22±0.02Ca0.16±0.01 Mg2.45±0.02Al0.44±0.02Ti0.05±0.01Cr0.04±0.01 Al6 Si5.98±0.02Al0.03±0.01 (OH)3 (OH)0.65±0.02F0.13±0.02O0.22±0.01

S4 Dravite Na0.65±0.01☐ 0.22±0.01Ca0.12±0.01 Mg2.26±0.02Al0.67±0.02Ti0.05±0.01 Al6 Si6±0.01 (OH)3 (OH)0.66±0.03F0.11±0.02O0.23±0.02

S5 Dravite Na0.46±0.01Ca0.39±0.01☐ 0.13±0.01 Mg2.65±0.01Cr0.27±0.01Ti0.03±0.01 Al5.95±0.01Cr0.05±0.01 Si5.93±0.02Al0.07±0.02 (OH)3 (OH)0.78±0.02F0.09±0.01O0.13±0.01

S6 Schorl Na0.64±0.04☐ 0.30±0.05Ca0.05±0.01 Fe1.88±0.08Al0.46±0.1Mg0.36±0.06Ti0.03±0.01 Al6 Si5.93±0.03Al0.07±0.03 (OH)3 (OH)0.62±0.03F0.07±0.03O0.30±0.05

S7 F-Schorl Na0.68±0.01☐ 0.23±0.02Ca0.08±0.01 Fe2.38±0.06Al0.44±0.05Mg0.09±0.01Ti0.08±0.01Mn0.02±0.01 Al6 Si6 (OH)3 F0.55±0.03O0.23±0.02(OH)0.22±0.02

S8 F-Schorl Na0.76±0.1☐ 0.22±0.1 Fe2.72±0.1Al0.24±0.1Mg0.02±0.01 Al6 Si5.93±0.04Al0.07±0.03 (OH)3 F0.53±0.20(OH)0.25±0.1O0.22±0.1

S9 F-Schorl Na0.72±0.02☐ 0.18±0.02Ca0.10±0.01 Fe2.58±0.06Al0.61±0.08Ti0.08±0.01Mg0.07±0.01Mn0.03±0.01 Al6 Si6 (OH)2.52±0.08O0.49±0.08 F0.66±0.03O0.35±0.03

S10 F-Schorl Na0.93±0.01☐ 0.06±0.01 Fe1.75±0.04Al0.94±0.05Li0.26±0.06Ti0.03±0.01 Al6 Si6 (OH)2.89±0.08O0.11±0.08 F0.79±0.03O0.21±0.03

alkali-subgroup 2
S11 Elbaite Na0.57±0.02☐ 0.41±0.02 Al1.61±0.05Li0.91±0.03Mn0.46±0.04Ti0.02±0.01 Al6 Si6 (OH)3 (OH)0.43±0.08F0.26±0.05O0.31±0.09

S12 Elbaite Na0.56±0.03☐ 0.43±0.03Ca0.02±0.01 Al2.12±0.07Li0.84±0.07Mn0.02±0.01 Al6 Si6 (OH)3 (OH)0.50±0.09F0.24±0.05O0.27±0.07

S13 F-Elbaite Na0.54±0.01☐ 0.38±0.01Ca0.08±0.01 Al1.57±0.05Li1.33±0.04Fe0.06±0.01Mn0.06±0.01 Al6 Si6 (OH)2.74±0.04O0.26±0.04 F0.56±0.03O0.44±0.03

S14 F-Elbaite Na0.52±0.01☐ 0.43±0.01Ca0.05±0.01 Al2.06±0.03Li0.91±0.06Mn0.03±0.01 Al6 Si6 (OH)3 F0.35±0.02O0.35±0.03(OH)0.31±0.04

S15 F-Elbaite Na0.83±0.01☐ 0.09±0.01Ca0.08±0.01 Al1.47±0.03Mn0.71±0.02Li0.44±0.04Fe0.33±0.02Mg0.03±0.01Ti0.03±0.01 Al6 Si6 (OH)2.74±0.06O0.26±0.06 F0.73±0.04O0.27±0.04

S16 F-Elbaite Na0.63±0.01☐ 0.29±0.01Ca0.08±0.01 Al1.85±0.05Li0.78±0.04Mn0.36±0.03 Al6 Si6 (OH)3 F0.49±0.03(OH)0.44±0.05O0.07±0.04

S17 F-Elbaite Na0.66±0.04☐ 0.31±0.05Ca0.04±0.01 Al1.67±0.09Li1.06±0.06Mn0.26±0.11 Al6 Si6 (OH)3 F0.47±0.06O0.37±0.09(OH)0.16±0.07

S18 F-Elbaite Na0.73±0.02☐ 0.22±0.01Ca0.05±0.01 Al1.45±0.06Li1.01±0.05Fe0.36±0.03Mn0.18±0.03 Al6 Si6 (OH)3 F0.67±0.02O0.23±0.05(OH)0.10±0.06

S19 F-Elbaite Na0.80±0.01☐ 0.16±0.01Ca0.03±0.01 Al1.25±0.04Li1.01±0.04Fe0.50±0.01Mn0.22±0.01 Al6 Si6 (OH)3 F0.72±0.03O0.17±0.04(OH)0.11±0.04

S20 F-Elbaite Na0.69±0.02Ca0.17±0.05☐ 0.14±0.03 Al1.35±0.1Li1.09±0.09Mn0.37±0.02Fe0.16±0.01Mg0.02±0.01 Al6 Si6 (OH)2.92±0.07O0.09±0.07 F0.86±0.05O0.14±0.06

S21 F-Elbaite Na0.52±0.02☐ 0.28±0.02Ca0.20±0.03 Al1.67±0.05Li1.20±0.05Mn0.13±0.01 Al6 Si6 (OH)2.89±0.07O0.11±0.07 F0.63±0.03O0.37±0.03

S22 F-Elbaite Na0.48±0.02Ca0.26±0.05☐ 0.26±0.02 Al1.91±0.07Li0.97±0.08Mn0.11±0.01 Al6 Si6 (OH)3 F0.61±0.04O0.24±0.10(OH)0.16±0.08

S23 F-Elbaite Na0.54±0.01☐ 0.30±0.05Ca0.16±0.04 Al1.80±0.13Li1.01±0.07Mn0.17±0.09 Al6 Si6 (OH)3±0.04 F0.60±0.05O0.30±0.06(OH)0.10±0.06

S24 F-Elbaite Na0.57±0.02☐ 0.38±0.02Ca0.05±0.01 Al1.50±0.03Li1.43±0.03Mn0.05±0.01 Al6 Si6 (OH)2.60±0.06O0.40±0.05 F0.59±0.03O0.41±0.03

S25 F-Elbaite Na0.49±0.01Ca0.26±0.02☐ 0.25±0.01 Al1.62±0.06Li1.36±0.06Mn0.02±0.01 Al6 Si6 (OH)2.76±0.07O0.26±0.07 F0.63±0.03O0.37±0.03

S26 F-Elbaite Na0.67±0.03☐ 0.19±0.02Ca0.13±0.04 Al0.85±0.04Li1.40±0.04Fe0.37±0.04Mg0.32±0.05Mn0.05±0.02Ti0.02±0.01 Al6 Si6 (OH)2.89±0.05O0.11±0.05 F0.52±0.06O0.48±0.06

S27 F-Elbaite Na0.86±0.01☐ 0.09±0.01Ca0.06±0.01 Al1.09±0.04Li0.91±0.04Fe0.74±0.02Mn0.22±0.02Mg0.03±0.01Ti0.02±0.01 Al6 Si6 (OH)2.65±0.05O0.35±0.05 F0.79±0.03O0.21±0.05

S28 F-Elbaite Na0.77±0.01☐ 0.19±0.01Ca0.04±0.01 Al1.38±0.03Li0.82±0.04Fe0.55±0.01Mn0.15±0.01Mg0.10±0.01 Al6 Si6 (OH)2.77±0.3O0.23±0.3 F0.65±0.03(OH)0.21±0.16O0.15±0.15

S29 F-Elbaite Na0.77±0.01☐ 0.20±0.01Ca0.03±0.01 Al1.27±0.02Li0.92±0.03Fe0.58±0.01Mn0.22±0.02 Al6 Si6 (OH)3 F0.58±0.03(OH)0.29±0.05O0.13±0.03

S30 F-Elbaite Na0.65±0.01Ca0.25±0.01☐ 0.09±0.01 Al1.31±0.03Li1.05±0.03Mn0.61±0.02Ti0.03±0.01 Al6 Si6 (OH)3 F0.58±0.04O0.14±0.04(OH)0.07±0.05

S31 F-Elbaite Na0.86±0.01☐ 0.09±0.02Ca0.05±0.01 Al1.27±0.03Li0.69±0.03Mn1.02±0.03Ti0.02±0.01 Al6 Si6 (OH)2.47±0.07O0.53±0.07 F0.76±0.04O0.24±0.04

S32 F-Elbaite Na0.62±0.01Ca0.28±0.01☐ 0.10±0.02 Al1.19±0.03Li0.97±0.04Fe0.48±0.01Mn0.34±0.01Mg0.02±0.01 Al6 Si6 (OH)3 F0.67±0.03(OH)0.26±0.04O0.07±0.04

Table 1. Chemical compositions of the studied tourmaline samples determined by electron microprobe analysis

General tourmaline formula XY3Z6(T6O18)(BO3)3V3W
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Samples Name (IMA2011)

X Y3 Z6 T6 V3 W

alkali-subgroup 1

S1 Dravite Na0.79±0.01☐0.12±0.01Ca0.08±0.01 Mg2.67±0.02Al0.24±0.03Fe0.04±0.01Ti0.03±0.01 Al6 Si6 (OH)3 (OH)0.76±0.02F0.11±0.02O0.12±0.01

S2 Dravite Na0.76±0.02Ca0.13±0.01☐0.12±0.01 Mg2.71±0.02Al0.18±0.02Fe0.05±0.01Ti0.04±0.01 Al6 Si6.02±0.01 (OH)3 (OH)0.76±0.03F0.13±0.02O0.12±0.01

S3 Dravite Na0.61±0.01☐0.22±0.02Ca0.16±0.01 Mg2.45±0.02Al0.44±0.02Ti0.05±0.01Cr0.04±0.01 Al6 Si5.98±0.02Al0.03±0.01 (OH)3 (OH)0.65±0.02F0.13±0.02O0.22±0.01

S4 Dravite Na0.65±0.01☐0.22±0.01Ca0.12±0.01 Mg2.26±0.02Al0.67±0.02Ti0.05±0.01 Al6 Si6±0.01 (OH)3 (OH)0.66±0.03F0.11±0.02O0.23±0.02

S5 Dravite Na0.46±0.01Ca0.39±0.01☐0.13±0.01 Mg2.65±0.01Cr0.27±0.01Ti0.03±0.01 Al5.95±0.01Cr0.05±0.01 Si5.93±0.02Al0.07±0.02 (OH)3 (OH)0.78±0.02F0.09±0.01O0.13±0.01

S6 Schorl Na0.64±0.04☐0.30±0.05Ca0.05±0.01 Fe1.88±0.08Al0.46±0.1Mg0.36±0.06Ti0.03±0.01 Al6 Si5.93±0.03Al0.07±0.03 (OH)3 (OH)0.62±0.03F0.07±0.03O0.30±0.05

S7 F-Schorl Na0.68±0.01☐0.23±0.02Ca0.08±0.01 Fe2.38±0.06Al0.44±0.05Mg0.09±0.01Ti0.08±0.01Mn0.02±0.01 Al6 Si6 (OH)3 F0.55±0.03O0.23±0.02(OH)0.22±0.02

S8 F-Schorl Na0.76±0.1☐0.22±0.1 Fe2.72±0.1Al0.24±0.1Mg0.02±0.01 Al6 Si5.93±0.04Al0.07±0.03 (OH)3 F0.53±0.20(OH)0.25±0.1O0.22±0.1

S9 F-Schorl Na0.72±0.02☐0.18±0.02Ca0.10±0.01 Fe2.58±0.06Al0.61±0.08Ti0.08±0.01Mg0.07±0.01Mn0.03±0.01 Al6 Si6 (OH)2.52±0.08O0.49±0.08 F0.66±0.03O0.35±0.03

S10 F-Schorl Na0.93±0.01☐0.06±0.01 Fe1.75±0.04Al0.94±0.05Li0.26±0.06Ti0.03±0.01 Al6 Si6 (OH)2.89±0.08O0.11±0.08 F0.79±0.03O0.21±0.03

alkali-subgroup 2

S11 Elbaite Na0.57±0.02☐0.41±0.02 Al1.61±0.05Li0.91±0.03Mn0.46±0.04Ti0.02±0.01 Al6 Si6 (OH)3 (OH)0.43±0.08F0.26±0.05O0.31±0.09

S12 Elbaite Na0.56±0.03☐0.43±0.03Ca0.02±0.01 Al2.12±0.07Li0.84±0.07Mn0.02±0.01 Al6 Si6 (OH)3 (OH)0.50±0.09F0.24±0.05O0.27±0.07

S13 F-Elbaite Na0.54±0.01☐0.38±0.01Ca0.08±0.01 Al1.57±0.05Li1.33±0.04Fe0.06±0.01Mn0.06±0.01 Al6 Si6 (OH)2.74±0.04O0.26±0.04 F0.56±0.03O0.44±0.03

S14 F-Elbaite Na0.52±0.01☐0.43±0.01Ca0.05±0.01 Al2.06±0.03Li0.91±0.06Mn0.03±0.01 Al6 Si6 (OH)3 F0.35±0.02O0.35±0.03(OH)0.31±0.04

S15 F-Elbaite Na0.83±0.01☐0.09±0.01Ca0.08±0.01Al1.47±0.03Mn0.71±0.02Li0.44±0.04Fe0.33±0.02Mg0.03±0.01Ti0.03±0.01 Al6 Si6 (OH)2.74±0.06O0.26±0.06 F0.73±0.04O0.27±0.04

S16 F-Elbaite Na0.63±0.01☐0.29±0.01Ca0.08±0.01 Al1.85±0.05Li0.78±0.04Mn0.36±0.03 Al6 Si6 (OH)3 F0.49±0.03(OH)0.44±0.05O0.07±0.04

S17 F-Elbaite Na0.66±0.04☐0.31±0.05Ca0.04±0.01 Al1.67±0.09Li1.06±0.06Mn0.26±0.11 Al6 Si6 (OH)3 F0.47±0.06O0.37±0.09(OH)0.16±0.07

S18 F-Elbaite Na0.73±0.02☐0.22±0.01Ca0.05±0.01 Al1.45±0.06Li1.01±0.05Fe0.36±0.03Mn0.18±0.03 Al6 Si6 (OH)3 F0.67±0.02O0.23±0.05(OH)0.10±0.06

S19 F-Elbaite Na0.80±0.01☐0.16±0.01Ca0.03±0.01 Al1.25±0.04Li1.01±0.04Fe0.50±0.01Mn0.22±0.01 Al6 Si6 (OH)3 F0.72±0.03O0.17±0.04(OH)0.11±0.04

S20 F-Elbaite Na0.69±0.02Ca0.17±0.05☐0.14±0.03 Al1.35±0.1Li1.09±0.09Mn0.37±0.02Fe0.16±0.01Mg0.02±0.01 Al6 Si6 (OH)2.92±0.07O0.09±0.07 F0.86±0.05O0.14±0.06

S21 F-Elbaite Na0.52±0.02☐0.28±0.02Ca0.20±0.03 Al1.67±0.05Li1.20±0.05Mn0.13±0.01 Al6 Si6 (OH)2.89±0.07O0.11±0.07 F0.63±0.03O0.37±0.03

S22 F-Elbaite Na0.48±0.02Ca0.26±0.05☐0.26±0.02 Al1.91±0.07Li0.97±0.08Mn0.11±0.01 Al6 Si6 (OH)3 F0.61±0.04O0.24±0.10(OH)0.16±0.08

S23 F-Elbaite Na0.54±0.01☐0.30±0.05Ca0.16±0.04 Al1.80±0.13Li1.01±0.07Mn0.17±0.09 Al6 Si6 (OH)3±0.04 F0.60±0.05O0.30±0.06(OH)0.10±0.06

S24 F-Elbaite Na0.57±0.02☐0.38±0.02Ca0.05±0.01 Al1.50±0.03Li1.43±0.03Mn0.05±0.01 Al6 Si6 (OH)2.60±0.06O0.40±0.05 F0.59±0.03O0.41±0.03

S25 F-Elbaite Na0.49±0.01Ca0.26±0.02☐0.25±0.01 Al1.62±0.06Li1.36±0.06Mn0.02±0.01 Al6 Si6 (OH)2.76±0.07O0.26±0.07 F0.63±0.03O0.37±0.03

S26 F-Elbaite Na0.67±0.03☐0.19±0.02Ca0.13±0.04Al0.85±0.04Li1.40±0.04Fe0.37±0.04Mg0.32±0.05Mn0.05±0.02Ti0.02±0.01 Al6 Si6 (OH)2.89±0.05O0.11±0.05 F0.52±0.06O0.48±0.06

S27 F-Elbaite Na0.86±0.01☐0.09±0.01Ca0.06±0.01Al1.09±0.04Li0.91±0.04Fe0.74±0.02Mn0.22±0.02Mg0.03±0.01Ti0.02±0.01 Al6 Si6 (OH)2.65±0.05O0.35±0.05 F0.79±0.03O0.21±0.05

S28 F-Elbaite Na0.77±0.01☐0.19±0.01Ca0.04±0.01 Al1.38±0.03Li0.82±0.04Fe0.55±0.01Mn0.15±0.01Mg0.10±0.01 Al6 Si6 (OH)2.77±0.3O0.23±0.3 F0.65±0.03(OH)0.21±0.16O0.15±0.15

S29 F-Elbaite Na0.77±0.01☐0.20±0.01Ca0.03±0.01 Al1.27±0.02Li0.92±0.03Fe0.58±0.01Mn0.22±0.02 Al6 Si6 (OH)3 F0.58±0.03(OH)0.29±0.05O0.13±0.03

S30 F-Elbaite Na0.65±0.01Ca0.25±0.01☐0.09±0.01 Al1.31±0.03Li1.05±0.03Mn0.61±0.02Ti0.03±0.01 Al6 Si6 (OH)3 F0.58±0.04O0.14±0.04(OH)0.07±0.05

S31 F-Elbaite Na0.86±0.01☐0.09±0.02Ca0.05±0.01 Al1.27±0.03Li0.69±0.03Mn1.02±0.03Ti0.02±0.01 Al6 Si6 (OH)2.47±0.07O0.53±0.07 F0.76±0.04O0.24±0.04

S32 F-Elbaite Na0.62±0.01Ca0.28±0.01☐0.10±0.02 Al1.19±0.03Li0.97±0.04Fe0.48±0.01Mn0.34±0.01Mg0.02±0.01 Al6 Si6 (OH)3 F0.67±0.03(OH)0.26±0.04O0.07±0.04

Table 1. Chemical compositions of the studied tourmaline samples determined by electron microprobe analysis

General tourmaline formula XY3Z6(T6O18)(BO3)3V3W



alkali-subgroup 3

S33 Povondraite a Na0.64±0.03K0.40±0.03 Fe3+
2.41±0.05Ti0.59±0.04Cr0.02±0.01 Fe3+

3.63±0.05Mg1.86±0.02Al0.47±0.03 Si6.01±0.03 (OH)3 O0.96±0.03(OH)0.04±0.03

alkali-subgroup 4

S34 Darrellhenryite Na0.53±0.02☐0.45±0.02Ca0.01±0.01 Al1.53±0.04Li1.38±0.04Mn0.09±0.01 Al6 Si6 (OH)2.77±0.05O0.24±0.05 O0.60±0.03F0.40±0.03

S35 Darrellhenryite Na0.68±0.02☐0.30±0.02Ca0.02±0.01 Al1.20±0.06Li1.36±0.05Mn0.32±0.04Fe0.11±0.01 Al6 Si6 (OH)2.87±0.06O0.14±0.06 O0.53±0.04F0.47±0.04

alkali-subgroup 5

S36 F-Buergerite Na0.79±0.01☐0.15±0.02Ca0.05±0.02 Fe3+
2.6±0.04Al0.30±0.04Ti0.05±0.01Mg0.03±0.01 Al6 Si5.93±0.03Al0.07±0.03 O3 F0.69±0.03(OH)0.31±0.03

S37 Olenite Na0.51±0.01☐0.46±0.01Ca0.02±0.01 Al2.91±0.01Mn0.07±0.02Fe0.02±0.01 Al6 Si5.87±0.04Al0.13±0.04 O3 (OH)0.97±0.01F0.03±0.01

calcic-subgroup 1

S38 Uvite Ca0.41±0.03Na0.39±0.02☐0.21±0.03 Mg2.54±0.02Fe0.44±0.02Ti0.03±0.01 Al5.80±0.04Mg0.20±0.04 Si5.94±0.02Al0.06±0.02 (OH)3 (OH)0.69±0.03O0.20±0.03F0.10±0.02

S39 F-Uvite Ca0.65±0.03Na0.26±0.02☐0.09±0.01 Mg2.92±0.01Ti0.07±0.01 Al5.51±0.04Mg0.49±0.04 Si6 (OH)3 F0.55±0.02(OH)0.36±0.03O0.09±0.01

calcic-subgroup 2

S40 F-Liddicoatite Ca0.59±0.02Na0.30±0.01☐0.11±0.01 Li1.85±0.04Al0.96±0.03Fe0.10±0.02Mn0.05±0.01Mg0.05±0.01 Al6 Si6 (OH)2.36±0.05O0.64±0.05 F0.69±0.03O0.31±0.03

S41 F-Liddicoatite Ca0.73±0.05Na0.21±0.04☐0.05±0.02 Li1.60±0.07Al1.04±0.19Fe0.16±0.07Mn0.05±0.02 Al6 Si6 (OH)2.74±0.08O0.26±0.08 F0.61±0.03O0.39±0.03

S42 F-Liddicoatite Ca0.66±0.01Na0.23±0.01☐0.10±0.01 Li1.57±0.04Al1.37±0.04Fe0.04±0.01 Al6 Si6 (OH)2.80±0.06O0.20±0.06 F0.53±0.04O0.47±0.04

calcic-subgroup 6 
b 

S43 Adachiite Ca0.56±0.04Na0.30±0.02☐0.13±0.02 Fe1.76±0.08Mg0.59±0.03Al0.55±0.11Ti0.10±0.02 Al6 Si5.12±0.07Al0.88±0.07 (OH)3 (OH)0.86±0.02O0.13±0.02

vacant-subgroup 1

S44 Foitite ☐0.61±0.06Na0.35±0.05Ca0.03±0.02 Fe1.28±0.14Al1.03±0.05Mn0.41±0.09Li0.18±0.08Mg0.11±0.07 Al6 Si6 (OH)3 (OH)0.93±0.07F0.07±0.07

S45 Foitite ☐0.71±0.02Na0.28±0.01 Fe1.52±0.03Al1.04±0.03Li0.29±0.04Mn0.12±0.01Mg0.01±0.01 Al6 Si6 (OH)3 (OH)0.50±0.47O0.48±0.46F0.02±0.02

vacant-subgroup 3

S46 ☐-Fe-O root name ☐0.51±0.04Na0.48±0.04 Fe1.88±0.04Al0.99±0.05Mn0.10±0.01Mg0.01±0.01Ti0.01±0.01 Al6 Si5.95±0.04Al0.05±0.03 (OH)3 O0.51±0.04(OH)0.25±0.03F0.24±0.06

b Number of the calcic subgroup was inferred from nomenclature in Henry et al. (2011).

Notes: All B is assigned to the B site and assumed to be 3 apfu, Li and H2O contents are calculated (see text). Fe and Mn are considered divalent except in sample S33 and S36, Cr is trivalent. 
Disorder between Y- and Z-site cations (e.g., Hawthorne 1996) is not taken into account.The prefix F- stands for fluor.
a chemical compositiion was determined by combined EMPA and single-crystal XRD.



X 3a 3m A1 (T) E (T) A1 (T) + E (L) A1 (L) + E (T) E (T)

Y 9b .m 2A1 (T) 3E (T) 2A1 (T) + 3E (L) 2A1 (L) + 3E (T) 3E (T)

Z 18c 1 3A1 (T) 6E (T) 3A1 (T) + 6E (L) 3A1 (L) + 6E (T) 6E (T)

T 18c 1 3A1 (T) 6E (T) 3A1 (T) + 6E (L) 3A1 (L) + 6E (T) 6E (T)

B 9b .m 2A1 (T) 3E (T) 2A1 (T) + 3E (L) 2A1 (L) + 3E (T) 3E (T)

O1 3a 3m A1 (T) E (T) A1 (T) + E (L) A1 (L) + E (T) E (T)

O2 9b .m 2A1 (T) 3E (T) 2A1 (T) + 3E (L) 2A1 (L) + 3E (T) 3E (T)

O3 9b .m 2A1 (T) 3E (T) 2A1 (T) + 3E (L) 2A1 (L) + 3E (T) 3E (T)

O4 9b .m 2A1 (T) 3E (T) 2A1 (T) + 3E (L) 2A1 (L) + 3E (T) 3E (T)

O5 9b .m 2A1 (T) 3E (T) 2A1 (T) + 3E (L) 2A1 (L) + 3E (T) 3E (T)

O6 18c 1 3A1 (T) 6E (T) 3A1 (T) + 6E (L) 3A1 (L) + 6E (T) 6E (T)

O7 18c 1 3A1 (T) 6E (T) 3A1 (T) + 6E (L) 3A1 (L) + 6E (T) 6E (T)

O8 18c 1 3A1 (T) 6E (T) 3A1 (T) + 6E (L) 3A1 (L) + 6E (T) 6E (T)

H1 3a 3m A1 (T) E (T) A1 (T) + E (L) A1 (L) + E (T) E (T)

H2 9b .m 2A1 (T) 3E (T) 2A1 (T) + 3E (L) 2A1 (L) + 3E (T) 3E (T)

Raman-active phonon modes

Table 2. Tourmaline sites with respective symmetry, Wyckoff position and Raman-active phonon modes in five 

scattering geometries. Out of 32A1+ 54E phonon modes in total, there are 31A1+ 53E optical and A1 + E 

acoustic modes. Only optical modes are Raman-active

Site 

symmetry

Wykoff 

position
Site

Notes: T refers transverse, L to longitudinal.

z(xx)z z(xy)zy(xx)yy(xz)yy(zz)y



Species

Dravite YMgZAlZAl-2YAlZAlZAl 2YMgZAlZAl-YAlZAlZAl 3YMgZAlZAl

3494 ± 8 3534 ± 7 3573 ± 4

Schorl YFeZAlZAl-2YAlZAlZAl 2YFeZAlZAl-YAlZAlZAl 3YFeZAlZAl

3500 ± 3 3545 ± 2 3566 ± 1

Elbaitea YFe*ZAlZAl-2YAlZAlZAl YLiZAlZAl-2YAlZAlZAl 2YFe*ZAlZAl-YAlZAlZAl 2YLiZAlZAl-YAlZAlZAl

3465 ± 11 3494 ± 8 3562 ± 4 3593 ± 4

Povondraite 2Y(Fe3+)Z(Fe3+)ZMg-Y(Fe3+)Z(Fe3+)Z(Fe3+) 3Y(Fe3+)Z(Fe3+)ZMg

3554±1 3596±2

Fluor-buergerite 2Y(Fe3+)ZAlZAl-YAlZAlZAl 3Y(Fe3+)ZAlZAl

3490 ± 2 3531 ± 1

3455 ± 1 3504 ± 4 3562 ± 7 3592 ± 1  

Uvite 3MgAlAl-X
☐ MgMgAl-2MgAlAl 2MgMgAl-MgAlAl 3MgMgAl

3485 ± 5 3518 ± 3 3547 ± 2 3579 ± 2

Fluor-liddicoatite 3YAlZAlZAl-X
☐ YLiZAlZAl-2YAlZAlZAl YLiZAlZAl-YFe*ZAlZAl-YAlZAlZAl 2YLiZAlZAl-YAlZAlZAl 3YLiZAlZAl

3475 ± 9 3511 ± 3 3551 ± 6 3582 ± 3 3607 ± 1

Adachiite 2YFeZAlZAl-YAlZAlZAl 3YFeZAlZAl 3YMgZAlZAl

3486 ± 2 3527 ± 1 3565 ± 1

Foititeb YFe*ZAlZAl-2YAlZAlZAl YLiZAlZAl-2YAlZAlZAl c 2YFe*ZAlZAl-YAlZAlZAl 3YFeZAlZAl

3484 ± 6 3517 ± 2 3551 ± 1 3570 ± 3

Species

Dravite YMgYAlYAl-X
☐ YMgYMgYAl-X☐ YMgYMgYAl-XNa YMgYMgYMg-X(Na+Ca)

3639 ± 3 3668 ± 1 3739 ± 2 3770 ± 2

Schorl YFeYAlYAl-X
☐ YFeYFeYAl-XNa

3630 ± 1 3720 ± 2

Elbaitea YLiYAlYAl-X
☐ YLiY(Li,Fe*)YAl-X☐ c YLiYAlYAl-XNa

3652 ± 2 3678 ± 4 3714 ± 2

Olenite YLiYAlYAl-X
☐

3652 ± 2

Uvite YMgYAlYAl-X
☐ YMgYMgYAl-X☐ YMgYMgYAl-XNa YMgYMgYMg-X(Na+Ca)

3639 ± 3 3668 ± 1 3740 ± 3 3769 ± 1

Fluor-liddicoatite YLiYAlYAl-X
☐

3652 ± 3

3625 ± 1 3679 ± 1

Foititeb YFe*YAlYAl-X
☐

YFe*YFe*YAl-X
☐ YLiYFe*YAl-X☐ c YFe*YFe*YAl-XNa

3631 ± 1 3644 ± 1 3670 ± 1 3726 ± 1

3YAlZAlZAl-X
☐ 2YLiZAlZAl-YAlZAlZAlOlenite 2YFe*ZAlZAl-YAlZAlZAl

Table 3. Averaged Raman frequencies (cm-1) of assigned VOH and WOH stretching modes

c modes are only observed in (Fe,Mn)-bearing elbaite depending on the Li and Fe* content and Li-bearing foitite.

YFeYFeYAl-XNa + 
YMgYMgYAl-XNa

YFeYFeYAl-X
☐Adachiite

VOH modes

WOH modes

Notes:  Fluor-species are included in the averages. Except for povondraite and F-buergerite, Fe and Mn are always considered divalent and Fe* = (Fe2++Mn2+). Statistical errors are 

given for the frequencies except for povondraite, Fluor-buergerite, olenite and adachiite for which relative errors from data fitting are shown.

b data of the ☐-Fe-O root name sample are included in the averaged frequencies of foitite, because of the same band assignment.

a data of the darrellhenryite samples are included in the averaged frequencies of elbaite, because of the same band assignment. 

YFe*ZAlZAl-2YAlZAlZAl+ 
YLiZAlZAl-2YAlZAlZAl



vib. mode / element content X(Na+Ca) XNa/X(Na+Ca)

3YMgZAlZAl (30±12)x  + (3547±10) (31±28)x  + (3546±24)

2YMgZAlZAl-YAlZAlZAl (104±44)x  + (3447±37) (106±83)x  + (3444±70)

YMgZAlZAl-2YAlZAlZAl (100±53)x  + (3413±45)

3YFe*ZAlZAl (22±3)x  + (3562±1) a

2YFe*ZAlZAl-YAlZAlZAl (16±3)x  + (3545±1) a

YFe*ZAlZAl-2YAlZAlZAl (41±3)x  + (3467±2)

2YLiZAlZAl-YAlZAlZAl (22±6)x  + (3576±4) (58±3)x  + (3565.9±0.6) b

YLiZAlZAl-2YAlZAlZAl (39±15)x  + (3467±11) (-23±5)x  + (3519±4)

b linear trends of the data points of liddicoatite.

Table 4. Linear equations (general formula (cm-1) = a x (apfu) + b) of the fitted 

peak position of selected VOH vibrational modes shown in figures 9 ,10, and 11

a linear trends of the data points of foitite.
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